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Preface

The study of alternative reproductive tactics (ARTs) is a hot

topic in evolutionary and behavioral ecology. ART refers to

consistent variation in the reproductive behavior (involving,

e.g., mating, nesting, fighting) of males or females within one

population. This variation offers a special opportunity to

study the evolution and functional causes of phenotypic

variation, a general problem in evolutionary biology. A large

body of published data exists on ARTs, but there has been no

conceptual unification of the available information, nor any

strong effort to integrate it into a general framework. Apart

from a recent book by S.M. Shuster and M. J. Wade (2003)

(Mating Systems and Strategies, Princeton, NJ: Princeton

University Press) that addresses the topic of ARTs within the

larger scope of mating systems, there has been no major

publication covering this topic. Moreover, the few reviews

available in the literature are taxon specific and do not fully

integrate the proximate and ultimate levels of analysis in

understanding ARTs. Clearly, integration of data, concepts,

and analysis levels is overdue. In trying to meet this challenge,

Rui Oliveira joined forces with Michael Taborsky and Jane

Brockmann, who were among the contributors to a sympo-

sium on ARTs at the 27th International Ethological Confer-

ence in Tübingen. The three of us have complementary

connections to active researchers in the field and all three have

been studying ARTs from very different perspectives. Fol-

lowing the Tübingen conference we started a fruitful dis-

cussion in order to establish the plan of a book, identifying the

areas to be covered and who would be the most appropriate to

write about each of quite a few essential topics. We decided to

use an integrative approach to the field inviting people both

from the area of ultimate causes (evolutionary and behavioral

ecology) and from the field of proximate mechanisms

(behavioral physiology). We asked authors to write a chapter

on a specific issue selected by us and not to write short reviews

about their own work, so that this book can be more than the

sum of its parts. It is with great pleasure that we thank all the

authors for investing a lot of time and effort in writing their

chapters to meet these requirements, and for their generous

patience with successive delays in finalizing the book.

Since ARTs can be viewed as a model system for

studying the evolution of variation, which is one of the

central questions in evolutionary biology, the potential

audience for this book is very broad, including readers

interested in animal behavior, life histories, phenotypic

plasticity, biological game theory, evolutionary theory, and

ecology in general. Thus, although this is not a textbook we

hope it may become a reference for postgraduate courses in

the above-mentioned areas.

We have organized the book in four parts, together with

an opening general introduction and a final concluding

chapter.

In the opening chapter we try to clarify concepts and

address the levels at which questions about the evolution of

ARTs should be asked. This is important because alterna-

tive hypotheses often turn out to be simply a matter of

asking questions at different levels. Therefore, in this

chapter we also attempt to provide a framework, language,

and theoretical basis for studying ARTs. It is important to

note, though, that we did not impose our framework on the

other authors of this volume. In accordance with the topic,

which deals with the intriguing wealth of biological vari-

ation between individuals of a population, we intended to

allow different concepts and frameworks within the pages of

this book. As with ARTs existing in a population, only time

will show which concepts will finally persist.

Part I of the book summarizes the study of ultimate causes

and origins of ARTs. It opens with a chapter on the evolu-

tion, life histories, and adaptiveness of ARTs viewed within

the scope of alternative allocation phenotypes (Brockmann

and Taborsky). It is followed by a chapter in which the use of

comparative methods is proposed as a tool with a large

potential to reveal phylogenetic patterns of ARTs in the

study of their evolution (Almada and Robalo). This part ends

with a chapter where dynamic game modeling is applied to

the study of ARTs (Lucas and Howard).

Part II summarizes our current knowledge of the proxi-

mate mechanisms of ARTs. It starts with a chapter on the

interaction between genetic and environmental factors on

ix



the development of ARTs (Emlen), which is followed by

two chapters on neural (Bass and Forlano) and endocrine

mechanisms underlying ARTs (Oliveira, Canário, Ros).

Part III is a compilation of taxonomic reviews with the

goal to provide an overview of the occurrence of ARTs in

the animal kingdom. This part covers most animal taxa

for which ARTs have been described, namely insects

(Brockmann), crustaceans (Shuster), fish (Taborsky),

amphibians (Zamudio and Chan), reptiles (Calsbeek and

Sinervo), birds (Krüger), nonprimate mammals (Wolff),

and primates (Setchell). The few examples of ARTs in

invertebrates not covered by these taxonomic reviews

were addressed where appropriate in text boxes of other

chapters.

Part IV is a compilation of chapters on emerging per-

spectives on ARTs, such as the role of animal communi-

cation in the evolution of ARTs (Gonçalves, Oliveira, and

McGregor), the relationship between ARTs and mate

choice for good genes or good care (Neff), a co-evolutionary

approach to sexual conflict and ARTs within a sex (Alonzo),

and the viewing of cooperative breeding as an ART (Koenig

and Dickinson).

In the final chapter the editors reflect on what emerges

from all the contributions to this book as the current status

of the study of ARTs, and the prospects for future research

in this field. It is a summarizing chapter attempting to pull

all the topics together, pointing to major questions and

suggesting the importance of studying the evolution of

ARTs integratively.

All chapters were reviewed by the three editors and by

external reviewers. We are very pleased that the authors

made an extraordinary effort in considering the editors’ and

reviewers’ comments in revising and amending their con-

tributions. A large body of external reviewers made a sig-

nificant contribution to the contents of this book and we

would like to express our gratitude to their extensive criti-

cisms and suggestions about each manuscript.

Apart from the dedicated work of authors and reviewers,

this book would not have been possible in its current format

without the contribution and support from various people

and institutions. We are grateful to Desmond Morris who

kindly permitted us to use one of his paintings for the cover

of this book. Desmond Morris was one of the earliest

ethologists to describe ARTs (in sticklebacks: Morris, D.

1954. The causation of pseudofemale and pseudomale

behaviour: a further comment. Behaviour 7, 46–56) so we

felt his artwork was particularly appropriate for this book.

The Mayor Gallery (London) kindly provided technical

support for the reproduction of this painting. The editors at

Cambridge University Press, Martin Griffiths, Clare

Georgy, and Shana Coates, were both patient and sup-

portive and we thank them for their efforts.

Grace Kiltie worked directly with HJB on the format-

ting and copy-editing of all chapters. She also compiled the

remissive index for the book and the figure and table lists.

Her commitment and enthusiasm were decisive for the

success of this enterprise. Joana Jordão also provided

valuable help during the final phase of proofreading. RFO is

supported by the Portuguese Foundation for Science and

Technology (FCT; Pluriannual programme: R and D unit

331/2001) and the editing of this book was supported

partially by a FCT research grant. ISPA and RFO gener-

ously hosted MT and HJB in Portugal during September

2004. MT was supported by SNF grant 3100A0-105626.

HJB was supported by the National Science Foundation,

Florida Foundation and Department of Zoology, Univer-

sity of Florida. Finally, Catarina and João Oliveira, Xana

Lopes, Barbara Taborsky, and Tom Rider merit special

thanks. They unconditionally supported us along the long

and winded ways of compiling this book.
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1 · The evolution of alternative reproductive tactics: concepts

and questions

MICHAEL TABORSKY, RUI F. OLIVEIRA, AND H. JANE BROCKMANN

CHAPTER SUMMARY

Here we outline the meaning of the term alternative

reproductive tactics, or ARTs, and discuss why the existence

of ARTs is so widespread in animals. We ask what we need to

know to understand the evolution of ARTs and the import-

ance of general principles such as frequency dependence,

density dependence, and condition dependence, and what we

need to know about proximate mechanisms involved in

the regulation of ARTs to comprehend evolutionary patterns.

We discuss current issues in the study of ARTs and list 12

questions that we think need particular attention. Throughout

we shall provide representative examples of ARTs in animals

to illustrate the ubiquitous nature of this phenomenon.

1 .1 WHAT IS THE MEANING OF

ALTERNATIVE REPRODUCTIVE

TACTIC?

1.1.1 Alternative

The concept of ARTs refers to alternative ways to obtain

fertilizations in both males and females. In its most common

use, this term refers to traits selected to maximize fitness in

two or more alternative ways in the context of intraspecific

and intrasexual reproductive competition. In general,

alternative phenotypes are characterized by a discontinuous

distribution of traits evolved towards the same functional

end. Examples include size dimorphism, color poly-

morphism, dimorphic morphological structures involved in

the monopolization of resources or mates, and various

behavioral alternatives such as territoriality vs. floating,

monopolization vs. scramble competition, or investment in

primary access to a resource vs. social parasitism. Individ-

uals allocate resources to either one or the other (mutually

exclusive) way of achieving the same functional end using

evolved decision-making rules (Brockmann 2001).

It is important to note here that in the study of allocation

decisions in general, and ARTs in particular, any expression

of continuous variation of traits is not regarded as alternative

tactics. Discontinuity in morphological and physiological

traits is often difficult to determine (Eberhard and

Gutiérrez 1991, Emlen 1996, Kotiaho and Tomkins 2001).

In behavioral traits, in contrast, discontinuities may seem

easier to measure because of their visibility to observers. For

example, there may be overlap between male types of dung

beetles in their expression of horns and body sizes, but it is

very clear-cut whether these male types fight for access to

females or copulate without investing in primary access to

mates (Kotiaho and Tomkins 2001; see also Hunt and

Simmons 2000). However, subtle discontinuities might

exist in any phenotype, including behavior (e.g., when the

performance of alternative tactics depends on condition or

situation: Brockmann and Penn 1992, Brockmann 2002). In

a nutshell, in the context of ARTs, alternative refers to traits

that show a discontinuous distribution.

1.1.2 Reproductive

We speak of alternative reproductive tactics when conspe-

cific, intrasexual competitors find different solutions to

reproductive competition. It is irrelevant whether the

observed variation happens within or between individuals,

but reproductive discontinuity within one population at the

same time is of essence. In a general sense the concerned

traits are alternative responses to competition from mem-

bers of the same sex. Examples are males either courting

females or forcing copulations, as in guppies and other

poeciliid fishes (Bisazza 1993, Bisazza and Pilastro 1997), or

females either digging burrows for their eggs or usurping

those dug by others, as in digger wasps (Brockmann and

Dawkins 1979, Brockmann et al. 1979). It is irrelevant

whether adaptations to reproductive competition are mainly

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.

ª Cambridge University Press 2008.
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Box 1.1 Examples of ARTs in animals

Reference to literature on ARTs in taxa mentioned here is

given in the text of this chapter and in other chapters of this

book.

Molluscs Phallic and aphallic males

Horseshoe crabs Males attached to females and

satellites

Mites Fighter and scrambler males

Crustacea Mate guarding vs. searching in

amphipods

Three alternative male mating

types in isopods

Insects Calling and noncalling males in

crickets

Winged and wingless male morphs

in bladder grasshoppers

Single- and joint-nest foundresses

in social wasps

Color and horn polymorphisms in

male damselflies and beetles

Territorial vs. roaming males in

dragonflies

Fishes Bourgeois males and reproductive

parasites in sunfish, salmonids,

wrasses, cichlids, blennies, and

gobies

Bourgeois males and helpers or

satellites in ocellated wrasse,

cooperative cichlids, and

anabantoids

Courting and coercive males in

poeciliids

Amphibians Calling males and silent interlopers

in frogs and toads

Reptiles Differently colored males with

different mating tactics in lizards

Birds Courting males and satellites in

lekking birds such as ruffs

Pair and extra-pair matings in

many monogamous species (e.g.,

red-winged blackbirds, blue tits)

Single vs. joint courtship in man-

akins

Nesting oneself or dumping eggs

elsewhere (i.e., intraspecific brood

parasitism) in many anatids

Dominant breeders with helpers

that share in reproduction in

scrubwrens, Campylorhynchus

wrens, and dunnocks

Mammals Bourgeois males and satellites in

ungulates such as waterbuck and

kob

Displaying/defending males and

harassing interlopers in fallow deer

Harem owners and opportunistic,

submissive group males in many

primates

Flanged and unflanged males in

orang-utans

What is not an ART?

Cooperative breeding, if helpers do not share in

reproduction (reproduction is a necessary component

of an alternative reproductive tactic)

Interspecific brood parasitism, as heterospecifics are not

reproductive competitors

Sex change, even though in species with alternative

tactics within one sex bourgeois and parasitic options in

this phase may determine the threshold for the optimal

timing of sex change (e.g., in wrasses with two or more

male reproductive tactics: Munoz and Warner 2003)

Simultaneous hermaphroditism, as shedding sperm is not

an alternative to shedding eggs among competitors for

fertilizations

Infanticide, because it is not a reproductive tactic (i.e., to

obtain fertilizations or produce offspring, even though

it may indirectly contribute to this end)

Pure scramble competition for reproduction without

discontinuous phenotypic variation

Alternative phenotypes in nonreproductive contexts (e.g.,

foraging or trophic polymorphisms such as left- and

right-jawed fish, castes, and age polyethism in social

insects when the different morphs do not engage in

reproductive competition; polymorphisms that involve

both males and females such as winged and wingless

forms in some insects, alternative migratory patterns

and diapause patterns; seasonal polyphenism that does

not involve reproductive characters or individuals; and

color polymorphisms caused by apostatic prey selec-

tion or other anti-predator strategies)

2 M. TABORSKY, R. F. OLIVEIRA, AND H. J . BROCKMANN



or partly resulting from intrasexual, intersexual, or natural

selection mechanisms. For example, the evolution of

courting and sneaking tactics in a species may be subject to

intrasexual rivalry, but it may also be influenced by mate

choice (intersexual selection) and by the tactic-specific

potential to evade predation (natural selection). Alterna-

tively, there may be specialization of same-sex conspecifics

in exploiting different reproductive niches. Irrespective of

the underlying selection mechanisms, ultimately the exist-

ence of the two alternative tactics will be the expression of

different solutions to reproductive competition. Interspe-

cific brood parasitism, for example, is not an ART, because

it is not the result of reproductive competition; neither are

phenomena like infanticide, sex change, or age polyethism

in social insects (see Box 1.1).

1.1.3 Tactic

In a general sense tactic refers to a trait or set of traits serving

a particular function. In the context of ARTs, tactics usually

involve behavioral traits, but the term is by no means

restricted to behavioral phenotypes. For instance, various

types of horns in a male population of horned beetles may be

expressions of alternative reproductive tactics (Emlen 1997,

Emlen and Nijhout 2000, Moczek and Emlen 2000); so are

color morphs of some lizards (Sinervo and Lively 1996)

and male genitalia in certain snails (Doums et al. 1998; see

Box 1.1). Often, suites of behavioral, morphological, and

physiological traits are associated in creating alternative

phenotypes within a species (e.g., in plainfin midshipman

fish: Bass and Andersen 1991, Bass 1992, 1996, Brantley

et al. 1993, Brantley and Bass 1994).

We do not think that a distinction between “tactic” and

“strategy” is useful here, because these two terms relate to

the same issue, but at different levels. A distinction is often

made in evolutionary game theory models (Maynard Smith

1982) where strategy relates to a particular life-history

pattern or “genetically based program” (Gross 1996), and

tactic classifies the application of rules that are part of a

strategy (i.e., the phenotype: Shuster and Wade 2003).

When analyzing empirical data, usually our potential for

inference is limited to the level of phenotype, even if we are

ultimately interested in the evolution of traits and hence in

the effect on genotype frequencies. However, most often we

lack information about underlying genotypes. For instance,

we do not know whether different genotypes are involved at

all or whether phenotypic traits are the expression of con-

ditional variation produced by exactly the same genotype

(Shuster andWade 2003). This may not be so bad in the end

(see Grafen’s [1991] discussion on “the phenotypic

gambit”). The difference made between phenotypic traits

produced by same or different genotypes has heuristic

importance for (game theory) evolutionary models, but it

ignores the fact that virtually all phenotypic traits are the

product of genotypic and environmental influence (West-

Eberhard 1989, 2003, Scheiner 1993). Hence, in reality the

borders between the terms “strategy” and “tactic” are vague

and flexible. The underlying mechanisms are usually

unknown (i.e., to which extent patterns are genetically

determined) at a point when we have not yet studied a

phenomenon extensively but nonetheless wish to commu-

nicate about it. Therefore, we prefer an operational use of

terms here instead of one encumbered with functional

implications, just as in the sex-allocation literature (Char-

nov 1982; see Brockmann 2001). In short, we regard “tactic”

and “strategy” as synonymous but prefer the use of “tactic”

because we mainly deal with phenotypes and because of the

connotations of the term strategy.

In essence, “alternative reproductive tactics” refers to

discontinuous behavioral and other traits selected to maxi-

mize fitness in two or more alternative ways in the context of

intraspecific and intrasexual reproductive competition.

Individuals allocate resources to either one or the other

(mutually exclusive) way of achieving the same functional

end using evolved decision-making rules. This concept may

apply to any major taxon, but we shall confine our discus-

sion to the animal kingdom.

1.2 WHERE, WHEN, AND WHY DO WE

EXPECT TO FIND ARTS?

We expect to find ARTs whenever there is fitness to be

gained by pursuing different reproductive tactics and when

intermediate expressions of a reproductive trait are either

not possible (e.g., there is nothing in between nesting

oneself and dumping eggs in conspecifics’ nests: Yom-Tov

1980, 2001) or selected against by disruptive selection (e.g.,

benefits of large size for bourgeois tactics and of small size

for parasitic1 tactics: Taborsky 1999). Most often we find

1 The term “bourgeois” tactic refers to individuals investing in

privileged access to mates, by behavioral (e.g., defense,

courtship), physiological (e.g., pheromones), or morphological

means (e.g., secondary sexual characters). The “parasitic” tactic,

in contrast, is performed by individuals exploiting the invest-

ment of bourgeois conspecifics. In general discussions of the
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ARTs when there is investment to be exploited by same-sex

competitors (Brockmann and Dawkins 1979, Wirtz 1982,

Field 1992, 1994, Andersson 1994, Taborsky 1994, 1998,

2001, Villalobos and Shelly 1996, Hogg and Forbes

1997, Tallamy 2005). In principle, this is possible in both

sexes, but because of the unavoidable higher investment of

females (even parasitic females assume the costs of egg

production), ARTs are expected to evolve more often in the

male sex. It is worth emphasizing that anisogamy biases not

only the intensity of sexual selection between the sexes, but

consequently also the evolution of ARTs.

Investment in the privileged access to mates or fertilizable

gametes bears costs (Taborsky et al. 1987, Simmons et al.

1992, Bailey et al. 1993, Lens et al. 1994, Prestwich 1994,

Cordts and Partridge 1996, Grafe 1996, Hoback andWagner

1997, Reinhold et al. 1998, Grafe and Thein 2001, Thomas

2002, Yoccoz et al. 2002, Basolo andAlcaraz 2003,Ward et al.

2003, Barboza et al. 2004, Pruden and Uetz 2004, Wagner

2005; but see Hack 1998, Kotiaho and Simmons 2003). It

may involve (1) the production of conspicuous signals that

may not only attractmates but also predators and competitors

(Andersson 1994); (2) the construction of energetically

demanding structures for mate attraction and brood care

(Hansell 1984, 2005); or (3) parental investment to protect,

provision, and raise offspring (Clutton-Brock 1991). Indi-

viduals using parasitic tactics may omit these costs and

exploit their competitors’ investment to gain access to mates

or fertilizable gametes (Wirtz 1982, Miller 1984, Taborsky

et al. 1987, Tomkins and Simmons 2000; see Taborsky 1994

for review). Often they use secretive “sneaking” tactics or fast

“streaking” that cannot be easily overcome by the exploited

bourgeois males (Warner and Hoffman 1980, Gross 1982,

Westneat 1993, Kempenaers et al. 1995, 2001, Hall and

Hanlon 2002, Correa et al. 2003, Sato et al. 2004; see

Taborsky 1994, Westneat and Stewart 2003 for review).

Alternatively, males using parasitic tactics may receive

resources required for mating, or brood care for their off-

spring from bourgeois males also by force (van den Berghe

1988, Sinervo and Lively 1996, Mboko and Kohda 1999).

Cooperative behavior may be applied as an alternative to

a purely parasitic tactic when individuals attempt to benefit

from the effort of bourgeois competitors (Taborsky et al.

1987, Martin and Taborsky 1997, Dierkes et al. 1999,

Taborsky 2001, Oliveira et al. 2002). Competing individuals

may cooperate or “trade” with resource holders by paying

for access to reproductive options by mutualism or reci-

procity (Reyer 1984, 1986, Taborsky 1984, 1985, Lejeune

1985, Taborsky et al. 1987, Hatchwell and Davies 1992,

Hartley et al. 1995, Davies et al. 1996, Magrath and

Whittingham 1997,Martin andTaborsky 1997,Whittingham

et al. 1997, Balshine-Earn et al. 1998, Johnstone and Cant

1999, Clutton-Brock et al. 2002, Oliveira et al. 2002,

Richardson et al. 2002, Double and Cockburn 2003,

Dickinson 2004, Huck et al. 2004, Webster et al. 2004,

Bergmüller and Taborsky 2005). The relationships between

such cooperating competitors are usually asymmetric,

particularly in their resource-holding potential. The

mechanisms regulating and stabilizing such cooperative

relationships between reproductive competitors have been

the target of much recent research (Vehrencamp 1983,

Keller and Reeve 1994, Magrath and Whittingham

1997, Balshine-Earn et al. 1998, Johnstone and Cant 1999,

Johnstone 2000, Kokko et al. 2002, Kokko 2003, Skubic

et al. 2004, Bergmüller and Taborsky 2005, Bergmüller

et al. 2005, Stiver et al. 2005), but there is still a great need

for further integration of theory and empirical data.

Females may benefit from exploiting the nests built by

other females (e.g., in digger wasps: Brockmann and

Dawkins 1979, Brockmann et al. 1979, Field 1992, 1994) or

by dumping eggs in another female’s nest (or mouth) that

will be cared for by the owner (i.e., intraspecific brood

parasitism in insects: Eickwort 1975, Tallamy 1985, 2005,

Müller et al. 1990, Brockmann 1993, Zink 2003; fish:

Ribbink 1977, Yanagisawa 1985, Kellog et al. 1998; and

birds: Yom-Tov 1980, 2001, Rohwer and Freeman 1989,

Petrie andMøller 1991, Eadie and Fryxell 1992, Lyon 2003,

Griffith et al. 2004). In this way, preparation of breeding

sites and brood care can be spared by applying parasitic

tactics (Sandell and Diemer 1999), or productivity can be

increased (Tallamy and Horton 1990, Brown and Brown

1997, Ahlund and Andersson 2002, Zink 2003).

We may find ARTs also when animals use different

niches for reproduction (such as temporally varying habi-

tats). Selection may then favor multiple phenotypes that are

specialized to exploit reproductive opportunities in each

niche. Intermediate phenotypes will not be as effective as

specialized ones when using the available options (Shuster

function of alternative tactics, these terms are preferable to the

more descriptive terms often used in particular case studies (e.g.,

bourgeois males have been named guarders, territorials, primary

males, parentals, nest males, type 1 males, or cuckolds, while

parasitic males have been referred to as sneakers, streakers,

satellites, hiders, pseudo-females, type 2 males, or cuckolders).

For a discussion of reasons to use “bourgeois” and “parasitic” as

collective, functional terms for ARTs see Taborsky (1997).
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and Wade 2003). In this case, the frequency of morphs will

depend on the reproductive potential in each niche (Zera

and Rankin 1989, Mole and Zera 1993, Denno 1994,

Langellotto et al. 2000, Langellotto and Denno 2001; see

also Chapter 2 of this book).

1 .3 WHICH EVOLUTIONARY

PROCESSES ARE CAUSING THE

PATTERNS WE FIND IN ARTS?

A major objective in evolutionary biology is to understand

processes by which alternative phenotypes are created and

maintained within populations (West-Eberhard 1986,

Skúlason and Smith 1995, Smith and Skúlason 1996). This

includes the question for the existence of two sexes (Parker

et al. 1972), polymorphisms for the use of food and habitat

(Sage and Selander 1975, Snorrason et al. 1994, Skúlason

and Smith 1995, Robinson and Wilson 1996, Smith

and Skúlason 1996), laterality (Hori 1993, McGrew and

Marchant 1997, Nakajima et al. 2004), locomotion and

migration patterns (Berthold and Querner 1982, Verspoor

and Cole 1989, Berthold et al. 1990, Hindar and Jonsson

1993, Kaitala et al. 1993, Biro and Ridgway 1995, Smith and

Skúlason 1996), predator evasion (Taborsky et al. 2003,

Chipps et al. 2004), and the existence of reproductive

“producers” and “scroungers” in same-sex conspecifics

(Taborsky 1994, 2001, Gross 1996, Brockmann 2001). To

understand the discontinuity of reproductive tactics, we

should first look at the options of the involved players; that

is, we should first know the patterns before disentangling

the processes causing them. How do competitors achieve

fertilizations? How divergent are the alternative tactics? Do

individuals differ consistently in their tactics or are they

choosing tactics according to circumstances? To identify

underlying processes, we may analyze ARTs at three dif-

ferent levels of classification (Taborsky 1998).

1.3.1 Selection

Alternative tactics evolve when there is fitness to be gained

by pursuing divergent allocation tactics. There are two

principal conditions favoring the evolution of ARTs:

(1) Investment may be there to be exploited by conspe-

cific, same-sex competitors, as we have outlined above.

In the chosen sex, sexual selection leads to high

investment in structures promoting mate acquisition.

This includes secondary sexual signals that indicate

quality (indirect benefits to mates) and supplying

resources and brood care (direct benefits). Sexual

selection has two major effects in this context; firstly, it

causes variation in the success of the chosen sex

(Darwin 1871). If some males are able to obtain several

mates, others will end up without success (depending

on the operational sex ratio: Shuster and Wade 2003),

which selects for the pursuit of alternative tactics.

Secondly, exploiting the investment of competitors

without paying their costs may result in higher fitness

(Fu et al. 2001). Both consequences of strong sexual

selection set the stage for the evolution of ARTs.

Indeed, a positive relationship between strong sexual

selection and the evolution of ARTs has been observed

(Gadgil 1972, Gross 1996, Sinervo 2001), although

there may be negative feedback mechanisms involved

as well (Jones et al. 2001a, b, Reichard et al. 2005).

(2) Different reproductive niches may exist for conspe-

cific, same-sex competitors (see Chapter 2). This may

occur when reproductive habitats differ discontinu-

ously (Denno 1994, Langellotto and Denno 2001,

Hiebeler 2004) or when competitors differ in some

important feature as a result of natural selection (e.g.,

food niches or predation may select for body-size

divergence: Pigeon et al. 1997, Lu and Bernatchez

1999, Jonsson and Jonsson 2001, Trudel et al. 2001,

Kurdziel and Knowles 2002, Taborsky et al. 2003,

Snorrason and Skúlason 2004). Little is known about

the consequences of such polymorphisms on repro-

ductive tactics (but see Kurdziel and Knowles [2002]

for a notable exception) or about what is cause and

what is effect (e.g., is a particular size dimorphism

caused by natural selection favoring divergence, with

respective consequence for reproduction, or does it

result from ARTs caused by sexual selection as

outlined above, with respective consequences

regarding other aspects of life such as feeding and

predator evasion? See Parker et al. 2001).

1.3.2 Flexibility

On the individual level, alternative tactics may be performed

at the same time (simultaneous ARTs), in succession

(sequential ARTs), or they may be fixed for life (fixed ARTs:

Taborsky 1998) (Figure 1.1). This is a general feature of

allocation patterns (Brockmann 2001), as found also in sex

allocation (simultaneous and sequential hermaphroditism,
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and gonochorism: Charnov 1982). Simultaneous and

sequential ARTs are the product of a flexible or plastic

response to conditions. A flexible response (i.e., phenotypic

plasticity) may be beneficial if conditions vary either with

regard to the physical or social environment of an animal, or

its own physical condition (West-Eberhard 2003). If

momentary conditions are highly unpredictable (e.g., num-

ber of potential partners, quality and number of current

competitors in the neighborhood, tactic-dependent risk),

there is selection for simultaneous ARTs as found, for

example, in many fishes (Keenleyside 1972, Rowland 1979,

Jennings and Philipp 1992; reviewed in Taborsky 1994),

anurans (Perrill et al. 1982, Fukuyama 1991, Lucas et al.

1996, Byrne and Roberts 2004; reviewed in Halliday and

Tejedo 1995), and birds (Westneat 1993, Kempenaers et al.

1995, 2001; reviewed inWestneat 2003). If conditions change

with ontogeny, which applies in particular for organismswith

indeterminate growth, sequential ARTs may be the optimal

response (e.g., Warner et al. 1975, Magnhagen 1992, de

Fraipont et al. 1993, Dierkes et al. 1999, Alonzo et al. 2000,

Utami et al. 2002). If conditions either change rarely during

the lifetime of an individual or change is unpredictable, fixed

ARTs may be selected for (Shuster and Wade 2003). Addi-

tional factors influencing the existence (and coexistence) of

fixed and flexible ARTs are differences in success between

tactics and the costs of plasticity (Plaistow et al. 2004).

1.3.3 Origin of variation

Discontinuous phenotypic variation may originate from

monomorphic or polymorphic genotypes (Austad 1984,

Gross 1996, Shuster and Wade 2003). In genetically uni-

form individuals, the response to reproductive competition

may be triggered by current conditions or by developmental

switches; individual tactics differ due to diverging condi-

tions, despite the same underlying genetic architecture. For

example, individuals finding themselves in an unfavorable

condition may do best by adopting an alternative tactic to

the monopolization of mates, thereby doing “the best of a

bad job” (Dawkins 1980). If resource availability varies

strongly during development, the decision to adopt one or

the other tactic may depend on the passing of a threshold; an

individual passing a size threshold, for example, may do best

by continuing to grow to adopt a bourgeois reproductive

tactic later, while if this threshold is not passed, it may pay

to reproduce early and in a parasitic role (note that in some

salmonid fishes, it works the other way round; see below).

Size thresholds may be important particularly for short-

lived animals in seasonal habitats: early-born individuals

have more time to grow in favorable conditions, so they will

be larger at the start of reproduction. Such “birthdate effects”

(Taborsky 1998) apparently influence the occurrence of

ARTs in temperate fish (see Thorpe 1986). Thresholds in

Figure 1.1 Alternative reproductive tactics can be fixed over a

lifetime or plastic. In the latter case, they may be performed at the

same time interval (simultaneous ARTs) or in a fixed or reversible

sequence (sequential ARTs). See text for examples.
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growth rates can also influence the choice of tactic (Hutchings

and Myers 1994); fast-growing male salmon may start to

reproduce earlier, while slow growers delay reproduction and

end up in the bourgeois role as a consequence of prolonged

growth (Thorpe and Morgan 1980, Thorpe 1986, Gross

1991). In anadromous salmonids this is linked to highly

divergent feeding conditions between reproductive sites

(oligotrophic rivers) and productive foraging areas (sea

habitats: Healey et al. 2000, Vollestad et al. 2004).

Discontinuous alternative reproductive tactics may

result also from polymorphic genotypes, regardless of

whether variation is due to major gene effects or polygenic

origin. Examples are known from a wide taxonomic range –

from mites (Radwan 1995, 2003) and isopods (Shuster and

Box 1.2 The origin of male polymorphisms in acarid

mites

“Fighter” and “scrambler” males occur in a number of

acarid mites belonging to at least three genera (Sancassa-

Sancassania, Rhizoglyphus, Schwiebia: Woodring 1969,

Radwan 1995, 2001). Fighter males can kill competitors by

puncturing their cuticle with a modified third pair of legs.

Fighters may outcompete scramblers in low-density situations,

but not at high densities, where they suffer from frequent and

costly fights (Radwan 1993). Both a genetic polymorphism

and a conditional expression of tactics with strong environ-

mental influence during development have been found in dif-

ferent species of this group. In Rhizoglyphus robini, fighters

sire higher proportions of fighters and the heritability of the

male morphs is high; however the genetic mechanism under-

lying this polyphenism is not yet understood (Radwan 1995,

2003). Colony size and density have no effect on morph fre-

quency, but diet provided during development does, with fewer

fighters emerging under poor conditions (Radwan 1995). In

this species, fighters survive longer, independently of colony

density and morph ratio in the population (Radwan and

Bogacz 2000, Radwan and Klimas 2001). Surprisingly,

morph fitness was not found to be negatively frequency

dependent, as would be expected if a genetic polymorphism is

stabilized at an evolutionarily stable state (ESS) condition

(Radwan and Klimas 2001).

In R. echinopus, no significant heritability of male

morph was found, but the probability of males turning into

fighters depended on chemical signals associated with

colony density (Radwan 2001). In Sancassania berlesei, the

decision by males to turn into fighters or scramblers

strongly depends on social and food conditions during

development (Timms et al. 1980, 1982, Radwan 1993,

1995, Radwan et al. 2002, Tomkins et al. 2004). In small or

low density populations the proportion of fighter males is

higher (Figure 1.2). Chemical (pheromonal) signals are

used to determine tactic choice (Timms et al. 1980, Rad-

wan et al. 2002), but the final-instar nymph weight is also

important with heavier nymphs being more likely to

become fighters, albeit at some costs: same-weight final-

instar nymphs produced smaller fighters than scramblers

(Radwan et al. 2002). Even though there is no indication of

single-locus inheritance of morphs in this species, there is

evidence for genetic covariance between sire status and

offspring morph and considerable heritability of morph

expression due to an adaptive response of the threshold

reaction norm (Tomkins et al. 2004, Unrug et al. 2004).

Data from this species are compatible with the status-

dependent ESS model (Gross 1996), but a critical test

showing that fitness functions of the alternative tactics cross

at the phenotypic switch point is still missing (Tomkins

et al. 2004).
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Figure 1.2 The proportion of fighter males emerging in laboratory

populations of the acarid mite Sancassania berlesei depends on

density. In an experiment, larvae originating from three different

field populations were introduced into vials either alone or in

groups of 10–40 individuals. While the majority of lone males

turned into the fighter morph, the proportions of fighter males

declined with increasing density, especially strongly in mites

coming from two out of three natural populations. (After Tomkins

et al. 2004.)
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Figure 1.3 (A) When male competitors in a population show either

bourgeois or parasitic reproductive behavior depending on condition,

e.g., body size, and their fitness functions cross at a given size, males

should switch from one to the other tactic at this intersection. (B) The

fitness ofmalesmay depend also on the relative numbers of both types

of males. If the fitness functions depending on relative frequencies of

both male types cross, tactic frequencies in the population should

converge towards thepoint of intersection.Howdoes this relate to size-

dependent tactic choice?Weassumehere that the fitness lines cross at a

bourgeois male proportion of 0.5; if the population comprises 75%

bourgeois males at some point, the average fitness of individuals

performing the parasitic tactic would increase relative to that of

bourgeois males. (C) The effect of this situation on optimal size-

dependent tactic choice: while the fitness of bourgeoismales drops due
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Wade 1991, Shuster 1992) to fish (Ryan et al. 1992), lizards

(Sinervo and Lively 1996), and birds (Lank et al. 1995,

1999). In this case, genotype frequencies underlying ARTs

are believed to be balanced by frequency-dependent selec-

tion, leading to equal lifetime fitness expectations of indi-

viduals using different tactics (Shuster and Wade 1991,

Ryan et al. 1992, Repka and Gross 1995; but see Boxes 1.2

and 1.3 ; see also Chapter 2 of this book).

The relative importance of genetic monomorphism with

conditional responses as opposed to genetic polymorphism

for the evolution of ARTs has been extensively debated

(Pienaar and Greeff 2003; see Gross 1996, Shuster and

Wade 2003 for review). The vast majority of described cases

of ARTs involves some conditional responses of repro-

ductive competitors (Gross 1996, Lank et al. 1999). Because

a conditional choice of tactics has been associated with

genetic monomorphism, it has been argued that genetic

polymorphisms play only a minor role in the causation of

ARTs (Gross 1996, Gross and Repka 1998a). This view has

been challenged (Shuster and Wade 2003). Why is this

debate of general interest? To appreciate the importance of

the issue, we need to consider the implications of these two

Box 1.3 Do fitness curves always cross?

When condition-dependent fitness functions differ

between bourgeois and parasitic males and the lines cross,

tactic frequencies should depend on this point of inter-

section (Gross 1982, 1996) (Figure 1.3A). In addition, the

fitness of each type of male may depend on the proportions

of both male types in the population, resulting in fre-

quency-dependent selection: the more parasitic males

compete amongst each other, the less it may pay to choose

this tactic (Figure 1.3B), which feeds back on condition-

dependent tactic choice (Figure 1.3C and 1.3E). However,

cases in which individuals differ in quality demonstrate

that frequency dependence is not necessarily involved in

the evolution of ARTs. Take a species with early- and late-

born males in a seasonal environment that have very dif-

ferent lengths of growth periods before the first winter. In

a short-lived species, reproduction may occur only within

one reproductive season, i.e., after the first winter. Early-

and late-born males will differ in size because they

encountered good growth conditions in their first year

during time periods of different period lengths (e.g.,

Mediterranean wrasses: Alonzo et al. 2000). Large males

may do best by monopolizing resources and access to

females; small males may do best by parasitizing the

reproductive effort of large males because they are not able

to compete with their larger conspecifics when performing

a bourgeois tactic. The average reproductive success of the

small males may never reach the same level as the average

success of the higher-quality (large) males, even if they are

rare in the population, because their small size may act as a

constraint on getting access to fertilizable gametes. The

result will be ARTs that are not stabilized by frequency-

dependent selection (Figure 1.3D). Parasitic males will

still persist in the population because males differ in

quality due to differing growth conditions, as outlined

above. Quality differences between individuals due to

developmental constraints are very widespread

(Schlichting and Pigliucci 1998), but hitherto, they have

not been dealt with in this context in much detail. In

theoretical models Mart Gross and Joe Repka (Repka and

Gross 1995, Gross and Repka 1998a, b) showed that

equilibria between alternative tactics causing unequal fit-

nesses may be evolutionarily stable; this approach has been

criticized, however, because of unrealistic assumptions

(Shuster and Wade 2003).

Caption for Fig. 1.3 (cont.) to competition among males of this type,

the fitness of parasitic males increases, which means that males should

switch to the bourgeois tactic at a larger size (size “5” instead of “4” as

depicted in (A)). If in contrast only 25% of themales in the population

perform the bourgeois tactic, the fitness of bourgeois males will

increase because of low competition while that of parasitic males will

drop due to competition of these males when exploiting the relatively

small number of bourgeois males in the population (see (E)). Males

should switch earlier now from the parasitic to the bourgeois tactic.

Note that for simplicity in this graphical model we assume that the

relative frequency of both tactics (as shown in (B)) influences the pay-

off of males in a similar way over the whole range of sizes, i.e., the

intercept of the fitness function changes, but not its shape or slope

(cf. panels (C) and (E), and panel (A)). (D) Itmay be, however, that the

fitness functions depending on relative frequencies of both male types

do not cross, i.e., bourgeois males may always do better than parasitic

males, regardless of the proportions of males in the population

performing either tactic (see explanation in text). If this is the case,

frequency-dependent selection will not determine tactic choice in the

population. Tactic choice and hence tactic frequencies will then

depend only onother factors (likemale phenotypic quality such as size,

which may be determined by developmental constraints).
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potential mechanisms. When animals act according to

conditions without any genetic component responsible

for the type of response (i.e., tactic performance is not

heritable), (a) the form and frequency of this response is not

subject to selection (Shuster and Wade 2003), which pre-

cludes adaptive evolution, (b) different tactics may result in

unequal fitness (Repka and Gross 1995, Gross and Repka

1998b), and (c) the frequencies of tactics may be inde-

pendent of each other and of their relative success (see

Box 1.3). When tactic choice is under genetic control and

heritable, frequency-dependent selection will lead to (a) a

fitness equilibrium associated with alternative tactics and

(b) stable frequencies of ARTs in the population (Ryan et al.

1992), or (c) oscillations of tactics if no stable equilibrium

can be reached (particularly if more than two ARTs exist in

a population: Shuster 1989, Shuster and Wade 1991,

Sinervo and Lively 1996). According to the “status-

dependent selection model” (Gross 1996), the assumption

of conditional tactics based on genetic monomorphism

coincides with unequal fitnesses of players, except at the

switch point where an individual is expected to change

from one tactic to another. On the contrary, a genetic

polymorphism can only persist if the lifetime fitnesses of

players are equal or oscillating (Slatkin 1978, 1979, Shuster

and Wade 1991, 2003).

It would be naı̈ve to assume that ARTs will be either

“genetically” or “environmentally” determined (Caro and

Bateson 1986). In reality, many if not most dimorphic traits

seem to be threshold traits (Roff 1996) influenced by

quantitative trait loci: morph expression depends on

whether a “liability” value is above or below a threshold

(Falconer and Mackay 1996). In the context of ARTs this

was shown for the expression of different male morphs in

mites with the help of selection experiments, by which the

threshold reaction norm was shifted (Unrug et al. 2004) (see

Box 1.2). In this scenario, developmental pathways may

change abruptly, e.g., at a particular size, producing dif-

ferent phenotypes on either side of the threshold (Emlen

and Nijhout 2000, Nijhout 2003, Lee 2005). The operation

of genetically based developmental thresholds means that

trait expression is both conditional and heritable. It allows

alternative phenotypes to evolve largely independently from

each other, which greatly increases the scope for the

evolution of alternative tactics (West-Eberhard 1989, 2003;

see also Tomkins et al. 2005).

If adaptive evolution is not underlying conditional

ARTs (as argued by Shuster and Wade 2003), why do they

exist in the first place, why are conditional decisions

apparently the rule rather than the exception, and why do

genetic polymorphisms associated with ARTs appear to be

rare? One may ponder whether these concepts are suffi-

cient to explain the evolution of ARTs. The problem is

that in this discussion, conditional response and the

genetic basis of tactics apparently have been separated

from each other. More realistically, the thresholds or

developmental switch points involved in tactic choice have

a genetic basis and will therefore be subject to selection and

adaptive evolution (Tomkins et al. 2004). In other words,

phenotypic plasticity is heritable, and genetically based

plastic traits vary among individuals of a population (see

Chapter 5 of this boo k ). Condit ional responses may hav e a

genetic basis but still lead to different lifetime repro-

ductive successes of tactics (Hazel et al. 1990). This issue

needs further theoretical treatment (see Shuster and Wade

2003).

1 .4 INTEGRATING ACROSS LEVELS:

PROXIMATE AND ULTIMATE

CAUSES OF ARTS

How do the proximate mechanisms underlying the

expression of ARTs relate to their evolution? An important

aspect in our understanding of ARTs is the degree of

divergence between tactics, which may functionally relate to

the underlying mechanisms (e.g., pleiotropic effects if

genetic determination is involved, or variance in ontogen-

etic conditions). In this context it is necessary to understand

the proximate mechanisms involved to be able to interpret

observed patterns. A distinction should be made, for

instance, between alternative phenotypes that diverge only

in behavioral traits or also in the expression of morpho-

logical and anatomical traits. Since behavior is often more

labile than morphology and anatomy, the mechanisms

underlying the expression of behavioral variation should be

more flexible than those underlying morphological and

anatomical variation.

Hormonal regulation is usually involved in the expres-

sion of alternative reproductive behavior (Brantley et al.

1993, Oliveira et al. 2005). Ketterson and Nolan (1999)

proposed that one could distinguish between adaptations

and exaptations (sensu Gould and Vrba 1982) in hormone-

dependent traits by assessing whether these traits arose

either in response to selection on circulating hormone levels

or in response to variation in the responsiveness of the target

tissues to invariant hormone levels (Figure 1.4). In the

former case, selection probably did not act on all correlated
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traits and thus the ones that subsequently conferred an

advantage to its carriers should be viewed as exaptations. In

the latter case, selection probably acted independently on

target tissue sensitivity to constant hormone levels, for

example by varying density of receptors or the expression

of enzymes for particular biosynthetic pathways. ARTs

that involve the differential development of androgen-

dependent traits within the same phenotype, such as the

differentiation of larger testes in parasitic males without

displaying secondary sex characters, suggest a compart-

mentalization of androgen effects on different target tissues

that can be achieved by varying the densities of androgen

receptors in different targets. Therefore, ARTs that involve

the compartmentalization of different endocrine-mediated

traits probably evolved as adaptations, whereas ARTs in

which there are no compartmentalization effects (e.g.,

conditional tactics, such as the facultative use of sneaking

behavior by nest-holder males in sticklebacks: Morris 1952,

Rico et al. 1992) rather represent exaptations. This

approach stresses the importance that studies of proximate

T

T

T

T

T

Trait 1

Trait 1

Trait 2

Trait 3

Target Tissure 1

Figure 1.4 A model of two alternative evolutionary mechanisms

underlying the hormonal regulation of alternative reproductive

phenotype expression. Upper panel Alternative reproductive

traits arise in response to selection on circulating hormone levels,

whereby selection may not act on all correlated traits. Lower

panel Alternative reproductive traits arise in response to selection

on responsiveness of target tissues to (possibly invariant)

hormone levels; here, traits result from the independent

reaction of target tissue sensitivity to constant hormone

levels.
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mechanisms may have to increasing our understanding of

the evolution of alternative reproductive phenotypes.

The neural mechanisms behind alternative repro-

ductive behavior patterns may involve the structural

reorganization of neural circuits underlying the expression

of reproductive behavior, or alternatively biochemical

switching of existing circuits by neuromodulators (Zupanc

and Lamprecht 2000). The former mechanisms may

involve synaptogenesis, the regulation of apoptosis, and

neurogenesis and thus should be associated with a slower,

discontinuous but long-lasting expression of phenotypic

plasticity. In contrast, the latter mechanisms should be

associated with faster, gradual, and transient changes.

These potential neural mechanisms underlying pheno-

typic plasticity may interact with hormonal mechanisms:

structural (re)organization of neural circuits can be influ-

enced by organizational effects of hormones during well-

defined sensitive periods in the life of an individual, while

biochemical switches can be driven by activational effects

of hormones on central pathways underlying behavior (for

a review on organizational vs. activational effects of hor-

mones in vertebrates see Arnold and Breedlove 1985).

Therefore, it is expected that simultaneous or reversible

conditional tactics that may require rapid and transient

changes in neural activity are mediated by biochemical

switches influenced by hormones in an activational fashion

(Zupanc and Lamprecht 2000, Hofmann 2003), whereas

both fixed tactics involving the organization of the

phenotype early in development and sequential tactics

with a fixed sequence that involve a post-maturational

reorganization of the phenotype are mediated by structural

reorganization of neural networks. Concomitantly, the role

of hormones in the expression of the different types of

tactics would differ, with organizational (or reorganiza-

tional) effects predicted to be associated with fixed and

fixed-sequence tactics, and activational effects expected in

simultaneous or reversible conditional tactics (Moore

1991, Moore et al. 1998, Oliveira 2005).

Knowledge of the proximate mechanisms underlying

the expression of ARTs may help to understand their

evolution. Ketterson and co-workers (Ketterson et al.

1996, Ketterson and Nolan 1999) have proposed the use of

phenotypic engineering to investigate the evolution of

endocrine-mediated traits. This approach is based on the

exogenous administration of hormones to study ecological

consequences of the development of hormone-dependent

traits. This approach can help to identify the costs and

benefits associated with particular traits specific to each

tactic as well as the evolutionary scenario in which ARTs

evolved. A cost–benefit analysis of ARTs in teleosts, for

instance, would help to identify costs associated with

specific tactics imposed by their underlying physiological

mechanisms, which may act as constraints for the evolu-

tion of ARTs. For example, bourgeois males usually

display a set of androgen-dependent behavioral traits that

help them to compete with other males for resources or

females (e.g., through territoriality), which suggests

that costs associated with maintaining high androgen

levels should be associated with the bourgeois tactic

(e.g., increased energy consumption, effects on immuno-

competence, increased risk of predation, and a higher

incidence of injuries from agonistic interactions: e.g.,

Wingfield et al. 1999, 2001, Ros et al. 2006). Therefore,

knowledge of the physiological mechanisms underlying

the expression of ARTs may shed light on the evolutionary

landscapes in which they might have evolved by helping to

identify proximate mechanisms that act as mediators of

adaptive traits or as potential physiological constraints

imposed by pleiotropic-like effects of hormones on the

evolution of ARTs.

1 .5 CURRENT ISSUES: WHAT ARE THE

QUESTIONS WE NEED TO SOLVE?

Based on the above discussion and arguments we should like

to emphasize 12 important questions regarding the evolu-

tion of ARTs.

(1) To what extent are thresholds and developmental

switches responsible for the evolution of decision rules?

In other words, is there genetic variance involved in the

conditional response?

(2) If there is sufficient genetic variance among individuals

of a population, to what degree are thresholds and

developmental switch points subject to selection? An

experimental approach would be desirable here.

(3) The occurrence of ARTs is apparently related to the

intensity of sexual selection and to the existence of an

opportunity to exploit the investment of same-sex

conspecific competitors to acquire mates or fertiliza-

tions. These potential causes of the evolution of ARTs

are not independent; however, they may independently

influence the evolution of decision rules. Is one or the

other of these factors more important (or of sole

importance), or are additional factors involved?
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(4) Is the observed intrasexual variation in reproductive

phenotypes necessarily adaptive, or are there some-

times constraints (e.g., because a certain part of the

population faces inferior conditions during ontogeny,

causing significant intrasexual size variation; see Box

1.3) that may produce ARTs?

(5) Are there particular environmental circumstances (both

physical and social) that favor either a combination

between genetic monomorphism and conditional

response or a genetic polymorphism underlying ARTs,

either with or without conditional response components?

(6) The expression of ARTs may be fixed for an individual

or flexible over a lifetime (Figure 1.1): on the

proximate level, to what extent are they caused by

structural (re)organization of neural networks, and

what organizational and activational hormonal effects

regulate fixed vs. plastic alternative phenotypes?

(7) What are the selective regimes favoring the evolution

of fixed vs. plastic, simultaneous, or sequential ARTs?

That is, which environmental conditions and intrinsic

factors (i.e., constraints and life-history patterns) may

take effect? Are fixed phenotypes associated with

genetic polymorphisms and flexible ones with genetic

monomorphism?

(8) How does discontinuous phenotypic variation among

competitors that evolved in other functional contexts

(e.g., by food niches or predation scenarios) affect the

evolution of ARTs?

(9) What causes intermediate types to be less successful than

“pure” alternatives? That is, why is selection disruptive?

(10) What controls tactic frequencies? Is frequency-

dependent (Repka and Gross 1995) and density-

dependent (Tomkins andBrown2004) selection involved

if tactics are purely conditional (whichmay cause unequal

average fitnesses)? When do crossing fitness curves

predict relative tactic frequencies (see Box 1.3)?

(11) What processes cause tactics to stabilize at an

equilibrium frequency or to oscillate?

(12) Why do particular phenotypes take the form they do?

Why are particular solutions so frequent across a wide

range of taxa (e.g., female mimicry in males)?

Most of these questions have been asked before in

various contexts and often with focus on certain examples,

and some have been partially answered either on an

empirical or theoretical basis. However, for most if not all of

them, we lack enough crucial information to be able to give

an answer at the level of specific examples and on a more

general basis. This is not an exhaustive list. Of course there

are other questions and details we need to consider (e.g., see

Box 1.2 and other chapters of this book), but we believe that

finding answers to these 12 questions will significantly

advance our understanding of ARTs.
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genres Symphodus Rafinesque, 1810 et Coris Lacepède,
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Part I

Ultimate causes and origins of alternative

reproductive tactics





2 · Alternative reproductive tactics and the evolution of alternative

allocation phenotypes

H. JANE BROCKMANN AND MICHAEL TABORSKY

CHAPTER SUMMARY

Alternative reproductive tactics (ARTs) are part of a much

larger class of alternative phenotypes that include sex

allocation and alternative life histories. We examine the evo-

lution of ARTs by drawing on the much larger base of theory

from sex-allocation and life-history evolution. Insights into

how alternative tactics evolve (their maintenance in popula-

tions, the evolution of their underlying mechanisms and

flexibility, the evolution of morph differences and morph

frequencies) are derived from principles developed for

understanding the evolution of sex, sex determination,

hermaphroditism, sexual dimorphism, and sex ratios.

2 .1 INTRODUCTION

Darwin (1871) was fascinated by variation. In part this was

because so many scholars at the time emphasized typological

thinking and ignored the biological variation around them.

But more importantly Darwin realized that heritable

variation was at the heart of his theory. If variants showed

differential survival and if those characteristics were passed

on to their offspring, then evolution occurred. He under-

stood that if one form were just a little more successful than

the other, then the variant with the higher success would

prevail. This understanding led him to worry about cases in

which discrete variation was maintained at a stable fre-

quency in one population. These worries included social

insect castes, sexual dimorphism, and alternative forms of

one sex (Shuster and Wade 2003).

Variation within one population is usually continuous

but under some circumstances, discrete, discontinuous

patterns of variation evolve and are maintained. Sexual

dimorphism is the most obvious case. Sons and daughters

are alternative, parental allocation tactics for achieving the

same functional end, reproduction (Charnov 1982)

(Box 2.1). Alternative, discrete forms can also be found in

life-history patterns where two forms differ in their

schedules of age-specific maturation, dispersal, and repro-

duction. For example, male bluegill sunfish show two life-

history trajectories that are maintained in populations over

generations (Gross 1984 , 1991a) (see Figure 2.2). Some

males mature quickly and begin to breed at a young age and

small size (parasitic tactic). Other males take longer to

mature and begin breeding at a later age and larger size

(bourgeois tactic). Once mature, the larger males invest in

guarding nests, attracting females, and providing brood

care, whereas the smaller males obtain fertilizations by

joining spawning pairs. When quite small they release

sperm by sneaking into nests (Philipp and Gross 1994) or,

when older and similar in size to females, by mimicking

female behavior (Dominey 1980). As adults the two male

forms are ARTs, but during development they represent

alternative life-history pathways.

Sex allocation, alternative life histories, and ARTs are

part of a much larger set of alternative allocation phenotypes

(Waltz andWolf 1984, Lloyd 1987, Brockmann 2001). They

include mimicry, color, and other protective polymorphi-

sms (Turner 1977, Brönmark andMiner 1992, Sword 1999,

Gonçalves et al. 2004), trophic polymorphism (Collins and

Cheek 1983, Pfennig 1992, Skúlason and Smith 1995),

partial migration (Kaitala et al. 1993), seasonal and phase

polyphenism (Greene 1989, 1999, Moran 1992, Sword

1999, Sword et al. 2000), predator-induced reaction norms

(Dodson 1989), alternative germination strategies in plants

(Mathias and Kisdi 2002), caste polymorphism and poly-

ethism in social insects (Wheeler 1991), and producer–

scrounger systems (Barnard and Sibly 1981, Barnard 1984,

Giraldeau and Livoreil 1998, Giraldeau and Caraco 2000).

Although very diverse, alternative allocation phenotypes

share important features. First, like all forms of phenotypic

plasticity, alternative allocation phenotypes occur in one of

three general patterns (Barnard and Sibly 1981, Gross 1984,

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.

ª Cambridge University Press 2008.
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Box 2.1 Sex-allocation theory explained using red deer

(Cervus elephus) as an example

Sex allocation results from maternal decisions

(Figure 2.1A) about how to allocate resources between

son and daughter production (resources a mother puts

into a son that are not put into a daughter). Since every

offspring in the next generation has exactly one mother

and one father, son and daughter production are equally

successful on average (although there is often higher

variance in the fitness of sons). This means that the

equilibrium – evolutionarily stable state (ESS) – is 50%

female and 50% male offspring or equal investment in

sons and daughters. If for some reason there were too

many sons in the population (above the 50% son ESS),

then the success of son production would drop and

selection would favor females that produce more daugh-

ters, thus returning the population to the ESS. So, the

rarer sex is more successful, i.e., fitness is frequency

dependent (Figure 2.1B).

Many species invest equally in a son as in a daughter

but this is not always the case. When a female red deer

bears a son, she tends not to have another offspring in the

following year, whereas when she bears a daughter, she

will probably reproduce again in the following year

(Clutton-Brock et al. 1982). This means that females tend

to invest more in sons than in daughters. This is because

females that invest more have sons that are in better
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Figure 2.1 (A) Sex allocation is about the distribution of

resources between son and daughter production. (B) The ESS

occurs at the frequency where the production of sons and

daughters is equally successful. The fitness of sons (or

daughters) in the population is higher when they are rare, i.e.,

success is frequency dependent and tends to return the

population to the ESS. (C) Birth sex ratios produced by

individual female red deer differing in social rank over their

lifespans. Measures of maternal rank were based on the ratio of

animals that the subject threatened or displaced to animals

that threatened or displaced it. (D) The result given in C means

that sex allocation is in part status dependent, resulting from

crossing fitness curves. Females should switch from daughter to

son production at the age or condition that maximizes fitness.

(E) If this status-dependent condition rule given in (D) results

in too many sons (as might happen when conditions are good),

then frequency-dependent selection will act to change the

decision rule and return the population to the ESS.
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Taborsky 1994, 2001, Schlichting andPigliucci 1998,Moore

et al. 1998, Brockmann 2001, Pigliucci 2001, Piersma and

Drent 2003, Shuster and Wade 2003) (Figure 1.1). (a) In

some cases the two phenotypes are inflexible alternatives

(e.g., dioecious species, fixed tactics), but in other cases,

(b) individuals may switch from one phenotype to the other

during their adult lives (e.g., hermaphroditic species, con-

ditional tactics). This switch may occur at a particular age or

size or under certain social conditions (e.g., sequential

hermaphroditism, phenotypic flexibility), or (c) some

animals can flexibly change back and forth between pheno-

types as adults (e.g., simultaneous hermaphroditism, life-

cycle staging). Charnov (1982, 1986) showed that the basic

principles of sex-allocation theory apply equally to dioecious

and hermaphroditic patterns. Second, the mechanisms con-

trolling alternative phenotypes include genetic differences

(e.g., chromosomal sex determination), environmental or

social differences (e.g., temperature- or behavior-dependent

sex determination: Crews 1993; Karplus 2005), or combin-

ations of these possibilities (Brockmann 2001). Third, alter-

native phenotypes occur when individuals make decisions

that commit them to investing limited time or resources to a

particular course of action, i.e., a “decision” ismade.The time

or resources that are invested in one option are then no longer

available for investing in the other option, i.e., trade-offs exist.

In fact, any mechanisms that result in the correlated expres-

sion of traits can cause trade-offs (Stearns 1992, Angilletta

et al. 2003). Fourth, although various processes can maintain

variation in populations (e.g., mutation, pleiotropy, drift,

heterozygous advantage), alternative allocation phenotypes

are usually found to be adaptations. Each route that an indi-

vidual might follow has its own net benefit and cost for the

individual; if differences in success are in part due to heritable

differences, then the mechanisms that underlie decisions

evolve through natural selection. Often one route invades the

population rather than the other, and in such cases, the route

that evolves is the one that maximizes long-term reproductive

success (pure strategy). More interesting are cases in which

two or more phenotypes (e.g., two sexes, two life-history

patterns, or two mating tactics) are maintained in the popu-

lation over generations.

If we are to understand the evolution of alternative

allocation phenotypes, we must understand both how ani-

mals execute a particular decision and why that decision is

favored by natural selection. What are the sources of

information available to individuals (either during deve-

lopment or as adults); how is this information processed and

translated into action; what are the mechanisms that allow

individuals to switch into a particular morph or from one

morph into another; and what is the nature of the trade-offs

involved? These proximate topics are discussed in Chapters

5–7. Here we concentrate on ultimate aspects: why alter-

native phenotypes evolve. We divide this topic into five

sections, recognizing that these are not mutually exclusive

topics (Taborsky 1998, 1999, 2001, Brockmann 2001).

(1) Evolution of alternative phenotypes. What favors the

evolution of two or more phenotypes in one population

and how does the success of a phenotype depend on

the relative frequencies of alternative phenotypes in

physical shape at the time of weaning. Well-nourished

sons are more likely to become dominant adults and thus

increase their mother’s fitness (Clutton-Brock et al. 1988).

In species where one sex is more costly to produce than

the other, as in red deer, selection favors an equilibrium

sex ratio at fewer numbers of the more expensive sex.

Selection favors equalizing maternal investment in the

two sexes and not numbers of each sex.

In red deer, as in many other species, sex allocation

decisions are both environment and status dependent even

though the species has chromosomal sex determination. If a

female is in good condition and of high rank, she is more

likely to bear a son, and if she is in poor condition, she ismore

likely to have a daughter (Clutton-Brock et al. 1986) (Figure

2.1C). It is also known that more sons are born to dominant

females when population density is low than when it is high

(Kruuk et al. 1999).

Clearly, then, both condition dependence and fre-

quency dependence are operating in sex-allocation deci-

sions (Figure 2.1D). How do the two interact? If the

condition- or status-dependent sex-allocation rule were to

result in too many sons, i.e., above the ESS (as might

occur when conditions are very good), then the average

success of sons would drop. This would mean that

females that had a slightly different decision rule that

resulted in fewer sons would be favored. In this way the

population would return to the ESS where the animals

would be using a slightly different decision rule that

would result in equal success through son and daughter

production (Figure 2.1E).
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the population? When thinking about this question in

sex allocation, we are asking about the evolution and

maintenance of sex (why two sexes exist and why they

are maintained in the population). When studying

alternative life histories or alternative reproductive

tactics, we are asking about the evolutionary processes

that favor the initial appearance and coexistence of

multiple tactics in one population.

(2) Evolution of underlying mechanisms. Why are alter-

native phenotypes sometimes controlled by a genetic

polymorphism, sometimes by maternal factors, and

sometimes by a condition-dependent switch in the

individual? With sex allocation this is a question about

the evolution of sex-determining mechanisms. With

alternative life histories and mating tactics, this is a

question about the evolution of gene–environment

interactions, such as reaction norms and phenotypic

plasticity.

(3) Evolution of phenotype flexibility and rigidity. Why

are some phenotypes irreversible and others not? In

sex allocation this is a problem in understanding why

some species are dioecious whereas others are

hermaphroditic, and among the hermaphroditic

species, why some are sequential and others simultan-

eous hermaphrodites. With life histories and ARTs,

we need to understand why it is that in some cases

animals switch from one pattern to another, either

depending on current conditions or in sequence over a

lifetime, whereas in other cases, individuals perman-

ently follow one tactic or the other throughout their

reproductive lives.

(4) Evolution of alternative phenotypes or dimorphism.

Why do alternative phenotypes differ and what explains

the extent of the differences? In sex allocation this is a

question about the evolution of sexual dimorphism; in

alternative life-history or reproductive tactics, this is a

question about the suite of characters that covary with

each form and how these traits co-evolve.

(5) Evolution of phenotypic frequencies. What are the

selective pressures that affect the relative frequencies

of different phenotypes in a population? In sex

allocation this is a question about the evolution of

sex ratios, and in alternative life-history or reproduc-

tive tactics, this is a question about the frequency of

the different tactics in the population.

Although these five questions intersect in various ways,

we shall discuss each in turn as a way of organizing the

multiple problems involved in understanding the evolution

of alternative phenotypes. Because sex-ratio theory is so

well developed and the closely related problem of alterna-

tive phenotype frequencies is so poorly developed in the

literature, we place greater emphasis on this question than

on the others. We will conclude by discussing some lessons

for understanding ARTs that are derived from using this

broader view of alternative allocation phenotypes.
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Figure 2.2 Alternative life-history and reproductive tactics in

bluegill sunfish. (A) Females mature after 4 years whereas

bourgeois males (B) mature at 7 years and as adults prepare and

guard nests in which females spawn. Parasitic males mature at a

much younger age and smaller size and do not build or guard nests

but nonetheless fertilize eggs by sneaking into nests during

spawning between a female and a parental male. (Redrawn from

Gross 1984, 1991a.)
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2.2 EVOLUTION OF ALTERNATIVE

PHENOTYPES: WHAT FAVORS

MULTIPLE PHENOTYPES IN ONE

POPULATION?

The evolutionary processes that maintain alternative

phenotypes in populations are much the same despite the

diversity of functional contexts, which include sex alloca-

tion, alternative life histories, and ARTs (Waltz and Wolf

1984, Brockmann 2001). In the most general case, the

evolution of alternative phenotypes has four requirements:

(a) a mechanism by which distinct (rather than continuous)

phenotypes can develop (such as a developmental switch)

(see Section 2.3); (b) heritable variation in the mechanisms

controlling the expressions of the alternative phenotypes

(Section 2.3; see also Chapter 5); (c) selection that favors

multiple phenotypes rather than one optimal phenotype,

i.e., disruptive selection (Section 2.2.2); and (d) crossing

fitness curves (Section 2.2.1). Taken together these four

processes are required for the maintenance of distinct

alternative phenotypes in a population.

2.2.1 Crossing fitness curves and selection

Discrete phenotypic variants or morphs are maintained in

populations when their fitness curves cross (Waltz 1982,

Gross 1996, Taborsky 1999, Brockmann 2001) (Box 1.2).

This occurs when individuals must choose (during devel-

opment or as adults) between mutually exclusive alterna-

tives and when those decisions present individuals with

functional trade-offs (Halama and Reznick 2001). For

example, a cichlid fish Perissodus microlepis from Lake

Tanganyika sneaks up on other fish to eat their scales (Hori

1993) (Figure 2.3). It must move extremely quickly and so it

has evolved an asymmetric mouth: left-jawed fish attack

from the right rear and right-jawed from the left rear. Host

fish learn to avoid attacks so if all parasites were right-jawed,

then a rare left-jawed morph would have an advantage.

The success of a morph depends on its frequency in the

population, and the two morphs are maintained at a fre-

quency such that they are equally successful (frequency-

dependent selection). In other cases (conditional tactics),

animals use decision rules or switch points to change tactics

so that they will derive the highest possible fitness based on

their circumstances (sometimes referred to as “best of a bad

job”: Lee 2005). The success of a tactic may depend on some

external factor in the environment (environment-dependent

tactics such as temperature or daylength or social conditions

such as density) and individuals should switch from one

tactic to the other to maximize fitness depending on that

factor (or a correlate of that factor) (Box 2.1). In still other

cases, the tactic that maximizes fitness depends on some

character in the individual such as its age or physical con-

dition (Box 2.2) or its rate of growth (condition-dependent

or status-dependent tactics) (Box 2.3). When decision-

making switch points for conditional tactics are heritable

(Emlen 1996, Tomkins 1999) (see Figure 5.7) and different

decisions result in differential fitness, then the decision

switch point evolves; the position of the switch point is the

product of selection within that population (Hazel et al.

1990, Roff 1996, Moczek et al. 2002, Moczek 2003,

Tomkins and Brown 2004, Tomkins et al. 2004). With

environment-, condition-, or status- dependent tactics, the

average fitness of the two forms is not necessarily equal

(Repka and Gross 1995, Gross and Repka 1998a, b). The

reason that we see both tactics in the population at the same

time is that some individuals (or individuals at some points)

can maximize fitness by following one decision path,
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Figure 2.3 Frequency-dependent selection acting on two morphs

of the scale-eating cichlid Perissodus microlepis. This fish from Lake

Tanganyika eats the scales of other fish. It comes in two forms – a

right-jawed morph that is most effective at removing scales from

the left side of its host and a left-jawed morph that removes scales

from the right side of its host. The figure shows the hypothesized

model for the evolution of the two morphs. The success of the two

morphs depends on their frequency in the population (each does

well when rare). The frequency of the two morphs in one

population over 9 years has cycled around 0.5 (arrow), the predicted

evolutionarily stable state (ESS). (Redrawn from Hori 1993.)
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whereas others (or at other points) can maximize fitness by

following a different path.

The decision rules that control alternative tactics are

often based on multiple factors that vary spatially and tem-

porally. For example, the success of alternative tactics in

bluegill sunfish is affected by the amount of available cover,

population density, and predation pressure (Gross 1984). In

sex-allocation decisions of red deer (Box 2.1), environment-

dependent as well as condition-dependent effects influence

offspring sex, the population sex ratio, and the success

associated with son and daughter production for females

in different conditions. Similarly, in horseshoe crabs

Box 2.2 Alternative mating tactics in horseshoe crabs

(Limulus polyphemus)

Male horseshoe crabs show two mating tactics: young males

arrive on the beach clasped to females with whom they

spawn as the female lays eggs in the beach sand; older males

arrive alone (Brockmann and Penn 1992, Penn and Brock-

mann 1995) (Figure 2.4A) and crowd around the nesting

couples as satellites. They engage in sperm competitionwith

the attached males and other satellites (Brockmann et al.

1994, 2000). They are quite successful, fertilizing on average

40%of the female’s eggswhen there are one or two satellites;

less if there are more satellites. Coming ashore as a satellite is

not simply a consequence of a male being unable to find or

hold onto a female. Rather, when males are experimentally

prevented from attaching, older and younger individuals

differ in their decisions to come ashore as satellites: older

males are more likely to come ashore and take up a satellite

position, whereas youngermales are more likely to remain at

sea, presumably looking for females (Brockmann 2002). The

hypothesis to explain this difference is that the two tactics are

maintained by a condition-dependent divergence in optimal

behavior that depends mainly on age and that leads to

crossing fitness curves (Figure 2.4B): whenmales are young,

they have higher fitness by attaching and when older (or in

poorer condition), they have higher fitness by no longer

searching for unattached females at sea but by seeking out

nesting pairs on the beach (status- or condition-dependent

selection). Environmental conditions, female density, and

operational sex ratio are likely to affect the lines and hence

the position of the switch point. Furthermore, the success of

the satellite tactic is likely to be affected by its frequency in

the population, since males that are spawning in groups of

three or more satellites have reduced fertilization success

(the first two satellites average 40% of the fertilizations each

if they are located over the female’s incurrent canal, but

in larger groups the satellites reduce the success of other

satellites). This means that frequency-dependent effects

may be superimposed on condition-, status-, and environ-

ment-dependent effects on fitness.
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Figure 2.4 Alternative mating tatics in male horseshoe crabs

Limulus polyphemus. (A) Satellite male horseshoe crabs (indicated

as S) crowd around a nesting pair (attached male indicated as A).

Satellites that remain over the female’s incurrent canal (indicated

as 1S) have higher fertilization success (average 40% each) than

those in other positions. (B) Model of spawning tactics that

captures the observation that young males are more likely to be

attached and presumably have higher fitness when attached than

older males. The arrow shows the age or condition at which a male

should change from coming ashore with a female (attached) and

coming ashore without a female (unattached) to engage in sperm

competition as a satellite.
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Box 2.3 A model for the evolution of alternative tactics

in male salmon (Oncorhynchus kisutch)

Males occur in two life-history phenotypes, hooknose and

jack (Gross 1991b) (Figure 2.5A). The anadromous

hooknose males swim to the ocean at the end of their first

year where they mature, returning a year later to spawn

with the females. Jack males mature precociously in their

natal streams where they begin breeding in their first

year. Females return to natal streams where they deposit
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Figure 2.5 Model of the interaction between condition dependence

and frequency dependence in the life-history decisions (and the

ultimate reproductive tactics) of male coho salmon.

(A) Males have two life-history paths: some mature early and

become a jack whereas others delay development and become a

hooknose male. (B) The two kinds of males differ in their mating

behavior. Hooknose males fight for position around females,

whereas jacks slip into nests during spawning and fertilize eggs

through sperm competition. (C) The decision to follow one life

history rather than the other depends on the rate at which the

juvenile is developing. Those that are developing the fastest (right

end of distribution) become jacks, i.e., they mature at the end of

their first year, whereas those that are growing more slowly become

hooknose males, i.e., they go to sea for a year and return a year later.

(D) The success of the jack tactic depends on its frequency in the

population. The sneaker tactic does better when it is rare because

the small, nonfighting males can get closer to the female; when

sneakers are more common, then hooknose males become more

vigilant. Also, since females will not spawn spontaneously with

jacks, the success of the jacks depends on the frequency of jacks in

the population. (E) Male proximity to spawning females by either

fighting or sneaking (a measure of male fitness) is affected by body

size. Fighting is most effectively done by large males and sneaking is

most effectively done by small males, so fitness curves for the two

tactics cross. (F) The condition-dependent switch, X, is shown by

the solid lines and the arrow. However, if the condition-dependent

developmental decision rule results in so many jacks that their

average fitness drops (dashed line), then a new rule, a new switch

point will be favored, X0, at which the two tactics have equal

success.
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(Box 2.2), weather, tidal conditions, and female density

differentially affect the relative success of the two tactics.

This means that the best tactic for an individual to follow

and the success associated with that tactic may vary, so

when observations are made over a span of time or under

different environmental conditions, we see different tac-

tics and different rates of success (Waltz and Wolff 1988,

Tomkins 1999, Lee 2005). Furthermore, in each of these

examples, if for any reason one tactic is produced in such

numbers that its average fitness drops, then frequency-

dependent selection will act to reduce the numbers of the

more common tactic. This means that frequency-

dependent effects act along with condition-, status-, and

environment-dependent effects on the fitness of alterna-

tive phenotypes (Brockmann 2001). The result will be

different evolved switch points (or multiple switch points)

for different populations (Moczek 2003, Tomkins and

Brown 2004, Tomkins et al. 2004).

One characteristic of mating systems in which ARTs are

common is intense sexual competition (Shuster and Wade

2003). This means that high variance in fitness exists among

individuals so that many derive zero benefit despite high

investment. These unsuccessful individuals must be

included in calculations of the average fitness for each tactic.

This means that even if some individuals derive low fitness

from an alternative tactic, such as reduced investment in

weapons, this benefit may still be greater than the average of

the apparently “more successful” but higher variance tactic

(Shuster and Wade 2003).

Density dependence often interacts with frequency and

condition dependence in the evolution of alternative

phenotypes including sex allocation (Cade 1981, Gross

1991a, Philipp and Gross 1994, Lucas et al. 1996, Kruuk

et al. 1999, Sinervo et al. 2000). A common effect is that

frequency dependence may bemuch stronger at high than at

low densities (or may not operate at all at low densities:

Eadie and Fryxell 1992). For example, in the male mimicry

system of the damselfly Ischnura ramburi (Sirot et al. 2003),

females of this species occur in two color morphs: some are

brightly colored and look like males, called andromorphs,

whereas others are brown and different in appearance from

males, called gynomorphs (one locus, two alleles, gyno-

morphs dominant). The hypothesis to explain the main-

tenance of male mimicry in this and related species

(Robertson 1985) is that females that mimic males gain an

advantage by wasting less time in risky, expensive, and

time-consuming copulation (and copulation attempts) when

compared with gynomorphic females. The effectiveness of

the male mimicry changes with the frequency of andro-

morphs in the population since males learn about the

male-like females, which breaks their mimicry (Cordero and

Egido 1998, Cordero et al. 1998, Sirot and Brockmann 2001,

van Gossum et al. 2001). The hypothesis is that at

high densities male mimicry increases andromorph success,

whereas at low densities andromorphs gain little relative to

gynomorphs. So population density and operational sex ratio

may influence the response to frequency-dependent selection

(Cordero 1992, Cordero et al. 1998, Andres et al. 2002).

Box 2.3 (Cont.)

their eggs in nests (Figure 2.5B). Hooknose males fight

viciously for access to females for spawning, and the

largest males are most likely to fertilize the female’s eggs.

The small males, which are only 3.5% of the body mass of

hooknose males, do not fight for position around the

females but wait along the edges of the stream. When

females are spawning with a hooknose male, a jack swims

through the nest depositing sperm on the newly laid eggs,

and in some cases his fertilization success is high (Foote et

al. 1997). Females will not spawn with jack males spon-

taneously, but they will spawn if jacks are around (Tho-

maz et al. 1997). The decision about whether to develop

into a hooknose or jack male is heritable and condition

dependent (Figure 2.5C): if the animal is developing

quickly, then he is likely to switch to the jack life history

(Thorpe andMorgan 1978, 1980, Thorpe et al. 1983). The

jack/hooknose tactics are frequency dependent (Figure

2.5D) since the success of a jack depends on the propor-

tion of jacks in the population (they do well when rare:

Hutchings and Myers 1988, Thomaz et al. 1997). Gross

(1985) estimated the success of fighting and sneaking

males and found that sneaking was more successful when

the animals were small and fighting was more successful

when the animals were large; males of intermediate size

did poorly using either tactic – hence crossing fitness

curves (Figure 2.5E). If this condition-dependent, devel-

opmental decision rule results in so many jacks that their

average fitness drops, then a new rule, a new switch point

(Figure 2.5F) should be favored that brings the frequency

of jacks back to the point where their success is equal to

that of the hooknose males (Gross 1991b). The result then

is an evolutionary interplay between condition depend-

ence, through developmental switch points, and frequency

dependence in the evolution of morph frequencies

(Hutchings and Myers 1994).
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2.2.2 Two types of disruptive selection:

alternative phenotypes competing for the

same or different resources

For multiple phenotypes to evolve from a continuously

variable character, disruptive selection must act on the

population (Danforth and Desjardins 1999). Disruptive

selection may occur either when individuals of one popu-

lation compete for access to the same resource, or when

multiple resources (niches) exist that can be exploited better

by different morphs. When selection acts against individ-

uals of intermediate phenotype, a developmental switch

mechanism that achieves two (or more) discrete phenotypes

with few intermediates (either through genetic poly-

morphism or phenotypic plasticity or both) is strongly

favored (Emlen and Nijhout 2000 ) (see Chapter 5). Once

this bimodal expression of the trait has evolved, it allows the

uncoupling and independent evolution of the two pheno-

types toward increasing specialization (Danforth and

Desjardins 1999, West-Eberhard 2003).

Disruptive selection is often caused by nonlinear costs

and benefits (Gadgil 1972), which is illustrated in

Figure 2.6. Costs (C) to the individual of investing in some

trait such as horns or fighting are modeled as increasing

linearly (Figure 2.6 upper graph). This means that indi-

viduals at the right-hand end of the distribution are paying a

high cost for the exaggerated traits they bear, whereas those

at the left without the trait are paying none. Benefits (B) are

modeled as increasing at an accelerating rate so that exag-

gerated benefits accrue to those that invest the most (on the

graph B�C> 0). If in addition some net benefit accrues to

those that invest nothing (B�C> 0) and if individuals

making intermediate investments derive the least net benefit

(they are paying the cost but not deriving the benefit,

B�C< 0), then two fitness peaks result (Isvaran and

St. Mary 2003). Condition or status dependence may

influence which individuals end up developing particular

alternative tactics if fitness and condition are correlated.

So far we have been viewing selection for alternative

phenotypes as resulting from individuals taking different

routes to acquire the same resource such as mates. A dif-

ferent perspective views the habitat as heterogeneous and

sees alternative phenotypes within one population as

adaptations to different niches (Waltz and Wolf 1984, Via

1994, Skúlason and Smith 1995, Smith and Skúlason 1996,

Mathias and Kisdi 2002). For example, crickets and many

other insects have two, discrete life histories: a dispersing,

flight-capable morph (LW) with larger wing muscles, more

fat, and higher metabolism but which mature later and with

reduced fecundity, and a nondispersing, flightless form

(SW) that matures earlier and has higher fecundity (Figure

2.7).Mole and Zera (1992, 1994) have shown that in crickets

the twomorphs do not differ in consumption or efficiency of

food use, but the proportion of assimilated nutrients con-

verted into biomass is higher for SW morphs than for LW.

The differences between the morphs are not due to direct

competition between developing structures but to the dif-

ferential allocation of resources among different body

functions, i.e., different allocation rules (Zhao and Zera

2002) that are heritable (Zera and Rankin 1989). Clearly, the

two life-history patterns amount to alternative allocation

rules that guide development and metamorphosis into two

different adult phenotypes.
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Figure 2.6 A model of disruptive selection on a sexually selected

trait with nonlinear benefits. (A) Costs of a trait increase linearly

whereas benefits show an increasing gain with increasing trait size.

When the cost–benefit curves cross (when B�C> 0), selection

results in (B) a bimodal distribution of the trait. Individuals with

intermediate trait values pay the cost of the trait but do not derive the

benefit (when B � C< 0), and thus there is selection against the

intermediates. (Based on Gadgil 1972; Isvaran and St. Mary 2003.)
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What favors selection for the two morphs? LW and SW

are usually viewed as a dispersal polymorphism. For

example, the planthopper Prokelisia dolus feeds on the sap of

Spartina, a grass of intertidal marshes (Denno 1994, Denno

et al. 1996) (Figure 2.8). When the planthoppers are living

in permanent habitats with abundant food plant that is

contiguous, SW females are favored, but when plant-

hoppers are living in a sparse habitat where the food plant is

less persistent and more dispersed, then LW females are

favored. Individuals with intermediate wings, wing mus-

culature, and maturation times are less successful in both

contiguous and noncontiguous habitats. There are, in effect,

two adaptive peaks. Furthermore, when living at low

densities, SW females can remain at their natal site and still

find food even in sparse habitats, but at higher densities LW

morphs are increasingly favored regardless of habitat. The

observed proportion of LW females in the population is

thought to reflect the strength of selection for dispersal due

to differences in the degree of habitat permanence, the

abundance of the food plant, and the density of plant-

hoppers (Figure 2.8).

Selection acts differently on males: males that track the

distribution of females are favored. LWmales are not able to

mate in the contiguous habitat because SW males win at

male–male competition and dominate the mating oppor-

tunities (Langellotto et al. 2000). In the sparse, non-

contiguous habitat, however, SW males are unable to locate

females. So, when the food plant is sparsely distributed,

wings are needed to locate the dispersed females, and when

planthopper densities are high, wings are favored to escape

deteriorating conditions along with the females (Langellotto

and Denno 2001) (Figure 2.8). At intermediate densities

wings are not useful either for locating females or habitat

escape so SW forms are favored. The observed frequencies

of the LW morph, then, reflect the strength of both natural

selection (acting on the ability of males to escape habitat

deterioration) and sexual selection (through male–male

competition and nonrandom mating).

The planthopper example illustrates one important

evolutionary process that may act to maintain alternative

allocation phenotypes in a population. When animals are

living in a patchwork of interspersed niches (or temporally

varying habitats), selection favors multiple phenotypes that

are specialized for exploiting resources in each niche

(including the ability to make use of relevant information).

No one intermediate phenotype is as effective as the

extremes in exploiting the resource or at finding mates.

Habitat persistence and the negative effects of density

(density dependence) interact resulting in disruptive

selection for morphs specialized for each habitat. The suc-

cess of one morph does not depend on the other (i.e., they

are not frequency dependent); each morph simply exploits

the habitat to which it is adapted. The two morphs should

occur at frequencies that match the resource availability in

the different niches (Seger and Brockmann 1987).

The two views of disruptive selection discussed above

depend on whether individuals are exploiting the same or

different resources (Halama and Reznick 2001), i.e.,

whether they compete with one another or not. If they are

vying for the same resource, then frequency-dependent
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Figure 2.7 Long- and short-winged forms of the field cricket

Gryllus rubens occur in one population with few intermediates.

Although the two forms are known to be a dispersal

polymorphism, long-winged (LW) and short-winged (SW) males

differ in their ability to win fights and find females. The SW

morph is larger (on right in picture) and wins when fighting males

of the LWmorph (on left). This means that both natural selection

and sexual selection are involved in the maintenance of the wing

dimorphism in the population. (Redrawn from Walker and

Sivinski 1986.)
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selection and density dependence are often involved

because the success of individuals of one morph often

depends on the frequency of its own or the other morph in

the population. If the two morphs are using different

resources, then only density dependence (within a morph) is

a likely factor. Both explanations apply to ARTs. If, for

example, multiple female phenotypes exist in a population

with assortative mating, then multiple niches exist for

males to exploit. This could happen if females were found

in different habitats (e.g., near the natal site or some dis-

tance away) and different male traits were required to

locate those females (e.g., flight-capable vs. flightless)

(Figure 2.8). It is also possible that variation in female

behavior (including polymorphism in female preference

traits) will have consequences for male phenotypes

including ARTs (Henson and Warner 1997, Alonzo and

Warner 2000a, Brooks and Endler 2001, Jones 2002,

Mo r r is et al . 20 0 3 ) (see Chapter 18).

Similarly, the two views of disruptive selection also

apply to alternative life-history tactics since some involve

competition over the same resource and frequency

dependence, and others involve different resources. For

example, some insects (Seger 1983), such as the mud-

daubing wasp Trypoxylon politum, have a partially bivoltine

life-history pattern: individuals that emerge in the spring

produce some offspring that enter diapause and overwinter

(delayed development) and some that pupate and emerge

later in the same summer to produce a second generation

(direct development) (Seger and Brockmann 1987,

Brockmann and Grafen 1992, Brockmann 2004). Direct and
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Figure 2.8 Model for the evolution of wing-morph frequency in

the planthopper Prokelisia dolus. Long-winged (LW) and short-

winged (SW) morphs differ in the length of the hind wings. The

proportion of LW morphs in the population is affected by both

population density and habitat persistence (habitats may

deteriorate during the life of the individual). In females, LW

forms are favored when persistence is low (long wings allow

females to escape a deteriorating habitat), particularly at high

population densities. However, in males, which are tracking the

distribution of females, wings are needed at low densities to

locate the dispersed females; at high densities wings are needed to

get to new habitats along with the females. At intermediate

densities, however, wings are less valuable either for locating

females or escaping deteriorating conditions so the frequency of

the LW form is reduced. (Redrawn from Denno 1994, Denno

et al. 1985.)
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delayed development is likely controlled by maternal cues

(Tauber et al. 1986, McWatters and Saunders 1997). Partial

bivoltinism has been explained as a bet-hedging strategy

against an early winter freeze (diapausing individuals are

protected from freezing whereas pupating or adult indi-

viduals are not: Taylor 1980, 1986) or other catastrophe for

one or the other tactic. However, frequency dependence

may be involved because if all individuals choose to over-

winter, then selection will favor those that emerge later in

the same summer and take advantage of the abundant

available resources (Seger and Brockmann 1987). This

means that the success of the two life histories (direct and

delayed development) depends in part on their frequencies

in the population. The same may hold for other alternative

tactics. In the planthopper example, to the extent that

females are competing for oviposition sites and males are

competing for the same females, the LW and SW morphs

may be seen as both alternative life-history tactics and

ARTs in which frequency dependence, as well as density

dependence, is involved.

2 .3 EVOLUTION OF UNDERLYING

MECHANISMS

The mechanisms of sex allocation include genetic poly-

morphism, a developmental switch caused by individual or

environmental conditions, or individual phenotypic plasti-

city, or some combination of the three (Clutton-Brock and

Albon 1982) (Box 2.1). Similar diversity can be found in

other alternative phenotypes. Genetic polymorphisms have

been described in a number of cases (Shuster and Wade

2003): the left- and right-jawed morphs of the scale-eating

cichlid (one locus, two alleles: Hori 1993) (Figure 2.3); the

two female damselfly morphs (one locus, two alleles sex-

limited: Johnson 1964, Cordero 1990); and independent and

satellite male morphs of the ruff Philomachus pugnax (sex-

limited, single-locus, autosomal gene), which differ in the

color of the display feathers (and other traits) that are used

during lek courtship (Hugie and Lank 1997, Widemo 1998,

Bachman and Widemo 19 99, Lank et al. 1999) (see Box  16.1).

Genetic differences have also been found in five species of

fish with ARTs (Taborsky 1999), in the three male morphs

of the isopod Paracerceis sculpta (Shuster 1989) (see

Chapter 9), and in the three male morphs of the side-

blotched lizard Uta stansburiana (Sinervo and Zamudio

2001, Sinervo et al. 2001 ) (see Chapter 12) where males

differ in throat colors, size, territorial behavior, and other

characters. In some cases maternal effects are known to

influence the expression of a genetic polymorphism and its

associated phenotype (Tauber and Tauber 1992, Hews et al.

1997). In other cases environmental conditions strongly

influence the expression of the genetic polymorphism

(Taborsky 1999, West-Eberhard 2003, Karplus 2005).

Threshold switches from one morph to another (with

few intermediates) underlie many alternative phenotypes

(Shuster and Wade 2003, West-Eberhard 2003; but see

Tomkins et al. 2005) (Figure 2.2). They are often associated

with hormonal differences or differences in sensitivity to

hormones (Bass 1996, Moore et al. 1998, Nijhout 1999,

Goodson and Bass 2000, Knapp 2004) (see Chapters 5

and 7), which has been proposed to explain environmentally

sensitive (and combined environmental and genetic) sex

determination (Kraak and Pen 2002). In the wing poly-

morphism of the cricketGryllus rubens (Figure 2.7), the SW

morph has a pulse of juvenile hormone (JH) activity in the

latter part of the last juvenile instar that the LWmorph does

not have (Zera and Tiebel 1989, Zera 1999, Zera and Huang

1999). If the pulse of JH remains below a specific threshold

level, then cells in the hindwing pads proliferate and the

LW phenotype develops. Similar threshold mechanisms

control insect castes (Nijhout and Wheeler 1982), seasonal

polyphenism, partial bivoltinism (Dingle and Winchell

1997, Nijhout 1999), and horned and hornless morphs in

male beetles (Emlen and Nijhout 1999, 2000, 2001, Emlen

2001 ) (Chapters 5 and 7). Threshold changes in JH also

control age polyethism in honeybees (the mechanism that

organizes different worker tasks within a colony) and are

associated with changes in gene expression in the brain

that affect behavior (Whitfield et al. 2003). Threshold

mechanisms show heritable variation and selection acts on

variation in thresholds as it does on other traits (Hazel et al.

1990, 2004, Roff and Shannon 1993, Emlen 1996, Roff

1996, Shuster and Wade 2003, Tomkins and Brown 2004,

Tomkins et al. 2004; Unrug et al. 2004) (see Chapter 5).

A special case of condition-dependent alternative

phenotypes is frequency-dependent choice of tactics

(Dominey 1984), a condition-dependent decision rule that

specifies tactics according to their relative frequency in the

population (Brockmann and Dawkins 1979). For example,

spadefoot toads live in temporary ponds and have two larval

morphs, omnivorous and carnivorous (Pfennig 1992). The

omnivorous form has smaller eyes and tail and a larger gut

than the carnivorous form.When the proportions of the two

types are perturbed, the pond quickly returns to the equi-

librium level maintained in the control (nonmanipulated)

ponds. Since this occurs over a matter of days, it means that
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the larvae are responding to the frequency of the two

morphs through phenotypic plasticity. This of course

means that the animal has some mechanism for detecting

the proportion (and not just the density) of the two morphs

in the ponds. This condition-dependent rule will mimic

frequency-dependent selection.

What might favor a conditional tactic over a genetic

polymorphism? This problem has been addressed in the

sex-allocation literature by asking when environmental sex

determination is favored over genetic sex determination

(Bull 1983, Gross 1996). Environmental sex determination

is favored (a) when an individual’s fitness as a male or female

is strongly influenced by environmental conditions (Trivers

andWillard 1973), (b) when environmental variation is large

(Bull 1983), (c) when the individual has little control over

the environment it will experience, and (d) when the indi-

vidual grows up in an environment away from its parents

and (e) in an environment that its parents do not choose

(Charnov and Bull 1977, Janzen and Paukstis 1991). (f)

Kraak and Pen (2002) also emphasize the importance of

environmental sex determination in allowing individuals

control over the sex ratio they produce (a similar argument

has been used to explain the selective advantage of haplo-

diploidy: Bull 1983). Selection favors such control when, for

example, a sex-ratio distorter or a conflict exists (Cook

2002), or when the mating structure of the population varies

(Sabelis et al. 2002). These same arguments can be applied

to selection favoring plastic control of alternative life-

history patterns (Lessells 1991) or other alternative alloca-

tion phenotypes rather than a genetic polymorphism

(recognizing that combinations of the two are likely if not

the rule). For example, Hazel et al. (1990) and Unrug et al.

(2004) argue that when the fitness returns from adopting

alternative tactics change with status, then thresholds are

likely to evolve. Because the thresholds shift with envir-

onment (such as density), large amounts of genetic variation

for the exact position of the threshold are maintained.

One mechanism that has remained controversial in the

alternative-strategy literature is whether animals ever

choose between alternatives at random, i.e., whether ani-

mals use mixed strategies (Brockmann and Dawkins 1979,

Brockmann et al. 1979, Dawkins 1980, 1982, Dominey

1984, Shuster and Wade 1991, 2003, West-Eberhard 2003).

Gross (1996) asserts that no evidence exists for such a

pattern and that one would not expect such a pattern since

selection would always favor animals using any information

they have that would correlate fitness with tactic (Neff and

Sherman 2002, West and Herre 2002). This is certainly

true, but what if the animal does not have reliable

information? Such is often the case in sex allocation

(Williams 1979). If individuals knew the instantaneous sex

ratio of the population into which they were placing off-

spring, then selection would favor biasing offspring toward

the rarer sex, but in general individuals are not privy to such

information. Under this situation (and in cases like the left-

and right-jawed cichlids), selection favors individuals pro-

ducing offspring randomly at the equilibrium sex (or

morph) ratio (normally 50 : 50 since the expectation of

success through son and daughter or left- and right-jawed

morph is equal) (Box 2.1, Figure 2.3). In fact, one would

expect mixed strategies to exist in any alternative phenotype

(just as they occur in sex allocation) whenever mutually

exclusive choices exist; individuals have little or no reliable

information about the relationship between tactic and fit-

ness and when fitness is frequency dependent (Brockmann

2001, Hazel et al. 2004, Plaistow et al. 2004, Lee 2005).

West-Eberhard (1979) and Moran (1992) make similar

points when they argue that condition-independent systems

are expected when individuals have no way to assess the

appropriateness of switching from one alternative to

another. Modeling shows that conditional strategies often

do not entirely replace pure strategies, and many popula-

tions may be made up of combinations of conditional

and pure or mixed strategies (Hazel et al. 2004, Plaistow

et al. 2004). Such combinations are well known in the

sex-allocation literature, including gynodioecy (Seger and

Stubblefield 2002) and the phally polymorphism of

pulmonate snails (Doums et al. 1998).

2 .4 EVOLUTION OF TACTIC

FLEXIBILITY

Alternative phenotypes are sometimes flexible (i.e., indi-

viduals switch between sexes, life-history pathways, or

reproductive tactics as an adult) and sometimes inflexible

with the individual retaining one or the other alternative

phenotype throughout its adult lifespan. It would seem

advantageous to be able to respond to available information

and switch to the appropriate phenotype, yet many species

do not. In sex allocation such adult flexibility (hermaphro-

ditism) is favored under several conditions. Self-compatible

hermaphrodites are more effective at colonizing unoccupied

habitats: by reducing the cost of sex, they are able to

colonize more quickly than animals that put effort into male

production (Charnov 1982). Self-incompatible hermaph-

rodites are far more common; they pay the full cost of sex
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and must seek out mates, so when is such a pattern favored?

In general, this form of hermaphroditism is favored when

the fitness of hermaphrodites is greater than for separate

sexes (dioecy) (Charnov 1982). For plants and immobile

animals, the greater success of hermaphrodites may result

from diminishing returns on investment in male function

since there are only a set number of females available to a

sessile male (Charnov et al. 1976). If the cost of switching

sexes is low, then hermaphroditism is favored, but if

switching requires many physiological, morphological, or

organizational changes (as often occurs when there is strong

mating competition), then dioecy will be more successful.

As with dioecy, inflexible alternative phenotypes in the

adult allow for specialization, i.e., the development of

complex suites of traits with color, size, morphological,

physiological, behavioral, and life-history differences

between forms (Shuster and Wade 2003, West-Eberhard

2003). Inflexible phenotypes are favored over flexible

phenotypes if the switch from one form to the other is costly

in time or resources or in acquiring the information

necessary to make an adaptive switch (Charnov 1982,

DeWitt et al. 1998). Furthermore, when there are limits to

switching, such as when the accuracy of matching pheno-

type to environment is constrained, then inflexible forms are

favored (Moran 1992).

Similarly, if the reproductive success associated with

alternative phenotypes is correlated with age, size, or

environmental conditions, then selection will favor indi-

viduals capable of detecting that information and switching

from one pattern to the other at the age or size or state that

maximizes fitness (Shuster and Wade 2003). For example,

mating tactics with developmental switches are favored by

selection if different forms such as small and large com-

petitors can take advantage of their respective sizes when

performing parasitic or bourgeois behavior (Taborsky et al.

1987, Magnhagen 1992, de Fraipont et al. 1993, Alonzo and

Warner 2000b). In other cases, young or small individuals

may take advantage of their membership in a reproductive

group that may serve different functions (Taborsky 1984,

Rood 1990, Haydock et al. 1996, Balshine-Earn et al. 1998)

and parasitize the reproduction of dominant individuals

(Rabenold et al. 1990, Martin and Taborsky 1997, Dierkes

et al. 1999, Taborsky 2001). Both possibilities are favored by

an indeterminate growth pattern, i.e., by continuing growth

after sexual maturation (Taborsky 1999, Wiegmann et al.

2004). Highly flexible tactics are favored if optimal mating

conditions vary strongly over space and time. For example,

in ten-spined sticklebacks, nesting males may take

advantage of a currently attractive nest in the neighborhood

and change from nest defense to sneaking and back within

very short time periods (Morris 1951, 1954; for other

examples see Barlow 1967, Chan and Ribbink 1990). If the

costs of changing tactics between a pure growth tactic and

reproductive function are relatively low during ontogeny,

an opportunistic parasitic tactic may be employed by indi-

viduals that are still too small to perform the bourgeois role

successfully; this pattern is particularly widespread in

fishes (see Taborsky 1994 for review) (Figure 2.2). These

examples point to the temporal availability and predict-

ability of mating opportunities and the degree of special-

ization needed to be successful as important factors in the

evolution of alternative reproductive tactics (Shuster and

Wade 2003).

2 .5 EVOLUTION OF DIMORPHISM

Why do alternative phenotypes show the particular form

they do? Darwin (1871) pointed out that differences

between the sexes in secondary sexual characters may be

due to natural selection or sexual selection through

male–male competition or female choice. He also recognized

male choice, which might result in males mating with the

more vigorous females, and traits used by males to “secure”

the female as two additional factors favoring sexual

dimorphism. Similarly, alternative mating and life-history

tactics are adaptations whose evolution will be influenced

both by natural and sexual selection. As with sexual size

dimorphism (Badyaev and Hill 2000, Badyaev et al. 2000,

2001), selection on alternative phenotypes will act on both

phenotypes (not just the subordinate or parasitic tactic), and

the intensity and nature of selection can change over the life

of the individual. Differences in size between the sexes or

between morphs are due to differences in the rates, duration,

and timing of growth for both phenotypes (Badyaev 2002).

Many sexually dimorphic traits show correlated selective

responses due to pleiotropy and the linkage of genes

affecting male and female characters, and the same should

hold for morphs of one sex, such as parasitic and parental

male sunfish, or morphs of both sexes, such as winged and

wingless crickets or planthoppers (Figures 2.7 and 2.8).

Linkage restricts the rate at which sexual dimorphism can

evolve relative to that of the average phenotype of the two

sexes (Lande 1980) and could have the same effect on the

evolution of other alternative phenotypes. Nevertheless,

under weak natural selection with relative fitness constant

over time, the two sexes (or morphs) will evolve differences
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in optima to the point where they are partially or strongly sex

or morph limited (Via and Lande 1985, Roff and Fairbairn

1993, Reeve andFairbairn 2001,West-Eberhard 2003). This

means that understanding the evolution of phenotype

dimorphism requires answers to two questions: first, what

are the evolutionary processes and selective pressures that

create bimodal peaks of fitness (discussed in Section 2.2

above) (Smith and Girman 2000); and second, how are

genetic covariances broken up in correlated traits so that the

separate evolution of the alternative phenotypes is possible?

The nature of the underlying genetic architecture of

traits in alternative phenotypes has been studied for the

wing polymorphism of sand crickets. Genetic correlations

have been found between male and female traits (Roff and

Fairbairn 1993) and between traits of the two morphs: the

percent of LW in a family and the duration of the calling

song (Crnokrak and Roff 1995, 1998). This means that if

selection were to favor LWmales, for example, there would

be a correlated drop in calling duration among the LW

males. Since longer calling duration is associated with an

increased ability to attract females, this trade-off would slow

selection on the trait. This would also be the case for other

traits that were correlated with LW. In this way genetic

correlations could have an important effect on the evolution

of dimorphism in polymorphic phenotypes, including

alternative reproductive tactics.

2 .6 EVOLUTION OF TACTIC

FREQUENCIES

In the sex-allocation literature, the evolution of morph

frequencies, i.e., sex-ratio theory, is well developed, so it is

surprising that the literature on ARTs or alternative life-

histories rarely attempts to predict the frequencies of

alternative phenotypes in populations (Gross 1991a, b, Hori

1993, Tomkins and Brown 2004, Tomkins et al. 2004). The

framework for sex-ratio theory is given in Box 2.1: when the

average success through sons is equal to the success through

daughters (equal reproductive value for sons and daugh-

ters), then selection favors a 1 : 1 equilibrium sex ratio; if the

population should depart from that equilibrium, it will

return due to the action of frequency-dependent selection

(Seger and Stubblefield 2002). The frequencies of other

alternative phenotypes can be explained in much the same

way when the same principles (equal reproductive value and

frequency-dependent selection) are operating, as in the left-

and right-jawed cichlid morphs that are maintained at 1 : 1

(Hori 1993) (Figure 2.3). Some species of fig wasps have

dimorphic males: some males are winged and disperse from

their natal fig (Figure 2.9), whereas others are nondispersing

and wingless with large heads and mandibles suitable for

fighting other males (Bean and Cook 2001). There is a

strong relationship between the fraction of males in a

population that are winged and the fraction of females

leaving their natal fig before mating (Cook et al. 1997)

(Figure 2.9). These results support the hypothesis that

there is frequency-dependent selection and equal mating

success for the two morphs (Hamilton 1979, Herre 2001,

Greeff 2002).

Sex ratios, however, are not always 1 : 1 (Charnov 1982).

Sex-ratio theory is based on a number of assumptions, and if

those assumptions are violated, then 1 : 1 sex ratios are not

predicted (Frank 1987, Bull and Charnov 1988, Seger and

Stubblefield 2002). Some of these exceptions (West and

Herre 2002) may provide insight into the evolution of tactic

ratios or the frequencies of alternative phenotypes.

Figure 2.9 Morph ratios in fig wasps (Agaonidae). Males of some

species of fig wasps are dimorphic: some males have small heads

and can fly, whereas others are flightless and have enormous

mandibles that are used in fighting. The wingless fighting males

remain inside the fig in which they were born, fight other wingless

males, and mate with females that are emerging inside the same

host fig; winged males leave the fig and mate with females that are

dispersing away from their natal figs. For ten species of fig wasps,

there is a good relationship between the fraction of males in the

population that are winged and the fraction of females leaving their

natal fig before mating. Since these females will be mated by

winged males, the equality of the two fractions (straight line in the

figure) implies equal mating success for the two morphs. (Redrawn

from Hamilton 1979.)

The evolution of alternative allocation phenotypes 39



2.6.1 Differential costs

The first assumption of sex-allocation theory is that

resources are allocated equally to sons and daughters, and

resources that are put into one sex could just as easily be put

into the other sex. If one sex is cheaper to produce than the

other, then equal investment will result in unequal numbers

(Charnov 1982, Brockmann and Grafen 1992). So, for

example, if sons are smaller and cheaper to produce, then

there should be larger numbers of sons than daughters in

the population so that the investment in the two sexes is

equal. Sons may be cheaper to produce if, for example, they

require less food than a daughter, if food limits the clutch

size produced or the animal’s ability to mature eggs

(Rosenheim et al. 1996).

When alternative allocation phenotypes are based on

maternal investment strategies, then these cost-ratio argu-

ments from sex-ratio theory should apply. One excellent

example is Dawson’s burrowing bee, Amegilla dawsoni

(Alcock 1996a, b). Female bees dig nests at aggregated sites,

provision their nests with pollen, and lay an egg on the

accumulated stores, which is then eaten by the developing

larva. Males come in two discrete sizes, majors and minors

(see Box 8.1). Large males (majors) fly little, patrol the

nesting area, fight viciously with other males (and the larger

males are more successful at fighting), and dig out virgin

females and copulate with them as they emerge from the

ground (Alcock 1996c). Small males (minors) emerge earlier

and fly much of the time, patrolling the periphery of the

nesting area and nearby areas and mating with previously

unmated females (Alcock 1997a, b). The two types of males

are the product of female allocation decisions: majors are

provisioned with twice the food that minors receive (Alcock

1996d). This means that one would expect a minor-biased

population-morph ratio and indeed there are about twice as

manyminors as majors (frequencies vary between sites from

2 : 1 to 4 : 1 minors :majors) (Alcock 1996d). Although

majors appear to have much higher mating success than

minors, majors also incur much higher costs and have

shorter life spans due to male-male combat and increased

predation (Alcock 1996a). The system is both density

dependent, since minors do better at low densities (Alcock

1997a), and frequency dependent, since either morph would

do better when rare (Box 8.1). Using sex-ratio theory, one

must treat the success of major and minor male production

as an investment strategy by the mother, taking into account

the differences in cost (Dawkins 1980, Danforth and Neff

1992). As with the results from many sex-ratio studies

(Brockmann and Grafen 1992), however, this system has

turned out to be very complex with interacting effects from

changes in life histories (such as emergence times) and

seasonal changes in sex ratios and the availability of food.

Also, because large females are more likely to produce

majors and females, whereas small females tend to specialize

on minors, major and minor production could be a maternal

conditional tactic (Tomkins et al. 2001).

2.6.2 Mode of inheritance and control of

morph frequencies

The second assumption of sex-ratio theory is that sex

determination is by Mendelian inheritance. We now know

that a variety of factors other than the individual or its

parents influence sex (Stouthamer et al. 2002). For example,

sex-ratio distorters can be found on the nuclear genome as

meiotic drive systems. A distorter may be a gene on the

Y-chromosome that produces all male broods (Hamilton

1967) or any of a number of small, endocytoplasmic bacteria

such as Wolbachia, which are passed to offspring through

maternal inheritance and can completely alter sex-ratio

patterns (Rigaud 1997, Partridge and Hurst 1998, Werren

and Beukeboom 1998, Hurst and Randerson 2002).

Wolbachia, which is found in a wide variety of insects and

crustaceans, for example, can cause highly female-biased

broods by killing all male brood (the bacteria is not passed

on by male offspring) or by causing males to develop into

females. It is interesting to note that in populations with

Wolbachia where infected females are producing highly

female-biased sex ratios, the uninfected population pro-

duces highly male-biased sex ratios. This is exactly what one

would expect based on frequency-dependent selection and

sex-ratio theory. As far as we know, no one has considered

the possibility that maternally inherited factors might

influence the frequencies of alternative reproductive or life-

history tactics. We think this is possible and would be most

likely to occur when the probability of transmission of the

maternally inherited factor was more likely through one

tactic than through the other, as might occur if one tactic

were highly polygynous and the other monogamous.

2.6.3 Conflict over morph frequencies

A third assumption of sex-ratio theory is that sex-allocation

decisions are maternal investment decisions. If, instead,

there is some degree of control by other individuals, then a

different sex ratio is predicted. For example, in haplodiploid
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species, selection favors males that can bias offspring sex

ratios toward daughters (Brockmann and Grafen 1992). In

an ant colony, if the queen controls offspring sex ratios, then

a 1 : 1 sex ratio is expected, but if workers control sex ratios,

then a 3 : 1 sex ratio is expected when the queen has mated

once (due to the asymmetric degrees of relatedness that

occur under haplodiploidy: Hamilton 1972, Trivers and

Hare 1976, Alexander and Sherman 1977, Nonacs 1986,

Boomsma and Grafen 1990, Boomsma 1991). Although

conflict of this sort is well recognized in the sex-allocation

literature, it is often overlooked when considering alterna-

tive mating and life-history tactics (see Chapter 18). The

frequencies of alternative reproductive and life-history

tactics should differ depending on whether they are under

the control of the individual possessing them or others and

on the amount of information available to each party

(Mueller 1991, Sündstrom et al. 1996).

2.6.4 Specializing on a morph

A fourth assumption of sex-ratio theory is that each parent

makes a decision between producing sons or daughters, but

in some species one part of the population specializes in

producing only one sex (referred to as split sex ratios:

Grafen 1986). For example, if worker bees can assess the

number of times the queen has mated, then one would

expect colonies with singly mated queens to make more

daughters and those with multiply mated queens to make

more sons (Seger and Stubblefield 2002). Queenless col-

onies of bumble-bees produce males whereas queenright

colonies produce a female-biased sex ratio presumably in

response to frequency-dependent selection (Beekman and

van Stratum 1998). The frequencies of alternative repro-

ductive and life-history tactics may be affected when indi-

viduals specialize on producing one morph (split morph

ratios), as may be the case in Dawson’s burrowing bee (see

Section 2.6.1).

2.6.5 Equal reproductive value for alternative

morphs

The most basic assumption of sex-ratio theory is that fitness

through sons is equal to that through daughters and fre-

quency dependence is operating that stabilizes sex ratios at

1 : 1 (Fisher 1930). Sex-allocation theory has identified

several conditions under which this assumption is violated

(Hamilton 1967, Seger and Stubblefield 2002): (a) if there is

competition between a philopatric parent and his/her

offspring (local resource competition; favors overproduction

of the dispersive sex), (b) if offspring contribute to parental

care (local resource enhancement or repayment; favors

overproduction of the helping sex), or (c) if sons compete

with brothers to mate with sisters (local mate competition;

favors a female-biased sex ratio). For example, in some

species of fig wasps, males emerge first and mate with the

emerging females (Frank 1983). In species where they are

mating with their sisters, the sex ratio is highly female biased

(one son can mate with many sisters), but when several

female foundresses have laid eggs in one fig and the sons of

several females compete for mates, then the sex ratio

approaches 1 : 1 (Frank 1985, Werren 1987, Herre 2001,

Cremer and Heinze 2002, Pienaar and Greeff 2003).

Are there cases where the reproductive values of ARTs

are not equal? For example, in a species where females

produce two male morphs, one that only competes with his

brothers for matings with his sisters (e.g., wingless, large-

headed morph) and one that disperses, then sex-ratio theory

would predict that females should produce fewer of the

nondispersing morph (Greeff 1996, 1998). However, as

with sex-allocation decisions, investment in alternative

morphs depends, in part, on the information available to

females (Stubblefield and Seger 1990, Flanagan and West

1998). In much of sex-allocation research (West and Herre

2002), and in studies of other alternative phenotypes,

individuals are assumed to have complete information when

we make predictions about the frequencies of alternative

phenotypes. Clearly, this will not always be the case.

Information availability needs to be a part of the equation in

understanding sex as well as morph ratios.

The assumption of equal reproductive value through sons

and daughters may be violated in another important way –

overlapping generations (Seger 1983). For example, in the

pipe-organ mud-daubing wasp Trypoxylon politum, some

males of the first generation (overwintering, delayed devel-

opment) live long enough to mate with second-generation

(direct developing) females. This means that first-generation

males have higher reproductive value than first-

generation females or second-generation males (Brockmann

and Grafen 1992), which favors females and produces a male

bias in the first generation (biased by the extent of the overlap

between first-generation males and second-generation

females) and a female bias in the second generation. A similar

effect might occur in alternative reproductive tactics if, for

example, one mating tactic has overlapping generations and

the other does not. Although the effect of overlapping gen-

erations has not been considered when calculating the
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frequencies of ARTs, sex-ratio theory suggests that one needs

to consider the total reproductive value of each tactic to

understand the evolution of tactic ratios.

2.6.6 Condition dependence and morph

frequencies

Sex ratios, like ARTs, are often condition dependent

(Trivers and Willard 1973, Charnov 1979). For example,

some parasitic wasps lay sons in small hosts and daughters

in large hosts. This is because fitness curves cross: the fit-

ness of daughters is higher when they are reared from large

hosts than when reared from small hosts, whereas the fitness

of sons is less affected by host size (King 1992). Selection

favors condition-dependent rules in individual females that

take advantage of information about the relationship

between sex-allocation decisions and fitness. If this sex-

allocation rule for some reason results in too many sons (i.e.,

a departure from the equilibrium sex ratio), then frequency-

dependent selection would favor a different female decision

rule that produces more daughters, thus returning the

population to the evolutionarily stable state (ESS) (Charnov

et al. 1981) (Box 2.1).

The interaction between condition- and frequency-

dependent effects in ARTs (Box 2.3) can be modeled in

exactly the same way as condition-dependent sex ratios

(Box 2.1). However, when condition dependence and fre-

quency dependence are involved, then the success of alter-

native allocation phenotypes is not always equal (Hazel et al.

1990, Calsbeek et al. 2002, Shuster andWade 2003), although

there is a unique ESS switch point to which the population

returns when perturbed (Gross and Repka 1995, 1998a, b,

Repka and Gross 1995). This means that it is pointless to add

up the average success of alternative tactics and expect them

to have equal fitness in any natural population (Brockmann

2001). However, this model can be tested by perturbing the

ratio of tactics in the population to determine whether fitness

changes as predicted and whether the switch point evolves in

the predicted direction (examples from sex allocation include

Charnov et al. 1981, Conover and van Voorhees 1990,

Sinervo et al. 2000, Horth and Travis 2002). Tomkins et al.

(2004) and Radwan et al. (2002) have shown that there is

heritable variation and differences between populations in the

switch point, and Unrug et al. (2004) have shown heritability

of the switch point of the conditional strategy found in the

soil mite Sancassania berlesei (Box 2.1), a species with two

male morphs. Similarly, Tomkins and Brown (2004) have

demonstrated selection on a threshold switch point for a male

dimorphism in the European earwig Forficula auricularia

(Figure 8.6), and Emlen (19 96 ) and Unrug et al. (2004)

selected on the switch point for dimorphic males in the

horned beetle Onthophagus acuminatus (Figure 5.7).

2.6.7 The evolution of morph frequencies

This has not been an exhaustive list of the factors influ-

encing either sex ratios or the frequencies of other alter-

native allocation phenotypes, but we have identified some

important factors to take into consideration. Clearly, as

with sex ratios, the evolution of tactic ratios is an extremely

complex problem that involves a wide array of variables

(e.g., cost ratios, overlapping generations, conflict).

Nonetheless, understanding the evolution of relative

frequencies for alternative phenotypes is certainly as

important as understanding the evolution of sex ratios

for sex allocation. Much of the success of sex-ratio theory

has come from developing specific models that make clear,

quantitative predictions that can be tested against

empirical data. A similar approach should be developed for

the study of alternative phenotype ratios (West and

Herre 2002).

2 .7 OVERVIEW

Alternative allocation phenotypes are the product of

“decisions” by individuals to follow different paths for

allocating their limited resources or time to a particular

course of action. The underlying mechanisms controlling

these decisions are subject to selection. Often, one decision

path has higher fitness than the other and thus invades the

population (resulting in only one tactic played by all

individuals of one sex with continuous variation in indi-

vidual tactics), but under some circumstances selection

maintains in a population more than one route to fitness, i.

e., alternative tactics. This occurs when fitness curves

cross and individuals of different tactics compete for the

same limited resource or when individuals of different

tactics exploit different resources. Fitness curves cross

when environmental conditions are such that one tactic is

favored under some situations and the other tactic under

other situations or when the success of a tactic depends on

the individual’s age or condition or when the tactics are

frequency or density dependent or when some combin-

ation of these effects occurs. In general, condition-

dependent mechanisms evolve when the individual making

the decision has information about the correlation between
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tactic and fitness; if they do not, then selection should

favor a mechanism controlling decision rules that is less

responsive to environmental input.

A wide array of environmental, social, and individual

factors, including density and frequency dependence, inter-

act to influence the relative success of alternative tactics. But

this is not all that is involved with the evolution of alternative

tactics, because if phenotypes showed continuous variation,

we would not think of them as “alternatives.” Alternative

tactics evolve when there is disruptive selection, i.e., when

there is selection against intermediate phenotypes. This may

occur when there is intense intraspecific competition (where

the intermediates pay the price of extreme traits but do not

derive the benefits) or when the environment is heteroge-

neous with more than one adaptive peak.

Insights into the evolution of alternative reproductive

tactics and alternative life histories can be gained by com-

parison with one particularly well-studied alternative

allocation phenotype, sex allocation. Insights from sex-

allocation theory for understanding alternative tactics

include the importance of considering and evaluating the

effects of frequency dependence, overlapping generations

and reproductive value, the availability of information to

individuals about the relationship between tactics and

fitness, the costs of producing individuals that use different

tactics, and the mechanisms and processes controlling the

expression of tactics. The study of life histories as applied to

alternative reproductive tactics teaches us that we must

consider trade-offs, nonlinear costs and benefits, and the

effects of a heterogeneous and temporally variable envir-

onment. These have been little considered in the study of

ARTs. We argue that by melding approaches, by examining

mechanisms as well as evolution, by combining different

modeling approaches, and by considering a new array of

factors known to affect other allocation phenotypes, we can

come to a better understanding of the complex outcomes

and interactions in the evolution of alternative allocation

phenotypes.
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3 · Phylogenetic analysis of alternative reproductive tactics: problems

and possibilities

VÍTOR C. ALMADA AND JOANA I. ROBALO

CHAPTER SUMMARY

We present an outline of the potential that a phylogenetic

approach may bring to the study of alternative reproductive

tactics (ARTs) and discuss some of the difficulties and

methodological problems that must be addressed if we are to

apply the phylogenetic method successfully. We illustrate

the principles presented by applying them to three selected

examples. Specifically, based on fish studies, ARTs are, at

least in some fish groups, evolutionarily unstable and rarely

become incorporated as a fixed trait of a lineage at a rank as

high as a family. Despite this instability, it is common for a

given lineage to give rise recurrently to very similar forms of

ARTs. Our results illustrate the wide spectrum of potential

studies that can be enriched by a phylogenetic perspective.

3 .1 BACKGROUND

3.1.1 The role of phylogenetic studies in the

behavioral sciences

When Tinbergen (1963) formulated his famous four levels of

explanation in ethology – causation, development, evolution,

and function – the study of patterns in the evolution of

behavior was explicitly made one of the central aims of the

study of animal behavior. Each behavior pattern has an

evolutionary history, and often it is possible to trace its

origins, identifying the behavior that existed prior to the

emergence of the new patterns. The pioneering work of

Konrad Lorenz, who used behavior patterns to help to clarify

the taxonomy of ducks, illustrates the use of behavioral

phylogenies in an outstanding way (Lorenz 1941).

Obviously, evolution is a historical process. Except for

organisms with very short generation times, we cannot

replicate it under experimental conditions. Thus, the best

we can expect to achieve is to develop hypotheses about the

changes in pre-existing behavior patterns through which the

new behavior patterns came into existence and the possible

causes of the presumed changes. This limitation does not

make evolution less interesting or less rigorous than other

branches of biology. It simply means that our best achieve-

ment will only be a hypothesis, albeit a plausible one.

Phylogeny plays a crucial role in the study of behavioral

evolution. Phylogenetic analysis aims to uncover the rela-

tionships among biological lineages. It tries to answer

questions like:

� What are the degrees of relatedness among different

groups of organisms?

� What groups of organisms shared the same common

ancestor?

� What was the sequence of branching events that gave

rise to the relationships among the species that descend

from a given ancestor?

With the help of information about the events of the

past, either fossils or molecular clocks, phylogenetic studies

also deal with the attempt to date the evolutionary events

that are assumed to have shaped the relationships among

living forms as we know them.

When we state that phylogeny is crucial to the study of

the evolution of behavior, it is useful to remember that they

are not equivalent. To study the evolution of behavior is to

trace the origins of a given behavior. It is also an attempt to

identify the possible causes underlying the change of a pre-

existing (primitive) behavior into its new (derived) state. On

the other hand, to study the evolution of lineages involves

formulating hypotheses about the history of the organisms

themselves. Every hypothesis on the origin of a given

behavior must be based on our knowledge of the history of

the lineage in which the behavior changed. In other words,

the understanding of behavioral evolution depends on the

quality and accuracy of our knowledge of the relationships

among the organisms in whose history such change in
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behavior took place. Moreover, the evidence on which our

inferences about behavioral evolution are based must be

independent of the information that we use to work out the

phylogeny of the group of organisms with which we are

dealing. If we fail to keep this distinction in mind, we risk

incurring a logical fallacy: suppose we use our reconstruc-

tion of the evolution of behavior to support our views on the

relationships among organisms, and afterwards we use the

relationships so inferred to support our reconstruction of

the history of the behavior! We would have used the same

data as our conclusion and as the evidence supporting it.

Excellent presentations of the use of the comparative

method and its application in behavioral studies may be

found in Brooks and McLennan (1991), Harvey and Pagel

(1991), and Martins (1996).

Behavioral ecologists have become increasingly familiar

with phylogeny, for a different reason: one of the ways to try

to detect associations between habitat traits and behavioral

characters is to compare organisms that live in different

environments. One interesting situation is when unrelated

organisms that have colonized similar environments show

similar behavior. The evidence will be even more compel-

ling if organisms that share the same common ancestor

become adapted to contrasting environments and also show

contrasting behavior. In both cases, we have evidence sug-

gesting that specific behavioral traits may have adaptive

value in specific environments (but see Gould and Vrba

[1982] and Almada and Santos [1995] for alternative,

nonadaptive explanations).

This kind of comparative study requires phylogenetic

information. If we want to compare descendants of a com-

mon ancestor, we have to uncover the phylogeny of the

group with which we are working, and if we want to access

the statistical significance of a given comparison, we must be

sure that our data points are truly independent. Suppose

that we compare 12 species of fish that breed in territories

and 12 other species of fish that are mass spawners. Suppose

also that we show that sneakers are found in a much larger

proportion of the territorial species than in the mass

spawners. We would be tempted to conclude that the

existence of territorial males competing for favorable sites

may exclude weaker or smaller males from gaining terri-

tories and that sneaking evolved as a way for weaker indi-

viduals to circumvent their limitations. Do our data support

such a hypothesis? If the 12 territorial fish species are closely

related phylogenetically, they may not represent 12 inde-

pendent instances of the evolution of sneaking. They may

share territoriality and sneaking simply because they

descended from the same ancestor. Indeed, in many cases,

speciation does not imply, of necessity, changes in most

traits. On the contrary, the species descended from a given

ancestor tend to show similarities in their phenotypes and

even in their habitats that simply reflect their common

origin. If nothing has happened to cause changes, a whole

lineage may keep the ecology and set of phenotypic traits of

its ancestor. In such a situation, we cannot count the 12 fish

species as representing 12 independent instances of evolu-

tionary change, but only as a single one. Only a sound

phylogenetic background for the organisms we are com-

paring will enable us to identify the number of distinct

lineages available for our comparative study.

In conclusion, phylogeny is important because it pro-

vides the framework to study the origin of new behavior

patterns, to control for the lack of independence, and to

assist in designing comparative studies where lineages with

contrasting behavior patterns must be compared.

3.1.2 The ongoing revolution in phylogenetics

The study of phylogeny is as old as the idea of evolution. In

the last four decades, however, the study of phylogeny has

advanced in such an unprecedented way and has reached

such a new level of methodological thoroughness that we

can speak of a true revolution. This revolution stemmed

from three sources. The first was the understanding,

especially after the work of Hennig (1965, 1966), that when

trying to uncover monophyletic groups (all the life forms

that descended from a common ancestor) only shared

derived traits must be considered. This was an important

clarification because the descendants of a given ancestor

often share many characters that did not originate in the

course of the history of that specific lineage but are rather

much older and thus are shared with members of many

other lineages. Having four legs is not a good trait to

characterize mammals because four legs certainly preceded

the origin of mammals. This simple appreciation prevented

much confusion and forced biologists to search explicitly for

traits that help to identify members of monophyletic groups

instead of mingling organisms of distinct origins simply

because they are similar in many primitive traits.

The second advance in the phylogenetic revolution came

from incorporating molecular data into phylogenetic stud-

ies. Beginning with the use of protein electrophoresis and

comparative immunology, the use of molecular data has

resulted in decisive advances in developing rigorous and

reliable phylogenies, particularly with the advent of efficient
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and relatively inexpensive techniques to amplify and

sequence DNA. Polymerase chain reaction (PCR) and

DNA sequencing have made it possible to use directly

the information contained in the DNA sequences, instead

of depending upon the expression of those sequences.

Nowadays, studies that use thousands of base pairs and

analyze data from different genes are increasingly common.

The third advance came from the whole new assortment

of informatic and statistical tools now available to build

phylogenetic trees and to evaluate the results, even with very

large datasets. Without the greatly enhanced computational

power that is now available, the analysis of massive DNA

sequence data would not have been possible. On the other

hand, a large amount of work is being invested in making

phylogenetic inference increasingly rigorous by exploring the

use of sophisticated statistical tools to evaluate the support for

each conclusion and to access the likelihood of different

hypotheses. The discussion of the different methods of

phylogenetic inference is beyond the scope of this chapter but

the reader may find good introductions in Harvey et al.

(1996), Page and Holmes (1998), and Hall (2004). Fortu-

nately many of the new, powerful tools used in phylogenetic

inference and character mapping have been implemented by

software packages which are freely available on the World

Wide Web, together with many support materials and

forums where phylogenetic issues are discussed.1

The preceding is intended to give the less familiar reader

a first glimpse of the new possibilities now available for

phylogenetic studies. The ongoing advance in our ability to

generate increasingly accurate and probable hypotheses

about the past is already one important achievement of

modern biology.

3.1.3 Mapping behavioral character evolution

in phylogenies

Once a phylogenetic hypothesis is formulated, we are in a

position to map a given character or set of characters on the

phylogenetic tree. For instance, this means that we can

evaluate how many times and in what branches of the tree a

given kind of change took place, how frequent its reversion

was from a derived state to the pre-existing condition, and

to what extent two or more characters tended to co-evolve

repeatedly, indicating a possible causal link in their evolu-

tion. In a similar way, we can ask what characters were

present before changes in other characters took place and if

those pre-existing characters may have facilitated changes in

other characters. Finally, we may reconstruct the probable

ecological characteristics of a given lineage, thus formulat-

ing hypotheses on past environment and possible selective

pressures that promoted the evolution of a given trait in a

given group of organisms.

This mapping of the evolution of characters on phylo-

genetic trees is becoming increasingly accurate, and statistical

approaches like maximum likelihood and Bayesian inference

(among other strategies) are used to evaluate different

hypotheses on a quantitative basis. Again, software is freely

available to perform charactermapping.2 Papers likeGoodwin

et al. (1998), Wilson et al. (2003), Koblmüller et al. (2004),

Peach and Rouse (2004), and Haase (2005) provide the reader

with interesting examples of the application of phylogenetic

information in the study of behavioral evolution.

To end this methodological introduction, we would like

to comment on two important issues. The first is statistical.

When only one or a few instances of a given evolutionary

change have taken place in an entire group of organisms,

little can be said about the generality of the emerging

results. Chance and the hazards of historical processes may

not be ruled out. On the other hand, if a group is rich in

recurrent instances of similar changes, we may get patterns

that can be assessed statistically and bear some generality.

Our second methodological remark is concerned with the

proper identification of the units that are to be compared. In

many cases, ARTs have been defined functionally. Suppose

that we state that a sneaker male intrudes on the nest where a

spawning is taking place. In terms of functional conse-

quences, this statement may be clear and sufficient. If,

however, in different animal groups, the behavior of

sneakers is different – is determined by different causal

factors or involves different underlying neurophysiological

machinery – then phenomena that look the same func-

tionally may not be directly comparable. The adequacy and

pertinence of our comparisons will depend greatly on our

understanding of the behavior patterns effectively involved

in ARTs, the stimuli and internal factors that control them,

and the underlying machinery that produces them and

ensures their development.

1 Examples of relevant links are Phylogeny Programs (http://

evolution.genetics.washington.edu/phylip/software.html), Evoldir

(Evolution Directory, http://evol.mcmaster.ca/brian/evoldir.

html), and David Posada’s Lab (http://darwin.uvigo.es/).

2 For example, MacClade, http://macclade.org/macclade.html,

and Mesquite, http://mesquiteproject.org/mesquite/mesquite.

html.
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3.2 SOME EXAMPLES USING FISH

DATA

Fishes are an ideal group in which to study the evolution of

ARTs. Their extraordinary diversity of lineages (Nelson

2006) and the numerous examples of the independent

evolution of ARTs (Taborsky 1994, 1998, 1999, 2001; see

also Chapter 10) provide an uncommonly rich source of

comparative data.

Taborsky (1994, 1998, 1999, 2001) listed a wide spec-

trum of ARTs in fish that range from sneaking and female

mimicry to simple intrusions of a territorial male in the

territory of a neighbor during spawning. This diversity

means that ARTs encompass very different phenomena. At

one extreme, there are ARTs in which males differ pro-

foundly in their ontogenetic pathway, physiology, anatomy,

and size. At the other, there are ARTs that aremere variations

of behavior that a male can adopt on a “moment-to-moment”

basis according to the circumstances and opportunities. For

instance, while sneakers are usually much smaller and fre-

quently lack male secondary sex characters, large males with

fully developed secondary sex characters may also engage in

ARTs. A territorial male may leave his nest to attempt

fertilizations in the territory of his neighbor, returning

subsequently to his own nest.

Due to this extreme diversity and the large variation in

the detail of the behavioral descriptions available in the

literature, we have not attempted to map all the different

forms of ARTs separately. We have adopted the simple

criterion of considering that male ARTs were found when

there was “male simultaneous reproductive parasitism,” as

adopted by Taborsky (1994). Because in most fish the eggs

are fertilized after spawning by the males releasing sperm

into the water, most ARTs in fish involve two or more males

releasing sperm simultaneously. The occurrence of ARTs

in females is not analyzed in this chapter.

3.2.1 Patterns of the evolution of ARTs in

blennies, wrasses, and salmonids

In Figures 3.1, 3.2, and 3.3, inferred phylogenetic rela-

tionships of Blenniidae, Labrini, and Salmonidae are

depicted. In each phylogenetic tree, the occurrence of ARTs

was mapped using Mesquite v. 4.5.2 (Maddison and

Maddison 2005). For the sources and methods employed in

phylogenetic reconstructions see the legends of the figures.

The data on ARTs are from Taborsky (1994) unless stated

otherwise. The three phylogenies correspond to three

independent lineages whose ancestors diverged many tens

of millions of years ago, if not hundreds of millions of years

ago (Nelson 1994), and thus these lineages are independent.

The first interesting feature that emerges when the

blenniid and the Labrini phylogenies are inspected is the

fact that ARTs occur at the tips of branches or nearly so.

This means that in none of these instances have ARTs

become a permanent feature of a deeper clade comprising

many genera. In the blennids, ARTs evolved two or three

times in accordance with the reconstruction depicted in

Figure 3.1. ARTs evolved in Parablennius parvicornis and at

least in another branch of the tree. Either ARTs were

present in the common ancestor of Salaria and Scartella or

evolved separately in the ancestor of Salaria and in one of

the members of Scartella (Scartella cristata). There are no

reports of ARTs in Scartella carboverdiana and other

members of the genus not included in the tree. It is still

unknown whether this absence reflects lack of ethological

information or true absence of ARTs. With the data pres-

ently available, it is impossible to decide between these

alternatives. A less likely hypothesis involves the presence

of ARTs in the common ancestor of Salaria and Scartella

and its subsequent loss in some Scartella species. These

uncertainties are instructive because they illustrate how the

inclusion of more taxa in the phylogenies and a more

thorough ethological dataset will gradually reduce the

number of plausible hypotheses.

In the Labrini (Figure 3.2), ARTs likely evolved twice,

once in the common ancestor of Tautogolabrus and Cteno-

labrus and another in the common ancestor of Symphodus

and Centrolabrus. If the absence of ARTs in various

Symphodus is confirmed, it will represent one or more events

of secondary loss.

In the salmonids (Figure 3.3), we hypothesize that male

parasitic tactics evolved in an ancestor that gave rise to the

sister clades Salmo and Oncorhynchus/Salvelinus.

After presenting the patterns of the evolution of ARTs

depicted in the figures, it is important to stress that both

phylogenetic information and behavioral descriptions vary

dramatically even among closely related groups. For

instance, in the blenniids, genus Scartella, we have two

species in the phylogenetic tree and behavioral information

for only one, but six species are recognized within the genus.

In the case of Parablennius, we have a single species where

ARTs are known, and ten species were included in the

phylogenetic tree. The genus, however, although probably

not monophyletic, contains 26 species. In the Labrini there

are genera that are very well studied, both behaviorally and
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phylogenetically. All species of Symphodus and Centrolabrus

were included in the phylogenetic tree, both species of

Centrolabrus were studied behaviorally, and ten species of

Symphodus were carefully studied ethologically. In the sal-

monids, a family that is well known for the presence of male

ARTs, the coverage is still fragmentary. We have data on

the presence of ARTs in two of the three species of Salmo

included in the phylogeny but there are about 28 valid

species in this genus. We have data on ARTs for seven

species of Oncorhynchus, eight species were included in

Figure 3.3, but 14 species are recognized (all information on

numbers of species is from Froese and Pauly 2005). We

stress these limitations of the data analyzed for two reasons.

The addition of more taxa in the future may change our

views on the phylogenetic relationships within the groups

that are still poorly sampled. The absence of information on

the presence of ARTs in large numbers of species of a given

taxon may have different causes: either the fish were etho-

logically studied in sufficient detail to make us confident

that ARTs are absent or they were simply not studied or

ARTs escaped the attention of the researchers. Distin-

guishing among these possibilities is, for most cases,

impossible. Without good quality standards for sampling

species, both behaviorally and phylogenetically, all con-

clusions will be risky and subject to future modifications.

3.2.2 Instability and recurrent evolution of

ARTs

The results outlined above support two main conclusions:

(1) Male ARTs evolved repeatedly in many independent

fish lineages.

(2) ARTs evolved near the tips of the phylogenies,

involving one or a few genera in each case. This

observation seems to indicate that ARTs are evolution-

arily short-lived, never becoming permanent features

of higher taxa at the level of families or higher.

In addition, although the information is still fragmentary,

ARTs were probably lost secondarily, even in some species

Lip
op

hr
ys

 tr
igl

oid
es

Lip
op

hr
ys

 p
ho

lis

Cor
yp

ho
ble

nn
ius

 g
ale

rit
a

Lip
op

hr
ys

 n
igr

ice
ps

Lip
op

hr
ys

 ca
ne

va
i

Lip
op

hr
ys

 ca
bo

ve
rd

en
sis

Lip
op

hr
ys

 d
alm

at
inu

s

Lip
op

hr
ys

 a
dia

tic
us

Blen
niu

s o
ce

lla
ris

Par
ab

len
niu

s s
an

gu
ino

len
tu

s

Par
ab

len
niu

s p
ar

vic
or

nis

Par
ab

len
niu

s g
at

to
ru

gin
e

Par
ab

len
niu

s r
ub

er

Sca
rte

lla
 cr

ist
at

a

Sca
rte

lla
 ca

bo
ve

rd
ian

a

Sala
ria

 p
av

o

Sala
ria

 flu
via

tili
s

Par
ab

len
niu

s i
nc

og
nit

us

Par
ab

len
niu

s z
vo

nim
iri

Par
ab

len
niu

s s
ale

ns
is

Par
ab

len
niu

s p
ilic

or
nis

Par
ab

len
niu

s r
ou

xi

Par
ab

len
niu

s t
en

ta
cu

lar
is

Oph
iob

len
niu

s a
tla

nt
icu

s

Aida
ble

nn
ius

 sp
hy

nx

Trip
te

ry
gio

n 
de

lai
si

La
br

iso
m

us
 n

uc
hip

inn
is

Figure 3.1 Mapping of the evolution of male ARTs in Atlanto

Mediterranean blenniids. Phylogeny is based on the combined

12S–16S mitochondrial rDNA fragments adapted from Almada

et al. (2005b). Labrisomus nuchipinnis and Tripterygion delaisi were

used as outgroups. Data concerning Parablennius sanguinolentus

from Taborsky (1994) have proven to be from P. parvivornis

(Almada et al. 2005a). The presence of ARTs in blenniids not

listed in Taborsky (1994) are from Salaria fluviatilis (Neat et al.

2003a), S. pavo (Ruchon et al. 1995, Gonçalves et al. 1996,

2003, Oliveira et al. 2001a), and Scartella cristata (Neat

et al. 2003b). The presence of male parasitism is marked

in black.

56 V. C. ALMADA AND J. I . ROBALO



of groups where they predominate. Short life, secondary loss,

and recurrent emergence mean that male ARTs are behavior

characters that, in fish, are labile on an evolutionary time-

scale, being relatively easy to acquire and to lose.

It is interesting to note that the incidence of ARTs may

vary even within a single species. In the Atlantic salmon

Salmo salar, the southern populations – those that are

nearest to the highest temperature limits of the species –

show a much higher incidence of precocious males than

northern populations. This means that the patterns of dis-

tribution of sizes and ages at maturity of males and females

and the incidence of male ARTs vary strongly with latitude

(Moran and Garcia-Vazquez 1998, Martinez et al. 2000). In

some populations the incidence of precocious males may be

almost zero (Willson 1997, Garcia-Vazquez 2001).

In the blenniids in the genus Salaria, the differences

between the sister species S. pavo and S. fluviatilis in the

pattern of occurrence of ARTs are also remarkable.While in

S. pavo there are populations with two clearly distinct male

types: large, territorial males and small, female-like sneakers

(Ruchon et al. 1995, Gonçalves et al. 1996, 2003, Oliveira

et al. 2001a), in S. fluviatilis the degree of dimorphism

among males seems to be less marked. Smaller males often

show less clearly marked secondary sex traits, but usually

not so reduced as in S. pavo (Neat et al. 2003b). Apparently,

some populations of S. pavo that are now under investi-

gation also lack the extreme variation between male types

previously described for this species (R. Oliveira, personal

communication).

This inherent evolutionary instability in the occurrence

of ARTs is also demonstrated when detailed genetic DNA

fingerprinting of adults and offspring is performed so that

the contribution of distinct types of males to the next

generation can be assessed. In salmonids, there is wide

variation between species and between populations of the

same species in the degree of success of small males in

fertilizing eggs (Blanchefield et al. 2003).

Sunfish, although being only distantly related to the

groups discussed here, provide classical examples of species

with ARTs (Gross and Charnov 1980, Gross 1982, 1984). In

some sunfish species, there are territorial males, sneakers,

and males that engage in female mimicry to gain access to
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Figure 3.2 Mapping of the evolution of male ARTs in wrasses of

the tribe Labrini. Phylogeny is adapted from Hanel et al. (2002)

based on maximum likelihood analysis of mitochondrial 16S rDNA

and control region sequences. Bodianus scrofa was used as the

outgroup. In accordance with Almada et al. (2002), the species

Centrolabrus trutta and C. caeruleus were assigned to the genus

Symphodus and the species S. melanocercus to the genus

Centrolabrus. The presence of male parasitism is marked in black.
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the eggs that females are spawning in the nests of territorial

males. In other species of the genus Lepomis, although some

nonterritorial males are present in the nest site, their con-

tribution to the next generation is very limited (e.g., Lepomis

auritus: DeWoody et al. 1998). The available data indicate

that, in this genus, the contribution of small nonterritorial

males varies widely among species (DeWoody et al. 2000,

Neff 2001, Mackiewicz et al. 2002). Finally, even the quality

of the habitat where the juveniles develop may influence the

relative proportion and breeding success of males with

different tactics in fish as different as Atlantic salmon and

smallmouth bass (Wiegmann et al. 1997, Garant et al. 2003).

If the reader considers the literature reviewed in Chapter

10, the same pattern is detectable on a broader scale:

examples of the occurrence of ARTs are scattered in many

distinct taxa, but each taxon usually contains other species

that lack ARTs. A similar inspection of other chapters of this

book will confirm that the pattern we are outlining here is not

restricted to fishes but very likely reflects a general rule.

How do we explain evolutionary instability? Perhaps this

pattern is to be expected by the nature of ARTs. ARTs

mean that a population is dimorphic or even polymorphic

with regard to the diversity of phenotypes that a given sex,

the males in our case, expresses to achieve reproduction.

Sneaking by small, inconspicuous, and nonaggressive

males, female mimicry, and intrusion into the territories of

neighbors are all means to overcome or minimize the limi-

tations that other males impose as a result of their size,

degree of aggression, and so forth. As “alternative ways” to

achieve egg fertilization, such tactics are likely to be

extremely sensitive to social and ecological conditions in

different ways. This reasoning seems to apply equally to

species where each ART is fixed for the life of a male and to

those where they can change with age, size, social, or eco-

logical circumstances. This sensitivity to social and eco-

logical conditions may also apply to situations where

different ARTs have equal pay-off, as well as to those in

which one or more tactics are adopted only by younger or
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Figure 3.3 Mapping of the evolution of male ARTs in a partial

phylogeny of salmonids, adapted from Crespi and Fulton (2004)

and based on Bayesian analysis of 16 mitochondrial and eight

nuclear genes combined. Coregonus lavaretus, Brachymystax

lenok, and Hucho perryi were used as outgroups. The species

referred to as Salmo henshawi and S. gairdneri in Taborsky (1994)

are currently named Oncorhynchus clarki and O. mykiss,

respectively. The ARTs in salmonids not listed in Taborsky (1994)

are from Salvelinus malma (Hino et al. 1990), S. confluentus

(McPhail and Baxter 1996), and Oncorhynchus masou (Koseki and

Maekawa 2002). The presence of male parasitism is marked in

black.
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weaker males that are making “the best of a bad job.” The

demographic structure of the population will typically be

affected by factors like opportunities for growth, differential

mortality of distinct size classes, or developmental stages

and sex ratio. All these variables may, in turn, affect the

operational sex ratio (density of members of each sex),

which, amongmany other factors, may influence the balance

between costs and benefits of ARTs. In species in which

reproduction depends on the acquisition of nest sites, their

availability may also affect drastically the opportunities a

male has to establish a breeding territory and fertilize eggs

(e.g., Oliveira et al. 1999). Even the variations in the

reproductive tactics of the opposite sex may affect the

outcomes of different ARTs. All the taxonomic chapters in

this book underscore the plurality of social and ecological

variables that may affect ARTs and their relative success.

Thus, the fixation of multiple tactics in a high-level clade

will be unlikely in most lineages.

Regardless of the adaptive value of different ARTs in

various contexts, environmental factors may affect ARTs by

changing the physiology of sexual maturation. The higher

prevalence of precocious males in Atlantic salmon in

warmer waters illustrates this type of environmental vari-

able. Regardless of why at higher temperatures more males

mature without migrating to the sea, this type of variation

means that in some conditions two or more tactics are

present, while in other conditions only a single tactic pre-

vails. This effect of environment on development may itself

be adaptive, or it may reflect an unavoidable peculiarity of

the physiological mechanisms underlying sexual develop-

ment in a given taxon. Be it adaptive or not, this variability

of maturational trajectories in male development will also

contribute to making the occurrence of ARTs a feature of

some scattered members of their respective clades.

The recurrent evolution of ARTs in fish also raises very

interesting questions. The species of Salaria, Parablennius

parvicornis, and Scartella cristata in the blenniids are a case

in point. The same type of ART evolved independently in

the ancestors of the three species. In the three cases,

sneakers are younger then territorials and will shift to ter-

ritoriality later in life. The two tactics differ not only in

behavior and fish size and age but also in anatomy and

physiology. Sneakers lack the secondary sex characters of

territorial males, namely the glands on the two spines of the

anal fins. Their testicular glands are smaller, although their

testes are proportionally larger than those of territorials

(Santos 1995, Santos et al. 1996, Oliveira et al. 1999, 2001a,

Neat et al. 2003a, b). As far as is known, sneakers and

territorials also differ in their hormonal profiles, the andro-

gens of territorials showing a higher 11-ketotestosterone/

testosterone ratio than in sneakers (Oliveira et al. 2001a, b).

These similarities are impressive in their details and may

have been caused by similar changes in the underlying

physiological mechanisms.

These recurrent patterns of evolution raise several very

interesting questions. While traditionally similarities were

usually attributed to homologies or convergent evolution,

phylogenetic studies reveal an increasing number of

examples of parallel evolution. The same change occurs

repeatedly in closely related taxa. In these cases, as the

phenotypes that served as the starting point for a given

change are themselves very similar, the similarities between

lineages may be very detailed. Similar lineages have

undergone similar changes. What determines such parallel

evolution? In this case, phylogenetic studies can provide a

stimulating question, but other disciplines must help to

answer it. Two closely related groups may give rise to

similar changes, because being similar in ecology and

behavior, the selective pressures that may promote a given

type of adaptive change may bemet by both lineages. On the

other hand, many similar changes can be facilitated in some

groups of closely related species because the mechanisms

underlying sexual development are the same and thus they

are prone to undergo similar transformations. Even the

sensory modalities involved in courtship and mating and the

details of the behavior patterns employed by a given group

may themselves determine the nature of male ARTs that are

more likely to evolve in its members. Chapters 10 and 11

provide excellent illustrations of this idea. A typical para-

sitic male fish attempts to approach a spawning female to

release sperm in the vicinity of the eggs. A male parasitic

frog or toad often takes advantage of the calls of other males

to intercept females that are moving towards the caller. A

male salamander or newt may interfere with the fertilization

process of other males, either by placing his own sperm-

atophores on top of those of the other male or by mimicking

the tactile stimuli provided by a female leading the com-

petitor to move away, a behavior that in the presence of a

true female would help her to place the cloaca over a

spermatophore. Apparently in fish, frogs, and salamander

lineages, forms of male parasitic behavior “characteristic” of

their respective groups evolved repeatedly. Many of the

peculiarities of male parasitic behavior of each group were

strongly influenced in their evolution, by the particular

patterns of sexual behavior of the group and the stimuli

involved in it.
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To give a final example, consider the following: for a

species to produce small sneaker males that are younger and

lack the secondary sex traits of territorial males but that have

fully developed testes, it is necessary that the maturation of

gonads and the development of secondary male traits be

physiologically uncoupled. This uncoupling is certainly

easier in some lineages than in others, depending on their

developmental physiology. In a similar vein, we have many

hypotheses about the adaptive advantages of changing sex

but in vertebrates, regular sex change seems to be an easy

process only in teleosts.

The plurality of hypotheses outlined above will only be

evaluated with hard data on ecology, physiology, behavior,

and developmental biology and not simply by phylogeny.

Invoking a vague notion like phylogenetic inertia, will, in

our view, add little to our understanding of this problem.

Phylogeny, although not providing the answers, will help to

pinpoint areas of study that would otherwise easily escape

the attention of researchers.

3 .3 PROSPECTS FOR THE FUTURE

The fish examples presented above have shown how, even

with many gaps in our ethological and phylogenetic

knowledge, mapping the occurrence of ARTs in phyl-

ogenies has helped to raise interesting questions that go

beyond the limits of phylogeny. As ethological surveys

become more exhaustive and phylogenetic inferences

become more robust and detailed, we may hope to address a

whole array of new questions. To what extent were some

forms of ARTs precursors of others? For instance, was the

intrusion of floater males on the territories of others the

starting point for the evolution of specialized small sneak-

ers? Was there any tendency for female mimicry and

sneaking to evolve in association? And if so, in any particular

temporal sequence? Do the ARTs that are fixed for life tend

to evolve from conditional ARTs? All these questions are

amenable to phylogenetic analysis when the necessary

information is available.

Another interesting question that phylogeny may help to

answer is the following. With the phylogenies of a few fish

groups, it is difficult to evaluate to what extent the incidence

of independent instances of the evolution of ARTs is high or

low in the clades analyzed. As more lineages are studied in

this perspective, we will improve our assessments of the

background probability of the evolution of a new instance of

ARTs in a given lineage. With this information on “typical

rates” or “ranges of rates” of emergence, we will be able to

identify groups that are exceptional because they show

unusually high or low levels of emergence of ARTs. Then,

we will be able to consider those “exceptional” groups and

attempt to relate their pattern of ARTs evolution with

peculiar features of their ecology, behavior, physiology, and

developmental biology.

This chapter has presented the reader with more pro-

spects than results. We hope, however, that it will help to

stimulate more active research in the phylogenetic analysis

of ARTs.We believe we have shown that, at its present level

of development, phylogenetic analysis provides a set of

sophisticated and rigorous tools to uncover the patterns of

the evolution of ARTs. When such patterns are identified,

many more questions will be raised.
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and Canário, A. V.M. 2001a. Androgen levels in males and

social interactions in breeding males of the peacock blenny.

Journal of Fish Biology 58, 897–908.

Oliveira, R. F., Canário, A. V.M., and Grober, M. S. 2001b.

Male sexual polymorphism, alternative reproductive tactics

and androgens in combtooth blennies (Pisces: Blenniidae).

Hormones and Behavior 40, 266–275.

Page, R.D.M. and Holmes, E. C. 1998. Molecular Evolution:

A Phylogenetic Approach. Oxford, UK: Blackwell Scientific.

Peach, M. B. and Rouse, G.W. 2004. Phylogenetic trends in

the abundance and distribution of pit organs of

elasmobranches. Acta Zoologica 85, 233–244.

Ruchon, F., Laugier, T., and Quignard, J. P. 1995. Alternative

male reproductive strategies in the peacock blenny. Journal

of Fish Biology 47, 826–840.

Santos, R. S. 1995. Anatomy and histology of secondary sexual

characters, gonads and liver of the rock-pool blenny

(Parablennius sanguinolentus parvicornis) of the Azores.

Arquipélago: Life and Marine Sciences 13A, 21–38.

Santos, R. S., Hawkins, S. J., and Nash, R.D.M. 1996.

Reproductive phenology of the Azorean rock-pool blenny

(Parablennius sanguinolentus parvicornis), a fish with alternative

mating tactics. Journal of Fish Biology 48, 842–858.

Taborsky, M. 1994. Sneakers, satellites, and helpers: parasitic

and cooperative behavior in fish reproduction. Advances in

the Study of Behavior 23, 1–100.

Taborsky, M. 1998. Sperm competition in fish: “bourgeois”

males and parasitic spawning. Trends in Ecology and

Evolution 13, 222–227.

Taborsky, M. 1999. Conflict or cooperation: what determines

optimal solutions to competition in fish reproduction? In

R. Oliveira, V. Almada, and E. Gonçalves (eds.) Behaviour
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4 · Modeling alternative mating tactics as dynamic games

JEFFREY R. LUCAS AND RICHARD D. HOWARD

CHAPTER SUMMARY

Alternative reproductive tactics may result from various

causal mechanisms. This is relevant for the theoretician

because the mathematical approach used to address the

evolution of alternative mating tactics will be affected by the

causal basis of the differential expression of these behavior

patterns between (and within) individuals. In this chapter,

we restrict our focus to alternative male mating tactics that

are strictly controlled by short-term behavioral decisions.

Based on a variation of the Lucas and Howard (1995)

dynamic game-theory model, we show that a detailed

understanding of five properties of a system with alternative

reproductive tactics is important in understanding the

evolutionary trade-offs associated with the choice among

alternative mating tactics. These properties include

(1) physiological or morphological state and how state is

affected by the tactic chosen, (2) environmental conditions,

(3) frequency- and (4) density-dependent attributes of the

pay-offs derived from each tactic, and (5) time constraints

that either directly affect the expression of a mating tactic or

affect the pay-offs derived from those tactics. These five

properties should be considered simultaneously, and we

demonstrate how this can be done within the framework of a

dynamic game. The model is extended to consider the

evolution of graded signals. Our model suggests that the

prediction of Proulx et al. (2002) that older males should

have more honest signals is sensitive to assumptions made

about environmental conditions and time constraints on

future success. We end with a discussion of the level of

detail that should be built into models.

4 .1 INTRODUCTION

Nothing in life is simple. A basic decision when modeling

any biological phenomenon is to ignore complexities or

incorporate them. Our initial attempts to model alternative

mating tactics (ARTs) in anurans as a dynamic game

incorporated many of the complexities of caller/satellite

dynamics (Lucas and Howard 1995, Lucas et al. 1996). We

quickly realized that, despite a huge literature on mating

behavior and alternative male mating tactics in anurans (see

reviews in Gerhardt and Huber 2002, Shuster and Wade

2003), no single study existed that provided all the infor-

mation necessary to parameterize our model. Furthermore,

certain components of the model (e.g., many aspects of

female behavior) were poorly known for all species. As a

result, our primary objective in this chapter is to call for

more complete empirical studies of alternative mating tac-

tics, particularly for species where the choice of an alter-

native mating tactic is behaviorally mediated. Our approach

is to provide a fairly synoptic view of certain types of male

mating tactics and to illustrate why we need more infor-

mation on various aspects of mating behavior. We begin by

describing how alternative mating behavior patterns are

classified in terms of their underlying causation. We then

narrow the scope of our investigation to consider one class of

alternative mating tactics, those in which behaviors are

dynamically regulated by each male, and focus on caller/

satellite tactics.

4 .2 UNDERLYING BASES FOR ARTS:

GENETIC, DEVELOPMENTAL,

AND BEHAVIORAL

Shuster and Wade (2003) described three general classes of

alternative mating behavior. One class represents mating

strategies that are simple Mendelian traits that breed true

(i.e., are 100% transmitted from parent to offspring), and

the other two represent mating tactics that are controlled, at

least in part, by environmental factors or environmentally

induced physiological factors. These classes can be differ-

entiated by the timescale over which they develop (Shuster

and Wade 2003). As we point out later in this section, the

classification is incomplete because a number of mating
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tactics fall under multiple classes. Nonetheless, the classi-

fication is useful because it at least underscores potential

differences in causal mechanisms governing the expression

of these traits.

Mating strategies result from genetic differences between

individuals, and they are therefore fixed in an individual at

birth. The best example of this is the existence of three male

morphs of the isopod Paracerceis sculpta (Shuster and

Guthrie 1999). In this species, genetic differences deter-

mine the difference between territorial males, satellite

males, and males that show a third, intermediate tactic.

Two classes of mating tactics have been described. One

occurs when males undergo a developmental switch at some

ontogenetic stage that determines their use of a specific

mating tactic when they are adults. Such tactics most likely

result from a genotype · environment interaction, as both

genetic and environmental factors underlie trait expression

(Taborsky 1998, Garant et al. 2002). For example, rapidly

growing males develop into a sneaker morph, whereas more

slowly growing males become dominant morphs in both

coho salmon (Gross 1984, 1985) and Atlantic salmon

(Hutchings and Myers 1994). Similarly, horn morphology

in male dung beetles and the correlated alternative mating

tactics employed by these adults are determined by larval

feeding history (Moczek et al. 2002). Theoretically, the

extent to which the switch is genetically controlled will

affect the relative dynamics of the evolution of these traits.

The basis of the switch will also determine, in part, how

these systems are modeled.

The second class of alternative mating tactics includes

males that can switch rapidly between tactics. In this chapter,

we refer to tactics in this class as being under behavioral

control. For example, green tree frogs can switch from

satellites to callers in a matter of seconds (Perrill et al. 1978).

This classification follows Shuster and Wade (2003). A

similar classification has been discussed by Taborsky (1998).

Taborsky (1998) enumerated three dimensions of ARTs:

determination, plasticity, and selection. Determination refers

to whether the ART is controlled strictly by genetic dif-

ferences between individuals, by a genotype · environment

interaction, or by prevailing environmental conditions.

Plasticity describes whether the ART is fixed for life, or

changes once during ontogeny, or changes multiple times

on a momentary timescale. Selection stipulates whether

alternative traits stabilize at equal fitness or whether they

reflect a disparity in quality between individuals. Under this

terminology, strategies are fixed, genetically determined

ARTs. Tactics are environmentally determined and can

either be plastic or fixed (i.e., as a result of a genotype ·
environment interaction). While the classifications by

Shuster and Wade (2003) and Taborsky (1998) are similar,

Taborsky (1998) explicitly describes more complex origins

of ARTs than those implied by Shuster and Wade’s (2003)

three categories. For example, determination may include

both genetic and environmental inputs.

Strikingly different mathematical approaches are used to

study these three classes of alternative mating behavior.

Mendelian genetics is used to model alternative mating

strategies that are determined by one or a few loci and that

breed true. This entails an analysis of the reproductive fit-

ness contributed by each allele that codes for a specific

mating strategy (e.g., Shuster and Wade 2003). Develop-

mentally based tactics are better studied by using life-

history theory (e.g., Roff 1992, Stearns 1992, Charnov 1993)

or, more narrowly, the theory of reaction norms (Schlichting

and Pigliucci 1998). For alternative mating strategies (i.e.,

strictly Mendelian traits), we expect equal fitness of indi-

viduals expressing each strategy. If the alternative tactic is a

developmental phenomenon, understanding the basis of the

developmental switch is critical. For example, assume that

the tactic employed bymales results from differences among

individuals in juvenile growth rate. If the tactic employed by

a male results from genetically determined differences

among individuals in juvenile growth rate, then we might

expect equal fitness across tactics. However, Gross and

Repka (1998) showed that when individuals that express

different ARTs do not breed true, unequal fitness of the

different morphs could be stable. (Simply put: if the most

successful morph generates offspring that express the less

successful morph phenotypes, then both morphs can be

maintained in the population irrespective of differences

between morphs in lifetime reproductive success.) Also, if

developmental rates are determined by stochastic compon-

ents in the environment such that any individual can express

any of the possible growth rates exhibited in the population,

then there is no expectation of equal fitness (see Dawkins

1980, Gross 1996). In either case, we would think of the

mating tactic as a general rule: if growth rate is x, then

become a satellite/sneaker; if growth rate is y, then become a

territory owner. This rule may show some variation between

habitats; if so, it should be treated as a reaction norm. The

question then becomes: which rule is evolutionarily stable,

in the sense that it cannot be invaded by an alternative rule

(see Gross and Repka 1998)?

Finally, when alternative mating tactics are under

behavioral control, the problem becomes one of economic
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decision-making. Game theory (Maynard Smith 1982,

Parker 1984, Dugatkin and Reeve 1998) is one approach that

could be used to study this class of mating tactics. A more

robust but more complex approach is dynamic game theory

(Houston and McNamara 1999, Clark and Mangel 2000).

Dynamic games involve two components: dynamic

optimization and game-theoretic pay-offs. The dynamic

optimization component of the model has several functions.

It acknowledges the potential for changes in some state

variable to affect the pay-off associated with the choice of

any given mating tactic. State variables can include

physiological states (e.g., energy levels: Lucas and Howard

1995; or sperm storage levels: Harris and Lucas 2002), or

some morphological states such as size (Skubic et al. 2004).

Dynamic optimization also considers the effect of time

horizons on the pay-off to any given mating tactic. For

example, a male near the end of his life can “afford” to

expend relatively excessive amounts of energy on adver-

tisement or territorial defense because little future repro-

duction is sacrificed with an excessive expenditure. In

contrast, a young male may be selected to be more conser-

vative in his expenditure if this reduced expenditure pro-

tects large expected future reproductive benefits (e.g.,

Lucas and Howard 1995; also see Clark 1994).

The game-theoretic component of a dynamic game

acknowledges the role of both frequency- and density-

dependent pay-offs on the evolution of behavior (Houston

and McNamara 1987, Lucas and Howard 1995). Indeed, a

critical component of the evolution of alternative mating

tactics is the fact that the pay-off to any given tactic (e.g.,

territoriality) is affected by the frequency (and often

their density) of tactics played by other members of the

population (Dawkins 1980, Maynard Smith 1982, Parker

1984). The ability to combine complex state-dependent and

temporal-dependent pay-offs with frequency- and density-

dependent pay-offs makes for an extremely powerful the-

oretical approach to mating systems.

Two additional points are worth mentioning. One is that

while genetic polymorphisms are explicitly considered

when investigating alternative strategies using a Mendelian

approach, genetic polymorphism is also implicit when

studying mating tactics that are under developmental or

behavioral control (Grafen 1984). That is, for any trait to be

of evolutionary interest, genetic variation underlying trait

differences must be involved. The phenotype influenced by

genetic differences may be influenced by environmental

conditions experienced during ontogeny (reflecting a

genotype · environment interaction) or may be sufficiently

plastic to change instantaneously with changing social

conditions (reflecting a short-term behavioral response). In

nature, selection favors the best genetic option of the ones

available. In modeling, one solves for the optimal solution

and implicitly assumes that the genetic variation in the

population was sufficient eventually to settle on this solu-

tion. Strictly speaking, a dynamic game begins with a

monomorphic population with a single state- and time-

dependent tactic into which competing strategies are

introduced, and the tactic that remains is one that cannot be

invaded by a mutant playing any alternative tactic. As Mayr

(1983) and Grafen (1984) noted some time ago, our “black

boxing” of genetics using optimization techniques (Grafen’s

“phenotypic gambit”) may not be appropriate in all cases,

but it has proved to be a surprisingly reasonable approach in

most studies that employ it.

The second point is that not all mating systems can be

easily characterized as solely under genetic, developmental,

or behavioral control (see Taborsky 1998, 2001). For

example, side-blotched lizards typically exhibit three dif-

ferent, genetically determined strategies: territorial male;

nonterritorial, female-guarding male; and a female-mimic

male (Sinervo and Lively 1996). However, the mate-

guarding male can alternatively develop into a female mimic

depending on the availability of females (Sinervo et al.

2001). In Atlantic salmon, rapidly growing young males

may become sexually mature early in life. These males,

known as “parr,” remain in fresh water rather than

migrating out to sea to continue development. Parr are a

fraction of the size of anadromous males and employ a sneak

alternative tactic to gain fertilization success. However,

because this species is iteroparous, parr may subsequently

migrate out to sea and return as territorial anadromous

males (see review by Fleming and Reynolds 2004). Simi-

larly, plumage patterns in the ruff are heritable (Lank et al.

1995, 1999). Dark-collared birds defend small mating

territories on a lek; white-collared males can act as sneaker

males when they dart onto a territory and mate with

females, but they can also court females that arrive on a lek.

Hybrid models are required in all three of these examples.

For example, we could treat the ruff system as a game

played within a game: white-collared birds play a dynamic

game against other white-collared birds and choose their

mating tactic accordingly. However, this game is nested

within a genetic game played by white-collared birds against

dark-collared birds. Two-level dynamic games have been

described by Alonzo and Warner (2000a, b). These may

provide some insight into the design of hybrid models.
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Gross and Repka (1998) provide an analytical solution to the

evolution of condition-dependent, developmental switching

rules where tactics do not breed true. This latter analytical

method is preferable to the multilevel dynamic games

described by Alonzo and Warner (2000a, b) because the

model is easier to interpret, but the dynamic game approach

is the only complete solution available for complex systems

with behaviorally regulated ARTs (see Section 4.4).

4 .3 THE DYNAMIC GAME-THEORY

APPROACH

4.3.1 Behaviorally regulated traits

We now narrow our discussion to modeling behaviorally

regulated tactics. Some authors have suggested that

behavioral regulation of alternative male mating tactics is

ubiquitous (e.g., Gross 1996), although there is some debate

about the prevalence of this class of mating behavior (e.g.,

Shuster andWade 2003). What is clear from the literature is

that behaviorally regulated alternative mating tactics are

common in many mating systems and probably truly ubi-

quitous in some. Thus, an analysis of the theoretical aspects

of behavioral regulation of mating tactics is highly relevant

to our understanding of their evolution.

Ourmodel entails optimal decision-making; that is, in any

given time interval, an animal chooses to perform any one of

the alternative behavior patterns in its repertoire. The par-

ticular behavior chosen has two consequences: an immediate

fitness pay-off to the individual if it reproduces and a change

in its future reproductive success. The change in future

reproductive success is caused by changes in physiological

state (such as a reduction in energy level, size, or sperm

stores) and by changes inmortality risk (for example, through

predation or starvation) incurred when expressing a chosen

behavior. These future pay-offs should in turn affect the

current decision. Thus, each decision has cascading effects

into the future by affecting physiological state and mortality

risk, and these cascading effects will, in turn, affect choice

between alternative decisions at any given time. This pattern

of temporal cascading is dynamic optimization (Houston and

McNamara 1999, Clark and Mangel 2000).

Ecological conditions will dictate, in part, how far into

the future the temporal cascade extends as a factor influ-

encing a decision. For example, if predator density is high or

food abundance is low, then the “time horizon” of the

cascade’s effect will be relatively short. However, time

horizons are complex, multidimensional phenomena.

Consider a situation in which an animal faces starvation

because of low food abundance. The risk of starvation could

result from three different thresholds (see discussion of the

“lazy L” in Stephens and Krebs 1986): (1) a constant,

immediate risk of starvation if energy stores fall below some

threshold; (2) a daily threshold if the animal requires energy

stores to survive a period when feeding is not possible (e.g.,

at night for a diurnal species); and (3) a seasonal time

horizon if sufficient stored reserves are required to survive

for long periods such as winter. Each of these thresholds

could simultaneously influence any given decision, and the

relative importance of each threshold varies with time of day

and season. In addition, the animal’s decision is also influ-

enced by its current energetic state and a host of other

conditions. At first glance, such complexity seems too great

to handle, but the beauty of dynamic optimization is that

dynamic programming makes it fairly easy to model

multidimensional thresholds.

In addition to ecological conditions affecting decisions,

the presence of conspecifics competing for the same food or

mates means that the decisions of others will influence an

individual’s choice of behavior. This is where the game part

of dynamic game theory is important in that the pay-offs to

any decision will, in part, be affected by the frequency or

density of occurrence of the behavior in the population.

In sum, dynamic games involve a cascading feedback

between an individual’s behavioral choices and its physio-

logical state, and pay-offs to the decisions are affected by

frequency- and density-dependent trade-offs. The algo-

rithm used to find the evolutionarily stable state (ESS) has

two parts (see Houston and McNamara 1987): a backward

iteration (or dynamic program) and a forward iteration (or

simulation). In our example, we start with some initial guess

about the number of callers and satellites of each age class on

each night of the season. We then use stochastic dynamic

programming (Houston and McNamara 1999, Clark and

Mangel 2000) to find the best strategy that a single male

should play against this population. We then use a simu-

lation to determine the composition of a chorus composed

entirely of these mutants. This two-part process is repeated

until the best mutant tactic is identical with the tactic shown

by the rest of the population. This tactic is the ESS.

4.3.2 Empirical issues

To illustrate the utility of the dynamic game approach to

investigating alternative mating tactics, we will concentrate

on caller/satellite interactions in anurans. Callers expend
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energy advertising for females, while satellites act as

reproductive parasites by intercepting females attracted to

calling males. Given space constraints, we will describe the

model in general terms here. Details can be found in Lucas

and Howard (1995; also see Lucas et al. 1996) and in the

Appendix to this chapter (Section 4.5).

Caller/satellite interactions include all of the features

mentioned above for a dynamic game: males can switch

between each tactic, sometimes within an evening (Perrill

et al. 1978); calling is energetically expensive (Taigen and

Wells 1985, Grafe et al. 1992, Cherry 1993) and involves a

risk of predation (Howard 1978, Ryan et al. 1981); and the

pay-offs to each tactic are frequency-dependent (Arak 1988)

and most likely density-dependent (Ryan et al. 1981, Dyson

et al. 1992, Wagner and Sullivan 1992). To model caller/

satellite tactics using dynamic game theory requires infor-

mation on five general properties: an individual’s physio-

logical state, prevailing environmental conditions,

frequency- and density-dependent pay-offs to each tactic,

and time constraints. All five properties are best considered

simultaneously rather than singly because they interact with

each other. Below, we discuss the relevance of each property

and their relationships to each other. We will make several

points based on results derived from the Lucas and Howard

(1995) model. We assume that males have a repertoire of

four behavior patterns: calling, acting as a satellite, leaving

the chorus to forage, and leaving the chorus to hide in a

refuge.Wemodel a population in which the breeding season

is at most 50 days long, contains 1000 males (summed over

all age classes) on the first day of the breeding season, and

consists of males whose energetic stores can be arbitrarily

divided into 30 intervals. For simplicity, we assume that

there are two classes of males (1-year-olds and 2-year-olds).

Although data on the effect of male age on mating success

are rarely reported for anurans and morphological correlates

of age such as body size may only distinguish first-time

breeders from older males (e.g., Halliday and Verrell 1988),

we assume that calling 1-year-old males attract only 70% as

many females as calling 2-year-old males (e.g., Howard

1981). Initially, we assume that the reproductive rate of

satellites of both ages is 50% of the reproductive rate of 2-

year-old males (e.g., Miyamoto and Cane 1980, Sullivan

1982, Tejedo 1992). Overwinter survival for 1-year-old

males is assumed to be dependent on the energy reserves of

the male at the end of the season, with a maximum survival

probability of 0.75 (e.g., Clarke 1977, Howard 1984, Caldwell

1987). The values used are roughly based on empirical

estimates from several anuran species but are certainly not

meant to be representative of all anurans (Lucas and

Howard 1995).

(1) PHYS IOLOGICAL STATE

Continuous chorus attendance by male anurans is usually

limited to a few consecutive nights (e.g., Dyson et al. 1992,

Murphy 1994a, Given 2002) with male condition declining

with longer chorus tenure (Murphy 1994b, Judge and

Brooks 2001, Given 2002). Murphy (1994b) andMarler and

Ryan (1996) showed experimentally that chorus tenure is

significantly influenced by energetic state (but see Green

1990, Judge and Brooks 2001). Bevier (1997) has shown that

glycogen levels in trunk muscle tend to decrease more

rapidly in species where males have high calling rates.

Because satellite males do not call, there should be signifi-

cant energetic differences between caller and satellite mat-

ing tactics. The bulk of evidence points to energetics being

an important component in chorus attendance, but few

studies provide quantitative information on this point.

Obviously, we need to know the energetic consequences of

each decision. However, even a thorough knowledge of the

dynamics of a male’s physiological state will not give us a

complete understanding of the evolution of alternative

mating tactics, in part because environmental conditions

should also affect the evolution of these traits.

( 2) ENV IRONMENTAL CONDIT IONS

Environmental conditions can influence behavioral deci-

sions in several ways. We will illustrate this point with an

example from our original model (Lucas and Howard 1995).

We consider two environmental conditions: the number of

days remaining in the breeding season and the degree to

which climatic conditions are favorable for breeding. For

the latter, we assume that female arrival rate to a chorus is

partly a function of weather (e.g., rain).

Our model generates the following predictions. When

environmental conditions are often conducive for high

female-arrival rate, chorus formation will be promoted.

Under these conditions, 2-year-old males with high energy

stores should stay in the chorus and call and 2-year-old

males with low energy stores should leave the chorus and

forage (Figure 4.1A). However, the threshold level at which

2-year-old males leave and forage declines as the season

progresses. Thus, a male’s energy stores should influence

whether it enters a chorus, but the effect of energetic state

on a male’s mating behavior is most critical early in the

season when the time horizon for future mating oppor-

tunities is relatively long.
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Predictions differ for 1-year-old males: under the same

conditions, 1-year-old males are expected to use satellite

tactics throughout the breeding season (Figure 4.1B). The

exclusive use of the satellite tactic by younger males is caused

by several factors. Satellite tactics are assumed to require less

energy than calling, and extended periods of environmentally

favorable days for chorusing puts a premium on energetic

efficiency. Furthermore, the pay-offs for calling differ: 1-

year-oldmales attract fewer females by calling than 2-year-old

males do. The net result is that 1-year-oldmales should weigh

future reproductive success more strongly than 2-year-old

males, and they should therefore choose a more conservative

tactic than 2-year-olds. The more conservative strategy

chosen by 1-year-olds causes the mass threshold for leaving

the lek to increase as the season progresses – a trend

opposite to that seen in 2-year-olds. Thus 1-year-old males

in marginal condition at the end of the season should avoid

the costs of entering the chorus; whereas 2-year-old males in

marginal condition should accept these costs because these

older males have less to lose if they die.

Regardless of age, males are predicted to move in and out

of the chorus within a period of 4 to 7 days. Males are pre-

dicted to leave choruses because, under our assumptions, they

will starve if they call continuously formore than 10 days, even

if they begin with full fat stores. However,males are predicted

to leave choruses well before they face these energetic con-

straints. Males leave earlier than expected based on energetic

considerations because frequency- and density-dependent

pay-offs should contribute to the coherence of a chorus.

( 3 AND 4 ) FREQUENCY- AND DENS ITY-

DEPENDENCE

Our model suggests that low-energy-state males are forced

to leave every few days because they need to avoid starvation

by foraging. The loss of these males from the chorus, in

turn, potentially reduces the value of chorus attendance by

males with relatively high energy states. The high-energy-

state males leave because we have assumed that predation

risk is both frequency (i.e., lower for satellites) and density

dependent, and that female arrival rate is chorus-size

dependent. The net result is what appears to be a pulsing

chorus because males move in and out of the chorus without

any change in environmental conditions. Note that the

departure of low-energy-state males reduces the tendency

for any other males to enter the chorus. This pulsing will be

reinforced by an entrainment of energy states of males in the

population because many males will be foraging or entering

the chorus at the same time, and the modal energy state

shown by males in the population will therefore cycle along

with the pulsing of the chorus.
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Figure 4.1 Decision matrix for males as a function of day in season

and energetic stores. This simulation assumes that most days are

conducive for chorus formation (Pgoodday¼ 0.8), that mating

success of satellites is 50% of the success of 2-year-old callers, and

that 1-year-old males get 70% of the mating opportunities of

2-year-old males if they call. The cost of calling is�2.5 (1.4 energy

units per night). Note that (A) 2-year-old males call if they have

high energy stores; (B) 1-year-old males choose to become satellites

if they have high energy stores; the threshold energy at which

2-year-old males call decreases as the season progresses; and

throughout the middle of the season all males are predicted to leave

the chorus periodically in order to forage. Note that the lower right

corner of this figure represents the beginning of the breeding season

(day 1) and represents males with the lowest energy reserves (0).
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Numerous other factors could also influence frequency-

or density-dependent trade-offs when pay-offs are meas-

ured in terms of increased mating success and reduced

predation risk. For example, the pay-off to utilizing either

the calling tactic or the satellite tactic should depend on the

percentage of males in the chorus that are currently using

each tactic (which should, in turn, be a function of the age/

size distribution of males in a population). The density of

calling males should be positively correlated with the arrival

rate of females and negatively correlated with the risk of

predation each male might experience. However, merely

stipulating the sign of these correlations is insufficient; the

form of both functions (i.e., linear, accelerating, dampen-

ing) can be critical.

The relevance of each factor we have discussed thus far

can be demonstrated with the following example. Physio-

logical studies indicate that the cost of calling varies con-

siderably across species (see review in Gerhardt and Huber

2002). For species with a particularly high cost of calling, we

predict that chorus attendance should decrease dramatically

in 2-year-old males (compare Figure 4.2A with Figure

4.1A). Early in the breeding season, 1-year-old males should

enter a chorus as satellite males if they have low energy

stores and they should call only if they have high energy

stores. In contrast, 1-year-old males should use the satellite

tactic exclusively toward the end of the season, even if they

have high energy stores (Figure 4.2B). Of course, the use of

the satellite tactic by 1-year-old males is only viable if

2-year-old males call. In other words, frequency-dependent

trade-offs associated with the caller/satellite decision

determine critical components of chorus dynamics.

The above predictions assume that favorable environ-

mental conditions prevail during the breeding season. In

this case, energetic constraints will limit chorus attendance,

and density- and frequency-dependent pay-offs will dictate

how the population responds to these energetic constraints.

However, unfavorable environmental conditions are pre-

dicted to eliminate both of these effects. If rain is less fre-

quent during the breeding season, we predict that 2-year-old

males should call on the few days that rain does occur (data

not shown). Because a succession of rainy days should be

uncommon, 2-year-old males never have the option of

remaining in a chorus for periods long enough to jeopardize

their energy stores. Thus, infrequent rains effectively

shorten the time horizon associated with the energetic cost

of chorus attendance. Males will only chorus for short

intervals of time and will then have sufficient time to recoup

energetic expenditures before it rains again. No pulsing of

the chorus is expected as seen under more favorable and

continuous breeding conditions.

When conditions favorable for breeding are rare during

the season, energetic constraints should also be less relevant

for 1-year-old males. These males should maximize their

chances of mating on favorable days by calling rather than

energy

0

30

1
50

hide

forage

satellite

call

(A) (B)

2-year-old males

energy

0

30

1
50

hide

forage

satellite

call

1-year-old males
day in season day in season

Figure 4.2 Decision matrix for males as a function of day in season

and energetic stores. This simulation assumes the same factors

listed in Figure 4.1 and additionally assumes that the cost of calling

is increased 40% over the cost assumed in Figure 4.1. (A) Note that

2-year-old males call if they have high energy stores, convert to

being satellites at intermediate energy stores, and leave the chorus

to forage at low energy stores. (B) The same is true of 1-year-old

males, except that 1-year-old males do not call at the end of the

season. Also, all males spend more days during the season foraging

thus limiting the total number of days the chorus is active.
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using the satellite tactic. The 1-year-old males should only

adopt the satellite tactic early in the season, and only if they

have a long breeding future.

Clearly, to understand the dynamics of chorus activity,

we need to know the energetic consequences of each

alternative behavior, but there are a host of frequency- and

density-dependent factors that could also exert effects. In

particular, these factors should affect the cohesiveness of a

chorus and thereby override energetic effects. Finally, all of

these effects are moderated by environmental conditions.

(5 ) T IME CONSTRA INTS

The last property needed to parameterize dynamic games is

time constraints. As explained above, energetic constraints

should have less effect on 2-year-old males than 1-year-old

males as the breeding season progresses, because mating

opportunities end with the current year for 2-year-old

males; in contrast, 1-year-old males may survive for another

year. If 1-year-old males survive the subsequent winter,

prospects for mating success will be high in their next

breeding season, as then they will be 2 years old. Thus,

1-year-old males have a longer time horizon than 2-year-old

males. This should reduce the correlation between energetic

thresholds and time of season and should cause 1-year-olds

to choose an energetically conservative strategy all year long

(see Figure 4.1). More generally, the reproductive conse-

quences of most mating behavior patterns are likely to be

affected by a variety of limited time horizons. A complete

understanding of these time horizons is important in our

characterization of behaviorally mediated mating tactics.

4.3.3 Incorporating all five factors: an

example

Counterintuitive predictions can result from our model

under specific parameter levels of the five factors we have

outlined. In general, calling males and satellite males have

an uneasy truce. Males call to attract females and the

presence of callers makes the satellite tactic viable. If the

cost of chorus attendance is sufficiently high for 1-year-old

males, they should only enter a chorus as satellites; however,

if callers suffer a significant reduction in mating success

because of the presence of many satellite males and if the

risk of predation is also high, then 2-year-old males that

would otherwise call should not enter the chorus at all

(Figure 4.3A). The consequence is no chorusing for

extended periods of time. Callers stay away because the

prospects of obtaining a mate are too low and chances of

predation too high; satellite males stay away because there

are no callers to parasitize (Figure 4.3B). Importantly, our

simulation showed that every male would have a higher

fitness if all individuals called in a chorus early in the season;

however, this is not an ESS because it can be invaded by a

male who plays satellite at least some of the time. Instead,

the only ESS is for no one to call until they essentially

run out of time in the season. At the end of the season,
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Figure 4.3 Decision matrix for males as a function of day in season

and energetic stores. This simulation assumes the same factors

listed in Figure 4.1, except that the mating success of satellites is

80% of the success of callers. Note that (A) 2-year-old males change

to the satellite tactic if their energy stores are low, but otherwise call;

(B) 1-year-old males become satellites if they have high enough

energy stores. In addition, the total duration of the chorus is only

9 days.
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2-year-old males have no alternative but to enter the chorus

because they will not survive to breed again. The presence

of 2-year-old males with high energy loads that choose to

call provides a viable option for 2-year-old males with low

energy stores to act as satellites. In addition, the presence of

calling 2-year-old males makes it viable for 1-year-old males

to enter the chorus. Whether these males call or use the

satellite tactic will depend on the frequency- and density-

dependent trade-offs when in competition with calling

2-year-old males. Under the conditions we simulated here,

they should always enter as satellites. Thus, the joint effect

of time constraints, environmental factors, game aspects,

and energetic constraints all dictate the expression of mating

behavior patterns in this example.

4.3.4 Graded signals: an extension of the

model

Although caller/satellite roles differ qualitatively, alterna-

tive mating tactics may also involve quantitative decisions

such as the timing of when males display, and these quan-

titative decisions can be the basis for mating polymorphisms

in a population (e.g., Boyko et al. 2004). Although these

polymorphisms may be more subtle than qualitatively dif-

ferent roles, dynamic game theory can be used to investigate

decision-making in these situations and thus increase our

appreciation of the evolution of mating systems. Indeed,

qualitative and quantitative differences are not mutually

exclusive categories of behavior. For example, males

exhibiting a qualitatively distinct class of signaling behavior

may nonetheless show quantitative variation in the intensity

of this signal. Below we extend our original caller/satellite

model to illustrate how we can use dynamic game theory to

study quantitative signal variation nested within qualita-

tively different mating tactics.

Starting with Zahavi (1975), research on signal design

has focused on the factors that contribute to the evolu-

tionary stability of signals that honestly advertise the quality

of a mate (Grafen 1990, Maynard Smith 1991, Johnston and

Grafen 1992). The consensus is that for signals shared

among nonrelatives, the signal needs to be expensive to

produce and the relative fitness consequences of producing

an enhanced signal must be greater for low-quality males

than for high-quality males. The models assume that

females cannot detect male quality directly but can only

infer quality from male signals – hence the issue of honesty

and the potential for dishonest signaling (i.e., low-quality

males providing high-quality signals).

In virtually all mating systems with alternative mating

strategies/tactics, some males indicate their quality to

females by providing information in their signals. In caller/

satellite systems, calling males can vary acoustic properties

of their signals such as call amplitude, rate, or duration, and

females appear to prefer more exaggerated calls (reviewed

by Gerhardt and Huber 2002). We know of no studies that

have investigated whether the presence of satellite males

affects any of these call properties of calling males.

Given the greater cost of producing a louder, longer, or

more frequent call, it is assumed that these call properties

can provide honest advertisements of calling-male quality.

However, models used to study the evolution of honest

signaling have primarily been static game-theory or genetic

models (Grafen 1990, Maynard Smith 1991, Johnstone and

Grafen 1993, Johnstone 2000, Gintis et al. 2001). While

game-theoretic models have contributed significantly to our

understanding of signal evolution, they leave out a poten-

tially critical component of signal cost. In particular, the

fitness consequence of investing energy on mating adver-

tisements may change dynamically for signalers, as we have

illustrated above. For example, an energetic expenditure

early in a breeding season may have greater fitness conse-

quences than an identical expenditure at the end of a

breeding season. How do these dynamic components of a

signaling system affect the evolution of the signal?

Proulx et al. (2002) showed that game-theoretic models

with age structure generate different predictions than static

models because young individuals have more to lose from

risky signaling than do old individuals. As a result, we

expect young individuals to be more conservative than old

individuals when signaling; thus, we expect the signals from

old individuals to be a more honest representation of quality

compared to signals from young males. Although Proulx

et al. (2002) incorporated age effects in their model, time-

dependent changes in state were not explicitly treated.

Dynamic games provide a mechanism to do just this and

therefore can be used to evaluate the conclusions of Proulx

et al. (2002) more completely.

To address these issues, we modified our original model

to incorporate a graded call signal. We assume that the cost

of an exaggerated signal falls under the category of

“receiver-independent costs” (Vehrencamp 2000). That is,

signaling cost is independent of the target receiver’s

response, as would be expected if the primary cost of pro-

ducing a signal is either energetic or a risk of attracting

predators. We assume that call exaggeration affects three

aspects of a male’s reproductive success:
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(1) Relative attractiveness to a female. Assume that this is

a monotonic increasing function of call investment

(“intensity”) but with diminishing returns. We

simulate this function as

RelAttractivenessðintensityÞ
¼ 0:4þ ð5:21· ðintensity � 1Þ0:5Þ=9: ð4:1Þ

(2) Energetic cost of call production. We modeled this

relationship as a linear function of intensity following

data cited in Gerhardt and Huber (2002):

COSTðintensityÞ ¼ 0:5þ ðintensity � 1Þ=3: ð4:2Þ
(3) Relative risk of predation. We modeled the effect of

call intensity on caller predation risk using an

accelerating function of intensity:

ProbPREDðintensityÞ
¼ 0:6112þ ðintensity � 1Þ2=9: ð4:3Þ

To simplify the analysis, we used four levels of call intensity

(1–4). Increasing the number of levels to eight did not alter

predictions, however. For all three functions, the coeffi-

cients were set such that there was a mean of 1.0 in the effect

(attractiveness, energetic cost, or predation risk) for an

equal weighting of the four intensity levels. Note that the

functions described above are used as multipliers of the

background attractiveness, energetic cost, and predation

risk used in the original model (see Appendix, Section 4.5).

Results show firstly that the general properties of our

original model are not altered if callingmales use graded calls.

For example, in environments conducive for chorus forma-

tion (i.e., probability that the environment is appropriate for a

chorus on any given day, Pgoodday¼ 0.8), males are expected

to show pulses of mating activity punctuated by 1- to 2-day

intervals where all males leave the chorus to eat. This pulsing

is not shown in drier environments (e.g., Pgoodday¼ 0.4).

Also, not surprisingly, 1-year-old males will tend to act as

satellites, and 2-year-old males should tend to call. The

degree to which the satellite tactic is employedwill depend on

the relative success of satellites compared to callers. These are

important results, because they suggest that our original

results are robust to minor modifications of the model.

Secondly, our results partially support and extend the

conclusions of Proulx et al. (2002). The relative shape of the

intensity functions will strongly influence the results from

the model. Due to space limitations, however, we will not

explore this aspect of the model here. Instead, we will use

Eqs. (4.1) to (4.3) to illustrate a few points about honest

signaling. If mate availability for satellites is only 40% of

that for the mean caller and if the environment is favorable

on most days (Pgoodday¼ 0.6), then both 1-year-old and

2-year-old males call, but calling intensity increases with

energy stores on a given day and call intensity changes over

the course of the breeding season for both age groups.

However, 1-year-old males should tend to call at lower

intensities toward the end of the season (Figure 4.4A),

whereas 2-year-old males should call at higher intensities at

the end of the season (Figure 4.4B). Thus, as Proulx et al.

(2002) suggest, one could conclude that calls from 2-year-

old males appear to be more honest than those from 1-year-

old males in that older males’ calling intensity is a better

reflection of their immediate condition compared to the

younger males. However, this conclusion is correct only at

the end of the breeding season. At the beginning of the

season, a male’s calling intensity may provide little infor-

mation to the female about the quality of the calling male.

Our model suggests that the logic of Proulx et al. (2002)

is sound under certain conditions: at the end of a long season

(50 days) in a fairly high-quality environment (Pgoodday

¼ 0.6). If the conditions are even more conducive for chorus

formation (Pgoodday¼ 0.8), temporal trends in the intensity

of calling by 1-year-old males reverse: they call more

intensely at the end of the season (Figure 4.4C), as do

2-year-old males (Figure 4.4D). Paradoxically, the season is

expected to be shorter for the more favorable conditions

because satellite pressure drives callers from the chorus.

However, the final stable solution is for all males to call! By

eliminating the satellite option, we can show that the

“ghost” of satellite pressure is the primary factor generating

this pattern. When this happens, males call throughout the

season (data not shown). Paradoxical results notwith-

standing, the shortened season reduces future reproductive

success for 1-year-old males and this in turn causes them to

give relatively honest signals toward the end of the breeding

season. Thus, the conclusion about age dependency in call

honesty is sensitive to assumptions made about environ-

mental conditions and time constraints on future repro-

ductive success. Indeed, a change in a single parameter,

such as the quality of climatic conditions, can change

qualitative predictions about calling intensity. These results

illustrate the value of dynamic game theory. Compared to

static game-theory models, these more complex models

provide a robust method of calculating future reproductive

success and incorporating estimates of future reproductive

success into predictions about mating tactics. Of course, this

ability to measure future reproductive success comes at a
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cost: the empirical description of a mating system needs to

incorporate all five of the factors we listed above.

Dynamic games provide a mechanism for understanding

the effect of each of the five critical properties discussed in

this chapter. This point is underscored by the limited

results we have shown here in our model of graded signals.

We assumed that females prefer 2-year-old males, but that

male reproductive success is also a function of calling

intensity. Should intensity honestly indicate male quality?

The answer is yes, but only under limited circumstances.

Our results provide evidence that only 2-year-old males

should call at maximal intensity. Thus, females should be

able to distinguish at least a subset of the highest-quality

(older) males from lower-quality (young) males. However,

our model assumes that females do not discriminate

between males of different energetic states within an age
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(D) 2 year old, Pgoodday � 0.8

(A) 1 year old, Pgoodday � 0.6 (B) 2 year old, Pgoodday � 0.6

(C) 1 year old, Pgoodday � 0.8

Figure 4.4 Mean predicted energy reserves as a function of time-

in-season (day) and call intensity for 1- and 2-year-old males in

our modeled population. Note that unlike Figures 4.1 to 4.3, this

figure represents the profile of the population that results from the

decision matrix, not the decision matrix itself. Panels (A) and (B)

represent environments where the probability of a day favorable

for chorus formation is 0.6; (C) and (D) represent environments

where this probability is 0.8. The different symbols represent

different call intensities: small circle¼ intensity 2, medium

triangles¼ intensity 3, and large boxes¼ intensity 4. No male is

predicted to call at the lowest intensity (1), and no males are

predicted to act as satellites under these conditions. If no symbol is

plotted for a given day, no chorus is predicted to form on that day

(e.g., no chorus forms for the first 34 days in (C) and (D)). Note

that 1-year-old males in (A) give less intense calls toward the end

of the season, shifting in intensity from a mix of level 2 and 3

intensities around day 20 to only intensity 2 after day 30. The

1-year-old males in (C) tend to give more intense calls as the

season progresses, with males giving intensity 3 calls over a

broader range of body masses toward the end of the season. The

latter trend is shown by 2-year-old males for both environments

((B) and (D)). Also, on any given day, low-energy males always

give less intense calls than high-energy males if more than one

intensity is produced.
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class. Nonetheless, energetic state is predicted to have a

profound effect on calling intensity because a male’s ener-

getic state will affect his future reproductive success. As a

result, variation in calling intensities based on energetic

state can blur the distinction between calling properties of

high- and low-quality males. The point is that factors such

as genetics or parasite load that are relevant to a female in

her choice of males may be masked by variation in other

factors such as energy stores that reflect stochastic events in

an organism’s life (see Stephens and Krebs 1986). Models

such as the ones we have described here provide us with an

important tool for understanding the dynamics of these

decisions.

4 .4 HOW DETAILED SHOULD A

MODEL BE?

As in our earlier papers, our goal here is to aid researchers in

prioritizing data collection by providing insights on the type

of data required to analyze alternative mating tactics. As we

have discussed above, alternative mating tactics are complex

phenomena in that at least five general factors are involved

in their evolution (an individual’s physiological state, pre-

vailing environmental conditions, frequency- and density-

dependent pay-offs to each tactic, and time constraints).

Such interplay between theoretical models and empiricism

begs the following philosophical question: should we con-

struct complex models of behavior that push the limits of

our ability to collect data, or should we construct simple-

models of behavior? We suggest that both approaches are

necessary (also see Hilborn and Mangel 1997).

From our perspective, simple models perform a function

different from that of more complex models. For example,

the hawk/dove game (Maynard Smith 1982) revolutionized

the study of behavior by introducing the concept of

frequency-dependent pay-offs. This is a perfect example of

a simple model that caused us to think about behavior in a

new way.

A number of models of the evolution of mating behavior

follow this pattern. State-independent game theoretic

models provide a single-focus view of these systems.

Examples include Waltz (1982) and Arak (1988), who

evaluated caller/satellite decisions based on the relative

attractiveness of nearby males. More complex, three-player

games have also been described. Hamilton and Dill (2002)

considered a game with three male strategies (resource

owner, satellite, and floater), whereas Hugie and Lank

(1997) modeled lekking in ruffs where they considered two

male strategies (satellite and territorial males) playing

against one another and against females. Hugie and Lank

(1997) showed that female choice may constrain all terri-

torial males to have satellites, despite the fact that this

reduces reproductive success of the territorial males. This

result is analogous to our description of systems where the

“ghost” of satellite parasites should keep males away from

the chorus, despite the fact that their reproductive success

would be higher if they did enter the chorus to call. Gross

and Repka (1998) published a very different game-theory

model that showed that condition-dependent choice of

alternative mating tactics could be stable without equal

fitness of the alternative mating morphs if there is partial

inheritance of behavior (i.e., male morph a produces some

fraction, p< 1, of a offspring).

These models have proved to be important in helping us

understand specific components of mating systems. How-

ever they are, by definition, incomplete, and we cannot

know whether their predictions are robust unless a more

complex model is developed. Brodin (2000) and Pravosudov

and Lucas (2001) provide an example of problems that can

arise from models that are too sketchy in their depiction of

behavior.

As our caller/satellite dynamic game illustrates, complex

models give us some insight into the subtle and sometimes

counterintuitive outcomes that can result from the inter-

actions between a myriad of factors that regulate behavior.

Indeed, only complex models can give us a way to put

this myriad of factors into focus. Butwhat level of complexity

is sufficient? Dynamic programs that ignore frequency-

dependent pay-offs can offer a partial solution where aspects

of games played between males (or between males and

females) are simply fixed. Examples of this approach are

Fraizer’s (1997) analysis of alternative mating tactics in digger

wasps and Skubic et al.’s (2004) model of reproductive para-

sitism by subordinate helpers in a cooperatively breeding

cichlid fish. Harris and Lucas (2002) showed that a dynamic

program of sperm competition was broadly compatible with

the game-theoretical models of Parker (1990), but revealed

implicit assumptions about environmental factors that could

invalidate predictions from the game-theoretical models when

the assumptions are not met.

Dynamic games take this complexity one step further.

But even with dynamic games, the level of complexity varies

between models. In this chapter, we describe dynamic

games played between males. A model derived from our

previous work (Lucas et al. 1996) by McCauley et al. (2000)

showed that broadly similar predictions could be generated
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with a slightly scaled-down version of our model.McCauley

et al. (2000) argue that we do not need such a complex

model. The problem is that this statement is meaningless

without the one-to-one comparison between models. Even

these models ignore multilevel games, which are certainly

possible in the evolution of ARTs when female choice

affects the pay-offs to males choosing among alternative

reproductive tactics, but where the frequency of male tactics

in turn affects the pay-offs to females in their choice of

reproductive behavior. Thesemultilevel games are described

by Alonzo and Warner (2000b, c). Indeed, Alonzo and

Warner (2000b) showed that only their most complex

multilevel dynamic game explained observed relationships in

a game where female Mediterranean wrasses choose spawn-

ing behavior, sneaker males choose when to join a nest, and

nesting males choose if and when to desert a nest. Of course,

complex models may be so complicated that it is difficult to

ensure that they are correct. Grafen’s (1990) classic model of

honest signaling is a case in point (Siller 1998).

Nonetheless, the point we are trying to make in this

chapter is that details matter in developing a sound predictive

basis for the evolution of behavior. This is particularly true of

behavior patterns as complex as alternative mating tactics.

We have discussed the fact that the five general properties of

behaviorally regulated alternative mating tactics have not

been simultaneously incorporated into any study to our

knowledge. We hope this short review has given students of

mating behavior a good reason to expand their studies to

include this broader view of their systems.

4 .5 APPENDIX: THE MODEL

This Appendix is largely derived from Lucas and Howard

(1995). The original model assumed that calling males had

only one option when they enter a chorus, to call at a fixed

intensity. We provide one important extension of the ori-

ginal model to allow for graded call intensities.

4.5.1 The original model

We model male anuran mating decisions as a stochastic

dynamic game, using an algorithm suggested by Houston

and McNamara (1987, 1988). We will first briefly outline

the model; we then discuss each part of the model in detail.

Males are assumed to choose among four different

behavior patterns: call, satellite, forage, or hide in a preda-

tor-safe refuge. The latter two are performed away from the

chorus, and the first two are performed in the chorus. We

assume that the decision is made once per day and commits

the male to a given course of action for a full day. Each

decision is assumed to result in a specified change in energy

reserves (i.e., energy is the “state variable”) and predation

risk. Energetic expenditure, and therefore starvation risk, is

assumed to be highest for calling males and lowest for

hiding males. For males in the chorus, predation risk is

assumed to decrease with chorus size; predation risk is also

assumed to be generally higher for males in the chorus than

for foraging or hiding males.

The choice among behavior patterns is assumed to be

based on lifetime mating success. Male mating success is

assumed to be a function of (1) the mating tactic chosen by a

male, (2) the degree of competition between males, (3) male

age, and (4) the arrival rate of females into the chorus.

Female arrival rate, in turn, is a function of day in the

breeding season, environmental quality (e.g., amount of

precipitation), and the size and composition of the chorus.We

simplify male age to allow for two age categories, 1-year-old

males (males in their first year after sexual maturation) and

2-year-old males (males returning to breed in their second

year of adulthood).

We seek a state- and time-dependent strategy that is

evolutionarily stable or resistant to invasion by a mutant

strategy. The algorithm we used to find the ESS has two

parts – a backward iteration (or dynamic program) and a

forward iteration (or simulation). We start with some initial

guess about the number of callers and satellites of each age

class on each night of the season. We then find the best

strategy (i.e., the one that maximizes lifetime mating suc-

cess) a single male should play against this population using

stochastic dynamic programming (Houston andMcNamara

1999, Clark and Mangel 2000). The dynamic program

essentially identifies the best mutant strategy that could

invade the population. The optimal strategy is calculated for

all possible combinations of environmental state, energetic

state, day in season, and male age. We then use a simulation

to determine the composition of a chorus composed entirely

of these mutants. This two-part process is then repeated

until the best mutant strategy is identical with the strategy

shown by the rest of the population. This strategy is the

evolutionarily stable strategy (ESS: Parker 1984; or more

specifically, the Nash equilibrium); that is, the strategy that

when played by the entire population cannot be invaded by

a single mutant playing some alternative strategy.

It usually takes about five to ten iterations for the algo-

rithm to find the ESS, when one exists. However, there are

conditions where no ESS is found (see Houston and
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McNamara 1987, Lucas et al. 1996). In these cases, we

present the results of the model after 50 iterations. An

alternative approach for unstable models is to allow for

partial “invasion” of the mutant strategy into the back-

ground population, instead of having the mutant completely

replace the background population (McNamara et al. 1997;

see Boyko et al. 2004 for an example). We have found that

the solution generated in this manner is nearly identical to

the solutions generated from our model when it is unstable

because the instability is generated from only a few unstable

matrix elements (i.e., combinations of time, state, and

environment). We therefore retain the simpler algorithm

used in our original paper.

The dynamic program solves for the best mutant strat-

egy assuming that expected lifetime reproductive success

(LRS) is maximized. LRS, in turn, is affected by survi-

vorship and mating success.

SURV IVORSH IP

Starvation rate on any night during the breeding season is

taken as a function of the level of energetic reserves and is

modeled using an incomplete beta function (note:

throughout this appendix, square brackets indicate that the

variable is a function of the bracketed terms):

lst½e� ¼ 1� Ie½ae; be�; ð4:4Þ
where Ie[ae, be]¼ an incomplete beta function of relative

energy state e with arguments ae and be. The incomplete

beta function is a cumulative distribution function of some

variable ranging from 0 (at e¼ 0) to 1 (at e¼ 1). Here e is the

fraction of maximal energy reserves carried by a male at the

beginning of any given night. The incomplete beta function

is similar in shape to a cumulative normal distribution,

except it has the biological realism of finite tails (see Figure 1

in Lucas and Howard 1995).

To run the dynamic program, energetic state and time

are divided into discrete intervals. Time is broken into

intervals of 1 day. We divided energetic state into a series of

30 intervals, and assume that the result of each chosen

behavior is a stochastic change in state. Thus if the current

state is e (which ranges from 0 to 30), then Dei � rei is the
per-day change in state caused by the choice of behavior i.

We assume a normal frequency distribution of energy states

for each age class of males in the population on the first day

of the mating season, with l¼ 25.5 and r2¼ 2.86 (note: this

is relevant only for the forward iteration).

We assume that overwinter mortality (the probability

of dying at any time from the end of one breeding season

until the beginning of the next breeding season) is also a

function of the energetic state of a male at the end of the

season (e):

low½e� ¼ 1� Ie½aw; bw� · cow ð4:5Þ
where cow¼maximum overwinter survivorship.

Predation rate in a chorus is assumed to vary as a

function of chorus size and satellite frequency:

lcall½date; eq� ¼
bp · ð1� C ½date; eq�Þ

1þ bs ·
S½date; eq�
C ½date; eq�

ð4:6Þ

where bp¼maximum probability of a predation event in a

caller’s territory and date¼ number of days since the

breeding season started. This relationship assumes that

predators locate callers, either acoustically or using move-

ment cues, and thus primarily cue on signals emitted by the

caller (e.g., Howard 1978, Ryan et al. 1981, Perrill and

Magier 1988). C [date, eq] is the relative number of calling

males on any given day of the breeding season, taken as a

fraction of the maximal possible number of males (i.e., the

number of males with 100% survival rate), assuming

environmental quality “eq” (see below). Thus, C [date, eq]

reflects both a reduction in chorus size caused by mortality

and the proportion of males in the chorus that are calling.

Similarly, S [date, eq] is the relative number of satellites in a

chorus. The numerator in Eq. (4.6) is the probability of a

predation event in a calling male’s territory. This is assumed

to be a linear function of chorus size. The denominator

accounts for the fact that satellites can “share” the risk of

predation. Here bs is the risk to a satellite of being killed

relative to the risk to a caller. We assume that bs< 1. The

denominator, therefore, is the effective number of indi-

viduals that can be preyed upon in a territory. The recip-

rocal of this number is the probability that the caller is killed

when an attack occurs. The predation risk to a satellite on

the territory is taken as a fraction of the risk to callers:

lsat½date; eq� ¼ bs ·lcall½date; eq�: ð4:7Þ

We assume that predation rates on foragers (lforage) and on

males hiding in a refuge (lhide) are lower than those onmales

in a chorus, and that both lforage and lhide are constant.

MATING SUCCESS

There are two components to LRS: the mating success on a

given night (“current mating success”) and expected future

reproductive success. Current mating success, which is

nonzero for only callers and satellites, is a function of three
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variables: time in season, environmental quality, and chorus

size. For simplicity, we assume that lifetimemating success is

equivalent to LRS. This part of the model would have to be

altered to include the seasonally adjusted value of a mating in

species where the size and survivorship of clutches varies

seasonally (e.g., Morin et al. 1990). Our model could also be

easily extended to adjust the value of matings for phenomena

such as size-assortative mating for which there is a higher

fitness pay-off per mating for larger males.

The seasonal female-availability function assumes that

there is some maximum number of females that could

potentially arrive on a given day in the breeding season.

This number increases through the first part of the year and

decreases thereafter and is modeled using concatenated

incomplete beta functions of day in season, “date” (see

Figure 1 in Lucas and Howard 1995):

U date½ � ¼ Is1 ar; br½ � if date < Tmax=2

Is2 ar; br½ � otherwise

�
ð4:8Þ

where s1¼ 2· date/Tmax,

s2¼ 2· (1� date/Tmax),

ar,br¼ arguments of incomplete beta function,

Tmax¼ last possible date that females could arrive.

In many species, female arrival rates are correlated with

environmental variables such as rainfall or temperature, with

females typically arriving on warm, rainy evenings (e.g.,

Robertson 1986, Telford and Dyson 1990, Ritke et al. 1992,

Tejedo 1992). (Note that in all cases, our measure of female

arrival rate is the rate per calling male.) We combine these

environmental variables into a single variable representing

environmental quality (“eq”), and assume that female arrival

rate is a linear function of environmental quality:

q½eq� ¼
�
1�eq=4 if eq � 4

1 otherwise
ð4:9Þ

and eq ranges from 0 (highest quality) to 4 (lowest quality).

We assume that eq increments byþ 1 (when eq< 4 and by 0

otherwise) with some fixed probability, 1�Pgoodday, on each

day of the breeding season, and reverts to eq¼ 0 with

probability Pgoodday. This is analogous to rain (i.e., a “good”

day) immediately increasing the availability of females and

to female arrival rate decreasing with the number of days

since the last rain. However, “rain” (when eq¼ 0) is meant

to correspond to the suite of environmental factors that

promote high female arrival rates into the chorus. Most of

the chorus activity occurs on favorable days (i.e., low eq);

therefore to simplify the discussion of the model results, we

only present results from favorable days.

Finally, we assume that the arrival rate of females into a

male’s territory increases with chorus size:

n½date; eq� ¼ cn1 · ðC ½date; eq� · 2

þ cn2 · C ½date; eq�2Þ ð4:10Þ
where cn1¼maximum female arrival rate; cn2¼ constant.

If cn2 is positive, this function is accelerating (concave up),

and if it is negative, the function is decelerating (concave

down) (see Figure 2A in Lucas and Howard 1995). If there

are no calling males in the population, we assume that a

“mutant” (and lone) caller represents a relative chorus

size of 10� 4.

The net female arrival rate into an average caller’s ter-

ritory is

F½date; eq� ¼ n½date; eq� · q½eq� · U½date�: ð4:11Þ
This is the average female arrival rate across all territories.

However, 1-year-old males may experience a lower mating

success than oldmales. For simplicity, we will assume that the

net effect of this age difference is that 1-year-old males

“attract” fewer females into their territories than 2-year-old

males and subsume any type of competition formates into this

age effect. The age difference can be accounted for as follows:

Assuming that any given 1-year-old male is able to

attract some fraction (c1) of the number of females a 2-year-

old male will attract, and assuming that q1[date] is the

proportion of callers that are 1-year-old males, then 2-year-

old males will attract females at a rate

v2½date; eq� ¼ F ½date; eq�
1� q1½date�ð1� c1Þ

ð4:12Þ

and 1-year-old males will attract females at the following rate:

v1½date; eq� ¼ v2½date; eq� · c1: ð4:13Þ
In addition to age, the frequency of satellites in the chorus

will affect mating rates. This is because females arriving in

the territory are shared among the caller and satellites in the

territory; thus, the current mating success of the caller is the

rate at which females are attracted to the territory on a given

night of the season, diminished by the rate at which satel-

lites intercept females:

Mscall½age; date; eq� ¼
mage½date; eq�

1þ csat ·
S½date; eq�
C ½date; eq�

ð4:14Þ

where csat¼ the ability of a single satellite to obtain mates,

taken as a fraction of the ability of a caller to obtain mates

(we assume that csat< 1).
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The current mating success of a satellite is assumed to be

age independent:

Mssat½age; date; eq� ¼ F ½date; eq� · csat
1þ csat ·

S½date; eq�
C ½date; eq�

: ð4:15Þ

The current mating success of foraging males and hiding

males is zero:

Msforage½age; date; eq� ¼ Mshide½age; date; eq� ¼ 0: ð4:16Þ

TOTAL L IFET IME REPRODUCTIVE SUCCESS

The total reproductive success of a male equals current

mating success plus expected future reproductive success:

PObehav½age;date;eq;e�
¼Msbehav½age;date;eq �þ ð1�lst½e�Þ
· ð1�lbehav½date; eq�Þ · fPgoodday · fPc

·

( X30
De¼�30

PDejbehave · PO�½age; date

þ1;eq¼ 0;eþDe�
)
þð1�PcÞ

·

( X30
De¼�30

PDejbehave · PO�½age;Tmaxþ1;eq¼ 0;eþDe�
)
g

þð1�PgooddayÞ · fPc ·

( X30
De¼�30

PDejbehave

· PO�½age;dateþ1;eqþ1;eþDe�
)

þð1�PcÞ ·
( X30

De¼�30

PDejbehave

· PO�½age;Tmaxþ1;eqþ1;eþDe�
))

g ð4:17Þ

where

Msbehav[age,date,eq]¼ current pay-off if the male

exhibits behavior “behav”,

lst[e], lbehav[date]¼mortality induced by starvation (a

function of energetic state, e) and mortality induced by

predation conditional on behavior “behav” being

exhibited,

Pgoodday¼ probability of a good day or a day condu-

cive to chorus formation (eq¼ number of days since

the last good day),

Pc¼ probability that the mating season will continue

at least another day,

PDejbehave¼ probability that energetic state is

increased by De, given that behavior “behav” is

exhibited,

PO*¼ optimal pay-off for the sequence of decisions

made for the rest of the male’s life, starting on day

¼ dateþ 1 (if the season lasts that long) or day¼
Tmaxþ 1 (if the season ends), on eq¼ 0 (if it is a “good

day”) or eqþ 1 (if it is not a “good day”), and at energy

state eþDe.

4.5.2 Graded signals: an extension of

the model

We modified the model described above by allowing calling

males to vary the intensity of their calls. In effect, this

increased the number of mating options each male had

because we treated each level of call intensity as a separate

mating tactic that could be employed by a male at any time

in the breeding season. We assume that the cost of an

exaggerated signal falls under the category of “receiver-

independent costs” (Vehrencamp 2000). That is, signaling

cost is independent of the target receiver’s response, as

would be expected if the primary cost of producing a signal

is either energetic or a risk of attracting predators. We

assume that call exaggeration affects three aspects of a

male’s reproductive success and all of these variables are

taken to be a function of call investment, here defined as

“intensity” (see Section 4.3.4 for equations):

(1) Relative attractiveness to a female:

RelAttractiveness½intensity�:
(2) Relative energetic cost of call production:

COST½intensity�:
(3) Relative risk of predation:

ProbPRED½intensity�:
The actual levels of male attractiveness are the product of

the relative attractiveness and mating success (Eq. 4.14):

MSactualcall½age; date; eq; intensity�
¼ MScall½age; date; eq� · RelAttractiveness½intensity�:

ð4:18Þ
Similarly the predation risk is the product of the relative risk

and caller mortality (4.6):

lactualcall½date; eq; intensity�
¼ lcall½date; eq� · ProbPRED½intensity� ð4:19Þ
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and the energetic cost of calling is the sum of the relative

cost of calling and the original value used for the cost of

calling:

COSTactual½intensity� ¼ Dei � re
þ COST½intensity�: ð4:20Þ
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5 · The roles of genes and the environment in the expression

and evolution of alternative tactics

DOUGLAS J. EMLEN

CHAPTER SUMMARY

In many animal populations, individuals may develop into

any of several alternative phenotypes (e.g., guarding and

sneaking male forms). Occasionally, the phenotype adopted

by an individual depends entirely on the presence of a

specific allele(s). More typically, it depends on the envir-

onment: individuals encountering one set of conditions

produce one phenotype, individuals encountering a different

set of conditions produce an alternative – often strikingly

different – phenotype. Facultatively adopted alternative

tactics comprise unusually tractable and intuitive forms of

developmental phenotypic plasticity, and their underlying

regulatory mechanisms clearly illustrate how genes and the

environment can interact to control animal development.

Here I review the basic components of these regulatory

mechanisms to show how alternative trajectories of devel-

opment are coupled with the specific environmental condi-

tions that animals encounter. Explicit consideration of these

underlying mechanisms provides a useful framework for

thinking about heritable variation in tactic expression and for

considering more precisely how animal alternative tactics

evolve. I illustrate this integration of developmental and

evolutionary perspectives using an insect example (horned

and hornless male beetles), but analogous processes regulate

tactic expression in other arthropods and in vertebrates.

5 .1 INTRODUCTION

Expression of alternative reproductive tactics (ARTs) is

often exquisitely sensitive to the environment – tactic

expression is “phenotypically plastic.” Ambient abiotic

conditions, population density, the relative sizes or status of

rival individuals, and the relative frequency of expressed

alternatives all can influence the tactic adopted by an animal:

individuals developing under one set of conditions express

one tactic; genetically similar (e.g., sibling) individuals

exposed to a different set of conditions express an alterna-

tive tactic (Figure 5.1).

Plastic mechanisms of tactic expression mean that vari-

ation among individuals in which tactic they express is often

overwhelmingly influenced by environmental conditions.

Indeed, genetic studies characterizing this variation typic-

ally find low to negligible heritabilities (e.g., Radwan 1993,

Emlen 1994, Tomkins 1999, Kurdziel and Knowles 2002,

Cremer and Heinze 2003). However, this does not mean

that these phenotypes are “nongenetic”; merely, that we

must shift our focus before we can meaningfully appreciate

how these animal characteristics vary and how they evolve.

Specifically, we must begin to consider the underlying

developmental mechanisms that regulate expression of the

alternative tactics. This is no different from stating that, as

with any phenotypically plastic trait, the character that

evolves is the reaction norm, rather than, or in addition to,

the end phenotype per se. However, with alternative tactics,

we can take this several steps farther.

Alternative reproductive tactics are members of a special

class of phenotypically plastic traits called “threshold traits”

(West-Eberhard 1989, 1992, 2003, Hazel et al. 1990, Gross

1996, Roff 1996, Gross and Repka 1998, Brockmann 2001).

Expression of one or the other tactic depends on the con-

ditions encountered by animals during development,

assessed relative to an internal threshold of sensitivity.

Threshold mechanisms have proven especially amenable to

physiological studies of development, and we now have

rigorous working models from a number of animal systems

for how this class of reaction norms works (see Zera and

Denno 1997, Nijhout 1999, Hartfelder and Emlen 2005 for

recent reviews). Because of this, it is now possible to

appreciate how genetic changes in specific components of

these developmental processes might contribute to evolu-

tionary modifications of the tactic phenotypes and the

conditional patterns of their expression.

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.
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In this chapter, I build on recent advances in the study of

insect development to illustrate how facultative expression

of ARTs arises, and I use this information to suggest how

these mechanisms are likely to evolve. The premise for this

chapter is that explicit consideration of the developmental

processes regulating expression of ARTs provides an

exciting new picture of how these extraordinary phenotypes

evolve.

5 .2 ALTERNATIVE REPRODUCTIVE

TACTICS AS THRESHOLD TRAITS

Several features of ARTs are essential to an appreciation of

their mechanisms of expression. Firstly, the alternatives are

mutually exclusive – they are not expressed at the same time

in the same individual. Secondly, each individual has the

genetic potential to adopt either tactic, and these alterna-

tives are conditionally expressed. Conditional expression

generates repeatable associations between the occurrence of

a tactic (or, rather, of individuals expressing a particular

tactic) and relevant selective situations or circumstances.

Finally, tactic expression is regulated by a threshold.

Threshold mechanisms uncouple gene expression of the

two tactics, permitting evolutionary changes in one tactic to

occur relatively independently from evolution of the alter-

native tactic – i.e., threshold mechanisms facilitate diver-

gent evolution of the tactic alternatives (West-Eberhard

1989, 1992, 2003). Populations of these species are often

dimorphic with respect to the tactics, with few, if any,

intermediate phenotypes, and are consistent with an abrupt

switch between the tactic alternatives (e.g., alternative male

morphs in amphipods: Clark 1997, Kurdziel and Knowles

2002; mites: Radwan et al. 2002; earwigs: Tomkins 1999;

bees: Danforth 1991, Kukuk 1996; wasps: O’Neill and

Evans 1983; ants: Cremer and Heinze 2003; beetles:

Eberhard 1982, Siva-Jothy 1987, Rasmussen 1994, Iguchi

1998; and buntings: Greene et al. 2000).

At its most basic, tactic expression involves an assess-

ment of circumstance, a translation of this information into

an internal circulating signal (e.g., a hormone), and a

comparison of levels of this circulating signal with an

internally specified threshold level. Through this basic

process, one of several alternative patterns of gene expres-

sion is initiated, eventually resulting in the expression of one

or the other alternative tactic phenotype.

The “decision” to adopt a particular tactic can be

reversible or irreversible (reviewed in Brockmann 2001).

Reversible alternatives mean that an individual can go back

and forth between tactics (e.g., “calling” versus “searching”

male crickets: Zuk and Simmons 1997, or “egg-guarding”

versus “egg-dumping” female lace bugs: Tallamy et al.

2002). Although they still cannot express both tactics at the

same time (these are still alternatives), they can, and often do,

adopt both during their lifetime. With irreversible alter-

natives, individuals adopt one or the other tactic and remain

fixed with this option for their adult lifetime (e.g.,

“dispersing” versus “fighting” male ants: Cremer and

Heinze 2003; and bees: Kukuk 1996).

In all cases, these “decision” mechanisms involve a

threshold. However, reversible and irreversible mechanisms

generally differ in the developmental timing of the decision

and in the delay between the decision event (defined as the

assessment of circumstance relative to threshold) and

expression of the tactic phenotypes. Reversible mechanisms

typically occur during the adult stage and involve little

delay. This permits rapid tracking of environmental het-

erogeneity and allows animals to switch easily back and

forth between alternatives.

Irreversible mechanisms generally occur much earlier in

development, and these involve a much longer delay

between the decision and expression of the final phenotype.

In insects, irreversible mechanisms for alternative tactics

typically occur prior to or during metamorphosis (e.g., in

the final larval/nymphal stage: Wheeler and Nijhout 1981,

Zera and Tiebel 1988, Nijhout 1994, Cnaani et al. 2000; or

during the pupal period: Rountree and Nijhout 1995,

Brakefield et al. 1998). Earlier decisions permit much more

significant downstream adjustments to animal develop-

ment. Combined with the capacity of many insects (and

tactic 1

tactic 2

Environment

P
he

no
ty

pe

Figure 5.1 Reaction norm diagram for facultatively expressed

alternative tactics. Individuals encountering conditions above a

critical threshold level express one phenotype (tactic 1); individuals

encountering conditions below this threshold express an alternative

phenotype (tactic 2). The environment relevant to tactic expression

varies across taxa but can include abiotic factors such as

photoperiod or diet quality, social factors like population density or

relative status, or aspects of the individual itself, such as growth or

body size.
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some vertebrates) to undergo radical metamorphic

reorganizations of the phenotype (from larval to adult

forms), these “pre-metamorphic” switches can generate

impressive morphological, physiological, and behavioral

differences among tactic alternatives.

5 .3 ANATOMY OF A THRESHOLD

MECHANISM

Although the relative timing of reversible and irreversible

tactic-switching events differs, many features of their

mechanisms, as well as their implications for heritability and

evolution, are similar. In this section I describe the basic

physiological ingredients of a typical developmental

threshold mechanism. In the following section (5.4), I relate

these ingredients to natural sources of genetic variation and

to likely trajectories of alternative tactic evolution.

Importantly, although the details of threshold mechan-

isms are likely to vary from taxa to taxa, the basic com-

ponents of this process can be generalized. I illustrate these

components with an invertebrate irreversible example.

However, most of the components of this threshold mech-

anism apply to reversible insect alternative tactics and to

vertebrate alternative tactics as well, and the genetic and

evolutionary implications of these mechanisms apply to all

threshold traits.

Upstream from the threshold itself are the sensory

structures of the organism. (For this chapter, “upstream”

and “downstream” refer to events occurring prior to, and

after the respective fate (i.e., the tactic) of an individual has

been determined.) In insects this includes an arsenal of

receptors to light, heat, touch, smell, and stretch, as well as

the neural and neuroendocrine organs that filter and process

this information (e.g., Chapman 1982). These structures

dictate which elements of the environment are perceived

and how this information is communicated to the endocrine

organs (e.g., via the neuroendocrine system). Although I do

not discuss these upstream parts of the process here, they

constitute an important component of any plastic develop-

mental response mechanism. They are, in effect, the first

line of response: if an individual cannot detect a change in its

surroundings, it cannot respond to that change, and any

neurological filters or amplifiers of signals will affect the

detection capabilities of that animal.

Once animals have detected relevant cues from their

external or internal environments, this information is

communicated to developing tissues by a hormone signal

(Figure 5.2A). Levels of this circulating hormone signal

covary with aspects of the environment encountered by

developing animals: some situations result in high concen-

trations, other situations generate low concentrations, and

cells within developing structures “read” their environment

through detection of levels of this circulating signal. In this

way, information from the outside world is communicated

to the relevant tissues as variation in the levels of this

circulating hormone signal.

In many insect alternative tactics, this hormone signal is

juvenile hormone (JH). For example, crowding affects the

level of JH in crickets (Zera and Tiebel 1988, Zera et al.

1989), planthoppers (Bertuso et al. 2002), and locusts

(Injeyan and Tobe 1981, Botens et al. 1997), and levels

of dietary tannins affect JH concentrations in Nemoria

caterpillars (Greene 1989, 1999). Other aspects of diet affect

this hormone level in bugs (Rankin and Riddiford 1977),

bumble-bees (Röseler et al. 1981, Strambi et al. 1984),

stingless bees (Velthius 1976, Hartfelder and Engels

(A) Hormone signal

(B) Sensitive period

(C) Threshold

Figure 5.2 Anatomy of a threshold mechanism. (A) Most threshold

mechanisms incorporate a hormone signal – an endocrine factor that

provides the link between conditions occurring outside the animal

and the internal tissues that enable a response. Levels of the

endocrine signal are sensitive to circumstance (e.g., crowding,

nutrition, growth/body size), resulting in concentrations that are

higher in some individuals than in others. (B) Cells are responsive to

this signal during specific sensitive periods, when levels of the

hormone signal are assessed relative to (C) a genetically specified

threshold of sensitivity. Thresholds reflect the critical concentration

of hormone needed to elicit an all-or-none response. Animals

typically have a default pattern of development, and levels of

hormone above (or below) the threshold during the sensitive period

“reprogram” tissues to an alternative pattern of development.

Tissue reprogramming often involves interactions with secondary

hormones, and/or transcription factors, and can involve complex

tactic-specific patterns of downstream gene expression. For all

panels, hormone concentration is shown on the vertical axis and

time on the horizontal axis.
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1998), honeybees (Asencot and Lensky 1976, Dogra et al.

1977, Hartfelder 1990, Rachinsky and Hartfelder 1990,

Schulz et al. 2002), ants (Ono 1982, Wheeler 1991), earwigs

(Rankin et al. 1997), termites (Lenz 1976), and beetles

(Emlen and Nijhout 1999, 2001), and in all of these cases,

levels of JH regulate the expression of condition-sensitive

threshold traits. Although the identity of the signal hor-

mone can vary from taxa to taxa (e.g., some butterflies use

ecdysone [Koch and Bückmann 1987, Rountree and

Nijhout 1995, Brakefield et al. 1998], or browning factors

[Awiti and Hidaka 1982, Starnecker and Hazel 1999], and

crabs appear to use methyl farnesoate [Laufer and Ahl

1995]), the function of the endocrine signal is always the

same: this hormone signal provides a mechanistic link

between external environmental cues and the internal cells

and tissues that enable a response (Nijhout 1994, 1999).

The second component of a threshold mechanism is the

sensitive period – a critical physiological window when target

tissues are capable of responding to the circulating endo-

crine signal (Figure 5.2B). This is the period when hormone

levels are assessed and when animals commit to one or the

other developmental pathway. Sensitive periods are thought

to coincide with the expression of appropriate hormone

receptor proteins in the target tissues: cells in these tissues

are sensitive to the endocrine signal when, and only when,

they have active receptors present for that signal (reviewed

in Nijhout 1994, 1999).

Sensitive periods can vary greatly in when they occur

and in their length. For example, sensitive periods for

elaborate, irreversible alternative tactics generally occur

during the final larval or nymphal instar, or the pupal

period, and often only last for a small portion of this stage

(e.g., Wheeler and Nijhout 1981, Zera and Tiebel 1988,

Nijhout 1994, Rountree and Nijhout 1995, Brakefield et al.

1998, Ayoade et al. 1999, Cnaani et al. 2000, Emlen and

Nijhout 2001). Sensitive periods for reversible alternative

tactics typically occur after animals are adults (e.g., Cusson

et al. 1994, Robinson and Vargo 1997, Sullivan et al. 2000,

Scott et al. 2001, Tallamy et al. 2002), and these sensitive

periods can be very long: cells may be continually sensitive

to the hormone but activated only when a brief hormone

pulse occurs. For example, females of the burying beetle

initiate reproductive behavior only after a brief pulse of JH,

and this pulse is itself initiated by discovery of a carcass

suitable for use as larval provision (Scott et al. 2001). Long

sensitive periods permit animals to modify their behavior

rapidly in response to unpredictable and infrequent, but

critical, events.

Shifts in the timing of sensitive periods constitute an

important and dynamic way in which complex develop-

mental responses to specific environmental stimuli are

coordinated (Nijhout 1999). Convergence on the same

sensitive period can bring a suite of traits under a common

regulatory control; divergence of sensitive periods can

facilitate independent regulation. Thus, changes in the

timing of sensitive periods can cause tissues to respond in

concert with, or independent from, other animal tissues. It

can also affect which tactic gets expressed: shifts in the

timing of a sensitive period can cause cell sensitivities to

coincide with, or to miss, pulses of signal hormone

expression (Nijhout 1999), and this can lead to individual

differences in the propensity to express a particular tactic.

The third component of these mechanisms is the

threshold (Figure 5.2C). Target cells have a threshold of

sensitivity to the signal hormone during the sensitive

period. Tissues generally have a default developmental

pathway, and levels of signal hormone that are above (or, in

some cases, below) a critical response threshold initiate a

switch to an alternative pattern of development (reviewed in

Nijhout 1994, 1999). If the timing and duration of the

sensitive period are determined by when appropriate hor-

mone receptors are expressed, then the threshold of sensi-

tivity can be interpreted as how many receptors are

expressed. In fact, both the number of receptors and the

binding affinities of those receptors can affect the sensitivity

of target cells to the endocrine signal. In essence, a threshold

of sensitivity refers to a critical concentration of hormone at

which downstream physiological, biochemical, and tran-

scription cascades are initiated.

Consequently, the general elements of a developmental

threshold mechanism involve a circulating hormone signal,

a sensitive period when target tissues express receptors for

this signal, and an all-or-none response cascade that is

activated when levels of the hormone signal fall above (or

below) a critical threshold concentration. In all cases, the

developmental, physiological, and behavioral responses

associated with the switch between tactic alternatives are

thought to result from altered patterns of gene expression,

and very often this is mediated by secondary signals that act

as transcription factors and coordinate downstream

cascades of gene expression.

In many insects (e.g., crickets: Zera et al. 1989; bees:

Hartfelder et al. 2002; beetles: Emlen and Nijhout 1999,

2001), one important secondary signal is thought to be

ecdysone (in adult honeybees, octopamine may also serve as

a secondary signal: Schulz et al. 2002). Ecdysone is a

88 D. J . EMLEN



hormone known to act as a transcription factor and known

to initiate major changes in patterns of gene expression

(Lepesant and Richards 1989, Andres et al. 1993, Cherbas

and Cherbas 1996). Furthermore, pulses of ecdysone have

been shown to interact with circulating levels of JH such

that levels of JH above or below a threshold determine

which of several ecdysone receptors are activated (Riddiford

et al. 1999) and which of several sets of downstream genes

are expressed (reviewed in Bollenbacher 1988, Gilbert 1989,

Berger et al. 1992, Nijhout 1994, Riddiford 1994, 1996,

Gilbert et al. 1996, Truman and Riddiford 1999, 2002).

Although the best characterized of these interactions all

involve the metamorphic transformations from larva to

adult (where animals switch abruptly from expressing larva-

specific genes to pupa- and then adult-specific genes),

recent advances in the study of polyphenisms – of faculta-

tive alternative life histories, age polyethisms and castes in

social insects, and reproductive tactics – suggest that similar

interactions drive these threshold traits as well (Nijhout

1999, Hartfelder and Emlen 2005).

I have summarized these components of a threshold

mechanism in Figure 5.2, and it is probably safe to state that

these basic ingredients underlie the expression of most – if

not all – alternative reproductive tactics (for vertebrate

parallels, see reviews by Denver 1997, Moore et al. 1998,

Foran and Bass 1999, Oliveira et al. 2001). Explicit con-

sideration of the threshold mechanism reveals several

avenues by which alternative tactics could evolve: each of

the components described above is likely to vary heritably in

natural populations, and genetic changes in these com-

ponents delineate plausible trajectories for tactic evolution.

5 .4 EVOLUTION OF A THRESHOLD

MECHANISM

Biologists have long known that threshold traits could

evolve (e.g. Weismann 1875, Merrifield and Pouldton 1899,

Uvarov 1921, Süffert 1924), and both theoretical and

empirical studies clearly illustrate that developmental

thresholds can have significant levels of heritable genetic

variation and can respond rapidly to selection (Lively 1986,

West-Eberhard 1989, 1992, 2003, Hazel et al. 1990, Moran

1992, Morooka and Tojo 1992, Roff 1994a, b, 1996, 1998,

Zera and Zhang 1995, Denno et al. 1996, Gu and Zera 1996,

Fairbairn and Yadlowski 1997, Krebs and Loeschcke

1997, Roff et al. 1997, Gross and Repka 1998, De Moed

et al. 1999). Consideration of the underlying mechanisms

regulating expression of these threshold traits takes this one

step farther and reveals three principle ways in which

threshold traits evolve (West-Eberhard 1992). I discuss each

of these in detail and then illustrate them with an example.

5.4.1 Evolution of sensory apparatus and cues

Effective expression of alternative tactics requires an

accurate match between phenotype and environment (e.g.,

Levins 1968, Lively 1986, Hazel et al. 1990, Moran 1992,

West-Eberhard 1989, 2003, Gross 1996, Brockmann 2001).

The better the match between tactic expression and

selective circumstance, the better, on average, those geno-

types will perform. Genetic changes in animal sensory

systems – the detection of stimuli and the filtering or

amplification of responses to those stimuli – can alter

individual sensitivity to environmental cues, and this can

lead to evolutionary changes in at least two aspects of tactic

expression.

Firstly, by changing the relationship between external

conditions and circulating levels of the hormone signal,

modifications to animal sensory systems can shift the sen-

sitivity of animals to an existing cue. Secondly, genetic

changes in animal sensory systems can alter the types of cues

utilized, and populations and species regularly differ in the

particular cues they use to trigger tactic expression. For

example, green lacewings (Chrysoperla carnea) facultatively

switch between direct development and reproductive dia-

pause, and some populations respond specifically to seasonal

changes in photoperiod, while others respond to both

photoperiod and larval prey type (Tauber and Tauber

1992). Geometrid moth caterpillars (Nemoria spp.) switch

between alternative larval morphologies, and some species

rely entirely on dietary cues (levels of tannins in the plant

tissues they feed on), while others rely on a combination of

dietary cues and colored light reflected from their sur-

roundings (Greene 1989, 1999). Similarly, many butterfly

species form pupae that match the color of their substrates

(e.g., green vs. brown), and, depending on the species,

caterpillars switch between these pupal alternatives in

response to photoperiod (West et al. 1972), relative

humidity (Smith 1978), the color of reflected light (Wiklund

1972, Smith 1978), or the texture of their background

substrate (Hazel 1977, Hazel andWest 1979, 1996). Finally,

facultative wing expression in crickets is cued by tempera-

ture (Ghouri and McFarlane 1958), photoperiod (Tanaka

et al. 1976), population density/crowding (Zera and Tiebel

1988), or diet (McFarlane 1962) – again, depending on the

species (Harrison 1979).
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Consequently, numerous components of “upstream”

sensory detection processes can vary genetically within

populations (e.g., the types of cues detected, sensitivity of

individuals to these cues, and the relationship between

detected cues and circulating levels of the hormone signal),

and all comprise viable avenues for the evolution of animal

alternative tactics. Collectively, they determine the nature

of the cues utilized and the specific conditions in which

tactics are expressed.

5.4.2 Evolution of the threshold

Another avenue for evolutionary changes in tactic expres-

sion is the threshold mechanism itself. Empirical studies of

threshold evolution abound (e.g., Harrison 1979, Denno et

al. 1986, 1996, Roff 1986, 1996, Tauber and Tauber 1992,

Zera and Zhang 1995, Emlen 1996, Fairbairn and

Yadlowski 1997, Tomkins 1999), though only relatively

recently has it been possible to begin to interpret threshold

evolution in the context of developmental mechanism – as

the result of genetic changes to specific components of the

developmental regulatory process (Zera and Zhang 1995,

Dingle and Winchell 1997, Fairbairn and Yadlowski 1997,

Zera and Denno 1997, Emlen 2000, Moczek and Nijhout

2002). Numerous components of threshold mechanisms can

contribute to evolutionary changes in tactic expression (e.g.,

Figure 5.3), and I illustrate a few of these below.

First there is the hormone signal. Levels of this circu-

lating signal will depend on upstream sensory processes and

how these affect the rates of biosynthesis and degradation of

the hormone. In the case of JH, biosynthesis is regulated by

the corpora allata – small neurosecretory organs located

beside the insect brain (Bounhiol 1938, Wigglesworth 1940,

Schooley and Baker 1985, Tobe and Stay 1985, Nijhout

1994). Corpora allata do not store JH, so levels of hormone

production are directly proportional to the sizes of these

organs (Tobe and Pratt 1974, Feyereisen 1985, Rachinsky

and Hartfelder 1990). Corpora allata size may be sensitive to

nutrition, body size, status, or other aspects of larval cir-

cumstance (e.g., Wang 1965, Lüscher 1972, Wirtz 1973,

Asencot and Lensky 1976, Lenz 1976, Dogra et al. 1977,

Ulrich and Rembold 1983, de Wilde 1985, Rembold

1985, Rachinsky and Hartfelder 1990), and genetic changes

in the relative growth of this organ, by affecting the rate of JH

production, can alter circulating levels of the hormone signal.

Once secreted, JH is broken down by a variety of

enzymes, the most important of which is JH esterase

(Hammock 1985, Zera and Tiebel 1988). Levels of JH

Figure 5.3 Filling in the “black box.” Genetic variation for any of

a multitude of components of threshold mechanisms can

contribute to evolutionary changes in tactic expression. For

example, variation in the rates of hormone synthesis or

degradation can affect the levels of hormone signal during the

sensitive period, variation in the numbers or types of receptors

expressed can affect the critical hormone concentration needed to

elicit a response, and variation in the timing of receptor expression

can determine whether pulses of hormone coincide with, or miss,

the sensitive period. Each of these components is itself the

product of numerous genes and gene products (e.g., the rate of

hormone degradation will depend on rates of synthesis and

degradation of enzymes, the binding affinities of those enzymes,

and rates of synthesis and degradation of cofactors that affect the

action of these enzymes). Consequently, threshold mechanisms

regulating tactic expression are polygenic, have large quantities of

additive genetic variation, and evolve readily in response to

selection.
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esterase are also sensitive to changes in larval diet and

growth (Rachinsky and Hartfelder 1990, Browder et al.

2001, Tu and Tatar 2003), implicating this enzyme in the

modulation of JH titers to match larval conditions or cir-

cumstance (i.e., JH esterase may couple levels of the signal

hormone with perceived stimuli from the larval environ-

ment). In the cricket Gryllus rubens, winged and wingless

individuals differ in circulating levels of JH during the

sensitive period (Zera et al. 1989), and this difference

appears to result entirely from tactic-specific differences in

levels of JH esterase activity: animals reared under solitary

conditions have higher levels of JH esterase (and, as a result,

remove circulating JH faster) than animals reared under

crowded conditions (Zera and Tiebel 1989, Zera and Tobe

1990, Zera and Holtmeier 1992; for a vertebrate parallel

involving the enzyme aromatase, see Schlinger et al. 1999).

Importantly, populations contain genetic as well as

environmental variation for JH esterase levels (e.g., Gu and

Zera 1996, Roff et al. 1997), and genetic changes in the

expression of this enzyme can lead to rapid evolutionary

shifts in developmental thresholds (Zera and Zhang 1995,

Fairbairn and Yadlowski 1997). Consequently, the interplay

between biosynthesis and degradation ultimately deter-

mines the levels of the hormone signal at any specific time.

Animals display highly stereotyped species- and situation-

specific temporal profiles of hormone levels (Nijhout 1994),

but genetic modifications in the organs that secrete the

hormone, or in the enzymes that remove it, permit these

hormone titer profiles to evolve in response to natural or

artificial selection.

Tissues respond to the hormone signal during the sen-

sitive period, defined by the physiological stage when target

cells express receptors appropriate to the hormone (Nijhout

1994, 1999). Often there are several different forms of

this receptor (e.g., Talbot et al. 1993, Jindra et al. 1996,

Riddiford 1996, Nijhout 1999, Riddiford et al. 1999), and

each can initiate a different downstream biochemical

and transcription cascade (Riddiford et al. 1999, Hodin and

Riddiford 2000). Genetic variation for how many hormone

receptors are produced, for the amino acid sequences of the

binding sites of those receptors, or for the secondary or

tertiary conformational forms of the receptors can all lead to

shifts in the sensitivity of target cells to the circulating

endocrine signal, resulting in altered patterns of alternative

tactic expression. Consequently, numerous components of

these regulatory mechanisms are likely candidates for gen-

etic changes in thresholds of sensitivity to the environment

and hence for the evolution of animal ARTs.

5.4.3 Evolution of downstream processes

Binding of sufficient hormone to target cell receptors acti-

vates all-or-none downstream response cascades, often via

expression of secondary hormones or transcription factors.

Modifications to the biochemical properties of, or levels of

expression of, any of the downstream cascades affect the

phenotypes of the tactics themselves. Recent advances in

molecular genetic techniques provide exciting resolution to

the nature of these downstream genetic-patterning cascades

and provide first glimpses of the types of genes involved in

tactic-specific differences in behavior and morphology

(reviewed in Evans and Wheeler 2001).

Honeybees exhibit two types of tactic alternatives: an

irreversible morphological switch between queen and

worker development, and then, within adult workers, a

temporal switch between colony tasks (from nursing within

the nest to foraging outside the nest). Both of these mech-

anisms involve thresholds of sensitivity to hormones and JH

is the principal signal hormone in each case (e.g., Rachinsky

and Hartfelder 1990, Rembold et al. 1992, Robinson and

Vargo 1997, Rachinsky et al. 2000, Sullivan et al. 2000,

Pearce et al. 2001). Queen and worker honeybee phenotypes

differ dramatically in gene expression downstream of the

developmental threshold, and the genes involved in these

tactic differences range from metabolic enzymes, to tran-

scription factors, to factors involved in cell signaling (Evans

and Wheeler 1999, 2000, 2001, Hepperle and Hartfelder

2001). Nursing and foraging bees also differ in the down-

stream expression of at least 19 genes, again including

transcription factors (Grozinger et al. 2003).

Similar advances have been made for downstream genetic

patterning cascades in termites, which facultatively develop

into either a soldier or a worker caste. Miura et al. (1999)

recently identified a gene expressed specifically in the man-

dibular glands of soldiers, but not workers, and subsequent

studies have found numerous transcription factor-, struc-

tural-, and enzyme-coding genes that differ in expression

between soldiers and workers (Scharf et al. 2003).

Abouheif and Wray (2002) explored expression patterns

of six genes involved in the patterning and development of

insect wings and found large differences between winged

and wingless castes in ants. Furthermore, by comparing

these same patterning networks in several related ant spe-

cies, they showed that different points in the patterning

cascade underlay caste differences in the different species,

providing remarkable insight into the genetic potential for

independent evolution of alternative phenotypes. Many of
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these same genetic patterning networks are now thought to

regulate facultative expression of eyespot patterns on the

wings of butterflies (Brakefield et al. 1996, 1998, Keys et al.

1999, Weatherbee et al. 1999, Brunetti et al. 2001, Beldade

and Brakefield 2002), and as I suggest below, they may be

involved in the expression of beetle horns as well.

In summary, we now have identified several measurable

aspects of mechanism that may contribute to additive genetic

variation in the expression of alternative animal phenotypes.

Although by no means complete, this list should begin to

provide tangible underpinnings to the vague concept of

“heritable quantitative genetic variation” in thresholds. This

should also illustrate that condition sensitivity (e.g., plasti-

city) requires sophisticated developmental response mech-

anisms, which themselves comprise multiple signals,

receptors, and biochemical pathways, and all of these involve

multiple genes and precise timing and levels of gene

expression. Plastic animal phenotypes are most definitely not

“nongenetic” and modern views of how these processes work

reveal a staggering potential for adaptive evolution.

5 .5 AN EXAMPLE: ALTERNATIVE

MALE MATING TACTICS IN

HORNED BEETLES

The beetles I discuss here are dung beetles in the genus

Onthophagus (Coleoptera: Scarabaeidae). There are over

2000 species in this genus, and these species live on every

continent except Antarctica, in habitats ranging from

tropical forest to desert. When these beetles find dung, they

dig tunnels into the soil below (Halffter and Edmonds 1982,

Cambefort 1991, Cambefort and Hanski 1991). Females dig

the primary tunnels, and they spend several days inside each

tunnel pulling dung fragments down to the ends and

stashing them as provision for their young (Fabre 1899,

Halffter and Edmonds 1982, Emlen 1997a, Hunt and

Simmons 1998, Moczek and Emlen 2000, Hunt et al. 2002).

Male beetles guard the entrances to these tunnels and are

sometimes able to monopolize access to the females inside

(Figure 5.4A). In the two species best studied to date

(O. acuminatus and O. taurus), large males wield a pair of

horns that extend from the back of their heads, and large

males with long horns are very effective at guarding tunnels:

both large body size and long horn lengths significantly

improve male fighting performance (Emlen 1997a, Moczek

and Emlen 2000). Within guarding males, there is a posi-

tive, linear relationship between horn length and fertiliza-

tion success (Hunt and Simmons 2001).

Small males are not efficient at guarding tunnels and

instead employ an alternative tactic: they attempt to sneak

into tunnels and mate with females on the sly (Figure 5.4A).

This can entail slipping directly past the larger, guarding

male, or it can involve digging a side tunnel that bypasses

the guarding male entirely (Emlen 1997a, Moczek and

Emlen 2000). Horns do not aid small males, and there is no

relationship between either body size or horn length and

(A) (B)Dung

Guarding
male

Sneaking
male

Egg
Female

Brood
ball

4 4.5 5 5.5

4

3

2

1

Body size (mm)

H
orn length (m

m
)

Figure 5.4 Alternative reproductive tactics in male Onthophagus

beetles. (A) Large males fight to guard entrances to tunnels

containing females; smaller males sneak into guarded tunnels and

mate with females on the sly. (B) Large and small males differ in

morphology as well as behavior. Males growing larger than a

threshold body size produce a pair of curved horns that extend from

the base of the head, whereas males not attaining this body size

produce only rudimentary horns. Populations typically exhibit

continuous variation for body size (top histogram) but are

dimorphic for variation in male horn length (side histogram).

(From Emlen 1997b and Emlen and Nijhout 1999, with

permission.)
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fertilization success by the sneaking male (Hunt and

Simmons 2001).

The reproductive biology of these beetles and, in par-

ticular, the alternative behavioral tactics utilized by males to

secure access to females generates very different selection on

large and small males (Hunt and Simmons 2001). Long

horns are favored in relatively large males who guard tunnel

entrances; horns are not favored in smaller males who adopt

the alternative tactic and sneak into tunnels (Emlen 1997a,

2000, Moczek and Emlen 2000, Hunt and Simmons 2001).

Developmentally, this is exactly what these animals do:

large males produce horns, smaller males do not. Static

samples of adult males from natural populations of either

O. acuminatus or O. taurus have “broken” or sigmoid scaling

relationships between the length of male horns and body

size (Figure 5.4B). This results in natural populations being

dimorphic for male horn length, with large numbers of

males with full horns, large numbers of males with only

rudimentary horns, and very few animals with intermediate

morphologies (Emlen 1994, Hunt and Simmons 1997, 2001,

Moczek and Emlen 1999).

As with most studied ARTs, the tactics of these beetles

are facultatively expressed. Growth of the male horns

depends on the nutritional environment encountered by

animals as they develop – i.e., horn lengths are phenotyp-

ically plastic (Emlen 1994, 1996, 1997b, 2000, Hunt and

Simmons 1997, 2002, Moczek 1998, 2002, Moczek and

Emlen 1999, Kotiaho et al. 2003). Experiments perturbing

the nutritional environment of larvae predictably influence

the developmental fate of animals: male larvae fed large

amounts of food all develop into large adults with long

horns, whereas sibling males fed small food amounts mature

as small adults without horns (Emlen 1994, 1997b).

Furthermore, we now know that horn development is

regulated by a threshold. Males growing larger than a

threshold body size grow horns according to a default pat-

tern (extensive local proliferation of epidermal cells,

resulting in two long horns at the base of the head). Males

smaller than this threshold size are reprogrammed during

their final larval instar and grow horns according to a dif-

ferent pattern (minimal proliferation of these cells, resulting

in only rudimentary horns: Emlen and Nijhout 1999, 2001,

Emlen 2000).

Experiments to date (measuring ecdysteroid titers,

perturbing nutrition, and JH) suggest the following mecha-

nism. Juvenile hormone acts as the signal hormone. Levels

of JH appear to covary with larval diet so that by the end of

the feeding period they are higher in small animals than in

larger animals (Figure 5.5). During a brief sensitive period

that occurs as larvae finish feeding prior to metamorphosis,

male larvae with JH levels above a threshold level (i.e., small

animals) are reprogrammed to a hornless developmental

trajectory by a small pulse of a secondary signal, ecdysone

(Emlen and Nijhout 1999, 2001) (Figure 5.5B). This pulse

of ecdysone only occurs in females and small males, and it

appears to prevent significant horn growth, possibly by

affecting the sensitivity of horn cells to JH during a second,

later, sensitive period (not shown). The result is that large
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Figure 5.5 Model for the endocrine regulation of male horn

expression in Onthophagus taurus. By the middle of the third larval

instar, large and small males differ in circulating levels of juvenile

hormone (JH): large males have lower concentrations than smaller

males. JH levels are assessed during a brief sensitive period

immediately prior to the cessation of feeding. (A) Relatively large

males have JH concentrations below the critical threshold at this

time. Cells in the developing horns of these individuals undergo a

burst of rapid proliferation, and these larvae mature into adult males

with fully developed horns (open circles). (B) Small male larvae have

JH concentrations above the threshold during the sensitive period,

and these animals experience a brief pulse of a second hormone,

ecdysone. Ecdysone is known to initiate cascades of gene expression,

and this tactic-specific pulse appears to reprogram the fate of horn

cells so that they undergo only minimal proliferation. These small

males mature into adults with only rudimentary horns (closed

circles). (From Emlen and Allen 2004, with permission.)
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and small males end up developing along very different

trajectories.

Thus, hormones translate individual patterns of overall

growth into one of two specific fates – with orwithout horns –

and this process involves a signal hormone (JH), a sensitive

period (the end of the larval feeding period), a threshold of

sensitivity to JH, and an interaction between levels of JH

and a second hormone, ecdysone. With this as a backdrop,

we can now revisit the three avenues of alternative tactic

evolution and begin to consider how beetle horns and beetle

horn dimorphism might evolve.

5.5.1 Evolution of sensory apparatus and cues

We still know very little about the sensory mechanisms of

developing Onthophagus larvae, particularly those involved

in detecting body size. Several features of this process are

clear, however. First, animals develop in isolation within

brood balls – masses of dung provisioned by the parents and

buried below ground (Figure 5.4A). Consequently, detec-

tion of individual growth and overall body size must occur

internally, rather than from repeated encounters with rivals

during development.

Second, variation in the amount of food available to

developing larvae affects their body size and can determine

whether individuals mature above or below the critical

threshold for horn growth (Emlen 1994, 1997b, 2000, Hunt

and Simmons 1997, 2002, Moczek 1998, 2002, Moczek and

Emlen 1999). Variation in food amount does not affect the

threshold size itself, nor does it alter the final relationship

betweenmale horn length and body size (Emlen 1994, 1997b).

Interestingly, variation in the quality of larval diet does affect

the threshold, shifting the resulting relationship between horn

length and body size (Emlen 1997b, Moczek 2002).

Thus, larvae appear to respond differently to specific

aspects of their nutritional environment, and some of these

dietary cues modify the sensitivity of the threshold mech-

anism to variation in individual status or body size. Further

studies will be needed to elucidate the precise cues relevant

to horn expression and to explore whether variation in these

processes contributes to evolutionary changes in tactic

expression.

5.5.2 Evolution of the threshold

We have a much clearer picture of how the threshold

evolves. Numerous aspects of the threshold mechanism are

likely to show heritable differences between individuals

within populations, and any of these could contribute to

evolutionary shifts in the threshold body size separating

horned from hornless males (Figures 5.3 and 5.6). For

example, levels of receptor expression by epidermal cells in

the nascent horns would affect the concentration of JH

needed to elicit a physiological response, as would shifts in

the relationship between circulating JH and nutrition or

growth (i.e., changes in the levels of JH associated with

particular nutritional environments). Similarly, shifts in the

timing of either the drop in JH or the sensitive period when

JH levels are assessed could affect the body sizes small

enough to elicit a response and hence the threshold asso-

ciated with the switch between tactics.

Both artificial selection and common-garden, breeding

experiments revealed extensive standing levels of heritable

genetic variation for this developmental threshold (Emlen

1996, Moczek et al. 2002), and populations and species

routinely differ in this threshold as well (Emlen 1996, 2000,

Moczek et al. 2002, Moczek and Nijhout 2002) (Figure 5.7).

This suggests that evolutionary changes in the threshold

size for horn expression constitute a common and important

avenue for evolution of alternative male tactics in Ontho-

phagine beetles, permitting both the relative horn lengths

and the tactic frequencies to be modified in response to

changes in local conditions (such as changes in the overall

population density or in the relative costs and benefits of the

two tactics: Emlen 1996, 1997b, 2000, Simmons et al. 1999,

Emlen and Nijhout 2000, Tomkins and Simmons 2000,

Moczek et al. 2002, Moczek 2003).

One recent study combined information on the endo-

crine mechanism of horn expression with a comparison of

genetically divergent populations in order to explore how

evolutionary shifts in the threshold were brought about

Figure 5.6 Predicted consequences of mutations altering the

threshold regulating beetle horn expression, illustrating multiple

possible avenues for threshold evolution.
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(Moczek and Nijhout 2002). This study applied topical

doses of the JH analog methoprene to animals from two

populations known to differ in their horn development

threshold (North Carolina and Western Australia popula-

tions of the introduced species O. taurus) and demonstrated

that these populations had diverged in both the timing of a

hormone sensitive period and in the sensitivity of cells to

JH. The North Carolina populations were sensitive for a

shorter time and to smaller concentrations than Western

Australia populations (Moczek and Nijhout 2002). This

study illustrates how genetic variation for a variety of

components of these plastic developmental response

mechanisms can contribute to evolutionary changes in

developmental thresholds and to the expression of alterna-

tive tactics.

5.5.3 Evolution of downstream processes

In this beetle example, the most conspicuous difference

betweenmale tactic alternatives involves the relative amounts

of growth of a morphological structure – the horns

(Figure 5.8). Beetle horns form as outgrowths of the

epidermis that result from local bursts of cell proliferation at

the base of the male head (Emlen and Nijhout 1999). Horn

cells proliferate at the same time and in response to the same

endocrine signals as other imaginal (imago¼ adult) struc-

tures, including the wings, eyes, and genitalia. Recent

advances in Drosophila developmental genetics have identi-

fied how insect imaginal structures arise and how their sizes

and shapes are regulated. Here I use this information as a

foundation for exploring how beetle horns might evolve.

Cell proliferation in developing imaginal structures

(e.g., in the legs, wings, and genitalia) is controlled by

cascades of interacting transcription factors and signal

molecules (reviewed in Cohen 1993, Serrano and O’Farrell

1997). These genetic patterning cascades result in local

diffusion of signals within the epidermal fields that will

form each adult structure (Lawrence and Struhl 1996, Day

and Lawrence 2000). Partially overlapping gradients of

these signals dictate the form of the developing structure by

specifying precise regions – domains – within the growing

structure. This subdivides the contiguous sheet of epider-

mal cells along three axes (anterior–posterior, dorsal–

ventral, and proximal–distal) and results in a spatially

explicit “map” of cell positions (reviewed in Cohen 1993,

Serrano and O’Farrell 1997, Day and Lawrence 2000,

Johnston and Gallant 2002).

Interactions between these local signals stimulate

proliferation within portions of the growing structure

(Peifer et al. 1991, Campbell et al. 1993, Struhl and Basler

1993, Basler and Struhl 1994, Irvine and Wieschaus 1994,

Johnston and Schubiger 1996, Johnston and Gallant 2002).

Importantly, changes in the concentrations of specific sig-

nals, or in the sensitivities of cells to those signals, can

change the relative proportions of domains within the

limb-epidermal field and, in so doing, can alter the shape
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Figure 5.7 Evolution of a threshold. (A) Within-population

variation. Artificial selection for relative horn length in

O. acuminatus shifted the threshold body size in seven generations

(final-generation animals from up and down lines shown).

(B) Among-population variation. North Carolina (open circles) and

Western Australia (closed circles) populations of the introduced

species O. taurus diverged genetically for their threshold in the

approximately 30 years post-introduction. (C) Among-species

variation. Related Onthophagus species frequently differ in the

threshold body size separating horned from hornless males (left to

right: O. acuminatus, O. marginicollis, O. striatulus, O. batesi, and

O. incensus). (Data from Emlen 1996, Moczek et al. 2002, Moczek

and Nijhout 2002).
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and form of the resulting structure (e.g., Neumann and

Cohen 1996, Niwa et al. 2000, Adachi-Yamada and

O’Connor 2002, Martı́n-Castellanos and Edgar 2002).

Thus, mutations in any of the patterning genes can subtly

alter the final proportions of developing structures, and

these patterning cascades constitute a likely mechanism for

evolutionary changes in animal shape (e.g., Weatherbee

et al. 1999, Jockusch et al. 2000, Niwa et al. 2000, Keisman

et al. 2001, Abouheif and Wray 2002, Stern 2003, Emlen

and Allen 2004).

In Drosophila, the genes Wingless (Wg) and

Decapentaplegic (Dpp) are the primary organizers of these
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Figure 5.8 Evolution of downstream genetic patterning processes.

Large and small male O. taurus differ in the relative amount of

proliferation that occurs in the cells that will form the horns.

(A) Horn growth is concentrated at the end of the larval period

(during the “prepupal” stage) and coincides with growth of the

other imaginal (adult) structures (e.g., eyes, wings, genitalia).

Horns form as local evaginations of the larval epidermis, but these

tubes of epidermis remain trapped inside the larval head capsule as

they grow, so they fold on themselves into dense concentric rings

that expand to their full length when the animal pupates. The tips

of these developing horns are predicted to act as local sources for

gene products that diffuse into the surrounding epithelium and

specify a distal, or outgrowth, fate for these regions (see text).

Genetic modifications to the concentrations of these signals (e.g.,

epidermal growth factor-receptor [EGFR], Distalless [Dll] or

aristaless [al]) would affect the size of the outgrowth and thus the

length of the horn. (B) Modifications to the shape of the signal

sources and the resulting diffusion gradients could lead to

evolutionary changes in the shapes of the horns (proposed diffusion

gradients shown below each horn type; left to right: O. nuchicornis,

O. asperulus, O. taurus,O. capella, andO. tersidorsis). (C) Changes in

the physical location of these signal sources could underlie

evolutionary changes in the location of horns (e.g., back, middle, or

front of the head, and central or lateral pronotum; left to right:

O. demarzi, O. raffayi, O. pentacanthus, and O. brooksi). (Part (A)

from Emlen and Allen 2004, with permission.)
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developing imaginal structures (Serrano and O’Farrell

1997, Johnston and Gallant 2002). Patterns of Wg and Dpp

expression determine where the axis of outgrowth will form,

in part by activating signaling of the epidermal growth

factor-receptor (EGFR) in the cells that will form the distal-

most tip of the final structure (Campbell 2002, Galindo et al.

2002). In all invertebrate taxa studied to date, the distal tips

of developing appendages act as local sources for EGFR,

which forms steep concentration gradients along the distal-

to-proximal axis of these structures (with the highest con-

centration occurring at the distal tip: Campbell 2002,

Galindo et al. 2002). Gradients of Wg, Dpp, and EGFR

activity coordinate the expression of specific downstream

genes in concentric rings along the outgrowth axis (Campbell

2002, Galindo et al. 2002), and two of these genes –Distalless

(Dll) and aristaless (al) – play especially prominent roles in

specifying the distal extremes of developing structures

(Campbell et al. 1993, Basler and Struhl 1994, Diaz-

Benjumea et al. 1994, Lecuit and Cohen 1997, Campbell

2002, Galindo et al. 2002). Changes in levels of expression of

any of these genes can affect the relative sizes of a structure,

and homologs of many of these genes do the same thing for

distal regions of developing vertebrate limbs (Panganiban

et al. 1997,Martin 1998, Campbell 2002). Consequently,Wg,

Dpp, and EGFR signaling, as well as the expression of

Distalless, and aristaless, are all likely candidates for evolu-

tionary changes in beetle horn morphology, with levels of

expression predicted to be positively correlated with horn

size. In Figure 5.8 I illustrate how simple changes in

expression patterns of these genes could lead to evolutionary

changes in the shape of beetle horns (Figure 5.8B) and also to

changes in the physical location of horns on the beetle

body (e.g., base of the head, front of the head, or thorax:

Figure 5.8C).

Two recent studies now suggest that these limb-pat-

terning genes are expressed in growing beetle horns, and

that altered activities of this pathway may contribute to

dimorphism in patterns of horn growth. Moczek and Nagy

(2005) showed that Dll and al proteins are present in the

horns of Onthophagus taurus and O. nigriventris, and that the

relative sizes of their respective domains of expression differ

between horned males, hornless males, and females. Simi-

larly, Laura Corley, Quenna Szafran, Ian Dworkin and I

showed that Wg and Dpp also are expressed in developing

beetle horns (O. nigriventris), and that their relative levels of

expression (measured as mRNA transcript abundances) are

significantly greater in horned males than in either hornless

males or females (D. J. Emlen et al., unpublished data).

Consequently, the limb-patterning pathway may be

involved with the downstream mechanisms responsible for

generating male dimorphism (and sexual dimorphism) in

horn expression, and recently this pathway has been

implicated in the evolution of horn shape and physical

location as well (Emlen et al. 2006).

A second promising pathway is the insulin-signaling

pathway, which regulates overall rates of cell proliferation

by controlling the process of protein synthesis (Edgar 1999,

Kawamura et al. 1999, Bryant 2001). Levels of both insulin

and insulin-dependent growth factors are sensitive to larval

nutrition (Kawamura et al. 1999, Bryant 2001, Britton et al.

2002, Ikeya et al. 2002, Nijhout and Grunert 2003), and this

physiological pathway interacts with cells in the developing

structures to control tissue growth.

Cells in developing imaginal structures express recep-

tors for insulin, and their sensitivity to this circulating signal

couples their growth with the nutritional environment of

larvae (Chen et al. 1996, Brogiolo et al. 2001, Bryant 2001).

Genetic changes in levels of insulin-receptor expression can

alter the growth of specific structures (Leevers et al. 1996,

Huang et al. 1999, Weinkove et al. 1999), and by altering the

relationship between larval nutrition and trait growth, these

mutations change the relative sizes of these traits (i.e., their

final size relative to the overall body size or status of the

animal: Mirth et al. 2005; Shingleton et al. 2005). The

insulin pathway is now considered to be the most promising

mechanism for the development and evolution of allometry

in insects, since it couples the sizes of developing structures

with nutritional environments and growth (Emlen

and Allen 2004; Shingleton et al. 2007).

Because changes in patterns of insulin signaling alter

trait allometry (e.g., Mirth et al. 2005; Shingleton et al.

2005), this pathway is also a candidate “downstream”

mechanism for dimorphism in the expression of beetle

horns (horned and hornless individuals differ in horn allo-

metry: Emlen and Allen 2004) (Figure 5.5). In the first

beetle species to be examined (O. nigriventris), the horn discs

of horned and hornless individuals differ significantly in

their relative levels of insulin receptor (InR) expression

(Emlen et al. 2006), and we now suspect that male

dimorphism (and sexual dimorphism) in this species

involves a truncation of insulin pathway activity in the horn

disks of small males and females.

In conclusion, a suite of genes and gene products

interacts to control the form and final size of adult mor-

phological structures. Bringing the expression of any of

these genes under the regulation of a physiological threshold
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can couple major changes in limb shape and/or size with

larval exposure to environmental conditions – i.e., it can

bring expression of morphological structures into the suite

of phenotypic characteristics associated with conditionally

expressed alternative tactics. Examination of the pathways

themselves reveals a multitude of ways that the morphology

of beetle horns could evolve, a pattern consistent with the

extraordinary diversity in weapon form exhibited by extant

species of this genus.

5 .6 HORMONES, THRESHOLDS, AND

GENETIC CORRELATIONS

AMONG TRAITS

Identifying the types of mutations that would affect an

endocrine response mechanism is informative for an add-

itional reason: it can reveal developmental sources of link-

age, or genetic correlation, among traits. For example, many

hormones coordinate a large number of developmental and

physiological events (e.g., growth, sexual maturity, egg

production, aging), and genetic changes in circulating levels

of these hormones or in cellular sensitivities to the hormone

can affect the expression of multiple traits (“hormonal

pleiotropy”: Ketterson and Nolan 1992, Finch and Rose

1995, Sinervo and Svensson 1998, Zera and Harshman

2001, Flatt and Kawecki 2004). In Drosophila melanogaster,

mutations in the insulin-like receptor gene (InR) alter cir-

culating levels of JH, and genetic variation at this locus

contributes to a negative genetic correlation between female

fecundity and adult lifespan (Tatar and Yin 2001, Tatar et

al. 2001a, b, 2003). Similarly, Met is a gene that affects JH

sensitivity in target cells (Shemshedini and Wilson 1990,

Pursley et al. 2000), and a recent study by Flatt and Kawecki

(2004) found large, pleiotropic consequences of genetic

variation at this locus, contributing to genetic correlations

between development time, the onset of reproduction, and

both early and late fecundity. In both of these examples,

shared utilization of a circulating hormone signal (JH)

appears to have contributed to genetic correlations among

life-history traits, and knowledge of the mechanism made it

possible to predict both the direction and relative magni-

tude of the resulting trait associations.

Beetle horns are often correlated with other morpho-

logical traits, such as eyes, wings, antennae, and genitalia

(Nijhout and Emlen 1998, Emlen 2000, 2001, Moczek and

Nijhout 2004), and this also appears to result from shared

utilization of circulating signals. During the period of horn

growth (the prepupal period: Figure 5.8A), the epidermal

cells that will form the horns are sensitive to levels of JH

(Emlen and Nijhout 1999, Moczek and Nijhout 2002) and

probably also to levels of nutrients, insulin, and growth

factors (Emlen and Allen 2004). Many other morphological

structures grow at this same time. Proliferation in these

other structures is similarly affected by circulating hor-

mones, nutrients, insulin, and growth factors (reviewed in

Stern and Emlen 1999, Emlen and Allen 2004), and herein

lies the potential for trait interactions: if proliferating organs

compete with other organs for access to any of these cir-

culating signals or nutrients, then mutations affecting the

relative growth of one of the structures could have negative

pleiotropic consequences for growth of other structures.

Although the relevant signal(s) has not yet been identi-

fied, it is already clear that horn growth in some Ontho-

phagus species is negatively correlated with growth of other

structures, and perturbations to the growth of one of these

traits (e.g., the horns) alters the relative sizes of the other

traits (Nijhout and Emlen 1998, Emlen 2000, 2001, Moczek

and Nijhout 2004). In at least one of these cases (horns vs.

eyes), the resulting genetic correlation appears to have

constrained the independent evolution of these traits,

leading to evolutionary losses of horns and also to major

changes in the type of horn produced (Emlen et al. 2005).

Consequently, shared utilization of circulating endocrine or

other signals can generate nonrandom associations among

different traits, and this can affect the subsequent evolution

of the involved traits.

Not all mutations are expected to have such extensive

pleiotropic effects, however (reviewed in Stern 2000).

Genetic modifications to spatially localized patterning net-

works, such as those expressed only in a specific cell type or

body region (e.g., within a limb field), often will only affect

the trait in question (e.g., Raff 1996, Raff and Sly 2000).

Separation of processes in time can also reduce correlations

among traits: if tissues respond to a hormone signal during

different sensitive periods, then the potential exists for them

to evolve relatively independently (Nijhout 1994, 1999).

Finally, the most striking implication of developmental

thresholds for the evolution of animal phenotypes is that

they minimize genetic correlations between tactics (e.g.,

Cheverud 1984, 1996, Bonner 1988, West-Eberhard 1992,

2003, Raff 1996, Wagner 1996, Nijhout 1999, Raff and Sly

2000). By partially uncoupling gene expression of the

alternatives (e.g., Evans and Wheeler 1999, 2000, 2001,

Miura et al. 1999, Miura 2001, Grozinger et al. 2003, Scharf

et al. 2003), threshold mechanisms permit tactics to evolve

along strikingly independent trajectories (West-Eberhard
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1989, 1992, 2003). The general pattern that emerges is that

mutations in genes involved with a hormone signal or with

cellular sensitivities to this signal (i.e., with the threshold

mechanism itself) often have large pleiotropic effects on

other aspects of morphology, life history, and behavior,

whereas mutations in the downstream pathways regulated

by a threshold often do not – these effects are much more

likely to be confined to the trait in question, and in par-

ticular, to just one of the two tactics.

The threshold mechanism generating male dimorphism

in beetle horn expression illustrates this well. This mech-

anism uncouples the development of large and small males,

and as a result, the alternative tactics have evolved along

very different trajectories: selection for altered horn

morphology has led to profound genetic changes in the

shape and size of beetle horns (e.g., Emlen 2001, Emlen

et al. 2005) (Figure 5.8), and this radiation of form has

occurred with little or no corresponding changes to the

phenotype of the alternative tactic.

5 .7 SUMMARY

The expression of beetle horns is condition-sensitive, with

overwhelming influences of larval nutrition and negligible

heritabilities for traditional variables like horn length. In

this respect, alternative reproductive tactics in male beetles

are typical of alternative tactics in general – plastic, condi-

tionally expressed, phenotypic alternatives expressed within

one sex of a single species. Extreme condition-sensitivity of

tactic expression does not imply an absence of genetic

variation. The purpose of this chapter has been to describe

the basic physiological processes that confer condition-

sensitivity to tactic expression – the mechanism – and to use

this knowledge of mechanism to illustrate how genes con-

tribute to both the expression and evolution of animal

alternative tactics.

Alternative reproductive tactics evolve in three major

ways. First, the sensory structures that detect and respond

to external circumstances can evolve, leading to shifts in the

relative sensitivities of individuals to specific stimuli and to

changes in the types of stimuli utilized. Second, the

physiological response mechanism that translates perceived

stimuli into altered patterns of gene expression, tissue

growth, and behavior, can evolve. This is the threshold

mechanism, and genetic changes in these response thresh-

olds can change the conditions under which tactics are

expressed. Finally, genetic changes in downstream regula-

tory pathways can alter the tactics themselves, leading to

within-tactic changes in morphology or behavior that are

expressed at least partially independently from the tactic

alternatives.

Why incorporate a developmental perspective? As we

improve our understanding of the components of these

developmental mechanisms – hormones, sensitive periods,

receptors, and their interactions – we learn how evolutionary

changes in phenotype are brought about. We begin to

identify the types of mutations that would affect these

mechanisms and the consequences of these genetic changes

for the resulting phenotypes. Even a superficial under-

standing of development can bring improved resolution to

the processes, both past and present, that have shaped the

evolution of animal alternative tactics.
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28–33.

Merrifield, F. and Pouldton, E. B. 1899. The color relation

between the pupae of Papilio machaon, Pieris napai and

many other species, and the surroundings of the larvae

preparing to pupate, etc. Transactions of the Entomological

Society of London 1899, 369–433.

Mirth, C., Truman, J.W., and Riddiford, L.M. 2005. The

role of the prothoracic gland in determining critical weight

for metamorphosis in Drosophila melanogaster. Current

Biology 15, 1796–1807.

Miura, T. 2001. Morphogenesis and gene expression in the

soldier-caste differentiation of termites. Insectes Sociaux 48,

216–223.

Miura, T., Kamikouchi, A., Sawata, M., et al. 1999. Soldier

caste-specific gene expression in the mandibular glands of

Hodotermopsis japonica (Isoptera: Termopsidae). Proceedings

of the National Academy of Sciences of the United States of

America 96, 13874–13879.

Moczek, A. P. 1998. Horn polyphenism in the beetle

Onthophagus taurus: larval diet quality and plasticity in

parental investment determine adult body size

and male horn morphology. Behavioral Ecology 9,

636–642.

Moczek, A. P. 2002. Allometric plasticity in a polyphenic

beetle. Ecological Entomology 27, 58–67.

Moczek, A. P. 2003. The behavioral ecology of threshold

evolution in a polyphenic beetle. Behavioral Ecology 14,

841–854.

Moczek, A. P. and Emlen, D. J. 1999. Proximate

determination of male horn dimorphism in the beetle

Onthophagus taurus (Coleoptera: Scarabaeidae). Journal of

Evolutionary Biology 12, 27–37.

Moczek, A. P. and Emlen, D. J. 2000. Male horn dimorphism

in the scarab beetle, Onthophagus taurus: do alternative

reproductive tactics favour alternative phenotypes? Animal

Behaviour 59, 459–466.

Moczek, A.P., Nagy, L.M. 2005. Diverse developmental

mechanisms contribute to different levels of

diversity in horned beetles. Evolution and Development 7,

175–185.

Moczek, A. P. and Nijhout, H. F. 2002. Developmental

mechanisms of threshold evolution in a polyphenic beetle.

Evolution and Development 4, 252–264.

104 D. J . EMLEN



Moczek, A. P. and Nijhout, H. F. 2004. Trade-offs during the

development of primary and secondary sexual traits in a

horned beetle. American Naturalist 163, 184–191.

Moczek, A. P., Hunt, J., Emlen, D. J., and Simmons, L.W.

2002. Threshold evolution in exotic populations of a

polyphenic beetle. Evolutionary Ecology Research 4,

587–601.

Moore, M.C., Hews, D.K., and Knapp, R. 1998. Hormonal

control and evolution of alternative male phenotypes:

generalizations of models for sexual differentiation.

American Zoologist 38, 133–152.

Moran, N.A. 1992. The evolutionary maintenance

of alternative phenotypes. American Naturalist 139,

971–989.

Morooka, S. and Tojo, S. 1992. Maintenance and selection of

strains exhibiting specific wing form and body colour under

high density conditions in the brown planthopper

Nilaparvata lugens (Homoptera: Delphacidae). Applied

Entomology and Zoology 27, 445–454.

Neumann, C. J. and Cohen, S.M. 1996. Distinct mitogenic

and cell fate specification functions of wingless in different

regions of the wing. Development 122, 1781–1789.

Nijhout, H. F. 1994. Insect Hormones. Princeton, NJ:

Princeton University Press.

Nijhout, H. F. 1999. Control mechanisms of polyphenic

development in insects. BioScience 49, 181–192.

Nijhout, H. F. and Emlen, D. J. 1998. Competition among

body parts in the development and evolution of insect

morphology. Proceedings of the National Academy of Sciences

of the United States of America 95, 3685–3689.

Nijhout, H. F. and Grunert, L.W. 2003. Bombyxin is a

growth factor for wing imaginal disks in Lepidoptera.

Proceedings of the National Academy of Sciences of the United

States of America 99, 15446–15450.

Niwa, N., Inoue, Y., Nozawa, A., et al. 2000. Correlation

of diversity of leg morphology in Gryllus bimaculatus

(cricket) with divergence in dpp expression pattern during

leg development. Development 127, 4373–4381.

Oliveira, R. F., Canario, A. V.M., and Grober, M. S. 2001.

Male sexual polymorphism, alternative reproductive tactics,

and androgens in combtooth blennies (Pisces: Blennidae).

Hormones and Behavior 40, 266–275.

O’Neill, K.M. and Evans, H. E. 1983. Alternative male

mating tactics in Bembicinus quinquespinosus (Hymenoptera:

Sphecidae): correlations with size and color variation.

Behavioral Ecology and Sociobiology 14, 39–46.

Ono, S. 1982. Effect of juvenile hormone on the caste

determination in the ant Pheidole fervida Smith

(Hymenoptera: Formicidae). Applied Entomology and

Zoology 17, 1–7.

Panganiban, G., Irvine, S.M., Lowe, C., et al. 1997. The

origin and evolution of animal appendages. Proceedings of the

National Academy of Sciences of the United States of America

94, 5162–5166.

Pearce, A.N., Huang, Z. Y., and Breed, M.D. 2001. Juvenile

hormone and aggression in honey bees. Journal of Insect

Physiology 47, 1243–1247.

Peifer, M., Rauskolb, C., Williams, M., Riggleman, B., and

Wieschaus, E. 1991. The segment polarity gene armadillo

interacts with the wingless signalling pathway in both

embryonic and adult pattern formation. Development 111,

1029–1043.

Pursley, S., Ashok, M., and Wilson, T.G. 2000. Intracellular

localization and tissue specificity of the Methoprene-tolerant

(Met) gene product in Drosophila melanogaster. Insect

Biochemistry and Molecular Biology 30, 839–845.

Rachinsky, A. and Hartfelder, K. 1990. Corpora allata activity,

a prime regulating element for caste-specific juvenile

hormone titre in honey bee larvae (Apis mellifera carnica).

Journal of Insect Physiology 36, 189–194.

Rachinsky, A., Strambi, C., Strambi, A., and Hartfelder, K.

2000. Caste and metamorphosis: hemolymph titers of

juvenile hormone and ecdysteroids in last instar honeybee

larvae. General and Comparative Endocrinology 79, 31–38.

Radwan, J. 1993. The adaptive significance of male

polymorphism in the acarid mite Caloglyphus berlesei.

Behavioral Ecology and Sociobiology 33, 201–208.

Radwan, J., Unrug, J., and Tomkins, J. L. 2002. Status-

dependence and morphological trade-offs in the expression

of a sexually selected character in the mite, Sancassania

berlesei. Journal of Evolutionary Biology 15, 744–752.

Raff, R. A. 1996. The Shape of Life: Genes, Development, and

the Evolution of Animal Form. Chicago, IL: University of

Chicago Press.

Raff, R. A. and Sly, B. J. 2000. Modularity and dissociation in

the evolution of gene expression territories in development.

Evolution and Development 2, 102–113.

Rankin, M.A. and Riddiford, L.M. 1977. Hormonal control

of migratory flight in Oncopeltus fasciatus: the effects of the

corpus cardiacum, corpus allatum and starvation on

migration and reproduction. General and Comparative

Endocrinology 33, 309–321.

Rankin, S.M., Chambers, J., and Edwards, J. P. 1997.

Juvenile hormone in earwigs: roles in oogenesis, mating, and

maternal behaviors. Archives of Insect Biochemistry and

Physiology 35, 427–442.

The roles of genes and the environment 105



Rasmussen, J. L. 1994. The influence of horn and body size on

the reproductive behavior of the horned rainbow scarab

beetle Phanaeus difformis (Coleoptera: Scarabaeidae).

Journal of Insect Behavior 7, 67–82.

Rembold, H. 1985. Sequence of caste differentiation steps in

Apis mellifera. In J. A. L. Watson, B.M. Okot-Kotber, and

C.H. Noirot (eds.) Caste Differentiation in Social Insects,

pp. 347–359. New York: Pergamon Press.

Rembold, H., Czoppelt, C., Grüne, M., et al. 1992. Juvenile
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6 · Neuroendocrine mechanisms of alternative reproductive tactics:

the chemical language of reproductive and social plasticity

ANDREW H. BASS AND PAUL M. FORLANO

CHAPTER SUMMARY

The wide range of variation in reproductive tactics dis-

played among teleost fishes has provided a rich source of

natural experiments for investigating the neural mechan-

isms of alternative reproductive tactics (ARTs). These

studies have mainly focused on identifying the location

and extent of neuropeptide-containing cells in the fore-

brain’s preoptic area (POA), in part, because of the well-

established influence of these neurons on reproductive

mechanisms. We first review the ARTs of teleost species

that have served as model systems for investigating the

neural mechanisms of reproductive plasticity and then the

general organization of the POA of vertebrates. Com-

parative surveys then show how life-history trajectories

and reproductive tactics vary with inter- and intrasexual

dimorphisms in the size and number of POA neurons that

synthesize either arginine vasotocin (AVT) or gonado-

tropin-releasing hormone (GnRH). The emerging

evidence for the potential role of neurosteroids in mech-

anisms of reproductive plasticity inclusive of ARTs is then

considered before concluding with a listing of a suite of

neuroendocrinological traits that may provide proximate

mechanisms essential to the widespread evolution of ARTs

among teleost fish.

6 .1 INTRODUCTION: DIVERGENT

LIFE-HISTORY TRAJECTORIES

A major theme that continues to emerge from many

studies of the neural mechanisms of ARTs is the

uncoupling of gonadal and neurobiological traits that

provides for the adaptable patterning of suites of mech-

anisms between alternative behavioral phenotypes (Bass

1992). We briefly discuss the life-history patterns that can

give rise to alternative reproductive/ behavioral morphs of

the major study species discussed in this review to provide

some background for a comparative survey of neural

mechanisms.

Teleost fishes exhibit a remarkable range of repro-

ductive phenotypes (e.g., see Taborsky 1994). Alternative

male reproductive morphs among teleosts may originate

from any one of several developmental trajectories (see

Foran and Bass 1999 for a more complete discussion)

(Figure 6.1). In some species, like midshipman fish and

sunfish (reviews: Gross 1991, Bass 1996), alternative male

morphs become fixed and males will follow one of two

nonoverlapping developmental pathways (shown in

Figure 6.1A as type I or type II males: nomenclature after

Bass and Marchaterre 1989). Thus, type I and II males

differ in a large suite of traits. Type I males delay the onset

of maturity to invest in larger body size and, in the case of

midshipman fish, a vocal motor system that functions in

the production of advertisement calls used in courtship

and agonistic calls used in territorial defense (Box 6.1).

Sunfish have comparable male morphs, although there is

no information on possible morph divergence in vocal

traits (sunfish are also sonic: Gerald 1971). Conditional

mating tactics (Figure 6.1B), like those described for some

gobies (Mazzoldi et al. 2000), pupfish (e.g., Leiser and

Itzkowitz 2004) and type I male midshipman fish (Lee

and Bass 2004), have males that show reversible, social-

context-dependent changes in reproductive status between

territorial (T) and sneaking, nonterritorial (NT)morphs. For

sex/role-changing fish such as the bluehead wrasse (review:

Godwin et al. 2003), either initial-phase (IP) males or females

transform permanently into territorial, terminal-phase (TP)

males (Figure 6.1C). Thus, one individual experiences

sequential life-history stages that, by contrast, are separated

between individuals in species like midshipman and sunfish

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.

ª Cambridge University Press 2008.

109



(Figure 6.1A). Individuals in yet other sex-changing species

like anemonefish (Godwin et al. 2003) may show permanent

male-to-female sex reversal (Figure 6.1D). Lastly, serially

sex-changing fish like gobies (review: Cole 1990) switch back

and forth between the sexes (Figure 6.1E).

6 .2 NEURAL MECHANISMS OF ARTS:

THE CHEMICAL LANGUAGE OF

THE PREOPTIC AREA

Before launching into a survey of the diversity of the pre-

optic area (POA) phenotypes among teleosts, we will first

consider the general organization of the POA to provide a

more general context for understanding why this region of

(A) Nonreproductive juvenile

Life-history patterns of ARTs in teleost fishes

(B) Nonreproductive juvenile

(C) Nonreproductive juvenile

(D) Nonreproductive juvenile

(E) Nonreproductive juvenile

I

II

NT

T

IP

TP

Figure 6.1 Life-history patterns for teleost fish showing

alternative reproductive tactics and strategies (see Gross 1996,

Brockmann 2001 for discussion of terminology). (A) For

gonochoristic species (juveniles are either male or female), there

are two distinct male phenotypes shown here as type I and type II

males that represent terminally differentiated life-history

trajectories. (B) Conditional strategies can be represented by

individuals that exhibit reversible changes between a territorial

(T) and nonterritorial (NT) status. (C) For sex/role-changing

species (sequential hermaphrodites) that show female-to-male

transformations (protogyny), initial-phase males (IP) and

females can transform into terminal-phase males (TP).

(D) For sequential hermaphrodites with male-to-female sex

change (protandry), a monogamous male can become the

dominant female in a social group. (E) Simultaneous

hermaphrodites exhibit serial sex change, and repeatedly switch

from male to female phenotypes. (Adapted from Foran and Bass

1999.)

Box 6.1 Vocal behavior and motor system of

midshipman fish

Midshipman fish have a pair of muscles (sm) attached to

the lateral walls of their swim bladder (sb), as shown here

in a line drawing of a midshipman fish (Figure 6.2A).

The synchronous contraction of the sonic muscles leads

to the production of sounds. Type I male midshipman

fish produce long-duration (more than 1 hour), multi-

harmonic calls known as “hums” (Figure 6.2B, a seg-

ment of a continuous hum recorded from a nest at

16.1 �C). Midshipman fish, and the closely related

toadfishes, have a vocal control network as depicted here

in a sagittal view of the brain and anterior spinal cord.

The vocal motor network (Figure 6.2C) includes vocal-

acoustic integration centers (VAC) at forebrain (f),

midbrain (m), and hindbrain (h) levels (Bass et al. 1994,

Goodson and Bass 2002). Auditory input is provided to

each VAC by way of auditory nuclei positioned at

hindbrain, midbrain, and forebrain levels (see Bass et al.

2000, Goodson and Bass 2002). A hindbrain–spinal vocal

pacemaker circuit (shaded region) includes a column of

pacemaker neurons positioned ventrolateral to the sonic

motor nucleus that innervates the sonic muscles via

ventral, sonic occipital nerve roots (Bass and Baker 1990,

Bass et al. 1994, 1996). A ventral medullary nucleus

provides for extensive coupling of the pacemaker–sonic

circuit across the midline (Bass et al. 1994, 1996).

The contraction rate of the sonic muscles is directly

determined by the rhythmic output of the pacemaker–

motor neuron circuit. This output is easily recorded in a

neurophysiological preparation and is known as a fictive

vocalization because its temporal properties directly

establish the temporal features of natural calls such as

the fundamental frequency and duration (Bass and Baker

1990). Hence, this preparation provides a simple model

for investigating the effects of hormones and other

neurochemicals on the neural substrates of vocal

behavior in a vertebrate.
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the vertebrate brain plays an essential role in coordinating

the divergent neural mechanisms that underlie the per-

formance of any reproductive-related behavior. The term

POA–anterior hypothalamus has often been used inter-

changeably with the term POA alone. For the purposes of

this review, we consider the POA and anterior hypothal-

amus as a single functional unit, the POA, for two reasons.

First, the POA and anterior hypothalamus share a common

developmental origin (Puelles 2001). Second, while many of

the neuropeptide-containing neurons in teleosts are located

in brain nuclei identified as part of the POA (e.g., see Bass

and Grober 2001), the homologous cell groups of tetrapods

(e.g., the paraventricular and supraoptic nuclei) are typic-

ally identified as part of the anterior hypothalamus (e.g.,

Moore and Lowry 1998, Puelles 2001).

One context in which to frame the functional organiza-

tion of the POA of teleosts and vertebrates in general is its

central location within a neurochemically rich “core” of the

brain as recognized by Nieuwenhuys et al. (1989). While

Nieuwenhuys and colleagues discuss this concept within the

context of a mammalian limbic system, we can apply it to

nonmammals as well, especially given the conserved

organization of the POA across vertebrate classes (see Butler

and Hodos 1996, Meek and Nieuwenhuys 1998). Core

regions, like the POA, lie adjacent to the brain’s ventricular

spaces and contain neuronal populations that synthesize a

wide range of neuropeptides, concentrate androgens and

estrogens, and are generally implicated in the control of

homeostatic and social behavior patterns (Nieuwenhuys

et al. 1989). A laterally positioned “paracore” region at

brainstem levels is especially rich in monoamines (serotonin

and catecholamines) and interconnected with the core

region. Together, the core and paracore regions form a

neuroendocrine “axis” in the brain.

Herbert (1993) articulates a similar organizational pat-

tern for neuropeptide-containing cell groups and further

(A)

sb

Spinal cord

sm

10 ms

Sonic muscles

Sonic

Sonic motor nucleus
Pacemaker
neurons

2 mm

hVAC

mVAC
fVAC

Olfactory
bulb

Olfactory
nerve

Optic
nerve

Pituitary
gland

occipital
nerve nucleus

medullary
Ventral

Medulla

(B)

(C)

Cere
bellum

Mesencephalon Telencephalon

Figure 6.2 Overview of local behavior and motor system of

midshipman fish. (A) Portrait showing position of swim bladder (sb)

and sonic muscle (sm) at level of the pectoral fin. (B) Oscillogram

record of segment of the “hum” advertisement call of a type I male.

(C) Sagittal view of brain and spinal cord showing nuclei that form a

central vocal–auditory network. See Box 6.1 for details.
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points out an added degree of complexity afforded by

interactions between different peptide systems and

between peptides and steroids. Peptide interactions may

involve either multiple peptides acting on a single target

or one peptide system acting upon another in a somewhat

hierarchical fashion. Moreover, individual brain nuclei

may have multiple peptides that influence a wide range of

peripheral and central structures and, in turn, the related

behavior patterns. Finally, steroid hormones may affect

all of these targets via one or more peptide systems.

Herbert (1993) proposes that the different neuropeptide

systems “function as chemical coding systems organizing

patterns of adaptive responses to defined demands. . . .

The structure and diversity of peptides raises the possi-

bility that there may be some predictable relation between

individual composition and function . . . that is, there is a

chemical ‘code’ or ‘language’ in which defined functions

are encoded into interpretable sequences in amino acids.”

One of the long-term goals of continuing neuroendocri-

nological studies of species with ARTs should be to show

how different neuropeptides (and steroids) are operating

either independently or in concert with one another to

coordinate the expression of a suite of characters (both

neural and nonneural) leading to the performance of

ARTs (also see Goodson and Bass 2001, Perry and

Grober 2002, Rose and Moore 2002). Such a pluralistic

approach is essential to a neuroethological research

strategy that aims to explain the existence of behavioral

phenotypes (Bass 1998).

The POA exerts an influence over other organ systems

by way of its connections to the somatic motor system, the

visceral motor system, and the pituitary gland (Figure 6.3;

also seeMarkakis 2002). The somatic motor system includes

motor neurons in the brain and spinal cord that directly

innervate skeletal muscle. By contrast, the central motor

neurons of the visceral (autonomic) motor system contact

peripheral motor neurons in autonomic ganglia that, in

turn, innervate either glands or the smooth muscle of vis-

ceral organs. The adrenal medulla is a modified autonomic

ganglion that utilizes catecholamines (epinephrine and

norepinephrine) as its neurosecretory products. The POA’s

linkage to the pituitary gland is central to its neuroendocrine

function. Multiple populations of POA neurons innervate

the anterior and posterior pituitary (adenohypophysis and

Anterior
Pituitary
Peptides

SteroidsCatecholamines

Visceral
Motor

Ganglion

Medulla Cortex Anterior Posterior

Arginine
Vasotocin
- Oxytocin

Neuropeptides
Neurotransmitters

Adrenal Pituitary

Neuroendocrine
Preoptic Area

Visceral
Motor

Somatic
Motor

Skeletal
Muscle

Smooth Muscle
or Gland

AVT-
Oxytocin

Figure 6.3 Schematic overview of somatic motor, visceral motor,

and neuroendocrine systems. Steroids released from the adrenal

cortex include glucocorticoids and mineralocorticoids.

Catecholamines released from adrenal medulla include epinephrine

and norepinephrine. See Bentley (1998) for more details of anterior

pituitary peptides, the arginine vasotocin–oxytocin family of

neuropeptides, and other neuropeptides and transmitters produced

by neurons in the preoptic area.
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neurohypophysis respectively). POA neurons synthesize

peptides that influence the activity of anterior pituitary

secretory cells. These secretory cells synthesize and release

peptidergic hormones into the circulation that target organs

throughout the body including the adrenal gland that

releases corticosteroids (Bentley 1998). Most vertebrates

have a blood portal system that transports the neurosecre-

tory products of the POA to the pituitary; teleosts lack this

portal system and instead have axons that directly terminate

in the pituitary (Peter and Fryer 1983). POA neurons also

synthesize the family of arginine vasotocin (AVT)-like

peptides that are directly released into the posterior

pituitary that, like the anterior pituitary, interfaces with the

circulation.

6 .3 DIVERGENT GONADOTROPIN-

RELEASING HORMONE AND

ARGININE VASOTOCIN

PHENOTYPES

Studies of the neural mechanisms of ARTs have largely

focused on the forebrain’s POA, in part, because of its

neuroendocrine functions (Section 6.2) and more general

influence on a wide range of reproductively related behavior

patterns (Nelson 1998, Pfaff et al. 2002). Several reviews of

teleosts with ARTs show how the size and number of

neuropeptide-containing neurons within the POA vary with

developmental trajectories and reproductive tactics (Foran

and Bass 1999, Bass and Grober 2001, Grober and Bass

2002; see Goodson and Bass 2001, Rhen and Crews 2002,

Rose and Moore 2002 for more general reviews of verte-

brates). Tables 6.1 and 6.2 summarize this information for

gonadotropin-releasing hormone (GnRH)- and arginine

vasotocin (AVT)-containing neurons. (Earlier versions of

these tables appeared in Foran and Bass [1999] and Bass and

Grober [2001] but have been updated here for studies

published up to 2003.)

The POA of teleosts includes several subdivisions. We,

as many others, follow the nomenclature of Braford and

Northcutt (1983) and recognize a POA with an anterior

parvocellular nucleus, a posterior parvocellular nucleus, and

a magnocellular nucleus that is further divided into small

(parvocellular), medium (magnocellular), and large (gigan-

tocellular) cell regions. A retinal-recipient, suprachiasmatic

nucleus is identified at the level of posterior parvocellular

nucleus. This pattern of POA organization is highly

conserved across teleosts (see references in Bass and Grober

2001). The POA transitions into the anterior hypothalamus,

which shows extensive interspecific variation in its organ-

ization across teleosts; see Braford and Northcutt (1983) for

a comparative discussion.

Of particular relevance here are neurons that

synthesize neurochemicals that are members of the nine-

amino-acid family of arginine vasopressin (AVP) like

neuropeptides and the ten-amino-acid family of gonado-

tropin-releasing hormones (GnRH). As in mammals,

there are a large number of other peptides synthesized in

the POA (review: Meek and Nieuwenhuys 1998).

Arginine vasotocin (AVT) and isotocin are the teleost

homologs of, respectively, mammalian AVP and oxytocin;

they are mainly found in the magnocellular nucleus. AVT

is considered the ancestral peptide; hence, our reference

to the AVT-like family. Among teleosts, neurons con-

taining GnRH (homolog of mammalian luteinizing-hor-

mone-releasing hormone) are mainly located within the

anterior parvocellular nucleus. AVT, isotocin, and GnRH

neurons have a similar distribution across diverse teleost

groups,although the pattern of axonal trajectories and

terminal fields may vary (see Goodson and Bass 2000a,

Goodson et al. 2003 for AVT and Lethimonier et al. 2004

for GnRH).

6.3.1 Gonadotropin-releasing hormone

Gonadotropin-releasing hormone (GnRH)-containing

neurons release their contents into the anterior pituitary

where they regulate the release of gonadotropins (luteiniz-

ing and follicle-stimulating hormones, gonadotropic hor-

mones I and II in teleosts) that, in turn, influence gonadal

size and steroidogenesis during either sexual maturation or

adulthood. Given the POA’s direct input to the anterior

pituitary in teleosts, changes in GnRH–ir (see below)

neuron activity may be more rapidly reflected in blood

gonadotropin levels than in other vertebrates with a hypo-

physeal portal system.

Teleosts have two major populations of GnRH neurons

in the forebrain. One population is within the ganglion of

the terminal nerve (TN) that is positioned either within the

olfactory bulb and nerve or at the junction of the olfactory

bulb and telencephalon. A second GnRH population is

within the POA. Studies in the dwarf gourami show that

only the POA cells project to the pituitary (Oka and Ichikawa

1990), whereas TN neurons have widespread projections

throughout the forebrain and do not provide input to

the pituitary (Oka and Matsushima 1993). Individual
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GnRH–TN neurons also show rhythmic firing properties,

which led Oka and Matsushima (1993) to propose that

GnRH–TN neurons might have widespread functions as a

neuromodulator. As discussed below, neuroanatomical

studies have used either immunocytochemical methods to

detect the presence of the peptide or in situ hybridization

histochemistry for identifying neuropeptide mRNA tran-

scripts. When discussing immunocytochemically detected,

neuropeptide-containing (i.e., immunoreactive-like, ir)

neurons, it is important to keep in mind that increases in

either cell size or number may reflect either increased

synthesis or decreased release of the peptides, while

decreases in the magnitude of those parameters may reflect

either decreased synthesis or increased release.

To our knowledge, the first studies of POA organization

in species with ARTs were on platyfish by Schreibman and

colleagues who used this species not to study ARTs per se

but rather as a model to establish the temporal relationship

between the onset of sexual maturation and changes in the

morphology of pituitary gonadotropes and GnRH neurons

(review: Schreibman and Magliulo-Cepriano 2002). Platy-

fish have “large” and “small” males that are analogous,

respectively, to the type I and IImales shown inFigure 6.1A.

This is also the one group of teleosts with ARTs for which

there is strong evidence that the morphs are genetically

determined. Immunocytochemical studies showed a cor-

relation between the onset of sexual maturation and chan-

ging GnRH–POA phenotype (Halpern-Sebold et al. 1986).

Thus, the small, earlier-maturing males had more GnRH

neurons than the large males. Consistent with these results,

studies across a wide range of species have since shown that,

in general, GnRH dimorphisms are associated with differ-

ences in relative gonad size and reproductive tactic (Table

6.1). Thus, the male morph with larger gonad mass/body

mass ratio (GSI) generally has either larger or more GnRH–

POA neurons. This same morph is also typically the

courting, territorial, and/or aggressive morph.

It is not possible in the space available to review many

of the studies on GnRH phenotypes summarized in Table

6.1 (but see Foran and Bass 1999 and Bass and Grober

2001 in the context of ARTs, and Okuzawa and

Kobayashi 1999 for studies in salmon in the context of

spawning migrations). Also of interest to the general

study of plasticity in POA phenotypes have been studies

of GnRH neurons in the cichlid fish Astatotilapia (Hap-

lochromis) burtoni, where males can reversibly transform

from a reproductive to a nonreproductive condition

(Box 6.2).

6.3.2 Arginine vasotocin

The arginine vasotocin (AVT)-like family of neuropeptides

includes 12 different peptides among vertebrates and two

among invertebrates (Bentley 1998). Recall that AVT and

Box 6.2 GnRH neuronal plasticity in cichlids

Several investigations have explored the relationship

between GnRH–ir and mRNA expression in Astatoti-

lapia burtoni and an individual’s social status as either a

nonterritorial/nonreproductive (NT) male or a terri-

torial/courting (T) male. Davis and Fernald (1990) first

showed an increase in the size (but not number) of

GnRH–ir neurons in the POA that was paralleled by

increasing gonad size as males transitioned from NT to

T status (also see Hofmann and Fernald 2000 for similar

changes in somatostatin-containing POA neurons).

Subsequent studies identified three different forms of

GnRH in A. burtoni: GnRH1, GnRH2, and GnRH3 in,

respectively, the POA, the midbrain, and the TN

(review: Fernald and White 1999); eight forms have

been identified among teleosts (see Lethimonier et al.

2004). Only GnRH1–ir and GnRH1 mRNA expression

varies with NT/T status. White et al. (2002) investi-

gated the relationship between social status and relative

gonad size, levels of GnRH1 mRNA, and size of

GnRH–ir neurons in the POA. Levels of GnRH mRNA

expression, GnRH–ir neuron size, and gonad size were

positively correlated with status; all parameters were

greater in magnitude among T males. When NT males

were placed in a social situation that allowed them to

adopt a T status, there was an increase in GnRH1

mRNA levels and GnRH–ir neuron size, whereas males

that were induced to transform from T to NT status

showed the opposite trends. Behavioral changes (meas-

ured as levels of aggression) were observed after 1 day

among NT males that were on a “social ascent” to being

T males; their behavior resembled that of T males after

2 weeks had elapsed, although their GnRH traits

resembled those of T males after just 1 week. For T-to-

NT males that were on a “social decline,” T males

behaved like NT males after just 1 day, although their

GnRH traits did not resemble those of NT males until

after 3 weeks. White et al. (2002) suggest that unstable

social conditions might explain the temporal disparities

between the rate of change of GnRH traits and

behavior.
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isotocin are the teleost homologs, respectively, of mamma-

lian AVP and oxytocin. The evolution of the AVT-like

peptides with only four variants that differ by one or two

amino acids from AVT is more conserved than that of the

oxytocin-like peptides with eight variants that differ by one

to three amino acids from oxytocin. Among mammals, AVP

and oxytocin modulate a wide variety of social (e.g., parental

care, courtship, aggression) and nonsocial (e.g., hiberna-

tion) behavior patterns (see Goodson and Bass 2001). The

behavioral functions of AVP are often associated with males

and those of oxytocin with females (e.g., see Insel and

Young 2000); comparable dichotomies are becoming

apparent among nonmammals (reviews: Goodson and Bass

2001, Rose and Moore 2002). Across species, AVT/AVP’s

facilitatory influence on courtship behavior is fairly con-

sistent. However, AVT’s influence on aggression is more

dependent on the social system in question, namely either a

territorial or nonterritorial species; in general, AVT is

inhibitory in the former and facilitatory in the latter (see

Goodson and Bass 2001 for extended discussion). There are

few behavioral or neuroendocrinological studies of isotocin

(but see below).

A complete understanding of the functional significance

of divergent patterns of neuropeptide expression will

depend, in part, on explanations at a neurophysiological

level of analysis. By way of example, we review studies of

male morph-specific effects of AVT and isotocin on fictive

calling in midshipman fish (see Rose and Moore 2002 for

comparable studies of the neural substrates of mating

behavior in salamanders). Midshipman fish have two male

morphs, types I and II (Figure 6.1A), which follow diver-

gent growth trajectories (Bass et al. 1996) and reproductive

tactics (Brantley and Bass 1994, Bass 1996) (Figure 6.4).

Territorial type I males build nests under rocky shelters in

the intertidal zone along the northwestern coast of the

United States and Canada and then court females with a

long-duration (more than 1 hour) advertisement call known

as a “hum.” Type I males also produce a long-duration,

repetitive series of brief (millisecond) “grunts” during nest

defense (Brantley and Bass 1994, Bass et al. 1999). Type II

males neither build nests nor acoustically court females but

rather attempt to steal fertilizations from type I males by

either sneaking into their nest or by satellite spawning from

a nest’s periphery. Recent studies also show, however, that

small, type I males may also show behavioral plasticity and

sneak-spawn (Lee and Bass 2004). Thus, type I male mid-

shipman fish show a combination of the ART patterns

illustrated in Figures 6.1A and 6.1B, which highlights once

again the wide range of phenotypic plasticity among

reproductive morphs across teleosts. Type II males, as

females, infrequently produce low-amplitude grunts that

have so far been documented only in a nonspawning context

(Brantley and Bass 1994).

Neuroanatomical and neurophysiological studies in

midshipman fish and the closely related toadfishes have

delineated a vocal control network that leads to sound

production (Bass andMcKibben 2003) (Box 6.1). There are

intrasexual dimorphisms in many vocal traits that parallel

the divergence in vocal behavior patterns between type I

and II males (Bass 1996, Bass and McKibben 2003). This

includes differences in the size of AVT–ir neurons in the

POA (Foran and Bass 1998) (Table 6.2). The descending

vocal motor system interfaces with central AVT and

oxytocin-like pathways at multiple levels of the central

nervous system (Goodson and Bass 2000a, 2002, Goodson

et al. 2003). Goodson and Bass (2000b) showed male,

morph-specific patterns of vocal motor activity with

microinjections of either AVT or isotocin into vocally active

sites of the anterior hypothalamus (part of the fVAC

depicted in Figure 6.2). Of particular advantage to studies

in midshipman fish (and the closely related toadfishes) is the

ability to record “fictive” vocalizations from ventral

occipital nerve roots that represent the rhythmic activity of

a vocal pacemaker circuit in the caudal hindbrain and rostral

spinal cord (Bass and Baker 1990) (Box 6.1). Fictive calls

predict the most salient temporal features of natural calls,

namely fundamental frequency and duration. Hence, this

preparation provided the opportunity to assess how neu-

ropeptides modulate the output of a central pattern gener-

ator that is directly translated into a naturally occurring

social behavior, i.e., vocalizations. AVT and isotocin

influenced both fictive call initiation and duration; there was

no influence on fundamental frequency (although there are

inter- and intrasexual dimorphisms in this parameter: Bass

and Baker 1990). AVT inhibits, and the appropriate

antagonists facilitate, fictive calling in type I males, whereas

isotocin has no effects. By contrast, only isotocin and its

appropriate antagonists have significant and parallel effects

on vocal activity in both type II males and females. The

midshipman studies show that (1) there are both inter- and

intrasexual divergences in the efficacy of AVT-like peptides

in modulating the neural substrates of a behavior (also see

Bastian et al. 2001 for another demonstration of male–

female differences in a weakly electric fish), (2) forebrain

neuropeptides can modulate vocal motor patterning (as in

other vertebrate groups: see Goodson and Bass 2001), (3)
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AVT’s action as an inhibitory substance in the territorial

male morph is consistent with studies in birds showing a

similar neuropeptide-behavioral phenotype (see Goodson

and Bass 2001), and (4) males with a female-like behavioral

trait (in this case, a vocalization) converge with females in the

neurochemical mechanism that leads to modulation of that

behavior’s central pattern generator. Together, the results

emphasized once again that the uncoupling of gonadal and

behavioral sex from neural mechanisms leads to an evolu-

tionarily adaptable patterning of these traits (Bass 1992, 1996).

Recent additions to the comparative literature on pat-

terns of AVT–ir and AVT mRNA expression among spe-

cies with ARTs include studies of the lagoon-dwelling

peacock blenny, Salaria pavo, and the Azorean rock-pool

blenny, Parablennius sanguinolentus parvicornis (Table 6.2;

also see Chapter 7). Salaria pavo females show behavioral

role reversal in that they are the reproductive morph that

courts; smaller and younger nonnesting males sneak-spawn

by mimicking female courtship behavior to gain access to

the nest of larger males. Sneaker males transform into

nesting males (analogous to the transformation of initial-

phase males into terminal-phase males in wrasses (see

Oliveira et al. 2001) (Figure 6.1C). AVT–ir cell number is

smaller in females compared to either male morph (which

are equal: Grober et al. 2002). By contrast, AVT–ir cell size

is larger in females than either male morph. Variation in

Type 1 Male Spawning(A)

(E)

(F)

(G)

(B)

(C)

(D)

Type 2 Male Spawning

Figure 6.4 Alternative reproductive tactics in the plainfin

midshipman fish, Porichthys notatus. Plainfin midshipman fish

readily reproduce during the breeding season when moved from

their nests in the intertidal zone to aquaria with flow-through

seawater (Brantley and Bass 1994, Lee and Bass 2004). Type I

males will take up residence under an artificial rocky shelter – for

example, a portion of a cement block as shown in this schematic

overview (A) that summarizes the studies of Brantley and Bass

(1994; see Bass 1996 for photographs of nests in the intertidal

zone). Type I males acoustically court females with a hum

advertisement call (see Box 6.1) after nightfall. After a female

enters the nest and remains to spawn, the male will cease to hum.

Females deposit their eggs on the surface of the nest’s interior (B).

Eggs have an adhesive disk that attaches them to the surface. The

male rolls and quivers as he releases sperm near each egg as they

are deposited one at a time on the nest’s surface by the female (C).

After a female releases all of her eggs, she will leave the nest and

the type I male remains to guard the eggs (D). The type I male will

then court other females on subsequent nights. When present,

type II males will either enter a nest and sneak spawn (far right, E)

or remain along the periphery of the nest and attempt to satellite

spawn by fanning their sperm into the nest’s interior (far right, F).

Territorial type I male attacks satellite spawning type II males (G).

Under some conditions, small nonterritorial type I males will

sneak-spawn (Lee and Bass 2004). (Adapted from Brantley and

Bass 1994.)
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either cell size or number cannot be explained by the

divergence in body size among the reproductive morphs.

AVT mRNA density (grain counts per neuron) is greater in

the POA of either females or sneaker males compared to

nest-holding males. Thus, while the pattern of AVT–ir

traits is sex specific, the pattern of AVT mRNA expression

is consistent with similar courtship tactics by females and

sneaker males. The same AVT–ir pattern is not observed in

P. s. parvicornis that also has nesting and nonnesting/

sneaker male morphs (Miranda et al. 2003). Although

sneaker males in both species transform into nesting males,

there are important species differences. Unlike S. pavo,

territorial/nest-holding P. s. parvicornismales court females

and P. s. parvicornis sneaker/satellite males help to defend

territories (although sneaker males also transform into

nesting males in this species: see Oliveira et al. 2001). There

are no significant differences in either AVT–ir cell size or

number in the POA among all three reproductive morphs.

However, significant differences are found for the ratio of

either cell size or number to body mass (as in midshipman

fish: Foran and Bass 1998). Thus, the smaller, nonnesting

males (like type II midshipman) have a larger ratio of AVT–

ir cell number/body mass than either nesting males (like

type I midshipman) or females, whereas nonnesting males

and females have a larger ratio of AVT–ir cell size/body

mass than nesting males (AVT mRNA density was not

reported for this blenniid). As with midshipman (Foran and

Bass 1998), which they generally resemble in the pattern of

male morph tactics, the results in the blenny suggest that

AVT–ir cell number develops prior to the onset of sexual

maturation and the differences in the cell size or number/

body mass ratios may indicate a much higher concentration

of AVT per gram body mass.

Black et al. (2004) showed changes in the number of

putative isotocin-containing neurons in the POA during the

process of sex reversal in the bluebanded goby, Lythrypnus

dalli (we say putative because these authors used an antibody

that recognizes the closely related oxytocin peptide: see

Goodson et al. [2003] for comparable methodology). This

species exhibits one-time, permanent adult female-to-male

sex change; males have fewer isotocin–ir neurons than females

(there were no significant differences in cell size). A previous

study for this species showed that males and females have a

similar number of AVT–ir neurons in the POA, although the

neurons are larger in males (see Table 6.2).

Several studies of the bluehead wrasse, Thalassoma

bifasciatum, have investigated the relationship between

patterns of neuropeptide expression and social status. The

bluehead wrasse has been a focus of study since Grober and

Bass (1991) first reported inter- and intrasexual differences

in its GnRH–POA phenotype (Table 6.1). Since that time,

several reports have also investigated AVT–POA pheno-

types. Very briefly, the bluehead wrasse has IP and TP

males (Figure 6.1C). TP males are highly territorial and

aggressively compete for sole access to females. Some TP

males are nonterritorial floaters (Semsar et al. 2001). IP

males either group spawn or sneak-spawn with a territorial

TPmale and female. Either adult females or IP males can be

induced to transform into TP males by removing territorial

TP males from a reef. If all IP males and TP males are

removed, the largest females transform into TP males and

adopt TP male-like behavior. AVT promotes courtship

behavior in either TP or nonterritorial TP males but only

increases aggression in the nonterritorial TP males (Semsar

et al. 2001). This is consistent with the general pattern of

AVT’s involvement in promoting courtship behavior,

whereas its effects on aggression vary with territorial status

(Goodson and Bass 2001). The increased aggression among

AVT-treated, nonterritorial TP males is consistent with the

overproduction of aggressive behavior that might be critical

to their becoming territorial.

The first study of POA–AVT mRNA levels in wrasses

showed that TP males, IP males, and sex-reversed females

had significantly higher levels than females and that levels

were four times greater in sex-changing females than other

females after just 2–3 days following removal of TP males

from a reef (Godwin et al. 2000) (see Table 6.2 for similar

results in another wrasse, T. duperrey). Recently, Semsar and

Godwin (2002) tested the effects of social, gonadal, and hor-

monal status on the AVT–POA phenotype of T. bifasciatum

(also see Godwin et al. 2000). They first wanted to know if the

size of AVT–ir neurons and AVT mRNA content would

change in sex-changing females that were socially dominant

compared to subordinate females, regardless of their gonadal

status (i.e., either intact or ovariectomized). Transformation

to a TP male phenotype was correlated with significant

increases in both AVT mRNA signal and the size of AVT–ir

somata (only in the PMg, the gigantocellular portion of the

magnocellular nucleus of the preoptic area); only the changes

in neuron size were gonadally dependent. Consistent with

this, castration of TP males had no effect on their AVT

mRNA phenotype although AVT–ir somata in the PMg

were larger, again suggesting a gonadal effect on AVT peptide

expression. Together, these studies show how social

environment may influence AVT phenotype in sex-changing

fish. At the same time, however, these studies show a

Neuroendocrine mechanisms of alternative reproductive tactics 119



mismatch between AVTmRNA and AVT–ir patterns that is

somewhat perplexing but presumably related to steroid

secretion by the gonad (also see earlier described study of the

peacock blenny).

Perry and Grober (2002) suggest for bluehead wrasse

that glucocorticoids regulate changes in the brain and gonad

linked to the upregulation of AVT. At least in trout, there

are glucocorticoid receptors throughout the neuroendocrine

regions of the brain, including both the parvocellular and

magnocellular nuclei of the POA (Teitsma et al. 1997,

1998). These glucocorticoid receptors are colocalized with

GnRH neurons in the caudal telencephalon/anterior POA

(Teitsma et al. 1999). Evidence in mammals shows that

glucocorticoids modulate AVP mRNA and its receptor in

the hypothalamus and forebrain (see Goodson and Bass

2001). Thus, glucocorticoids may be promising candidates

that would translate social and other environmental cues to

changes in neuropeptide expression involved in proximate

mechanisms of behavior in alternative male phenotypes.

While there is not enough space here to discuss the many

other elegant studies of AVT expression in teleost fish, the

reader is urged to consider the work of Urano and colleagues

on neuronal AVT and isotocin mRNA expression and

immunoreactivity in chum salmon (Oncorhynchus keta)

across different life-history stages (review: Urano et al.

1994). Although these studies mainly define the relationship

between AVT and isotocin expression and the osmotic

challenges linked to the migration from freshwater to salt-

water environments, several studies reveal expression pat-

terns linked to reproductive status (e.g., Ota et al. 1996,

1999, Hiraoka et al. 1997). Two other recent neurophysio-

logical studies provide new insights into the neurosecretory

function of the teleost POA. Saito and Urano (2001) showed

separately synchronized patterns of electrical activity

between the AVT and isotocin neurons in an in vitro

preparation of the POA of rainbow trout, while Saito et al.

(2003) have shown that GnRH can affect the oscillatory

activity of AVT neurons. This work also begins to address

the interaction between neuropeptide systems that we dis-

cussed earlier.

A number of studies in anuran amphibians have iden-

tified intersexual dimorphisms in brain AVT phenotypes

(review: Boyd 1994). Of particular relevance here is the

report of Marler et al. (1999) on the relationship between

forebrain AVT–ir and ARTs in the cricket frog (Acris

crepitans). Cricket frogs have calling males that court

females and noncalling, satellite males that try to intercept

females moving toward calling males. Intraperitoneal AVT

injections increased calling among males engaged in agon-

istic encounters (as in other anurans: see Marler et al. 1999).

AVT’s facilitation of aggressive calling is consistent with

such a role in nonterritorial species (see earlier comments).

Calling males also had smaller AVT–ir neurons in the

ventral forebrain’s nucleus accumbens and less dense AVT–

ir (i.e., labeled neuronal processes) in the region adjacent to

nucleus accumbens. The role of nucleus accumbens in

either a vocalization or reproductive context is apparently

not known.

6 .4 NEUROSTEROIDS AND

AROMATASE

To our knowledge, there are no studies that address the

organizational mechanisms responsible for fixed, alterna-

tive male phenotypes in fishes. Although studies from

salmon, bluegill sunfish, and platyfish suggest a genetic

role (Gross 1996), this still does not address the underlying

mechanisms. Although teleosts with fixed alternative

phenotypes have diandric males that can be distinguished

by multiple traits including GnRH and AVT brain

phenotypes (see Tables 6.1 and 6.2), evidence of how

dimorphic neural circuitry can lead to dimorphic behavior

remains undefined for most species. One exception has

been the vocal motor circuit of midshipman fish. In mid-

shipman, the sonic motor nucleus (SMN) that innervates

sonic swimbladder muscles is inter- and intrasexually

dimorphic. Thus, individual motor neurons comprising

the nucleus and total SMN volume itself is larger in type I

males compared to type II males and females (Bass and

Baker 1990, Bass et al. 1996). Sonic motor neuron size is

also an androgen-sensitive trait (Bass 1995; also see

Brantley et al. 1993a). In all vertebrates, sex steroids

organize neural substrates important in sex-specific

reproductive behavior (review: De Vries and Simerly

2002). In this regard, midshipman fish provide an ideal

model to examine the influence of neurosteroids as prox-

imate mechanisms that influence the development and

maintenance of dimorphic male brain structures that dir-

ectly control divergent reproductive tactics. Neurosteroids

“include both neuroactive compounds produced de novo

and steroids metabolized to neuroactive compounds in the

brain but derived from circulating precursors” (Compag-

none and Mellon 2000). Here, we focus on the conversion

of testosterone to estradiol by aromatase.

Activity levels of brain aromatase appear to be conserved

throughout vertebrates; highest levels are consistently
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localized in forebrain areas known to control sexual behavior

and reproduction (review: Balthazart and Ball 1998). Aro-

matase affects the development of sexually dimorphic brain

nuclei (reviews: Beyer 1999, Burke et al. 1999). To date,

studies in teleosts have localized aromatase using specific

antibodies and mRNA probes in midshipman (Forlano et al.

2001), trout (Menuet et al. 2003), zebrafish (Goto-Kazeto

et al. 2004, Menuet et al. 2005), and silversides (protein

only: Strobl-Mazzulla et al. 2005). As expected, these

studies identified aromatase in the POA and throughout the

hypothalamus, but unexpectedly, as first shown in mid-

shipman fish, aromatase–ir was localized to radial glial cells

along ventricular zones throughout the brain. In midship-

man, the SMN is enshrouded with aromatase–ir cells and

fibers, contains high levels of aromatase mRNA, and prob-

ably accounts for most of the aromatase activity found in the

hindbrain and rostral spinal cord (Schlinger et al. 1999,

Forlano et al. 2001; also see Pasmanik and Callard 1985).

Both type I and type II males have aromatase expression

in the vocal regions of the brain, although activity levels are

significantly higher in type II males (Schlinger et al. 1999),

and mRNA expression is significantly higher in the SMN

(but not POA) in type II males (see also Forlano and Bass

2005a) (Figure 6.5). Thus, aromatase likely has divergent

functions in the vocal hindbrain of adult male midshipman.

Estradiol has rapid, modulatory effects on the vocal output

of type I males (Remage-Healey and Bass 2004), and,

therefore, local estradiol production may function to

modulate vocal signaling in type I males. Among type II

males, aromatase may also largely bind or convert testos-

terone to estradiol to prevent circulating androgens from

reaching androgen-sensitive circuitry (Schlinger et al.

1999). Forlano et al. (2005) demonstrated estrogen receptor

alpha mRNA in the sonic motor nucleus of type I males.

The absence of membrane-bound or nuclear estrogen

receptor in the SMN of type IIs would support the differ-

ential function of neurosteroids between male morphs.

While type I male midshipman alone have detectable

levels of 11-ketotestosterone, type II males and females have

similarly higher testosterone levels than type I males

(Brantley et al. 1993b, Knapp et al. 1999, Sisneros et al.

2004). Our results suggest that, like some other vertebrates

(e.g., see Balthazart and Ball 1998, Gelinas et al. 1998),

testosterone can both upregulate aromatase expression

(Forlano and Bass 2005b) and masculinize the sonic motor

system (Bass 1995). We hypothesized that relative levels of

aromatase expression in and around the SMNmay function

to prevent its transformation by circulating testosterone to a
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Figure 6.5 Intrasexual differences in brain aromatase expression in

the twomalemidshipmanfishphenotypes. (A)Type I and type IImales

of similar lengths show differences in aromatase mRNA expression at

the level of the dimorphic sonic motor nucleus (SMN). Brightfield

(top) and darkfield (bottom) visualizations of in situ hybridization show

strongest signal at the dorsal periphery of the nucleus which contacts

the fourth ventricle (IV). Scale bar¼ 200lm for all micrographs. (B)

Quantification of mRNA silver grains shows significantly higher levels

of expression in both peripheral (P¼ 0.029) and central regions

(P¼ 0.020) of the nucleus in type II males (n¼ 5) compared to type I

males (n¼ 7) (see Forlano andBass 2005a formethods). (C) Compared

to type I males (n¼ 5), type II males (n¼ 5) have significantly higher

levels of aromatase activity in hindbrain–spinal regions that contain the

dimorphic vocal circuitry (P< 0.0001). (After Schlinger et al. 1999.)
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type I male phenotype and therefore may be a key

mechanism in both generating and maintaining alternative

male phenotypes in this species (Schlinger et al.1999). In

support of this, the SMN of type II male midshipman

treated with testosterone will not become type I male-like,

although the same treatment given to small juvenile males

that have not yet adopted a type I male growth trajectory

(see Bass et al. 1996) will lead to a type I male-like

phenotype (Figure 6.6). Also, type II males castrated and

implanted with testosterone will show an upregulation of

aromatase mRNA in and around the SMN as well as in

other brain areas (Forlano and Bass 2001) (Figure 6.7).

This positive feedback of testosterone on brain aromatase

may function as a buffering system to regulate the amount

of circulating steroid reaching specific brain nuclei. The

localization of aromatase in radial glial cells lining the

ventricle throughout the brain (Forlano et al. 2001) allows

for direct exchange of neurosteroids between the brain,

cerebrospinal fluid, and circulatory system and may

account for a source of circulating estrogen in both type I

(Sisneros et al. 2004) and type II (J. Sisneros, P. Forlano,

R. Knapp, and A. Bass, unpublished data) males, thus

altering the overall hormonal milieu of the animal.

One hypothesis for a mechanism that may influence the

ontogeny of alternative male phenotypes in midshipman

fish stems from studies that demonstrate differential

expression of steroidogenic enzymes around the time of

sexual differentiation. Aromatase activity and gene expres-

sion appear to be specific to female gonadal tissue, while the

enzymes needed to make 11-oxygenated androgens are

found only in male gonadal tissue, as demonstrated in

studies using genetic female and male rainbow trout

(Baroiller et al. 1999). Thus, differences between a type II

male and a female at early stages in development may simply

be due to the absence of gonadal production of estradiol in

type II males. However, while a type II male testis may

produce testosterone, it may have little or no 11b-hydroxylase
(11b-H) or 11b-hydroxysteroid dehydrogenase (11b-HSD)

that would be needed to make 11-ketotestosterone, the more

potent teleost androgen (see Brantley et al. 1993b, Knapp

2004). Thus, sex differentiation in midshipman may be the

result of gonadal aromatase expression. The divergence and
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Figure 6.6 Effect of androgen treatment on sonic motor neuron

size. Both large and small motor neurons within the sonic motor

nucleus show a significant increase in size after implantation with

androgens (testosterone proprionate) for 8–9 weeks in small juvenile

males (n¼ 5 and 3 respectively for intact and androgen-treated

animals, P¼ 0.004 and 0.36 for large and small motor neurons,

respectively); however, the same treatment has no effect on type II

males (n¼ 6 and 5 respectively for intact and androgen-treated

animals, P¼ 0.965 and 0.698) (A. Bass, B. Horvath, and M.

Marchaterre, unpublished observations). Changes in juvenile males

parallel an increase in sonic muscle fiber number and diameter

(Brantley et al. 1993a; also see for method of hormone treatment);

see Bass et al. (1996) for age classification and quantification of motor

neuron size. Other studies show that 11-ketotestosterone also does

not induce a transformation of the type II male vocal motor

phenotype (Lee and Bass 2005).
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differentiation of male phenotypes may then be the result of

differential expression of aromatase or the androgenic

enzymes 11b-H or 11b-HSD in the brain. During

ontogeny, the type I morph may be the “default” devel-

opmental pathway if aromatase levels are low or absent in

the hindbrain–spinal vocal motor regions. One method to

test this hypothesis is to inhibit aromatase activity during a

critical developmental window before developmental

trajectories are adopted. If aromatase is inhibited during an

androgen-sensitive window, all type I males should result.

Aromatase may, in fact, ultimately function to organize

gonadal and neural substrates to determine a fixed devel-

opmental pathway andmaintain a certain male phenotype in

the midshipman fish as well as in other vertebrates that

show sexual polymorphisms in brain and behavior.

Differences in aromatase levels at a critical period may

modify the hormonal milieu (e.g., the ratio of testosterone to

estradiol) which, in turn, may determine male phenotype.

At the same time, levels of brain aromatase gene expression

may be either inherited or induced by environmental

(including social) factors (see Schlinger et al. 2001). Brain

aromatase levels in tilapia (Oreochromis niloticus) were

approximately twofold higher in genetic females compared

to males during sexual differentiation, and temperature-

induced masculinization of females induced a threefold

decrease in aromatase activity in the brain along with a

decrease in the gonad. Genetic males reared at the same

temperature that masculinized females also showed a

decrease in brain aromatase activity (D’cotta et al. 2001; also

see Tsai et al. 2003). Now that it is established that aro-

matase gene expression is thermosensitive in at least some

fishes, perhaps its lability may also be affected by other

environmental factors such as social interactions.

Sequential hermaphrodites by definition change sex

during adulthood and therefore do not appear to have a true

organizational period during early development as seen in

gonochoristic fishes and other vertebrates. Therefore, the

classical concepts of hormonal organization and activation

do not necessarily apply to this group (see Crews 1993).

Several studies suggest that either an increase in 11-keto-

testosterone or a decrease in estradiol or a combination of

both may induce sex change in protogynous fishes – species

with female-to-male transformations (Cardwell and Liley

1991, Grober et al. 1991, Kroon and Liley 2000, Bhandari et

al. 2004). In support of this, several studies have shown a

significant decrease in gonadal aromatase mRNA during

protogynous sex change in Thalassoma duperrey and Epi-

nephelus coioides (Morrey et al. 1998, Zhang et al. 2004).

Thus, a downregulation of the aromatase gene seems

necessary to enable male differentiation. Conversely, ele-

vated aromatase activity levels in gonads, elevated plasma

estradiol levels, and decreased plasma 11-ketotestosterone

levels were associated with protandry (male-to-female sex

change) in the black porgy, Acanthopagrus schlegeli (Chang

and Lin 1998). In another protandrous fish, Amphiprion

(A)

(B)

(C)

Figure 6.7 Effect of androgen treatment on aromatase expression in

the sonic motor nucleus (SMN) in type II males (P. Forlano and A.

Bass, unpublished observations). (A) Intact, type II male shows

abundant mRNA expression in the SMN (in situ hybridization

methods after Forlano and Bass 2005a, b). (B) Castration results in a

large reduction in aromatase mRNA expression. (C) Castration with

testosterone implant induces a dramatic upregulation of aromatase

mRNA in the SMN, especially around the periphery (castration and

hormone treatment methods after Brantley et al. 1993a). Notice that

the hybridization signal clearly surrounds motor neuron somata.

For visualization of aromatase–ir glial cells in this pattern, see

Forlano et al. (2001). Scale bar¼ 150lm.
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melanopus, the estradiol/11-ketotestosterone ratio also

showed a clear increase during sex change (Godwin and

Thomas 1993). The importance of brain aromatase during

sex change was first elucidated by experiments with A.

schlegeli, which exist as functional males during the first 2

years and then change to female in the third year. Lee et al.

(2001) supplemented the diet of 2-year-old males for 9

months with aromatase inhibitors. Compared to controls,

treatment with the inhibitor significantly downregulated

aromatase activity in all brain areas (fore-, mid-, and

hindbrain) and pituitary but not in the gonad, and all treated

fish remained as functional males. Treated males also

showed increased levels of plasma luteinizing hormone and

11-ketotestosterone and an induction of spermiation (also

see Lee et al. 2002). Thus, inhibition of brain aromatase

blocked the natural sex change in this species. Although

other studies have induced sex change in protogynous and

bidirectional sex-changing fishes using aromatase inhibitors

(Kroon and Liley 2000, Bhandari et al. 2004, Kroon et al.

2005), changes in the brain were not investigated. Since

adult sex change in several fishes appears to be under social

control, and changes in behavior may occur within minutes

to hours in the absence of gonads (Godwin et al. 1996),

endogenous steroids in the brain may initiate the cascade of

events that lead to changes in gonad structure and circu-

lating steroids. Recent evidence from studies in the proto-

gynous bluebanded goby, Lythrypnus dalli, supports this

hypothesis. Females had brain aromatase activity that was

about seven times higher than males. Within hours of sex

change to male, female brain aromatase activity decreased

by over 40%, while aggressive behavior increased signifi-

cantly (Black et al. 2005).

Additional evidence for the role of aromatase in sexual

plasticity comes from studies of temperature-sensitive sex

determination in fish (see above, Kitano et al. 1999; review:

Devlin and Nagahama 2002), reptiles (Crews and Bergeron

1994, Jeyasuria and Place 1998, Crews et al. 2001), and

amphibians (Kuntz et al. 2003). Jeyasuria and Place (1998)

demonstrated in the diamondback terrapin that aromatase is

transcribed in the brain well before the temperature-sensi-

tive period of embryonic development at both male and

female temperatures. However, in females, there is a switch

to lower aromatase in the brain while concurrently

increasing aromatase transcripts in the putative ovary. In

males, brain aromatase levels rise exponentially. Thus, in

temperature-dependent sex determination in reptiles, two

different forms of aromatase may establish a feedback sys-

tem linked to the environment in order to ensure proper

timing and expression of aromatase in different tissues for

sex differentiation. Studies in the leopard gecko demon-

strate that the endocrinology, brain morphology, and

behavior of adults are dependent on embryonic incubation

temperature (reviews: Crews 1998, Rhen and Crews 2002).

Compared to males incubated in male-biased temperature,

males from female-biased temperatures are more sexually

active and less aggressive toward females, have higher

estrogen levels and lower testosterone levels, and have

greater metabolic capacity in brain areas associated with

sexual behavior (i.e., POA). In contrast, males from male-

biased temperatures have a higher metabolic capacity in

areas of the brain associated with agonistic behavior (i.e.,

septum, anterior hypothalamus). Evidence from studies in

other species of reptiles suggests that temperature deter-

mines gonadal sex by influencing sex steroid metabolizing

enzymes (i.e., aromatase) during embryonic development

(reviews: Crews 1996, Crews et al. 2001). Thus, it is

probable that temperature directly or indirectly (via

a thermosensitive factor) affects brain aromatase levels that,

in turn, organize the brain toward a particular phenotype.

Although the effects of steroid hormones on neuro-

peptide systems have been investigated (see Goodson and

Bass 2001), few studies have investigated the interaction of

neuropeptides and neurosteroids. Thus, many studies have

shown that AVT/AVP systems are sensitive to testosterone.

However, in gonadectomized rats, estradiol, but not dihy-

drotestosterone (DHT, a non-aromatizeable androgen like

11-ketotestosterone), is effective at upregulating AVP

mRNA in the medial amygdala and the bed nucleus of the

stria terminalis (DeVries et al. 1994, Wang and DeVries

1995). Furthermore, studies in quail show that aromatiza-

tion of testosterone before hatching organizes the sexually

dimorphic AVT sensitivity to testosterone in adults

(Panzica et al. 1998). In the bullfrog, the AVT receptor is

sensitive to estradiol and DHT in the amygdala, septum,

and habenula, but only androgen sensitive in more posterior

dimorphic areas (Boyd 1997). In the midshipman fish

model, there are several regions of overlap between aro-

matase and AVT–ir, as well as estrogen receptor alpha

(ERa), especially within the AVT-sensitive vocal motor

pathway (e.g., within the anterior hypothalamus and the

periaqueductal gray: see Goodson and Bass 2000a, Forlano

et al. 2001, 2005). Brain aromatase may function in these

areas to regionally regulate steroid concentrations reaching

AVT neurons/receptors, which in turn may contribute to

inter- and intrasexual dimorphism in AVT content and

vocal motor sensitivity.
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Lastly, catecholaminergic inputs could also have a

significant effect on brain aromatase regulation because

both dopamine and norepinephrine can alter adenyl

cyclase activity and therefore cyclic AMP. Cyclic AMP is

known to upregulate aromatase activity in gonadal and

other nonneuronal tissue but to inhibit aromatase in the

brain, and evidence exists for a cyclic AMP-responsive

element on the aromatase gene in both neuronal and

nonneuronal tissue (Lephart 1996, Balthazart and Ball

1998). In midshipman, high aromatase and ERa expres-

sion overlap with tyrosine hydroxylase immunoreactive

(TH–ir) somata in several brain regions, including

preoptic and hypothalamic regions that are integration

sites for auditory and vocal processing, and dense TH–ir

fibers terminate in the aromatase-rich sonic motor

nucleus. Thus, aromatase in TH–ir areas suggests

another mechanism through which neuroestrogens could

modulate variation in vocal–auditory physiology and

behavior (see Forlano et al. 2005 for more discussion).

6 .5 CONCLUDING COMMENTS:

NEUROENDOCRINOLOGICAL

TRAITS SUPPORTING

ALTERNATIVE REPRODUCTIVE

TACTICS IN TELEOSTS

We propose that at least three neuroendocrinological traits

may support the widespread evolution of ARTs, and more

generally reproductive and social plasticity, among teleost

fishes.

Trait 1: Direct input of neuropeptide-containing (e.g., GnRH

and AVT) neurons to the pituitary gland. A direct

preoptic–pituitary pathway that bypasses a hypophyseal

blood portal system may allow for a more rapid change

in blood gonadotropin levels.

Trait 2: Abundant brain aromatase. Given the demonstrated

role for aromatase in primary sexual differentiation, an

aromatase-dependent mechanism may lead to intrasex-

ual dimorphisms as well. That the brain is the site of

abundant aromatase synthesis and activity and thus

potentially the major source of brain estrogen, empha-

sizes both the primacy of the brain (see Francis 1992) and

possibly of neurosteroids in general in directing events

leading to social and reproductive plasticity.

Trait 3: 11-ketotestosterone. A review of androgens

in teleosts with male dimorphisms showed that (a)

11-ketotestosterone was the principal circulating steroid

in the courting/territorial male morph, and that (b)

11-ketotestosterone was a more potent androgen

than testosterone in the induction of male secondary

sex characteristics (Brantley et al. 1993a, b). Studies

completed since that review have essentially supported

this conclusion (e.g., Lee et al. 2001). As discussed here,

the ratio of 11-ketotestosterone levels to estradiol levels

(as regulated by aromatase) may provide a key

mechanism leading to the adoption of alternative male

phenotypes in gonochoristic species and to either sex-

or role-reversal in hermaphroditic species.
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7 · Hormones and alternative reproductive tactics in vertebrates

RUI F. OLIVEIRA, ADELINO V. M. CANÁRIO, AND ALBERT F. H. ROS

CHAPTER SUMMARY

The wide diversity of alternative tactics of reproduction

found among vertebrates offers a unique opportunity to

study the endocrine mechanisms underlying the phenotypic

variation of reproductive traits. Here, we first assess the

existing conceptual frameworks on the mechanisms

underlying the expression of alternative reproductive tactics

(ARTs) by reviewing the available data on hormone levels in

alternative phenotypes and on the effects of hormone

manipulations in different vertebrate taxa. We then high-

light recent studies that have opened new avenues of

research on the neuroendocrine basis of ARTs, such as the

use of functional genomics to study differential gene

expression between morphs. Finally, we stress the need to

integrate the study of ARTs with the mechanisms under-

lying the expression of alternative phenotypes and with

functional studies of ARTs. Only such an integrative

approach will allow a comprehensive understanding of the

evolution and development of ARTs.

7 .1 INTRODUCTION

7.1.1 Setting the scene

According to the classic paradigm of the endocrine control

of vertebrate reproduction, the hypothalamus–pituitary–

gonadal (HPG) axis controls gonadal maturation, the

expression of secondary sexual characters, and reproductive

behavior (Figure 7.1A). However, in some species there are

males in which gonadal maturation and sperm production

are dissociated from the expression of behavioral and

morphological male traits (i.e., secondary sexual charac-

ters). They are males with male alternative reproductive

tactics (ARTs), and they offer unique opportunities to study

the proximate mechanisms of reproduction (Figure 7.1B).

ARTs are also valuable models for the study of the causal

mechanisms underlying individual variation in reproduc-

tion since within-sex variation in reproductive traits can be

studied without the confounding effects of gender (Moore

1991, Godwin and Crews 2002).

Historically, typological classifications of ARTs have been

based on the evolutionary processes underlying their

expression (e.g., genetic polymorphisms vs. conditional tac-

tics, Gross 1996; or Mendelian strategies vs. developmental

strategies vs. behavioral strategies, Shuster and Wade 2003).

In this chapter we will use a classification based on observed

patterns of ARTs that does not require knowledge of their

underlying processes (e.g., genetic vs. conditional strategies).

The classification scheme is modified from that proposed by

other authors (Caro and Bateson 1986, Moore 1991,

Taborsky 1994,Moore et al. 1998, Brockmann 2001).Wewill

consider alternative reproductive phenotypes as fixed if the

individuals adopt one of the tactics for their entire lifetime or

as plastic if individuals change their reproductive tactic.

Within plastic ART phenotypes, we will distinguish between

irreversible sequential patterns, when individuals switch

from one tactic to another at a particular moment in their

lifetime, and reversible patterns, when individuals can

change back and forth between patterns (Moore 1991,Moore

et al. 1998, Brockmann 20 01 ) (see Figure 1.1).

A number of reviews on the proximate mechanisms of

ARTs have been published lately, but each has a different

focus from the present chapter. Moore and co-authors

(1998) develop a conceptual framework for the role of

hormones on tactic differentiation, Rhen and Crews (2002)

provide an overview of mechanisms involved in ARTs in

different vertebrate taxa, Knapp (2003) proposes a new

generation of studies more focused on target tissues than on

circulating levels of hormones, and Oliveira (2005) and

Oliveira and co-authors (2005) focus on mechanisms opera-

ting in fish ARTs. So what can be added by another chapter

on the causal mechanisms of ARTs?

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.
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This chapter has two main objectives. The first is to

present an exhaustive revision of the available data on

hormone levels in alternative phenotypes and on the effects

of hormone manipulations in different vertebrate taxa. This

will provide the basis for the assessment of existing con-

ceptual frameworks on the mechanisms underlying the

expression of ARTs. The second objective is to highlight

recent studies that have opened new avenues of research on

the physiological basis of ARTs and its implications for

understanding the evolution of ARTs (e.g., the study of

differential hormonal-mediated costs of alternative pheno-

types and the field of functional genomics to study differ-

ential gene expression between morphs).

7.1.2 Who’s in the ARTs ark?

We will address only male ARTs since they are the most

common and best-studied cases at a proximate level. In

contrast to other recent reviews of ARTs, we also include

species with cooperative breeding in which parentage is

shared between breeders and helpers (e.g., acorn

woodpecker, Melanerpes formicivorus: Haydock et al. 2001),

in which there are behavioral observations of breeding

attempts with the female of the pair by helpers (e.g., bell

miner, Manorina melanophrys: Poiani and Fletcher 1994;

but see Conrad et al. 1998), and in which helpers are non-

breeders in their home group but attempt extra-pair

copulations (EPC) with other group females (e.g., superb

fairy-wrens, Malurus cyaneus: Mulder et al. 1994). In these

cases we consider helping to be an alternative tactic to

achieve breeding. According to these criteria we have

included in our analyses the cooperative breeding species

listed in Table 7.1. It should be noted that the use of these

criteria assumes that observed mating episodes result in

reproductive output, which may not always be the case. In

contrast, we have discarded other cooperative breeding

species for which detailed hormonal data are available when

paternity analyses have revealed that the species are gene-

tically monogamous (e.g., Florida scrub-jay, Aphelocoma

coerulescens: Schoech et al. 1991, 1996, Quinn et al. 1999;

red-cockaded woodpecker, Picoides borealis: Haig et al.

1994, Khan et al. 2001). In the white-browed sparrow

weaver, Plocepasser mahali (Wingfield et al. 1991), for which

there are hormone data for both breeders and helpers, the

information on the helpers’ behavior suggests that they do

not try to sneak copulations (J. C. Wingfield, personal

communication), and therefore this species was not

included. Finally, there are species for which the available

information regarding the reproduction of helpers is

dubious or indirect. In the pied kingfisher (Ceryle rudis),

two types of helpers occur: primary helpers that are off-

spring of the breeding pair and secondary helpers that are

unrelated to breeders (Reyer 1980, 1984). Primary helpers

have small, immature gonads and have lower testosterone

levels than both male breeders and secondary helpers, and

thus are not able to fertilize eggs (Reyer et al. 1986). In

contrast, secondary helpers, which have mature gonads,

sometimes fight with the breeder male to get access to the

female of the pair (Reyer et al. 1986). Therefore, even

without parentage data, we decided to consider secondary

helping of the pied kingfisher as an ART and have

included it in the analysis.

Two cooperatively breeding rodents in which helpers do

not achieve reproductive success were also included, as they

might be seen as special cases of ARTs: the naked mole-rat

(Heterocephalus glaber) and the Mongolian gerbil (Meriones

unguiculatus). In both cases subordinate individuals acting

as helpers are incapable of direct reproduction and are

(A)
HPG axis 

Sexual behavior

Male displaying
characters

Gonadal
development and
spermatogenesis

Sexual behavior 

Male displaying
characters

Gonadal
development and
spermatogenesis

(B)
HPG axis 

Figure 7.1 (A) Different reproductive traits share a

common underlying causal agent (e.g., testosterone);

(B) in species with ARTs a dissociation between the different

traits may occur resulting in a phenotypic mosaic that can

express both male and female traits (e.g., sneaker males that

mimic female behavior and morphology in order to achieve

fertilizations).
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obligate helpers, and thus their fitness is entirely indirect

(Clark and Galef 2000, Faulkes and Bennett 2001) (see

Box 7.1). In these two cases, it can be argued that helping is

a conditional strategy, without which these individuals

would have zero fitness.

In summary, this chapter will cover not only the usual

ARTs but also the cooperative breeders that fit the condi-

tions described above.

7 .2 PROFILES OF ALTERNATIVE

REPRODUCTIVE PHENOTYPES

In general, two alternative modes or tactics of reproduction

can be found in species with male ARTs: a conventional or

bourgeois tactic or an alternative or parasitic tactic. Whereas

bourgeois males invest resources to attract mates

(e.g., differentiation of morphological ornaments; expression

Table 7.1. Cooperative breeding species in which helpers also breed

Species

Evidence for breeding in helpers

(reproductive success of helpers) References

Fish

Princess of Burundi,

Neolamprologus brichardi

Genetic (10.8% of offspring) Dierkes et al. 1999

Birds

Seychelles warbler, Acrocephalus

sechellensis

Genetic (15% of offspring) Richardson et al. 2001

Mexican scrub-jay, Aphelocoma

coerulescens

Genetic (low) Bowen et al. 1995

Acorn woodpecker, Melanerpes

formicivorus

Genetic (approx. 25% of

offspring)

Haydock et al. 2001

Australian magpie, Gymnorhina

tibicen

Genetic (high; up to 82%

of extra-group paternity)

Hughes et al. 2003

Azure-winged magpie, Cyanopica

cyanus

Behavioral (high) De la Cruz et al. 2003;

Valencia et al. 2003

Bell miner, Manorina melanophrys Behavioral/genetic (genetic data

indicates very low success)

Poiani and Fletcher 1994;

Conrad et al. 1998

Superb fairy-wren, Malurus cyaneus Genetic (within-group ¼ 2.2%;

extra-group ¼ 76%)

Mulder et al. 1994

Pied kingfisher, Ceryle rudis Behavioral (low) Reyer et al. 1986

Harris’s hawk, Parabuteo unicinctus Behavioral (low) Dawson and Mannan 1991

Mammals

Ring-tailed lemur, Lemur catta Behavioral (high) Sauther 1991; Sussman 1991

Common marmoset, Callithrix

jacchus

Behavioral/genetic (genetic

data indicates very low success

within the group)

Digby 1999; Nievergelt et al. 2000

Alpine marmot, Marmota marmota Genetic (only subordinate

helpers)

U. Bruns and W. Arnold,

unpublished data in Dierkes

et al. 1999

Dwarf mongoose, Helogale parvula Genetic (24% of offspring) Keane et al. 1994

Meerkat, Suricata suricatta Genetic (low) Griffin et al. 2003

Gray wolf, Canis lupus Behavioral (low) Creel 2005

African wild-dog, Lycaon pictus Behavioral/genetic (low) Girman et al. 1997; Creel and

Creel 2002
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of visual, chemical, or acoustic courtship signals; defense of

breeding territories) (see Chapter 1 and Taborsky 1997),

parasitic males, in contrast, exploit the investment made by

the bourgeois males to get access to mates (e.g., female

mimicry, sneaking, satellite) (see Chapter 1 and Taborsky

1997). Therefore, the traits selected in the two male types are

usually divergent. In bourgeoismales, traits relatedwithmate

attraction and monopolization will be favored by selection,

while in parasitic males, traits that increase the probability of

stealing fertilizations from bourgeois males will prevail. This

disruptive selection acting on a constellation of phenotypic

traits may result in the creation of phenotypic mosaics in

which both male and female traits are expressed in the same

individual, as is the case with parasitic males that mimic

female morphology and behavior to get access to fertilization

events (e.g., female mimicry in sneaker males of the peacock

blenny, Salaria pavo: Gonçalves et al. 1996, Gonçalves et al.

2005). In this example, the expression of male reproductive

behavior and male secondary sex characters become disso-

ciated from the differentiation of a functional male gonad.

Classically, male sexual differentiation involves the action of

androgens (e.g., testosterone), which, in a cascade of events,

promote the masculinization of different body parts (see

Box 7.2 on sexual differentiation in vertebrates). However,

ARTs offer the possibility to gain insight into the proximate

mechanisms underlying sexual differentiation, since in the

parasitic tactic, gonadal maturation and spermatogenesis can

be dissociated from the expression of behavioral and mor-

phological male traits (Figure 7.1). The decoupling of dif-

ferent male traits in parasitic males may be achieved by

different means (e.g., by variation in the local micro-

environments in target tissues, as a result of differential

Box 7.1 Obligatory helping as an alternative reproduc-

tive tactic

In cooperatively breeding animals, it is usual that repro-

duction is monopolized by some group members resulting

in a high within-group reproductive skew. Kin selection

theory may explain indirect benefits for nonbreeding

individuals that act as helpers in these groups, while direct

benefits such as queuing to take over the breeding position

when it is vacant have been advocated (see Solomon and

French 1997). There are two extreme cases of obligatory

helping that have been described among cooperatively

breeding mammals: the naked mole-rat (Heterocephalus

glaber) and the Mongolian gerbil (Meriones unguiculatus).

In these two cases it can be argued that since their inclusive

fitness equals their indirect fitness (i.e., the only chance

that nonbreeding individuals have during their whole

lifespan to get copies of their genes into the next generation

is by helping kin to reproduce), individuals that specialize

in alloparenting and/or helping behavior patterns can be

seen as adopting an alternative tactic.

The naked mole-rat fits the eusociality definition

derived from insects, since division of labor is present in

the colony among the nonbreeding helpers, which is based

on body size (Lacey and Sherman 1991). A single female,

the “queen,” is sexually active breeding with up to three

breeding males (Bennett and Faulkes 2000). The queen

controls the reproductive physiology of both sexes,

maintaining the reproductive suppression of their subor-

dinate colony mates (Faulkes and Abbott 1997). There is

also evidence for the existence of castes, with a disperser

morph among males and a morphologically distinct

“queen” (O’Riain et al. 1996, 2000b). In addition, this

mating system with high rates of inbreeding leads to a

genetic structure similar to insect haplodiploidy, with

intra-colony relatedness coefficients as high as 0.8, which is

greater than the 0.75 achieved by the haplodiploid system

(Reeve et al. 1990). This system seems to have evolved due

to high costs of dispersal, andmost subordinate individuals

spend their whole lives as nonbreeding colony defenders.

In Mongolian gerbils male fetuses vary in their intra-

uterine positions, and this variation is reflected in adult

testosterone levels. Males gestated between two males (2M

males) have higher testosterone levels when adults than

their brothers that were gestated between two females (2F

males) (Clark et al. 1992b). This intrauterine position has a

major impact in the development of male sex characters

and sexual behavior: 2F males have reduced bulboca-

vernosus muscle mass (involved in penile erection) and

alterations in their copulatory and scent-marking behavior,

achieving a lower reproductive success than their 2M

siblings (Clark et al. 1990, 1992a). Conversely, 2F males

express more paternal behavior than the 2M males (Clark

et al. 1998). Among 2F males some individuals that have

extremely low levels of circulating testosterone (similar to

those of females) show no interest in receptive females,

failing to impregnate them when they are paired. There-

fore, nonbreeding 2F males are incapable of direct repro-

duction and are obligate helpers (Clark and Galef 2000).
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Box 7.2 Sex determination in vertebrates

What determines sex in an individual starts with a blue-

print laid out in the genetic material organized in

chromosomes, referred to as genetic sex. In most verte-

brates, sex chromosomes contain the most important genes

required for the developing gonad to differentiate

according to the genetic plan into an ovary or a testis,

referred to as gonadal sex. As the gonads develop they start

to secrete hormones that will act on the urogenital system,

central nervous system, and external features to promote

the secondary sexual characteristics originating what we

recognize from behavior and appearance as the phenotypic

sex.

During early development two urogenital ridges along

the entire length of the dorsal body wall originate from the

vertebrate mesoderm; the mid portion of these ridges

differentiates into a single genital ridge from which a

bipotential gonad originates. The urinary and reproductive

systems are therefore closely associated, and in more

primitive vertebrates, they share common ducts.

In eutherian (placental) mammals, maleness is deter-

mined by the Y-chromosome being present in normal indi-

viduals. This chromosome contains one-third of the number

of genes present in the X-chromosome, some inactive, and

includes SRY (Sex determining Region on Y). SRY protein

acts on the bipotential gonad to initiate a cascade of gene

expression leading to the development of the testis (Morrish

and Sinclair 2002). One of the essential factors expressed

specifically in the testis differentiation pathway is SOX9, an

autosomal gene also involved in cartilage and bone forma-

tion. BothSOX9 andSRY are thought to have derived from

SOX3, located in the X-chromosome. As soon as a testis is

formed, Sertoli cells start secreting antimüllerian hormone

(AMH), which inhibits the differentiation of Müllerian

ducts into female reproductive tract structures (fallopian

tubes, uterus, and part of the vagina), and Leydig cells

secrete testosterone, which promotes the differentiation of

the Wolffian ducts into seminiferous tubules, vas deferens,

and seminal vesicle. However, for the differentiation of the

external genitalia (prostate, scrotum, andpenis), testosterone

needs to be converted to 5a-dihydrotestosterone through the
action of 5a-reductase.

In the female differentiation pathway,SRY is absent and

DAX1, the product of a gene located in the X-chromosome,

is thought to inhibit SOX9 expression and therefore inhibit

the male differentiation pathway (Swain et al. 1998). The

expression of DAX1 itself is upregulated by WNT4, a

factor that is also essential for Müllerian duct formation and

steroidogenesis (Mizusaki et al. 2003). In the mammalian

female, differentiation of the ovary and external genitalia

proceeds without the intervention of sex steroid hormones,

which led to the notion that female differentiation is

“passive.” However, it is, like the male pathway, an active

process inwhich failure in one step can lead to partial or total

phenotypic sex reversal.

Phenotypic sex reversal can happen as a result of gene

duplication, deletion, inversion, or mutations, which ori-

ginate a higher or lower formation of gene product. This is

the concept of sex related to gene dosage (number of copies

of a gene), which is thought to be the ancestral form of sex

determination. For example, any of these conditions ori-

ginate a female phenotype in XY individuals: absence of

SRY, two copies ofDAX1, one copy of SOX9, or one copy

of SF1 (steroidogenic factor 1, a factor required for ster-

oidogenesis). Three copies of SOX9 in XX individuals will

also originate a male phenotype. In marsupial mammals,

gonadal sex is also determined by the presence of a

Y-chromosome, but the development of female pouch

versus male scrotum depends on X-chromosome dosage

(Vaiman and Pailhoux 2000).

Sex determination mechanisms evolve rapidly, and this

has resulted in the independent development of sex

chromosomes throughout the vertebrates. The monotremes

(egg-laying mammals) appear to have a hybrid between the

mammalian XY chromosome system and the avianWZ/ZZ

system (Grutzner et al. 2004). In birds WZ/ZZ sex

chromosomes are universal (female heterogamety). Male

and female heterogamety is present in reptiles, amphibians,

and fish. Environmental sex determination (ESD) is com-

mon in reptiles, but it is also present in amphibians and fish.

Parthenogenesis has been reported in reptiles and fish, and

polygenic systems are present in several fish species (Kraak

and Pen 2002).

Only mammals, except monotremes, have the master

sex determining geneSRY. In other species only inmedaka

fish (Oryzias latipes) has a master sex-determining gene

been found – DMY, related to DMRT1 (also important in

the male sex-differentiation pathway) (Matsuda et al. 2002,

Nanda et al. 2002). However, it is absent in some popula-

tions of the same species and other fishes (Volff et al. 2003).

Other than SRY, it appears that most of the above fac-

tors indicated as important inmammalian sex differentiation

are also present and are expressed at the appropriate time
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expression of receptors or of differential levels of activity of

steroidogenic enzymes that modulate the availability of the

active hormone) (see Section 7.6).

7 .3 PROXIMATE CAUSES OF

PHENOTYPIC PLASTICITY:

NEURAL AND ENDOCRINE

MECHANISMS

7.3.1 Neural structural reorganization versus

biochemical switching

Structural reorganization and biochemical switching have

been recognized as the major mechanisms underlying

behavioral plasticity (Zupanc and Lamprecht 2000). Struc-

tural reorganization of neural networks underlying behavior

may include processes such as neurogenesis, synaptogenesis,

apoptosis, and changes in the dendritic structure of neurons

that lead to the differentiation of new neural circuits. These

processes are not necessarily restricted to early develop-

mental phases, since adult neurogenesis, for example, has

been demonstrated to occur in a variety of vertebrates

including humans (Alvarez-Buylla and Lois 1995, Zupanc

2001, Ming and Song 2005). Neural structural reorganiza-

tion leads to changes in the properties of the networks and

therefore in their behavioral output. Functional changes in

neural networks activity may also be achieved by alterations

of glia cells. For example, changes in astrocyte volume may

alter the area of neuronal membrane that is juxtaposed in

adjacent neurons. Therefore, glial withdrawal (which can be

induced by water deprivation) could increase the area of

contact between neurons, potentially leading to an increased

excitability of these cells (Zupanc and Lamprecht 2000). In

summary, structural reorganization can occur at different

life-history stages and involves the modification of the

structure of neurons and/or glial cells. As a result, behav-

ioral changes that depend on this mechanism are expected to

be slow, long-lasting, and drastic.

In contrast, biochemical switching involves the modu-

lation of synaptic transmission within circuits that are not

being rearranged. The main neuromodulators that have

been identified include catecholamines, serotonin, and

neuropeptides (Zupanc and Lamprecht 2000). Since neu-

ropeptides and catecholamines can be released in a non-

synaptic fashion, they may act on larger areas of the central

nervous system by diffusion, which would allow them to

influence more than one behavioral system at a time. Bio-

chemical switching is thus a mechanism that allows for

reversible behavioral output and underlies faster, gradual,

or transient changes (Zupanc and Lamprecht 2000).

Genetic sex

Gonadal sex

Phenotypic sex

Intermediate mesoderm

XYXX

Bipotential gonad

SF1

SRY

SOX9WNT4 DAX1

Ovary Testis

SF1 SF1

Testosterone Antimüllerian
hormone

Female Male

Figure 7.2 Schematic representation of the sex determination

pathway in mammals.

during development in nonmammalian vertebrates, which

may indicate common mechanisms (Smith and Sinclair

2004). However, unlike in mammals, in birds and in other

vertebrates, steroids are required for the development of the

female pathway – androgens promote testicular develop-

ment and estrogens ovarian development. Thus, the non-

mammalian female gonad expresses aromatase, which

converts testosterone to estradiol-17b inducing its femi-

nization (Sarre et al. 2004).

The most common form of ESD is through the action

of incubation temperature (TSD). The temperature at

which embryos are incubated influences the activity of

steroidogenic enzymes, in particular aromatase. The

inhibition of aromatase leads to the accumulation of tes-

tosterone and masculinization, while optimum tempera-

tures for aromatase activity favor the ratio of estrogen to

androgen and feminization (Pieau and Dorizzi 2004).

Socially induced ESD will ultimately influence steroido-

genic enzymes to promote sex change in fishes (Devlin and

Nagahama 2002).

Figure 7.2 shows a schematic representation of the sex

determination pathway in mammals.
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These potential neural mechanisms underlying pheno-

typic plasticity have a parallel in hormonal mechanisms:

structural (re)organization of neural circuits can be influ-

enced by organizational effects of hormones during

well-defined, sensitive periods in the life of an individual,

while biochemical switches can be driven by activational

effects of hormones on central pathways underlying behavior

(for a review on organizational vs. activational effects of

hormones in vertebrates see Arnold and Breedlove 1985).

Therefore, it is predicted that reversible tactics that

require rapid and transient changes in neural activity are

mediated by biochemical switches influenced by hormones

in an activational fashion, whereas fixed and sequential

tactics, which involve, in the first case, an organization of

the phenotype early in the development or, in the second

case, a post-maturational reorganization of the phenotype,

are mediated by structural reorganization of neural net-

works. Concomitantly, the role of hormones in the

expression of the different types of tactics should differ:

organizational (or reorganizational) effects should be asso-

ciated with fixed and sequential tactics, activational effects

with reversible tactics.

7.3.2 Organizational versus activational effects

of hormones

The action of hormones, in particular sex steroids, on

behavior has been classically divided into activational and

organizational effects. Activational effects are transient and

occur throughout the lifespan of the individual, while

organizational effects are long-lasting and occur early in

ontogeny, typically during a critical period of development

(Arnold and Breedlove 1985). This dichotomy of sex hor-

mone action was initially proposed by Phoenix and co-authors

(1959) and assumes that activational effects act through the

activation of neural circuits that are already present, whereas

organizational effects require the organization of new neural

circuits at critical periods during development.

The use of the dichotomy between activational and

organizational effects of hormones has also been proposed by

Moore (1991) as a conceptual framework for the hormonal

basis of ART, and it is known as the relative plasticity

hypothesis. The rationale behind this hypothesis is that the

effects of hormones in the differentiation of alternative

reproductive tactics are equivalent to their effects in primary

sex differentiation (Moore 1991). Thus, by making a dis-

tinction between fixed alternative phenotypes (in which

individuals adopt one of the tactics for their entire life) and

flexible alternative phenotypes (in which individuals may

switch tactics during their lifetime), Moore (1991) proposed

an organizational-like role for hormones in the former case

and an activational-like role in the latter case. Two predic-

tions can then be extracted from this hypothesis (Moore

1991). (1) In species with plastic ARTs, hormone levels

should differ between adult alternative morphs; in species

with fixed ARTs, adult hormone profiles should be similar

among alternative morphs, except when morphs experience

different social environments (Moore 1991). (2) In species

with plastic ARTs, hormone manipulations should be

effective in adults but not during early development (acti-

vational effect); in fixed ARTs hormone manipulations

should be effective during early development but not in

adults (organizational effect). More recently, a second gen-

eration of the relative plasticity hypothesis has been proposed

(Moore et al. 1998). This revised version emphasizes the

distinction between reversible and irreversible phenotypes

among plastic tactics and between conditional and uncondi-

tional fixed tactics. Accordingly, the plastic, reversible tactics

would be the true equivalents of activational effects of hor-

mones, and thus, the original predictions of the relative

plasticity hypothesis would only apply to this type of alter-

native tactic. The plastic, irreversible (i.e., sequential) ARTs

would represent a post-maturational reorganization effect, in

which the phenotypic outcome would be produced imme-

diately (Moore et al. 1998). Thus, hormone differences

needed to differentiate the two alternative phenotypes need

not be permanent and may only be present during the

transitional phase. Among the fixed ARTs, the distinction

between conditional and unconditional fixed tactics has no

consequences for the predictions concerning the endocrine

mechanisms of ARTs, with organizational actions being

predicted in both cases (Moore et al. 1998). Thus, the pre-

dictions of Zupanc and Lamprecht (2000) for the neural

mechanisms underlying phenotypic plasticity and those of

the relative plasticity hypothesis are in good agreement

(Table 7.2).

7.3.3 Endocrine candidates: sex hormones,

glucocorticoids, and neuropeptides

Sex steroids, glucocorticoids, and neuropeptides emerge as

candidates to play a major role in the differentiation and

maintenance of alternative reproductive morphs. As men-

tioned above, sex steroids have an essential role in sexual

differentiation and in the control of male reproduction in

vertebrates (e.g., Dixon 1998, Wilson et al. 2002, Nelson
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2005). In particular androgens participate in the differen-

tiation of primary and secondary sex characters, in the

expression of reproductive behavior, in the feedback regu-

lation of the hypothalamus and pituitary, and in sperm-

atogenesis (Nelson 2005, Oliveira 2005). These pivotal roles

in reproduction make them the preferential target for

studies of endocrine correlates of male ARTs. However, as

discussed below, the development of male ARTs is likely to

be influenced by the neuroendocrine system in addition to

gonadal steroids.

Glucocorticoids play an important role as mediators of

interindividual variation in social behavior. One classic

example of such an effect is provided by a series of studies

on the relationship between social status and cortisol levels

among free-living male olive baboons (Papio anubis) in an

African national park (Sapolsky 1983, Sapolsky and Ray

1989, Virgin and Sapolsky 1997). In stable social hierarch-

ies, dominant males have lower basal cortisol concentrations

than do subordinates, but these differences disappear at

times of social instability when all males show elevated basal

cortisol levels and suppressed cortisol responsiveness to

stress (Sapolsky 1983). Moreover, within high- and low-

ranking males, individuals adopting different behavioral

profiles also share different endocrine profiles. Among

dominant males, only those with a high degree of social skill

(e.g., those that are able to distinguish between threatening

and neutral interactions with rivals and therefore more likely

to initiate fights in the first but not in the latter case) had

lower basal cortisol titers. Dominantmales lacking these skills

had cortisol levels as high as subordinates (Sapolsky and Ray

1989). Also among low-ranking males, a subset of individuals

with high rates of consortships had higher cortisol levels than

subordinates who had high rates of surreptitious copulations.

This might reflect the stress experienced by the former

subset of subordinates, which adopt a precocious strategy of

open reproductive competition with the dominant males

(Virgin and Sapolsky 1987). Overall, these studies suggest

that glucorticoid profiles are associated with distinctive

behavioral styles. Moreover, glucorticoids can interact with

the HPG axis and thus modulate the expression of repro-

ductive traits (Sapolsky et al. 2000).

Finally, studies of two forebrain neuropeptide systems

may help us to understand the differentiation of ARTs:

gonadotropin-releasing hormone (GnRH) and arginine

vasopressin (AVP; or arginine vasotocin [AVT] in non-

mammalian vertebrates). GnRH plays a central role in the

control of vertebrate reproduction by orchestrating the

functioning of the HPG axis (Parhar 2002) and AVP/AVT

influences the expression of social behavior patterns, includ-

ing courtship behavior, in a wide range of vertebrates

(Goodson and Bass 2001). Since both neuropeptide systems

have been reviewed in the light of ARTs (Foran and Bass

1999,Bass andGrober 2001) andwill be addressed in a separate

chapter in this volume (see Chapter 6), we will limit this

review to the evidence for the involvement of sex steroids

and glucocorticoids in ARTs in the next two sections.

7 .4 SEX HORMONES AND ARTS: THE

RELATIVE PLASTICITY

HYPOTHESIS AND BEYOND

7.4.1 Testing the relative plasticity hypothesis:

the first prediction

In order to look for associations between patterns of cir-

culating sex hormone levels (i.e., gonadotropins, androgens,

estrogens, and progestogens) and the expression of alter-

native reproductive morphs in the different classes of

vertebrates, we have surveyed the published literature (see

Table 7.3).

Table 7.2. Neural and hormonal mechanisms of alternative reproductive tactics in vertebrates

ART type

Neural mechanism

(Zupanc and

Lamprecht 2000)

Hormonal mechanism

following the relative

plasticity hypothesis v.1

(Moore 1991)

Hormonal mechanism

following the relative

plasticity hypothesis v.2

(Moore et al. 1998)

Fixed Structural organization Organizational effect Organizational effect

(post-maturational)

Sequential Structural reorganization Activational effect Organizational effect

Reversible Biochemical switching Activational effect Activational effect
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A clear association exists between androgen levels and

the expression of one of the alternative reproductive tactics

(Table 7.3). For the majority of the species, the conven-

tional morph has higher levels of androgens than the

alternative morphs, but in many other cases, there are no

significant differences in androgens between the two alter-

native morphs, and in some cases the parasitic males may

even have higher androgen levels than the bourgeois males

(Table 7.3). How can such variability be explained?

Could this variability be explained by the first prediction

of Moore’s reproductive plasticity hypothesis – that hor-

mone profiles should differ in plastic adult morphs but not

in fixed ones?

Unfortunately, the relative plasticity hypothesis is

flawed. Androgen levels not only influence behavior (and

thus can be expected to play an activational role in species

with plastic ARTs), but they can also be influenced by the

social environment in which the animal lives (Wingfield

et al. 1990, Oliveira et al. 2002, Oliveira 2004). This means

that any conclusions derived from finding different levels of

androgens in alternative reproductive morphs (either fixed

or plastic) are suspect. Moore (1991) argued that in fixed

ARTs, adult hormone profiles should be similar among

alternative male phenotypes, except when alternative

morphs experience different social environments (see also

Thompson and Moore 1992). Therefore, positive associ-

ations, negative associations, and even the lack of an asso-

ciation between androgen levels and the ART type are to be

expected. As a result, the study of androgen levels in species

with plastic ARTs is far more informative. In fact, among

plastic species androgen levels should differ between the

alternative morphs, and any negative result (lack of differ-

ence) cannot be explained by differential influences of the

social environment on the androgen levels of the alternative

phenotypes. Thus, the most robust estimate of this pre-

diction is to compute the percentage of plastic species in

which there are no differences in circulating levels between

the bourgeois and the parasitic morph. In order to make this

exercise easier and to avoid potential phylogenetic bias (i.e.,

bias introduced by some patterns being more characteristic

of some vertebrate classes than others), the raw data from

Table 7.3 were reorganized into contingency tables for each

vertebrate class (the data for amphibians and reptiles were

pooled into a single table owing to the low number of species

for which endocrine data on ARTs are available) (Tables 7.4

through Table 7.7). In these tables, the shaded background

cells represent cases that support the first prediction of the

relative plasticity hypothesis and the white background cells

represent those that reject it. The tables illustrate that by

using this conservative estimate from the relative plasticity

hypothesis, we cannot explain 30% of the occurrences of

plastic ARTs in fish, 40% of those in amphibians and

reptiles, 54.5% of the plastic ART cases in birds, and 19.4%

Table 7.4. Test of the first prediction of the relative plasticity

hypothesis in fish

ART type

Androgen levels Fixed Plastic

Bourgeois>

Parasitic

Plainfin

midshipman

Peacock

blenny

Lusitanian toadfish

Bluegill sunfish

Rock-pool

blenny

Corkwing wrasse

Atlantic salmon

Stoplight

parrotfish

Rainbow wrasse

Saddleback

wrasse

Mozambique

tilapia

Belted sunfish

Bourgeois¼
Parasitic

Princess of

Burundi

St. Peter’s fish

Sailfin molly

Bourgeois<

Parasitic

Table 7.5. Test of the first prediction of the relative plasticity

hypothesis in reptiles and amphibians

ART type

Androgen levels Fixed Plastic

Bourgeois>

Parasitic

Side-blotched

lizard

Marine iguana

Bourgeois¼
Parasitic

Tree lizard Great plains toad

Woodhouse’s

toad

Bourgeois<

Parasitic

Bullfrog

Red-sided garter

snake
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of mammalian plastic ARTs. This means that the model can

potentially explain over 80% of the ART cases in mammals,

where sex is genetically determined, males are the hetero-

gametic sex, and the expression of their secondary sexual

characteristics is androgen dependent. Among other ver-

tebrate classes, where the mechanisms of primary sex

determination vary from those present in eutherian mam-

mals, the model loses its predictive power. In birds, females

are the heterogametic sex and the expression of male

ornaments, a typical bourgeois trait, is, in most cases, not

androgen dependent (e.g., male breeding plumage: Owens

and Short 1995; but see Kimball and Ligon 1999). In

amphibians, reptiles, and fish, primary sex determination

mechanisms are more labile and open to influences from the

environment, such as temperature or the social context

(environmental sex determination, ESD), even though sex

chromosomes may be present (Crews 1998). For example,

genetic sex determination (GSD)mechanisms in fish, which

are present in approximately half the species that have been

studied using cytogenetical data, are very diverse. They range

from polygenic systems to systems with dominant sex-

determining factors, to sex chromosomes with either

heterogametic males (XY) or females (ZW) (Devlin and

Nagahama 2002). Interestingly, the number of species that

display male heterogamety is twice the number of those

with female heterogamety (Devlin and Nagahama 2002), a

fact that could, to a degree, explain why fish appear as the

second best fit of the model. In summary, an association

between the mechanisms of sex determination operating in

each animal class and the role of sex hormones on the

expression of ARTs seems to be present, which in turn

Table 7.6. Test of the first prediction of the relative plasticity

hypothesis in birds

ART type

Androgen levels Fixed Plastic

Bourgeois>

Parasitic

Brown-headed

cowbird

Pied flycatcher

Seychelles warbler

Bell miner

Superb fairy-wren

Bourgeois¼
Parasitic

Mexican scrub-jay

Acorn woodpecker

Australian magpie

Azured magpie

Pied kingfisher

Harris’s hawk

Bourgeois<

Parasitic

House finch

Table 7.7. Test of the first prediction of the relative plasticity

hypothesis in mammals

ART type

Androgen levels Fixed Plastic

Bourgeois >

Parasitic

Mongolian

gerbils

Human

Chimpanzee

Orang-utan

Mandrill

Olive baboon

Rhesus monkey

Mantled howling

monkey

Sifaka

Ring-tailed lemur

Alpine marmot

Naked mole-rat

African elephant

White rhino

Plain zebra

Grevy’s zebra

Shetland pony

Misaky feral horse

Przewalski horse

Plains bison

Bighorn sheep

Impala

African lion

African wild dog

Harbor seal

Weddell seal

Bourgeois¼ Japanese monkey

Parasitic Common marmoset

Tufted capuchin

monkey

Dwarf mongoose

Meerkat

Bourgeois<

Parasitic
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suggests that differences between alternative reproductive

morphs within a sex are based on the same mechanisms that

generate sex differences within a species (Godwin and

Crews 2002). Crews (1998) already pointed out the rela-

tionship between the sex-determination mechanism and the

type of ART displayed, suggesting that species with fixed

tactics should have GSD, whereas species with plastic tac-

tics should have either GSD or ESD (but see Oliveira 2005

for a review of this issue among teleost fish yielding dif-

ferent results). The parallels between the processes of sex

differentiation (i.e., males vs. females) and the differenti-

ation of discrete alternative reproductive phenotypes within

the same sex further support a role for sex steroids in the

differentiation of intrasexual alternative phenotypes.

How can we explain species with fixed ARTs in which

androgen levels differ between the alternative phenotypes?

As mentioned above differences in sex hormone levels

between alternative reproductive male types might not

reflect different hormone profiles due to an activational

effect on the expression of the bourgeois tactic, but rather

might reflect the responsiveness of these hormones to the

expression of the tactic itself (Thompson and Moore 1992).

That is, they are a consequence and not a cause of the

expression of alternative mating tactics. This can be the case

if the alternative phenotypes experience different social

environments, which is very likely since by definition

bourgeois males defend resources to get access to mates and

thus are expected to face higher levels of social challenges

than parasitic males. For example, in the peacock blenny,

nest-holder males show an increase in androgen levels

during the breeding season that is positively correlated with

an increase in sneaking attempts to which they are exposed

(Oliveira et al. 2001a). In only three cases does the parasitic

tactic have a higher testosterone level than the bourgeois

tactic: the house finch (Carpodacus mexicanus), the bullfrog

(Rana catesbeiana), and the red-sided garter snake (Tham-

nophis sirtalis parietalis). In the house finch, the dull and less

ornamented males are dominant over redder males, but the

redder males pair earlier and provide more parental care

than the dull males (Duckworth et al. 2004). In addition, the

higher testosterone levels found in free-living, dull males

are probably the result of dull males having a higher

motivation to access food resources and are not a direct

cause for the differentiation of alternative phenotypes

(Duckworth et al. 2004). In the bullfrog, the lower levels of

androgens present in calling (bourgeois) males have been

interpreted as a stress-related cost due to frequent combat to

defend territories (Mendonça et al. 1985). In the red-sided

garter snake, higher androgen levels in recently emerged

she-males (which is a phase through which apparently all

males go after emerging from winter dormancy: Shine et al.

2000) can be a consequence of the twofold higher mating

activity that they experience compared to conventional

males (Mason 1992).

Data on progestogens are available for six species with

ARTs, all of them teleosts (Table 7.3). Interestingly,

progestogens are never higher in the parasitic morph than in

the bourgeois morph (they are higher in the bourgeois

males than the parasitic males in two species, and no

differences are present in the other four species). However,

the progestogen(s) measured varied from species to

species. For example 17,20b,21-trihydroxy-4-pregen-3-one
(17,20b21P), 17,20a-dihydroxy-4-pregen-3-one (17,20aP),
and 17,20bP were measured in the Lusitanian toadfish

(Modesto and Canário 2003a); 17,20aP and 17,20bP were

assayed in the Mozambique tilapia (Oliveira et al. 1996);

17,20b21P and 17,20bP were determined in the belted

sunfish (Cheek et al. 2000); whereas only 17,20bP has been

monitored in the saddleback wrasse (Hourigan et al. 1991),

in the St. Peter’s fish (Ros et al. 2003), and in the Atlantic

salmon (Mayer et al. 1990). The available data suggest that

17,20b21P in the toadfish, 17,20bP in the saddleback

wrasse, and 17,20bP in the Atlantic salmon may play a role

in male reproduction (e.g., spermiation). In the Mozam-

bique tilapia, territorial males have higher levels of both

17,20aP and 17,20bP than nonterritorial, female-mimicking

males, but only a 17,20aP increase in the plasma concen-

tration in the presence of females when courtship behavior

is expressed by the males (Oliveira et al. 1996), suggesting

that 17,20aP may play a major role in spawning behavior

and/or spermiation in this species. In the belted sandfish,

17,20b21P rather than 17,20bP seems to be associated with

male reproductive behavior (Cheek et al. 2000). In sum-

mary, progestogens appear to be associated with the

expression of bourgeois reproductive traits, but for most

species it is difficult to disentangle potential effects of

progestogens on male courtship behavior from effects on

spermiation. It is also interesting to note that in the tree

lizard, a species with fixed ARTs determined early in

ontogeny (see Section 7.4.2), progesterone peaks twice

during the critical period, and on both occasions the levels

are bimodal at the population level, suggesting a potential

involvement of progesterone on morph differentiation

(Moore et al. 1998). This is further supported by the fact

that approximately 90% of the individuals that received a

single injection of progesterone on the day of hatching
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differentiated into the bourgeois morph (Moore et al. 1998).

Future studies should examine the role of progestogens on

the expression of ARTs.

Estrogens have also been measured in alternative

morphs of five teleosts and in one mammal. Among fish

estradiol titers are never higher in the bourgeois morph

(they are lower in two cases and equal in the other three; see

Table 7.3). In contrast, fecal estrogen levels are significantly

higher in stallions than in bachelor males of Przewalski

horses (Table 7.3). However, it should be stressed that, in

all cases, estrogen levels are almost always very low, sug-

gesting that high circulating estrogen levels are incompat-

ible with the expression of the bourgeois tactic, at least

among teleost fish.

Finally, data are available on luteinizing hormone (LH)

for seven species (four birds and three mammals). One of

the cases for which an LH level is available is an interesting

type of ART in which a dispersive morph has been

described in naked mole-rats (see Box 7.1). Since it is not

clear that the colony defenders are playing a bourgeois tactic

and the dispersers a parasitic tactic, no clear prediction can

be made for this case; however, it has been found that dis-

persers exhibit higher LH circulating concentrations than

colony defenders (O’Riain et al. 1996). In the remaining six

cases in which the adopted functional dichotomy bourgeois-

vs.-parasitic tactic seems to be valid, LH levels are never

lower in the bourgeois morph (it is higher in two cases and

similar in the other four) than in the parasitic morph. In all

of these cases, LH perfectly mirrors the differences in

androgen levels between morphs (Table 7.3). Therefore, a

direct involvement of LH in the differentiation of alterna-

tive tactics is not plausible, and the most parsimonious

hypothesis for its action upon morph differentiation is

through sex steroids.

7.4.2 Testing the relative plasticity hypothesis:

the second prediction

Asmentioned above, according to the second prediction of the

relative plasticity hypothesis, in species with fixed ARTs,

hormone manipulations should only be effective early in

development (i.e., should have organizational effects),

whereas in species with plastic ARTs, the exogenous admin-

istration of hormones should be effective in adults (Moore

1991, Moore et al. 1998). Unlike the first prediction, the

second prediction does not suffer from epistemological flaws

and provides, therefore, a stronger test for the assessment of

the relative plasticity hypothesis. Unfortunately, hormone

levels of alternative phenotypes have beenmanipulated in only

12 species (see Table 7.8 for a survey of the available literature

on hormone manipulations in species with ARTs).

In only one case, the tree lizard, have the effects of early

administration of androgens to males of a species with fixed

ARTs been evaluated. Males treated with testosterone

implants the day they hatched developed into the orange-

blue morph in a significantly higher proportion than sham-

operated males. Conversely, males castrated at the same age

preferentially developed into the orange phenotype (Hews

et al. 1994). These data support an organizational effect of

androgens in the expression of tree lizard ARTs and suggest

a well-defined critical period for this effect in the ontogeny

of the species. Tree lizard males begin to express their color

morphs between days 60 and 90 post-hatching (Moore et al.

1998). Testosterone implants on day 1 and on day 30 were

effective in directing morph differentiation, while those

performed on day 60 had no effect, indicating the presence

of a critical period that ends between day 30 and day 60

post-hatching (Hews and Moore 1996). Another case

demonstrating that early exposure to hormones manipulates

the expression of ARTs is the Mongolian gerbil. In this

species an intrauterine position effect has been described in

which males gestated between two females (2F males) have

lower testosterone levels when adults than their brothers

gestated between two male fetuses (2Mmales) (see Box 7.1).

Some of the 2Fmales that display exceptionally low levels of

circulating testosterone (i.e., similar to those of females) do

not express male sexual behavior when exposed to females

in oestrus but, in contrast, overexpress allopaternal behav-

ior. Therefore, the early exposure to androgens determines

the tactic adopted by male Mongolian gerbils, with some 2F

males becoming asexual and obligate helpers (Clark and

Galef 2000). These two examples strongly support a

straightforward organizational effect of androgens on the

development of fixed alternative phenotypes.

The evidence compiled for hormone manipulations in

adulthood yields much less clear results (Table 7.9). Of the

11 species that have been studied, only five support

Prediction 2. Of the five supportive cases, in two of them

(one reptile and one cooperatively breeding bird), the

administration of testosterone to the parasitic morph of

species with plastic ARTs induced a tactic switch (see

Tables 7.8 and 7.9). In a third case, the inhibition of tes-

tosterone production reduced the sexual activity of juvenile

males that tried to steal copulations in Soay sheep,Ovis aries

(Stevenson and Bancroft 1995). In the other two cases, there

was no effect of the administration of testosterone on the
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parasitic morph of the “fixed” type species (one fish and one

lek-breeding bird; see Tables 7.8 and 7.9). Of the six cases

that do not support the second prediction, two correspond

to positive effects of testosterone administration in “fixed”

species (one lizard and one bird), and the other four to the

absence of effects of testosterone administration in “plastic”

species (three fish and one cooperatively breeding bird) (see

Tables 7.8 and 7.9). Therefore, overall, the validity of the

second prediction of the relative plasticity hypothesis is only

present in 50% of the species studied so far. Unfortunately,

in the vertebrate taxa for which the hypothesis is probably

most adequately applied, the mammals, there is only one

species for which data are available (and it supports the

hypothesis).

Interestingly, of all the hormone manipulations per-

formed on vertebrates with the objective of unraveling the

physiological mechanisms of ARTs, only in one case (the

marine iguana) has the reversibility of the transformation

from parasitic to bourgeois male in “plastic” species been

tested. In the experiment, territorial males were implanted

with an androgen receptor blocker (flutamide) together with

an aromatase inhibitor (1,4,6-androstatrien-3,17-dione;

ATD) in order to block the direct (i.e., testosterone acting on

an androgen receptor) and indirect (i.e., testosterone being

aromatized into estradiol, which would activate the behavior)

effects of testosterone on the expression of bourgeois

behavior (Wikelski et al. 2005). Treated males decreased the

expression of their territorial behavior, had their territories

reduced in size, and suffered a decrease in the number of

females present on their territories, but they did not develop

the full expression of parasitic behavior. These results

suggest that the blockage of androgens in bourgeois males can

reduce the expression of bourgeois behavior but cannot

induce a tactic change to a parasitic morph in a “plastic”

species with sequential tactics. This conforms to the

expectation that plasticity in alternative morphs should only

be permissible in directions that correspond to normal sexual

differentiation (i.e., parasitic males can transform into

bourgeois males but not the reverse).

In summary, although the relative plasticity hypothesis

provides a tentative conceptual framework for the study of

the hormonal basis of ARTs and has been elegantly

developed (Moore et al. 1998), it does not seem to apply

across vertebrate taxa. One of the major reasons for this

mismatch may reside in the fact that this hypothesis,

derived from the organizational paradigm of mammalian sex

differentiation, is not common to other vertebrate classes

and, in particular, is not found in those with labile sex-

determining mechanisms.

7.4.3 Beyond the relative plasticity hypothesis:

the “making of” alternative phenotypes

It is also important to be able to distinguish whether alter-

native phenotypes diverge only in terms of behavioral traits,

or if they also differ in the expression of morphological traits.

Since behavior is often more labile than morphology and

anatomy, the mechanisms underlying the expression of

behavioral variation are expected to be more flexible than

those underlying morphological and anatomical variations. It

follows that alternative reproductive tactics that only involve

differences in behavior should differ in the activation of

Table 7.9. Testing the second prediction of the relative plasticity hypothesis (shaded cells represent cases that support the prediction)

ART type

Manipulation of androgen levels in parasitic males Fixed Plastic

Early in development Effective Tree lizards

No effects

In adults Effective Side-blotched lizards

House finch

Marine iguanas

Superb

fairy-wren

Soay sheep

No effects Plainfin midshipman

Ruff

Peacock blenny

Rock-pool blenny

Sailfin molly

Azure-winged magpie
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different neural substrates but not necessarily display dif-

ferent hormonal profiles. In contrast, alternative reproduct-

ive phenotypes that also show a divergence in morphological

traits (i.e., intrasexual polymorphisms), in which the differ-

entiation of sexual characters between the alternative morphs

needs a whole-organism control system, are expected to have

different hormone profiles to account for these differences. It

could be argued that differences in hormone levels should

only be present at the period of the differentiation of the

tactic, if their effects were to be organizational. However,

there are several pieces of evidence suggesting that androgen-

dependent traits, typical of bourgeois males, need continuous

exposure to androgens to be maintained. For example, in

adults androgens inhibit the shrinkage of motorneurons in

the spinal nucleus of the bulbocavernosus that controls penile

erection in rodents (Breedlove and Arnold 1981, Forger et al.

1992, Watson et al. 2001). Also, castration induces the

regression and exogenous administration of androgens

restores the development of sonic muscles in vocalizing male

fish (Brantley et al. 1993a; but see Modesto and Canário

2003b). The hypothesis that androgens may play differential

roles in the differences between male morphs across different

phenotypic traits (i.e., behavioral, morphological, and gon-

adal) will be discussed below.

HORMONES AND DIFFERENCES BETWEEN

ALTERNATIVE PHENOTYPES IN SECONDARY SEX

CHARACTERS

Since androgens play a major role in the induction of sec-

ondary sex characters in male vertebrates (Nelson 2005),

differences in androgen levels among morphs may be of

little importance in species with alternative tactics lacking

major tactic-specific morphological specializations (such as

the expression of male secondary sex characters in bourgeois

males). Among the species displaying ARTs and intrasexual

dimorphism, 100% of the fish, 66.6% of the reptiles, 75%

of the birds, and 100% of the mammals (i.e., 90.9% of all

studied species) displayed significant differences in circu-

lating androgen levels, with the bourgeois morphs having

consistently higher levels than those of the parasitic males

(Table 7.3).

Recently, the association between the degree of pheno-

typic specialization of the alternative tactics and the mag-

nitude of the difference in androgen levels between

alternative male types was investigated among teleost fish

(Oliveira 2005). In all species for which androgen levels are

known and for which the ART involves a morphological

intrasexual dimorphism (apart from differences in body

size), the levels of 11-ketotestosterone (KT, the most potent

androgen in fish) are higher in the bourgeois than in the

parasitic male, irrespective of the type of ART displayed

(Oliveira 2005). This suggests a parallel to the androgen

correlates of sex-changing fish, in which androgens may

play a major role in morphological differentiation during sex

change but are not essential for behavioral sex change

(Godwin et al. 1996, Grober 1998, Reavis and Grober

1999). These results, together with the data presented here,

suggest a major role for androgens in the differentiation of

morphological traits typical of the bourgeois tactic.

HORMONES AND DIFFERENCES BETWEEN

ALTERNATIVE PHENOTYPES IN REPRODUCTIVE

BEHAV IOR

In species with reversible ARTs without morphological

modifications, changes in the activity of neural pathways

underlying the behavioral changes are to be expected rather

than differences in androgen levels (Zupanc and Lamprecht

20 00 ; see Section 7.3.1). This could explain, for example, the

lack of differences in KT levels between polygynous and

monogamous males in the St. Peter’s fish (Ros et al. 2003)

and between callers and satellites in toads (Leary et al. 2004).

Hence, reversible ARTs lacking intrasexual dimorphisms

may have been emancipated from a sex-

differentiation mechanism ruled by sex hormones. In this

respect, it is interesting to note that in the peacock blenny,

where sneaker males mimic female courtship behavior, cas-

trated sneakers (that mimic females) continue to exhibit

female courtship (D.M. Gonçalves, J. Alpedrinha, and R.F.

Oliveira, unpublished data), indicating that gonadal steroids

are not crucial for the behavioral expression of the parasitic

tactic in this species.

HORMONES AND DIFFERENCES BETWEEN

ALTERNATIVE PHENOTYPES IN GONADAL

ALLOCATION

For a large number of species with ARTs, in particular

among fish, the parasitic morph has relatively larger gonads,

a phenomenon which has been explained by the sperm

competition hypothesis (Taborsky 1998). This is intriguing

from a physiological perspective since androgens are also

involved in spermatogenesis. There are several possible

explanations for this paradox.

(1) In the particular case of teleost fish, KT and testoster-

one (T) have different roles in the control of

spermatogenesis: KT stimulates germ cell proliferation
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and maturation, and T is involved in the negative

feedback mechanisms needed to control KT-dependent

spermatogenesis. Thus, a balance between T and KT is

critical for the control of spermatogenesis (Schulz and

Miura 2002). A plot of the KT to T ratio as a function

of the relative size of the gonad (GSI) shows that in

species in which the magnitude of the ratio between

bourgeois and parasitic is larger, there is a smaller

difference in GSI (Oliveira 2005). This means that a

higher GSI among parasitic males is associated with a

lower KT :T ratio, which allows them to have larger

testis without a linked expression of bourgeois male

secondary sex characters and behavior (Oliveira 2005).

(2) In the case of other vertebrates, a potential alternative

explanation is differential density of gonadal receptors

among morphs, so that the gonads of parasitic males

may become particularly reactive to the same levels of

gonadotrophic hormones when compared with those of

bourgeois males.

(3) In vertebrates direct innervation of the gonads has been

demonstrated, and this might allow for an alternative

route for controlling gonadal function in alternative

phenotypes. In all vertebrates, both afferent and efferent

neural connections between the gonad and the hypo-

thalamus have been described, with the efferent fibers

terminating on steroidogenic cells of the gonad (for

references see Crews 1993). Moreover, de-innervation

of the gonad causes gonadal atrophy whereas the

electrical stimulation of these fibers induces variations

in gonadal steroid secretion and sperm release (Demski

1987, Damber 1990). Thus, a private channel between

the brain and the gonads is present that might allow for

a control of gonadal activity in parasitic males

independent of the systemic action of the HPG axis.

In summary, the relative importance of different

physiological mechanisms for the differentiation of tactic-

specific traits might vary among behavioral, morphological,

and gonadal traits. If this occurs in species with ARTs, it

would challenge the classic paradigm of androgens control-

ling, in a whole-organism fashion, the expression of the entire

set of reproductive characters that distinguish each tactic.

7 .5 STRESS, GLUCOCORTICOID

LEVELS, AND ARTS

One of the axioms of the current ART theory is that alter-

native morphs have a lower competitive ability and therefore

a subordinate status if in direct competition with bourgeois

morphs. Dominance relationships are also known to have a

differential effect on glucocorticoid (GC) levels, and for a

long time it was assumed that circulating concentrations of

a subordinate’s GCs should be higher than those of dominant

individuals and that these differences should mediate the

effects of social rank on reproductive physiology (Creel

2005). This belief has led to the concept of social status as

almost synonymous with stress for subordinates in a social

group.This concept was built on a logical inference using

three independent pieces of evidence: (a) in staged fights both

winners and losers experience an increase in circulating levels

of GCs, but there is a higher magnitude in the loser’s

response; (b) GCs suppress the HPG axis; and (c) social

stress leads to the suppression of reproduction in subordin-

ates (for references see Creel 2005). However, it has become

increasingly clear that in most free-living species, either there

is no difference in GC levels according to social status, or

there is a trend for dominant males to have higher circulating

levels of GCs than subordinates (Creel 2001, 2005, Abbott et

al. 2003; however, these reviews included only bird and

mammalian studies). In fact, the winner–loser effects on GC

levels do not predict differences between dominant and

subordinate individuals in free-living groups that conform to

different social systems, and there is no parsimonious argu-

ment that allows one to predict whether dominants or sub-

ordinates are more stressed in the wild. While dominants are

expected to face the stressful situation of having to fight

harder and at higher rates to keep their status, subordinates,

in turn, are exposed to the stress of repeated defeats (although

in the wild they can often spatially avoid being exposed to

dominant individuals or even take the option of dispersal)

(Creel 2005). Based on a meta-analysis of rank differences in

cortisol levels among primates, Abbott and co-authors (2003)

proposed that two conditions should explain the relationship

between social status and GC levels. According to this

analysis, subordinates should have higher GC titers than

dominants (1) when subjected to higher rates of stressors,

either physical (e.g., food availability, exposure to predators

and to pathogens, likelihood of facing aggressive challenges)

or psychological (e.g., control access to resources, exposure to

aggression, establish stable and predictable social relations) or

(2) when they experience decreased opportunities of social

support.

According to the rationale proposed by Creel (2005), in

species with ARTs, the bourgeois morph, characterized by

its investment in the monopolization of access to mates,

should face more social challenges and therefore would be
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expected to have higher circulating levels of GC than the

parasitic morph. However, an analysis of Table 7.3 does not

support this prediction. In fact, the three possible rela-

tionships between GC levels and ART type are present: of

the 16 species studied so far, levels are higher in bourgeois

males in 37.5% of the cases, are higher in the parasitic

morph in 12.5% of the cases, and there are no differences in

the remaining 50%. Moreover, the differences in GC levels

are independent of the type of ART expressed (fixed vs.

plastic; ACTUS – simulation statistics for contingency

tables with low expected values – P< 0.05), indicating that

the first prediction of the relative plasticity hypothesis also

does not conform to the available data on GCs. However,

this result should be taken with caution since inmost studies

only basal levels were reported. Glucocorticoids act through

a dual receptor system where two receptor types are present

in target tissues: type I receptors (or mineralocorticoid) and

type II receptors (or glucocorticoid) (de Kloet et al. 1993).

Since type I receptors have a higher affinity for gluco-

corticoids than type II, at baseline levels most GCs are

bound to type I receptors. This receptor subtype mediates

permissive actions of GCs (i.e., actions that are already

present before the stressor and that prime the stress

defenses of the organism). When GCs increase in response

to a stressor and type I receptors become saturated, then

there is a binding shift towards type II receptors, which

mediate suppressive actions of GCsmainly outside theHPA

axis, such as reproductive suppression (Sapolsky et al.

2000). The disruption of the HPG axis by glucocorticoids

can be achieved by several different mechanisms, namely by

decreasing both the hypothalamic release of GnRH, and the

LH secretion from the pituitary, as well as by reducing the

gonadal responsiveness to LH and the local density of LH

receptors (Sapolsky et al. 2000). For a clearer picture of a

potential role of GCs on ARTs, we need to look for dif-

ferences in GC responses to challenges between alternative

tactics and to confirm that the dual GC receptor system

described in mammals is also present in the other vertebrate

classes. Below we illustrate some known examples of the

involvement of GCs on the expression of ARTs in different

vertebrate taxa.

In the tree lizard, Urosaurus ornatus, two fixed repro-

ductive phenotypes exist: territorial males display an orange

dewlap with a blue spot (orange-blue males), and non-

territorial males have an orange dewlap (Moore 1991,

Moore et al. 1998).Within the orange morph, the males may

switch between a sedentary satellite tactic and a nomadic

tactic, depending on the environmental conditions they

face, thus representing plastic ARTs (Moore et al. 1998).

The corticosterone response to stress seems to be the key

factor triggering this switch within the orange morph (see

Figure 7.3). In harsh conditions, corticosterone levels

increase causing a decrease in testosterone concentrations,

which leads to a lack of site attachment (cf. DeNardo and

Sinervo 1994a, b) and a concomitant switch from the sat-

ellite to the nomadic tactic (Figure 7.3). Apparently the

orange-blue males are resistant to testosterone suppression

by corticosterone, and thus, independently of the environ-

mental conditions, continue to express the territorial tactic

(Knapp et al. 2003).

In amphibians the energetics–hormone vocalizationmodel

has been proposed (Emerson 2001, Emerson and Hess

2001), which aims to explain transitions in vocal production

(i.e., calling vs. noncalling) in anurans. It proposes that

elevated levels of corticosterone due to the energetic

demands of calling behavior inhibit androgen production

which inhibits calling. Data are available for three anuran

species with noncalling satellite males (Table 7.3). In two of

these species, the Woodhouse and the Great Plains toads,

although corticosterone levels are higher in the calling

morph, there are no differences between morphs in

androgen levels. These findings are contrary to a suppres-

sion of the HPG axis by increased levels of corticosterone in

calling males and support the occurrence of direct effects of

Figure 7.3 Proposed endocrine mechanism for tactic switching in

the tree lizard. Males have a two-step reaction to stress. Both

morphs increase their corticosterone levels in response to a stressor.

However, orange-blue male testosterone levels are corticosterone

resistant, while testosterone levels of orange males are sensitive to

suppression by corticosterone. Therefore, orange-blue males

express territorial behavior independently of exposure to stress,

whereas orange males switch their tactic from satellite (with low

corticosterone) to nomad (with high corticosterone) depending on

the environmental conditions. (Reprinted with permission from

Knapp et al. 2003.)
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corticosterone on vocal brain nuclei that control calling

behavior (Leary et al. 2004).

Finally, a model for the differentiation of alternative

phenotypes in teleost fish based on glucocorticoid–androgen

interactions has been proposed by Knapp and co-workers

(Knapp et al. 2002, Knapp 2003). Since the same enzymes

that participate in the synthesis of KT are also involved in

the synthesis (11b-OHase ¼ 11b-hydroxylase) and inacti-

vation (11b-HSD¼ 11b-hydroxysteroid dehydrogenase) of
GCs (see Figure 7.4), it is proposed that reciprocal com-

petitive inhibition can regulate the activity of these enzymes

(Knapp 2003). Consequently, in species with plastic ARTs,

reciprocal inhibition creates the possibility that these

enzymes may mediate the transduction of social into

endocrine signals that will modulate the adoption of a cer-

tain ART (Knapp 2003). This model assumes that parasitic

males have higher cortisol levels than bourgeois males, as a

result of aggressive interactions among the two morphs.

Competitive inhibition of 11b-OHase and/or 11b-HSD

would yield lower levels of KT in parasitic males and result

in an accumulation of T. The increased T could then be

available to the enzyme aromatase for estrogen production.

Therefore, higher levels of aromatase activity are predicted

in parasitic males, as has been observed in midshipman fish

type II males (Schlinger et al. 1999). A potential pitfall of

this model is the assumption of competition for cortisol and

KT production. However, this is only expected if occurring

in the same tissue (i.e., gonad or adrenals). Data on cortisol

levels in teleost species with ART are only available for the

longear sunfish, where parasitic males have both higher

levels of cortisol and lower levels of KT than bourgeois

males, suggesting that parasitic males may have a lower

activity of 11b-HSD both in the interrenal glands and in the

testes relative to bourgeois males (Knapp 2003). A similar

model has been independently proposed by Perry and

Grober (2003) to explain the social modulation of sex

change in sequential hermaphroditic teleosts. This model

is supported by the fact that in the bidirectional, socially

induced, sex-changing goby Gobiodon histrio, a gluco-

corticoid responsive element has been identified in the

promoter region of the aromatase gene CYP19A1 (gonadal

isoform) that could allow GC to act as an upregulatory

transcription factor, ultimately promoting estrogen syn-

thesis responsible for male-to-female sex change (Gardner

et al. 2005). Thus cortisol could play a pivotal role when
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Figure 7.4 Steroidogenic pathways illustrating the similarities in

the enzymes involved in androgen and glucocorticoid metabolism.
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subordinate males change back to females as a response to

the stress of competition with dominant males (Munday

and Jones 1998).

In vertebrates other than the teleosts, where KT is not

present, a role for these steroidogenic enzymes is still

possible. In mammals 11b-HSD plays a major role at the

intracellular level in regulating the availability of GC to

glucocorticoid receptors. This enzyme has two isoforms with

different activities. Whereas 11b-HSD2 catalyzes the irre-

versible inactivation of GCs, leading to the formation

of 11-keto-steroids (i.e., cortisone from cortisol and 11-

dehydrocorticosterone from corticosterone), 11b-HSD1 can

promote both the inactivation or the activation (by reduction

of the 11-ketosteroids) of GCs (de Kloet et al. 1998, Sapolsky

et al. 2000). In Leydig cells, 11b-HSD activity modulates the

availability of intracellular GC to the type II receptors that in

turn inhibit testosterone production (Gao et al. 1996a, b).

Therefore, differential expression of the two isoforms in

different tissues between alternative morphotypes can be a

mechanism that explains intrasexual variation in the

expression of reproductive traits. The lizard, anuran, and

teleost examples illustrate the fact that GCs seem to act in the

expression of alternative tactics, but their exact role may

depend on the social systems and on particular GC mech-

anisms present in different taxa (e.g., the duality of GC

receptors present in mammals).

7 .6 BEYOND HORMONE PROFILES:

FOCUSING ON TARGET

TISSUES

The decoupling of different male traits in alternative

reproductive phenotypes may be achieved by mechanisms

other than differences in hormone levels, namely by varying

the local microenvironment in the different target tissues.

This could result from differential expression of receptors

or differential levels of activity of catabolic enzymes that

modulate the availability of the active hormone to specific

targets (e.g., 11b-OHase and 11b-HSD, which metabolize

testosterone into KT, are key steps in the expression of male

secondary sex characters, in spermatogenesis, and in the

modulation of the expression of reproductive behavior in

male teleosts: Borg 1994). This focus on target tissues, when

studying the mechanisms of intrasexual variation in repro-

duction, has rarely been used. One rare example of such an

approach is a study on the relative levels of brain steroid

receptors between alternative reproductive phenotypes in

the protogynous wrasse Halichoeres trimaculatus. In this

species it was found that by using competitive reverse

transcriptase–polymerase chain reaction, the levels of

androgen receptor (AR) transcripts were significantly

higher in the brain of terminal-phase males (bourgeois

tactic) than in initial-phase males (parasitic tactic) (Kim et

al. 2002). No other significant differences in gene expres-

sion were observed, either for AR in the gonads or for

estrogen receptor (ER) in the brain and in the gonads. Thus,

by regulation of the expression of AR in specific tissues (by

varying AR density in different tissues such as brain vs.

gonad) of bourgeois males (in this case terminal-phase

males), the sensitivity to circulating androgen levels in

specific targets (the brain) can be increased, and the effects

of androgens compartmentalized (Ketterson and Nolan

1999). This mechanism hypothetically makes it possible to

activate the expression of an androgen-dependent repro-

ductive behavior in bourgeois males without having the

associated costs of increasing spermatogenesis or expressing

a sex character, since the androgen action can be inde-

pendently modulated at each compartment (brain vs. gonad

vs. morphological secondary sex character).

Another level at which the availability of steroid hor-

mones to target tissues can be differentially modulated

between alternative phenotypes is through steroid-binding

globulins (SBGs). SBGs can regulate the availability of

circulating steroids to target tissues, since only the free

(unbound) fraction is biologically active. To our knowledge,

there is only one published study in vertebrates that

documents differences in binding capacity of an SBG

among alternative morphs (Jennings et al. 2000). In the tree

lizard two SBGs have been identified: one with a high affinity

to androgens and estradiol (i.e., a typical sex-hormone-

binding globulin), and another with a high affinity to

androgens, progesterone, and corticosterone, thus named

androgen–glucocorticoid–steroid-binding globulin (AGBG:

Jennings et al. 2000). Whereas the capacity of the former

SBG does not differ between the two morphs, the AGBG

capacity is much larger in the orange-blue males, resulting in

higher levels of free (i.e., unbound) corticosterone in the

orange morph (Jennings et al. 2000). Consequently, testos-

terone levels in the orange morph are more sensitive to

negative feedback by corticosterone, especially during

periods of stress (e.g., staged male–male encounters: Knapp

and Moore 1996, 1997). Thus, at least for tree lizards, SBGs

can act as mediators of the environmental effects on the

differentiation and expression of alternative morphs. Further

studies focusing on target tissues are thus a major avenue for

future research in this area.
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7.7 ARTS IN THE GENOMICS ERA:

A HOLISTIC APPROACH TO THE

PROXIMATE MECHANISMS OF

ARTS

Functional genomics tools now provide a new approach to

understanding the proximate mechanisms of ARTs. Using

microarray technology, the activity of large sets of genes

(thousands) can be monitored simultaneously in key tissues

(e.g., brain, gonads). It is therefore possible to identify genes

and regulatory networks that are consistently upregulated

or downregulated in each morph. These differentially

expressed genes are then taken as likely candidates involved

in the expression of the alternative morphotypes (Hofmann

2003). Only two studies have been published that used

microarray techniques to study alternative phenotypes. In

the honeybee (Apis mellifera), workers socially regulate the

division of labor, with younger individuals acting as hive

workers and older individuals as foragers. The transition

between these two alternative (sequential) phenotypes is

associated with differential gene expression in 39% of the

approximately 5500 genes tested (Whitfield et al. 2003),

indicating a link between different profiles of brain gene

expression and the occurrence of behavioral plasticity. In a

second study, the only one of a vertebrate species, gene

expression profiles were compared between sneaker males

and immature juveniles (of the same age) of the Atlantic

salmon, Salmo salar (Aubin-Horth et al. 2005). Males that

will reproduce as sneakers do not migrate to the sea and

attain sexual maturity earlier (1–3 years old) than migratory

males that return later to the breeding grounds as large,

anadromous individuals (3–7 years old) (Fleming 1998).

Thus, the immature males represent the anadromous

phenotype before migration, and they are the same age as

the sneakers (in order to avoid age-related differences in

gene expression). A differential expression of 15% of the

2917 genes tested has been detected between the sneaker

and the juvenile immature males (Aubin-Horth et al. 2005).

Most of the upregulated genes in sneakers are associated

with reproduction and associated processes (e.g., gonado-

tropins, growth hormone, prolactin, and POMC genes), and

the upregulated genes in immature males are mainly asso-

ciated with somatic growth (e.g., genes involved in tran-

scription regulation and protein synthesis, folding, and

maturation). These differences reflect, at the cellular level,

the life history trade-off between reproduction and growth

that is found in these two alternative phenotypes (Aubin-

Horth et al. 2005). Interestingly, genes involved in neural

plasticity (e.g., genes coding for synaptic function and for

cell-adhesion glycoproteins that have been implicated in

memory formation) and neural signaling (i.e., genes coding

for nitric oxide synthesis, a neurotransmitter involved in the

regulation of neuropeptide action) were upregulated in

sneakers suggesting that the expression of this tactic might

be particularly demanding at the level of cognition (Aubin-

Horth et al. 2005). This approach not only allows us to

confirm predictions of differential gene expression between

alternative phenotypes, in processes that are a priori

expected to differ between alternative morphs (e.g., repro-

duction vs. growth), but it enables the detection of differ-

ences in gene expression between morphs in unsuspected

biological processes (e.g., neural plasticity).

7 .8 DIFFERENTIAL COSTS IN

ENDOCRINE-MEDIATED ARTS

The study of the physiological mechanisms underlying the

expression of ARTs may also shed light on the evolutionary

mechanisms involved, since from a functional point of view,

the potential benefits of high androgen levels for the fitness

of the individuals adopting the bourgeois tactic have to

outweigh the costs associated with keeping those levels high

for long periods. Androgens facilitate the physiology and

behavior related to high intra- and intersexual competition

typical of the bourgeois tactic. The required extra energetic

resources needed for the expression of exaggerated sec-

ondary sexual characters and agonistic behavior patterns

might have consequences for the allocation of energy to

other functions. Especially when animals are constrained in

their opportunities to increase energy uptake or when gains

in reproduction are high, it may pay to evolve a mechanism

that facilitates the expression of sexual traits, while down-

regulating other energetically expensive functions. This

trade-off might explain why, in many species, androgens

seem to suppress immunity (Folstad and Karter 1992,

Wedekind and Folstad 1994). There is evidence indicating

that humoral and cellular immunocompetence are costly

(e.g., Martin et al. 2003) and trade off with reproduction

(Sheldon and Verhulst 1996, Deerenberg et al. 1997, Norris

and Evans 2000, Cichoń et al. 2001).

Few studies have addressed the differential costs in

immunocompetence for alternative morphs due to different

hormonal profiles of alternative tactics. In the corkwing

wrasse (Symphodus melops), despite the fact that sneaker males

differ from nest-holders in androgen levels (Uglem et al.

2002), no relationship has been found between male
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reproductive tactics and leukocyte count (Uglem et al. 2001).

In ruffs, there are no differences among morphs in humoral

immunity but territorial males have higher cell-mediated

immunity than satellites (Lozano and Lank 2004).

We have recently started to address this issue using the

rock-pool blenny (Parablennius parvicornis) and the peacock

blenny (Salaria pavo). In both species, bourgeois males

exhibit both parental and territorial behavior, which does

not allow them to forage far from their nest sites. In con-

trast, parasitic males do not have such constraints on energy

uptake during the breeding season, and, as a result, nest-

holder males of both species suffer a dramatic decrease in

body condition not experienced by parasitic males (Gon-

çalves and Almada 1997). We therefore tested whether the

expression of alternative male tactics has consequences at

the level of immunocompetence in these two blennies. In

salmonids, androgen treatment decreases antibody pro-

duction by lymphocytes and may even kill them by apop-

tosis (Slater et al. 1995, Slater and Schreck 1997).

Interestingly, a specific androgen receptor has been detected

in these leukocytes (rainbow trout, Oncorhynchus mykiss,

and chinook salmon, Oncorhynchus tshawytsha: Slater et al.

1995, Slater and Schreck 1998). We therefore focused our

studies on the relative number of lymphocytes (i.e., leuko-

cytes responsible for the production of specific antibodies)

and on antibody production in response to a challenge with

a nonpathogenic antigen. In accordance with expectation,

lymphocyte count (in both species) and antibody respon-

siveness (in the rock-pool blenny) were found to be higher

in parasitic males than in bourgeois males (Ros et al. 2006;

A. F.H. Ros and R. F. Oliveira, unpublished data)

(Figure 7.5). This suggests that alternative morphs differ in

their capacity to mount “specific” immune responses.

Moreover, since lymphocyte numbers are negatively cor-

related to body size (Figure 7.5), and since competitive

ability of the males increases with body size (Oliveira et al.

2000), it is plausible that in larger animals, relatively more

energy is traded off with immunity than in smaller animals.

7 .9 CONCLUSIONS AND PROSPECTS

FOR FUTURE RESEARCH

We have summarized the effects on ARTs of different

hormones (mainly androgens and glucocorticoids) at both

the organizational and the activational levels. However,

these effects vary from species to species in a fashion that is

not consistent with the type of ART expressed, as predicted

by the relative plasticity hypothesis. In particular, in the

case of sex steroids, it is conceivable that the expression of a

given tactic requires that androgens reach a threshold level

for the expression of the bourgeois traits. But, above that

threshold, further variations in androgen levels are not

associated with the expression of the tactic and may merely

reflect the social environment faced by individuals following

different tactics. We have also shown that androgens are

more relevant for the differentiation of morphological traits

than of behavioral traits, which implies that differences in

androgen levels between alternative tactics are more likely

when the ART involves an intrasexual dimorphism. This

difference between ARTs with and without associated

variation in the expression of morphological traits is thus a

point that should not be neglected in future studies.

Another point that needs to be stressed here is that in order

to understand the mechanisms of ARTs more research

effort is needed focusing on the processes of hormone action

at the target tissues, since they may vary between alternative

tactics. Most of the work conducted so far is based on

correlations of circulating levels of hormones in individuals

following alternative tactics and on hormone manipulations

in different adult morphs.

At the conceptual level, the views on the role that

hormones play in the control of behavior have been

changing with time. Two major changes have occurred in
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Figure 7.5 Preliminary results on the relationship between

lymphocyte counts, total length, and alternative reproductive

tactics in the peacock blenny. SN, sneaker males; NH, nest-holder

males. (A. F.H. Ros, unpublished data.)
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recent years. Hormones have been seen classically as causal

agents of behavior of the type one-hormone-one-behavior

relationship. This view has been supported mainly by

studies of castration and hormone-replacement therapy

that showed that a behavior was abolished by castration

and restored by exogenous administration of androgens

(Nelson 2005). Currently a probabilistic approach to the

effects of hormones on behavior has been adopted and

hormones are seen as facilitators of behavior rather than as

determinant factors (Simon 2002). Accordingly, hormones

may increase or decrease the probability of the expression

of a given behavior by acting as neuromodulators on the

neural pathways underlying that behavioral pattern. Sec-

ond, there has been a recognition that the social environ-

ment feeds back to influence hormone levels (Wingfield et

al. 1990, Oliveira 2004), which is seen as an adaptive

mechanism through which individuals may adjust their

motivation according to the social context they are facing.

This indicates a two-way type of interaction between

hormones and behavior. Accordingly, hormones (e.g.,

androgens) are viewed as playing a key role as endocrine

mediators of the effects of social context on the expression

of social behavior. These new views of the role hormones

play in the control of behavior should be incorporated in

future studies on the endocrine basis of ARTs.

Finally, the strengths of the comparative approach in

understanding the proximate mechanisms of intrasexual

variation in reproductive behavior should be stressed. It is a

valuable tool for various reasons. First, it promotes the

development of a conceptual framework to explain these

phenomena that is not species centered. One major problem

in this area is that a lot of research effort has been invested in

only a reduced number of species, so that the information

available for these few species has great detail but tends to be

extrapolated as valid to the vertebrates as a whole. There-

fore, the collection of data on different species exhibiting

alternative tactics contributes to the awareness that similar

functional phenomena may have different underlying

mechanisms and promotes the search for commonalities

among species. In turn, these prompt the generation of

hypotheses that organize the observed variation and thus

contribute to the development of a framework that explains

the evolution of proximate mechanisms underlying alter-

native tactics.
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8 · Alternative reproductive tactics in insects

H. JANE BROCKMANN

CHAPTER SUMMARY

Discrete, alternative reproductive tactics (ARTs) occur in

most orders of insects, across a wide array of mating sys-

tems, and during all steps in the reproductive process

(locating a mate, gaining access to him/her, copulating, and

post-copulatory behavior). ARTs for mate searching are

particularly common and often involve a division between

high-investment or high-risk but sedentary, nondispersing

tactics and low-investment or low-risk but active, disper-

sing, searching tactics with longer-range movements. ARTs

in insects are often associated with intense sexual selection

and include individuals that avoid costly or high-risk

intrasexual interactions, parasitizing the costly investment

of others, or circumventing intersexual interactions and

mate conflict. Two or more tactics can arise in a population

when opportunities for success are discrete and require

different and mutually exclusive behavior or morphology.

Suites of distinctive, correlated traits arise through condi-

tion-dependent, developmental switches and when there is

selection against individuals with intermediate traits (dis-

ruptive selection). ARTs are maintained in populations by

frequency dependence and equality of fitness among tactics

or as condition- or environment-dependent alternatives that

maximize individual fitness.

8 .1 THE PROBLEM

Discrete, alternative reproductive tactics (ARTs) within

one sex and one population occur in most groups of insects

(Table 8.1). For example, nonflying, large-headed, fighting

males live in the nests of some female halictid (Kukuk and

Schwarz 1988) and andrenid bees (Danforth 1991b) and

mate with females inside the nest just prior to oviposition;

while smaller, flying males with normal-looking heads and

mandibles mate with females outside the nest as they forage

on flowers (Danforth 1991b) (Figure 8.1). In this case ARTs

are correlated with distinct morphological differences

between male morphs, but in other cases no obvious dif-

ferences exist. In the meloid beetle Tegrodera aloga, males

usually engage females in a long, face-to-face courtship and

mounting follows a specific signal from the female (Pinto

1975). Some males, however, “short-circuit” the process by

mounting abruptly from behind and attempting to copulate

forcefully without prior display. Such discrete, alternative

tactics are an evolutionary puzzle because if one form was

just a little less successful (on average) than the other, then it

should be eliminated from the population through natural

selection. Nonetheless, in many species ARTs are main-

tained over long periods at relatively stable frequencies.

Often they are maintained in spite of the fact that one form

appears to be less successful than the other(s). What are the

evolutionary processes that maintain such variation? What

are the selective pressures that favor two discrete tactics

rather than one continuously variable tactic? What are

the underlying genetic, developmental, and physiological

mechanisms that result in two (or more) different forms of

one sex? Why do the tactics take the particular forms they

do?What maintains the population at particular frequencies

of tactics? In this chapter I will begin to address these issues

by documenting some of the remarkable diversity of ARTs

that can be found among insects.

Many schemes exist for organizing the diversity of

ARTs (e.g., Alcock 1979b, Cade 1979b, Waltz and Wolf

1984, Taborsky 1997, Brockmann 2001, Shuster and Wade

2003). Some are based on mechanisms, such as separating

genetic polymorphism from condition-dependent tactics

(Austad 1984, Gross 1996, Tomkins 1999) or separating

ontogenetic switch from behavioral plasticity (Fincke 1985),

but since most ARTs involve both genetic and environ-

mental components, this is not a particularly useful or

practical means of categorizing patterns (Brockmann 2001).

Other methods of categorizing ARTs separate out those

with frequency-dependent effects from those without

(Davies 1982, Austad 1984). However, it is now clear that
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ñ
o
an
d

E
b
er
h
ar
d
19
87
,
E
b
er
h
ar
d
an
d

G
u
ti
ér
re
z
19
91
,
M
oo
re

an
d

W
il
so
n
19
93
,
R
ad
es
ät
er

an
d

H
al
ld
ó
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frequency dependence may operate together with condition

dependence in many systems (Gross 1996, Walker and Cade

2003). Still another system for categorizing ARTs is based on

whether tactics are permanent over the adult lifespan of the

individual or whether individuals change at a particular point

such as at a certain size or age (switch) or whether individuals

can change flexibly back and forth throughout adult life

(Alcock 1979b, Caro andBateson 1986,Waltz andWolf 1988,

Taborsky 1997, Brockmann 2001). While this scheme is a

useful way to categorize initial observations and to address

some questions that we might ask about ARTs, it does not

reveal function and the likely selective pressures favoring the

evolution of ARTs. In this chapter, I will propose functional

categories for insect ARTs. Such categories provide a means

of understanding the common ecological and evolutionary

factors favoring ARTs, although they can be faulty if insuf-

ficient information is available.

8 .2 PATTERNS OF ARTS IN INSECTS

For most male insects, reproductive behavior involves four

steps: locating a female, gaining access to her, copulating

with her, and engaging in post-copulatory behavior that

increases the male’s chance that his sperm will fertilize the

female’s eggs. Female reproductive behavior can be divided

into similar steps that include finding a mate, choosing or

gaining access to that mate, acquiring and choosing sperm,

and fertilizing and laying eggs. (Post-laying paternal or

maternal care and social nesting are outside the scope of this

chapter.) Continuous variation in reproductive characters

(behavior, morphology, etc.) is common but here we are

seeking to understand special cases in which the variation in

reproductive characters constitutes consistent, discretely

different ways of achieving the same functional end, i.e.,

alternative ways of completing one of the steps involved in

reproduction.

One tactic that can be found during any reproductive

step is sexual mimicry. Subordinate males show a variety of

techniques for getting around or deflecting the aggressive

behavior of dominant males and one of the most common is

to look, act, or smell like a female, i.e., sexual mimicry (e.g.,

cockroaches: Wendelken and Barth 1985; beetles: Peschke

1987, Forsyth and Alcock 1990). In the scorpionfly

Hylobittacus apicalis, males capture arthropod prey that are

(A) Normal

(B) Macrocephalic 

(C) Fighting in nest

1 mm

1 mm

Figure 8.1 Males of the ground-nesting halictid bee Lasioglossum

erythrurum occur in two forms: (A) a male that is similar to that of

other species of bees and (B) a large, flightless, macrocephalic male

with hypertrophied mandibles and reduced wings and thoracic

musculature. Normal males leave the natal nest to search for females

whereas (C) the macrocephalic males fight other males and mate

with females within the nest. ((A) and (B) from Houston (1970); (C)

from Kukuk and Schwarz (1988). (Reproduced with permission.)
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used as nuptial gifts, a costly and risky behavior (Thornhill

1976). The male advertises his prey with pheromones and

when a female arrives, he gives the prey over to the female

who feeds on it during copulation. Females will not mate if

males have no prey and they copulate longer when they have

larger prey. A male without a nuptial gift may approach an

advertising male, and, acting like a female, grab the rival’s

prey and then use the pirated item to attract a female of his

own (Thornhill 1979a). Deceptive practices like sexual

mimicry are particularly likely to be displayed by individ-

uals using low-investment or low-risk tactics that get

around the high-investment decisions of others.

Female sexual mimicry occurs in a number of species of

butterflies, dragonflies, and damselflies (Nielsen and Watt

2000, Sherratt 2001, Svensson et al. 2005). In the damselfly

Ischnura ramburi, females of one morph (andromorphs) are

physically similar to males, are often treated as though they

were males, and act like males when approached. Females of

the other morph (gynomorph) look different from males,

are always recognized and treated like females by males, and

do not act like males when approached (Robertson 1985,

Sirot et al. 2003). The advantage to male mimicry is that

females can avoid mating or mating attempts by males

(Robertson 1985), which are known to be costly (Sirot and

Brockmann 2001). Gynomorphs avoid mating attempts by

being less active and more cryptic; andromorphs by looking

and acting like males. However, since males learn to rec-

ognize andromorphic females, the system is frequency

dependent, like other mimicry systems (Fincke 2004). The

disadvantage is apparently that at very high frequencies

when their crypsis is broken, andromorph fitness is more

affected by mating attempts than is gynomorph fitness

(Sirot and Brockmann 2001).

8.2.1 ARTs associated with locating mates

Insects show three general types of mate-locating behavior:

some (usually males) remain in one place and fight for the

mates with whom they were born, others advertise and

attract mates, and still others (usually males) travel to where

mates can be found. Alternative tactics have been described

for each type or combination of types in male insects.

Finding mates is not usually a problem for females and

female–female competition for mates appears to be rare, but

selection nonetheless acts on females to locate mates

efficiently and to reduce the costs associated with finding

mates, which may on occasion favor the evolution of

female ARTs.

REMAIN IN THE NATAL GROUP

When males are born into a situation where many con-

specifics compete for females, selection sometimes favors

males that disperse and sometimes favors males that remain

in the nest (e.g., various species of fig wasps: Herre et al.

1997; various species ofMelittobia, a parasitic chalcid wasp:

Consoli and Vinson 2002). On occasion, however, discrete

alternative tactics arise within one species with some males

staying and some dispersing (see Figure 2.9).

(A) FIGHTER VS. DISPERSER

Fighter males tend to evolve in species where many females

are sequestered with a few males or, as Hamilton (1979)

called it, a “seraglio” (see also Figures 2.9, 8. 1). Clearly, if an

alternative, dispersing tactic is to be favored, however, some

receptive females must be available in dispersed locations.

The fighter/disperser mating pattern is found in a number of

species of parasitic insects such as the tiny bethylid wasp

Cephalonomia gallicola, which parasitizes cigarette beetles

(Kearns 1934). This species has dimorphic males, some

wingless with large mandibles and some winged that look like

females. Males emerge first and chew their way into nearby

cocoons, fertilizing the females before they emerge. Multiple

fighter males are attracted to female cocoons and vicious,

damaging fights occur, even between close relatives. Winged

males do not fight but disperse and mate with females that

emerge in nests without wingless males. Dimorphic fighter

males also occur in the thrips Hoplothrips karnyi (Crespi

1988a), which live in colonies that vary in size from a few

individuals to hundreds located on shelf fungi where they

feed on mycelia. Under dense rearing conditions, somemales

develop into a large fighting morph whereas others develop

into a small, nonfighting morph; under low density condi-

tions all are small, nonfighters. Females oviposit onto com-

munal egg masses in crevices under bark that the large,

wingless males defend using their enlarged forelegs and

abdomens (Figure 8.2). The smaller males (winged or

wingless) may mate with females away from the egg mass or

attempt to sneak a mating within the guarded area. Although

large males have much higher mating success inside the nest

than smaller, nondefending males, the large males cannot

disperse when conditions deteriorate. In both of these

examples, the frequency of fighter males within a nest or

colony depends on the availability of mating opportunities

within the nest as compared with outside: when there are few

receptive, dispersing females then fighters are more common

(Figure 2.9).
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(B) GUARDER VS. DISPERSER

Fighting is not the only outcome when males are seques-

tered with females. Nonfighting dimorphic males are found

in the ant Hypoponera opacior (Foitzik et al. 2002). In this

species wingless males remain within their natal colony, sit

on top of the cocoons of unemerged queens, insert their

genitalia, and remain in copula with cocooned queens for up

to 40 h (ant copulations usually take only a few minutes),

presumably a form of mate guarding. Winged males

disperse to other nests and mate with queens that have not

mated prior to initiating a new nest. Wingless males are

found in multiple-queen nests (polygynous, polydomous),

whereas winged males occur in single-queen colonies

(monogynous), a pattern that is repeated in other species of

ants (Foitzik et al. 2002).

ADVERTIS ING AND ATTRACTING MATES

When males and females are dispersed, some species evolve

female advertisement for mates whereas other species

evolve male advertisement (Thornhill and Alcock 1983). In

species such as fireflies where females actively advertise

their presence to males and males compete to approach

females swiftly (Lloyd 1979), I did not identify any intras-

pecific, alternative mate-locating tactics (although preda-

tory females are known to use such tactics in attracting

heterospecific prey: Lloyd 1980). However, in species where

males advertise for females, ARTs are common.

(A) ADVERTISE VS. SEARCH, SNEAK, OR

SATELLITE

In Gryllus crickets, males sing from burrows they have dug

for use as refuges or sites for mating or female oviposition.

Their calling attracts males as well as females, so males must

defend their burrows from other males (Figure 2.7). Calling

signals may be costly to produce (Prestwich 1994) and may

increase the male’s risk of attracting parasites and predators

(Cade 1975, Burk 1982, Sakaluk and Belwood 1984,

Hedrick and Dill 1993, Gwynne 2001). Not surprisingly,

then, in some species with long-distance advertising, some

males call whereas other males search for females without

calling (Cade 1979b, 1980, 1981, Walker 1980, Cade and

Cade 1992, Rowell and Cade 1993), a less successful but also

less risky behavior. In addition, variation in female

responsiveness to male calls (phonotaxis) has been found in

crickets such as G. integer (Wagner et al. 1995) and

G. texensis (Cade 1979a, Bertram 2002). In G. texensis the

population is made up of females from different generations

that differ in their phonotactic behavior due to different risk

factors from seasonal predation or parasitism. Predation

during phonotaxis may also alter female responses to males

(Hedrick and Dill 1993) and of course the quality of the

previous mate may change a female’s willingness to remate

(Brown 1997). The result is that some females are much

more responsive to calling males than others, which means

that searching for mates may be more successful than

advertising under some conditions.

An extreme example of alternative mate-locating tactics

can be found in the alternative reproductive tactics of the

South African bladder grasshopper Bullacris membracioides
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Figure 8.2 (A) Males of the colonial, polygynous thripsHoplothrips

karnyi (Thysanoptera) around a communal egg mass and female

oviposition area. Males 1 and 2 are large, wingless males with

enlarged fore-femora that guard oviposition sites, mate with females

that come to lay on the communal egg mass, and fight with other

males. In the figure, Male 1 is stabbing Male 2. Male 3 is a small,

nonguarding male (most of which are winged) that usually mates

with females away from the egg mass. Sometimes (shown in the

figure) nonguarding males make incursions onto the egg mass where

they attempt copulations with females and avoid the guarding males

by running away. (B) Frequency distribution of the sizes of the two

types of males and females. (From Crespi 1988c, reprinted with

kind permission of Springer Science and Business Media.)
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(Figure 8.3). The large, wingedmale transmits low-frequency

acoustic signals that can be heard from a distance of more

than 2 km (van Staaden and Römer 1997). This is accom-

plished with an abdominal–femoral stridulatory organ and a

greatly inflated abdomen that magnifies the sound. A small,

wingless alternative morph does not produce the loud, long-

distance calls and does not have the femoral stridulatory

organ or inflated abdomen. Winged males are extremely

aggressive toward other winged males but largely ignore the

smaller, wingless males. Females are wingless and never

leave the plant on which they emerge; they respond to a

winged male’s signal with a low-intensity call that can be

heard for only a few meters. Her response initiates a duet

with the winged male, who flies to the female and mates

(Alexander and van Staaden 1989). Wingless males also

remain on the plant on which they emerged; they fight other

wingless males and respond to females that duet with

winged males as well as searching out females on their own.

Females do not appear to prefer one type of male over the

other. There is still much to be learned about the ARTs of

this species, but one prediction is that the winged males

would have an advantage under low-density conditions

when they can seek mates over a wider area than wingless

males (see also Figure 2.8 for a similar pattern in plant-

hoppers).

Parasitizing the advertising efforts of other males is

taken one step further by the Australian bushcricket

Elephantodeta nobilis (Tettigoniidae). Males and females

perform duets: the male initiates the interchange with a

complex call and the female responds with clicks that are

precisely timed to one particular male and that male replies

with further clicks, while the two move toward one another

prior to mating (Bailey and Field 2000). Satellite males place

a volley of clicks between parts of the duetting male’s call;

the effect is to change the behavior of the female’s response

so that she is no longer replying to the primary male alone.

In two-speaker choice tests that mimic the primary and

inserted satellite calls, most females approach the primary

male’s call, but some approach the satellite (Bailey and Field

2000) thus suggesting a benefit for satellites at least under

some conditions.

(B) LEK OR SWARM VS. SEARCH OR SNEAK

In some species males form groups that attract females. In

swarming chironomid midges, for example, larger males

swarm while smaller individuals locate mates where they

gather before entering the male swarm (McLachlan and

Neems 1989). In the tephritid fly Ceratitis capitata, most

males join groups on the bottom surface of leaves and jointly

produce pheromone signals and wing fan, behavior that

attracts receptive females (Prokopy and Hendrichs 1979).

Some males, however, can be found nearby not producing

pheromones or wing fanning, but nonetheless mating

occasionally with females as they approach the signaling

males. If signaling is costly, as seems likely due to increased

wasp predation (Warburg and Yuval 1997), then individuals

with this alternative tactic may have higher lifetime success.

TRAVEL ING TO WHERE MATES OCCUR

Males seek out receptive females wherever they can be found.

This often means that males search for areas with valuable

resources that females require, such as food or oviposition

(A) Male

(B) Alternative
      male

(C) Female

5 mm

Figure 8.3 Two male forms of the South African bladder

grasshopper Bullacris membracioides. (A) One is a large, flight-

capable morph that advertises for females over very long distances.

This male morph has a stridulatory organ (indicated by the arrow)

and inflated abdomen that acts as a sound resonating chamber.

(B) When the male receives a response, he flies to the female and

initiates courtship. Males of the much smaller, flightless morph

remain on the shrub on which they emerged where they search for

females, sometimes approaching and courting a female that has

responded to a large male. These apterous, alternative males do not

have a stridulatory organ for long-distance calling nor an inflated

abdomen. (C) The wingless females mate with males in and around

the shrub on which they emerged. (From van Staaden and Romer

1997.) (Reproduced with permission of the Company of Biologists.)
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sites. In mobile, low-density populations, males may seek

females on migration routes or in locations where they pass

by, as in hilltopping species (Thornhill and Alcock 1983).

When males invest in locating and defending receptive

females or areas where females are likely to be found, selec-

tion sometimes favors individuals that use alternative

mate-locating tactics (Alcock et al. 1978, Alcock 1979b).

In a number of species of insects, males guard resources

that are required by females, such as feeding or nesting sites,

and exclude conspecific males from that area (Alcock et al.

1978). Often only one tactic occurs but in a few species non-

territorial males seek females outside of established territories.

They are referred to as patrolling, wandering, or transient

males (Alcock et al. 1977b, Waltz and Wolf 1984, Beani and

Turillazzi 1988), whereas if they move into established male

territories when females are present, they are referred to as

sneaker males (Waltz 1982). If males remain in long-term

association with one territorial male, they are referred to as

residents or satellites (Howard 1978, Wolf and Waltz 1988).

(A) TERRITORIAL VS. TRANSIENT,

SATELLITE, OR SNEAK

When some individuals guard resources that attract mates,

selection may favor parasitic, nonterritorial tactics. For

example, in many species of odonates, males are territorial

around female oviposition sites, perching on stems within a

pond’s perimeter and flying out to attack intruders. Pairing

and oviposition occur on pond territories (Wolf and Waltz

1988). Transient, nonterritorial males perch away from the

pond and make flights over the pond and adjoining areas

where nonovipositing females may be found (Campanella

and Wolf 1974). When pairing occurs with a nonterritorial

male, the couple flies to vegetation around the pond (away

from territories) and when copulation is complete they fly to

the pond in tandem where the female oviposits (Wolf and

Waltz 1988). This means that nonterritorial males do not

pay the costs of maintaining a territory, but they may suffer

reduced success due to sperm competition if a female is

taken over by the male on whose territory she is ovipositing

(Uéda 1979, Wolf and Waltz 1993).

Ephemeral resources or extreme environmental condi-

tions also provide opportunities for ARTs. Male cactus flies

maintain territories around oviposition sites, fighting off

conspecific males with characteristic displays and occasional

fights in which males bump and push one another (Mangan

1979). Females arrive at the site, probe the necrotic tissue,

mate with the resident male, and oviposit. Males without

territories mate with females away from the guarded ovi-

position sites. Territorial males are more successful than

searching males, but because of the extreme environmental

conditions of the desert, territorial males cannot remain at

one site for long so females that have mated with non-

territorial males may lay their eggs at unguarded oviposition

sites. Similar behavior is seen in other species that use

ephemeral resources (Parker 1970, Borgia 1980).

In many territorial species, males that hold territories are

morphologically different from nonterritorial individuals and

may possess specialized structures for defense or attracting

females. For example, in the water strider Gerris elongatus,

territorial males are larger with longer midlegs, which are

used for fighting (Hayashi 1985), when compared with

nonterritorial males, which use nonaggressive behavior to

gain access to females. Presumably the structures that make

males better at fighting make them less efficient at searching.

In some cases morphological adaptations other than size are

associated with alternative tactics. Territorial males of the

digging sphecid wasp Bembecinus quinquespinosus are lighter

in color than nonterritorial individuals. This allows the

territorial animals to be more active in the hot, exposed

environment of the nesting area they are defending (O’Neill

and Evans 1983a, O’Neill et al. 1989). The nonterritorial

males are less exposed and their darker color allows them to

maintain flight temperatures over longer periods during the

day and season than lighter colored individuals.

Of course, male territorial vs. transient ARTs can evolve

only if females are willing to mate both inside and outside

territories with both territorial and nonterritorial males. It is

not known in these species whether females mate with any

male that comes along or whether some (perhaps larger)

females prefer territorial males and some prefer non-

territorial males (or perhaps that some do not discriminate

among males), which would amount to a female ART.

Alternative territorial tactics among females are known

from some species of water striders. Some female Aquarius

remegis are territorial, occupying the center of permanent

pools in creeks where prey capture rates are higher, whereas

other females are not territorial, living along creek margins

with lower prey-capture rates (Rubenstein 1984). Only the

largest females are territorial and since wingless females

tend to be larger than winged individuals, wingless females

are more likely to be territorial (Kaitala and Dingle 1993).

Furthermore, males guard territorial females that are

regularly harassed by males when left unattended, behavior

that is known to be costly to females (Krupa et al. 1990,

Krupa and Sih 1993, Lauer et al. 1996). This means that
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reproductive females may adopt one of two tactics: be ter-

ritorial in the center of a pool, get more food but suffer more

harassment from males, or occupy the edges of pools with

less food and less harassment from males.

(B ) MALE DOMINANCE VS. TRANSIENT,

SATELLITE, OR SNEAK

In some species males are not territorial but they fight

intensely at female emergence sites or over resources

required by females (Box 8.1). For example, females of the

desert cerambycid beetleDendrobias mandibularis depend on

feeding at sap ooze sites on desert broom plants (Goldsmith

1985a, 1987). The large major males, a distinct morph with

massive mandibles, are more successful at dominating other

males and mating with the females that visit the ooze sites

than are minor males with their much smaller mandibles.

However, unlike majors, minor males mate with females on

saguaro fruits and in foliage at widely dispersed locations

(Goldsmith and Alcock 1993). Guarding is costly; not only

is it energy-consuming and risky from damaging intraspe-

cific fights, but it may also expose males to greater risks from

Box 8.1 Multiple interacting factors favor the evolution

of ARTs in solitary bees

The males of two species of ground-nesting anthophorid

bees, Centris pallida (Alcock et al. 1977b) and Dawson’s

burrowing bee Amegilla dawsoni (Alcock 1997a), show

alternative mating tactics. Large males (majors) fight other

males and patrol near the ground where virgin females are

emerging (Alcock et al. 1977b) whereas smaller individuals

(minors) hover near emergence areas or near flowering trees

waiting for already emerged females (Alcock 1979b, 1999)

(Figure 8.4). Mating in these two areas has different costs

for females as well as males. Newly emerged females can be

damaged by the intense male–male fights that occur and

they seem to leave the emergence area as quickly as possible,

thus providing mating opportunities for smaller males away

from emergence sites. Despite trade-offs of this sort, it

nonetheless appears that major males are more successful

(Alcock 1995, 1996b, c). Yet, the two patterns are main-

tained stably in populations over generations (Alcock 1984,

1989, 1995). Several explanations are possible and many of

them point to the possibility that average success has not

been estimated correctly and that density-, condition-, and

frequency-dependent effects may interact in complex ways

in the evolution of ARTs in these species (Alcock et al.

1977b, Alcock 1997a) (Figure 8.4B). For example, minors

may be favored when densities are low and females are

dispersed whereas majors may do better when nests are

aggregated (Alcock 1979c); bird predation is heavier on

major than on minor males suggesting that under condi-

tions of high predation, minors would be favored whereas

majors would be favored under low predation (Alcock 1995,

1996a). In A. dawsoni, mark–recapture studies show that

majors have shorter lifespans than minors (Alcock 1996a).

Also, minor males (A. dawsoni) emerge earlier in the season

and are active over a greater portion of the day than majors,

providing additional opportunities for mating (Alcock

1997b). Another possibility is that minors may be able to

compete with majors through sperm competition if females

mate multiply, but this appears not to be the case (Simmons

et al. 2000). Still another possibility is that since male size is

the product of female investment decisions (Alcock 1979b,

c, 1999), an understanding of the factors maintaining male

body size must include maternal allocation tactics and not

just the relative success of the two tactics in the male off-

spring (Alcock 1989). Alcock (1979c) speculates that

females may be adjusting the numbers of males to the

prevailing nesting conditions, making more small males

when densities are lower. This is a much harder problem to

address (Alcock 1996b) but similar adaptations have been

found in other species. Females clearly adjust the amount of

provisions they supply (Alcock 1999) but even when

females are manipulated by adding weights or by clipping

their wings, they nonetheless produce small and large off-

spring in the same proportions as control females (Tomkins

et al. 2001), so individual female effort is not affecting the

numbers of small and large males they produce. Further-

more, smaller females produce more small males than larger

females. There is also a seasonal effect on resource alloca-

tion decisions with females producing more large offspring

early in the season and smaller offspring later (Alcock et al.

2005). These results suggest that condition dependence and

density dependence are involved in the maintenance of the

maternal investment decision in male burrowing bee tactics.

Frequency dependence is also likely to be involved (par-

ticularly at high densities) since the success of the minor

males is likely to be affected by their proportion in the

population, i.e., the frequency of different mating tactics

will affect their success. Nothing is known about the

developmental mechanisms that control the expression of

correlated traits in the two morphs (e.g., the role of juvenile

hormone and threshold mechanisms).
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predation. This means that nonguarding individuals may

survive longer with more time to reproduce even if their

daily success rate is lower.

(C) NONTERRITORIAL WAITING VS.

PATROLLING: ALTERNATIVE SEARCHING

TACTICS

In some species males wait for females at likely spots

without being territorial, and when this occurs, selection

may favor other males that search more widely for females.

For example, in the nonterritorial, explosively breeding

damselfly Enallagma hageni, some males perch and wait for

females while they are ovipositing under water, whereas

others search for females that have not yet mated (Fincke

1982, 1984, 1985). Perching males pull ovipositing females

out of the water and mate with them, and since there is

strong last-male sperm precedence, this is a worthwhile

tactic for males if the female has not yet laid all her eggs.

The male’s behavior may also be worthwhile for a female
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Figure 8.4 Alternative tactics in the digging bee Centris pallida.

Small, minor males hover over the nesting area or patrol nearby

areas for females whereas large, major males mate with females as

they emerge, fighting off other large males. (A) A variety of factors

affect the success of a male including the amount of investment

provided by the mother and the distribution and abundance of

other females. (B) This information suggests the hypothesis that

maternal investment will depend in part on female density; females

should make minor sons when densities are low and major sons

when densities are high since major males are more successful when

densities are high. RS, reproductive success. (Based on information

in Alcock et al. 1977b, Alcock 1979c, 1984, 1989.)
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since it may prevent her from drowning (Fincke 1986). In

butterflies, males of most species either perch or wait in a

likely spot for females to come by or they slowly fly over

areas likely to contain females, but in a few species, both

patterns occur in one population (Scott 1974a). Waiters

spend most of their time perched with only brief flights

whereas patrollers spend all of their time searching the

habitat. Thus, a common pattern of alternative mate-

locating tactics is for some individuals to focus on higher-

density areas and not move around very much whereas

others trapline between many different, lower-density,

dispersed sites.

8.2.2 ARTs associated with choosing and

gaining access to mates

Once a mate is located, individuals may have to compete for

access to that mate (intrasexual selection) or engage in

behavior that results in mate choice (intersexual selection).

In most species copulation is preceded by some form of

courtship: the male may stroke or tap the female prior to

intromission (e.g., beetles), engage in courtship song (e.g.,

crickets), perform an aerial flight (e.g., butterflies), or pro-

duce a courtship pheromone (e.g., moths) (Thornhill and

Alcock 1983). Females respond by changing the position of

their abdomen to allow or prevent intromission, by releasing

pheromones, or by signaling in other ways. Females may

evaluate males on the basis of their displays either by

rejecting them outright or by various post-copulatory

mechanisms (see Section 8.2.3). In some species, however,

males subvert the courtship and mate choice process by

using alternative tactics, such as attempting to copulate

without courtship.

In a few species, females compete for access to males.

For example, in certain katydids, males turn over sub-

stantial resources during copulation and females fight for

access to the highest-quality mates (Gwynne 1983, 1984).

When female–female competition is high, females show

adaptations such as larger size or increased sensitivity to male

song (Gwynne and Bailey 1999), but female ARTs for

gaining access to males have not been described. Models of

ARTs point out that selection should sometimes favor

females that employ alternative tactics of female choice (e.g.,

tend to follow less risky tactics when young) and that such

tactics will affect the evolution of male characters (Jennions

and Petrie 1997, Alonzo and Warner 2000, Jones 2002,

Luttbeg 2004).

(A) HIGH VS. LOW INVESTMENT

When males make costly pre-copulatory investments, selec-

tion may favor individuals that parasitize these efforts. In the

horned dung beetle Onthophagus binodus, for example

(Chapter 5), large, horned males invest considerable effort in

helping their mate to gather larval provisions prior to ovi-

position whereas small, hornless males do not cooperate with

females (Cook 1987, 1990). This means that the number of

broodmasses produced by females is greater when a female is

paired with a horned as compared with a hornless male (Cook

1988). Rather than remaining with females, hornless males

search for already guarded and provisioning females with

whom theymate, fathering about half the offspring (Tomkins

and Simmons 2000). Hornless, minor males have larger testes

and ejaculates than major males (Tomkins and Simmons

2002) but similar lifespans (Kotiaho and Simmons 2003). In

another horned dung beetle Phanaeus difformis, both major

and minor males assist the female but larger individuals have

higher success in pairing because they win in male–male

competition (Rasmussen 1994). The smaller, hornless, minor

males use alternative tactics to gain access to females by

entering a major male’s burrow when he is absent, by digging

a burrow around a guarding major male, or by locating

females away from oviposition sites (Hanley 2000). The large,

horned guarding males are more effective at fighting whereas

the smaller, hornless males are more maneuverable within

burrows and can slip more easily past the guarding males

(Moczek and Emlen 2000).

Males may subvert female choice by providing low-quality

rather than high-quality nuptial gifts (Luttbeg 2004). In dan-

cing flies (Empis), femaleswillmate onlywhenpresentedwith a

nuptial gift. Somemales present the femalewith a high-quality

arthropod prey item onwhich she feeds during copulation, but

othermalespresent the femalewith auseless object such asfluff

from a willow (Preston-Mafham 1999). Such low-quality gifts

result in shorter copulations thanwhen fresh prey are used, but

copulations with low-quality gifts do not differ from those in

which the female is presented with a dried out (reused)

arthropod. If nuptial gifts are costly to acquire, as seems likely

(Thornhill 1979b), then low-quality gifts may result in higher

success than if the male tried to mate with no gift at all.

(B ) COURTSHIP VS. NO COURTSHIP

(FORCED COPULATION)

In species in which males usually engage in costly courtship

prior to copulation, selection may favor individuals
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approaching a mate without courtship (Figure 8.5). For

example, in the grasshopper Melanoplus sanguinipes

(Belovsky et al. 1996), some males court females by facing

them and vibrating their femora; if she displays in response,

the male leaps on her. Some males, however, stalk females

and pounce on them from behind without displaying (Otte

1981). The female responds to a stalker’s pounce by leaping

away, flipping over, or prying at the male with her hind legs.

These copulation attempts, which are characteristic of

males that are in poor condition, are only half as successful

as those that are preceded by courtship. Males that forage

better are more likely to display prior to copulation, and

they transfer larger spermatophores, which results in higher

female fecundity. In mate-choice trials, females prefer males

that forage better but when the female is not able to see the

male or when he is not moving, she does not make such

distinctions (Belovsky et al. 1996).

A similar pattern is found in Panorpa latipennis and

P. vulgaris, species of scorpionfly in which males normally

provide a costly nuptial gift to the female that the male

advertises with pheromones (Thornhill 1979b, 1980).

Nuptial gifts consist of hardened salivary secretions

deposited on the substrate or of captured dead arthropods

(Thornhill 1981). The size of the gift is correlated with the

time the female takes to consume it, the time the male

spends copulating, and the proportion of eggs he fertilizes

(Thornhill 1979b). The ability to produce salivary masses is

correlated with male quality, i.e., his ability to find food and

win fights (Thornhill 1981, Bockwinkel and Sauer 1994,

Sauer et al. 1998, Engqvist and Sauer 2003). A male with no

gift does not advertise but lashes out at a passing female with

his abdomen, grasps her in his genital forceps, secures her

wings with a notal clamp, and may copulate with her while

she appears to struggle (Thornhill and Sauer 1991).

These examples are clear cases where inferior males

subvert the female’s ability to choose quality males by

adopting a nondisplaying, alternative mating tactic.

Females may be forced to mate or they may choose to mate

Figure 8.5 Courtship vs. no courtship ARTs in water striders. The

picture shows a pair of water striders involved in a pre-mating

struggle. The male has successfully grasped the female and

attempts copulation while the female rears back on her midlegs

which often causes the couple to flip over backwards. The flow

diagram describes the two types of mating sequence, with and

without courtship. (Reprinted from Arnqvist [1997] with

permission from Cambridge University Press.)
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with these males based on their own condition and the costs

of assessment or resisting (Luttbeg 2004).

8.2.3 ARTs associated with transferring and

acquiring sperm

Males that use different tactics often show different

adaptations for sperm competition (Tomkins and Simmons

2000, 2002). For example, the tactic faced with higher male–

male competition should evolve more investment in larger

testes and more sperm per ejaculate (Gage 1995), or more

costly guarding behavior, whereas the tactic faced with

reduced competition (e.g., the dispersed tactic) should

evolve a longer lifespan with more opportunities for mating.

A large literature has developed demonstrating that

males of many insect species have evolved structures (as in

Panorpa), behavior, or seminal products that subvert the

female choice process, forcing a female to copulate longer or

oviposit sooner than she would without these products. For

example, in the sagebrush cricket Cyphoderris strepitans,

males possess a pair of spines (gin trap) that pinch the

female’s abdomen, and males with functional gin traps have

greater success than those whose gin trap has been removed

(Sakaluk et al. 1995). In the ground weta Hemiandrus

pallitarsis, the female has a secondary copulatory organ that

secures the male’s genitalia during the transfer of a large and

nutritious spermatophylax (Gwynne 2002). I found no

evidence of ARTs in either male or female mate-securing

tactics. Although notal organs, gin traps, and genital clamps

vary in size, the variation is continuous, not dimorphic

(Andersen 1996, Arnqvist 1997). Closely related species,

however, differ in the presence or absence of these struc-

tures, suggesting that there might have been a time in the

past when such traits were dimorphic within the species

(West-Eberhard 2003).

8.2.4 ARTs associated with fertilizing and

laying eggs

Females have evolved an elaborate set of post-copulatory

mechanisms to affect the use of a particular male’s sperm.

These include manipulating the use of competing ejaculates

during or after copulation so that the sperm of the higher-

quality male fertilizes her eggs by removing sperm plugs

and discarding or failing to transport sperm to storage

organs, by failing to ovulate (Eberhard 1996); or by

remating more quickly after copulating with a poorly per-

forming male (Simmons and Gwynne 1991, Brown 1997).

In some species, females that mate with superior males

invest more in their offspring than those mating with lower-

quality males (Wedell 1996). Female dung flies (Scatophaga

stercoraria) store the sperm from different males in different

spermathecae (sperm storage organs) (Ward 1993). They

then use the sperm from different males when ovipositing

under different conditions (Ward 1998). None of these

studies, however, describes a female dimorphism in cryptic

female choice, although it seems possible that one will be

found in some species with further study (Jones 2002).

In addition to post-copulatory displays or investment,

males may guard females after mating. Such behavior may

increase the proportion of eggs the male fertilizes by

manipulating cryptic female choice or by preventing

another male from mating with his mate (Eberhard 1996).

Male insects are also known to ejaculate substances that

affect female remating or oviposition, sometimes to the

detriment of the female (Chapman et al. 1995, Rice 1996,

Wolfner 2002). Although no alternative mate-conflict

tactics of this sort are known, it seems likely that if these

substances are expensive to produce, such alternatives

might eventually be found.

(A) MATE GUARDING VS. MATE

SEARCHING

After mating, a male may guard the female until she ovi-

posits or he may fail to guard her and spend his time

searching for additional females (Harari et al. 2003). In the

territorial dragonfly Calopteryx maculata, most males are

territorial and defend mates as they are ovipositing on the

territory (Waage 1979). Guarding is highly advantageous

for males because it prevents takeovers of mates with 80–

100% sperm removal; it is also advantageous for females

because it allows females time to oviposit without being

disturbed by males. Nonterritorial or transient males do not

defend females while they oviposit. Their success depends

on the ability of their mate to oviposit on a guarded territory

and exploit the guarding behavior of a territorial male

(Waage 1979). Territorial males will sometimes defend a

female that he has not mated with if she is ovipositing near

his mate or when he has recently mated. Density affects the

willingness of males to use a guarding tactic (Uéda 1979,

Waltz and Wolf 1988). For example, at low densities tran-

sient, nonterritorial males of the dragonfly Sympetrum

parvulum guard females during oviposition, much as terri-

torial males do; but at high densities, a nonterritorial male

remains in tandem with a female, holding her with his
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claspers as she oviposits (Uéda 1979). This much more

energy-intensive form of guarding has the effect of reducing

the number of takeovers.

(B) THEFT OF INVESTMENT

A few cases exist where high post-copulatory investment

provides an opportunity for noninvesting males. For

example, in a very small phorid fly, males mate with

pheromone-advertising females (Miller 1984). After mating

the male picks up the wingless female and transports her to a

new oviposition site (males scout for and learn the location

of these sites before mating). Alternatively, males may wait

at the oviposition sites and mate with females that have

already been transported, thus saving the considerable

effort and time associated with transport (Miller 1984). The

transporting male may stay and guard the female or he may

return to the emergence site to mate with another female.

Female–female thefts of investment are common in

species with maternal care (Eickwort 1975, Field 1992).

Facultative, intraspecific brood parasitism (cleptoparasit-

ism) or egg dumping occurs in a wide array of species that

provision offspring, an activity that is often dangerous as

well as energy- and time-consuming (Kurczewski and

Spofford 1998). For example, in solitary, sphecid wasps,

particularly those nesting in dense aggregations such as the

pipe-organ mud-daubing wasp, Trypoxylon politum

(Brockmann 1980), females open brood cells that have been

completed by other females, remove the egg laid by another

female, lay an egg of their own, and reseal the nest (Field

1992). In a species of lace bug (Hemiptera: Tingidae,

Gargaphia solani) and a treehopper (Membracidae, Publilia

concave) with maternal care, some females lay eggs in the

nests of other females and leave without providing care

whereas others engage in a lengthy period of egg guarding

(Tallamy andHorton 1990, Zink 2003). In these cases brood

parasitism is the more successful tactic as long as hosts are

common (i.e., it is frequency dependent). Female burying

beetles Necrophorus vespilloides fight over carcasses that are

essential for rearing young and they remain with and feed

their brood until pupation. Conspecific females occasionally

sneak a few eggs onto a carcass which are then reared by the

host female (Müller et al. 1990). This is a case of females

making the best of a bad situation when they fail to compete

successfully for a valuable resource. Sphecid digger wasps

also brood parasitize conspecifics by removing prey from

the nests of other females as an alternative to hunting for

prey on their own (Alexander 1986, Field 1989, 1992,

Villalobos and Shelly 1996, Kurczewski and Spofford 1998).

Females also steal prey that have been left momentarily

outside the nest (Brockmann 1985) or attackfemales as they

arrive at the nesting area with prey (Villalobos and Shelly

1996). Females also take over the nests of other females,

which saves the time and energy required for digging

(Brockmann and Dawkins 1979, Field 1992).

Female social Hymenoptera show a wide array of

alternative reproductive tactics. In some species of vespid

social wasps, for example, some females join (adopt) the

nests of other females preferring to join nests that are more

mature. The joiner is less likely to build or provision on her

new nest than the original foundresses and instead she

seems to wait on the nest for an opportunity to take over the

worker brood that will then care for her eggs (Nonacs and

Reeve 1995, Starks 1998, 2001). Alternative, colony-

founding tactics also occur in a few species of ants, and

differences in female tactics may affect male mating

opportunities. Most species of ants initiate colonies in one of

two ways: independently by lone females that rely com-

pletely on body reserves during the initial period of colony

founding, or by young queens joining already established

colonies where they are assisted by workers from the

adopting colony. A few species use both tactics (Cardio-

Cardiocondyla batesii, Leptothorax rugatulus, Solenopsis

geminata) and in most of these, the queens are dimorphic

(Rüppell and Heinze 1999, Heinze et al. 2002). In L. ruga-

tulus, for example, large females with more fat and greater

flying ability (macrogynes) initiate nests independently (Rüp-

pell et al. 1998) whereas small females (microgynes) are

adopted by their natal colony (Rüppell et al. 2001). The two

sizes are thought to be specializations for their different nest-

initiating tactics. The result is that macrogynes occur in colonies

with only a single queen and microgynes in colonies with mul-

tiple queens. This may lead to different patterns of mating, with

selection for some males to remain inside polygynous nests

(fighter males) and some to disperse.

8.3 DISCUSSION

8.3.1 Diversity of ARTs in insects

ARTs are found in most orders of insects (Table 8.1) but

they are much more common in some groups than in others.

Hymenoptera and Coleoptera seem to be the champions of

ARTs, although this may be because there are more studies

of mating behavior in these groups. Particularly remarkable

is the paucity of ARTs among Hemiptera (except water
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striders) and Lepidoptera (Scott 1974b), which are both

well-studied groups. One partial explanation might be that

parental care is more common in Hymenoptera and

Coleoptera than in other groups (Trumbo 1996), thus

providing more opportunities for male parasitic behavior

and female brood parasitism. Although ARTs are found in a

wide range of species, they do not seem to occur in all

species even within a small, well-studied group such as fig

wasps. This suggests that ARTs are labile traits that evolve

only under special conditions. A number of factors seem to

favor the simultaneous expression of alternative tactics

within one population.

Male ARTs may occur at any step in the reproductive

process but seem particularly common as mate-searching

tactics (Table 8.1). When females mate in more than one

location and when those locations are mutually exclusive

(i.e., searching in one prevents an individual from searching

in another), then at least some males may have higher

success by searching alternative patches. This is particularly

true if conventional sites are already occupied or have a high

operational sex ratio (OSR). In fact, one expects males to

distribute themselves among different patches where

females are found according to an ideal free distribution

(Parker 1978, Milinski and Parker 1991). If mating oppor-

tunities exist in a patch, one expects at least a fewmales even

at low-density sites. If females at low-density sites are of

lower quality, however, then one expects males to be pre-

sent but in lower numbers than predicted based strictly on a

simple, ideal free distribution (Sutherland and Parker 1985,

Parker and Sutherland 1986).

Some ARTs are associated with morphological differ-

ences and some are not (Table 8.1). In most cases authors

have looked for obvious differences such as the presence or

absence of wings or substantial size differences between

individuals that behave differently. However, physical dif-

ferences may be subtle. For example, some long-winged

crickets histolyze their flight muscles and are unable to fly

(Zera and Denno 1997). Subtle differences in metabolism or

lipid biosynthesis (Zera and Harshman 2001, Crnokrak and

Roff 2002, Zhao and Zera 2002) may underlie some tactics.

Therefore, considerable care should be taken when

describing the suites of characters associated with behav-

ioral differences between tactics.

Identifying ARTs requires judgment by the observer

and my categories (Table 8.1) reflect authors’ descriptions.

For example, in the milkweed beetle Tetraopes tetra-

ophthalmus, the data clearly show that size variation is

continuous (Lawrence 1987), but the males are behaviorally

dichotomous with some individuals remaining in high-

density patches where they have to fight for mates and

others dispersing to less dense patches; it is the smaller, less

competitive (in the dense patch) males that are more likely

to disperse. Hence, discrete, alternative behavioral options

are correlated with size in this species. A broad definition of

ARTs means that Table 8.1 is just a sampling of insect

ARTs. Additional species may be found in more specialized

accounts (Alcock et al. 1978, Hamilton 1979, Thornhill and

Alcock 1983, Field 1992, Eberhard 1996, Arnqvist 1997,

Herre et al. 1997, Danforth and Desjardins 1999, Gwynne

2001, O’Neill 2001, Shuster and Wade 2003).

8.3.2 Sedentary, high-investment vs. dispersing,

low-investment ARTs

Many male and female ARTs seem to involve a division

between high-investment or high-risk but sedentary, non-

dispersing tactics and low-investment or low-risk but

active, dispersing, searching tactics with longer-range

movements (Table 8.2). These broad patterns are often

associated with morphological specializations (Table 8.1).

Dispersing males are often smaller, with longer wings and

larger wing muscles than nondispersing males that remain

at high density sites. Nondispersing males are usually

larger, with smaller wings and reduced musculature and

enhanced structures adapted for fighting other males such

as hypertrophied mandibles. The same pattern holds for

females; females that disperse are smaller, have longer

wings, greater wing musculature, often delayed maturation,

larger amounts of fat, and reduced fecundity (Roff 1986,

Mole and Zera 1992, Zera and Denno 1997). One might also

expect wing length to bodymass and aspect ratio differences

for sedentary vs. dispersing tactics as well as different

adaptations for sperm competition.

If we were not focusing on ARTs, it would be easy to

interpret many of the patterns we have been discussing in

quite a different light, i.e., as alternative life-history pat-

terns for dispersing and nondispersing (Table 8.2). For

example, the speckled wood butterfly Pararge aegeria has a

color polymorphism in which pale males are territorial and

darker males search for females over wider areas. The dark-

winged males are adapted for searching since they engage in

longer flights interspersed by more infrequent periods of

basking and dark animals heat up more quickly than pale

ones when basking (van Dyck and Matthysen 1998). The

pale, territorial males perch and bask in sunspots more often

between much shorter and more frequent fights, so they
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more easily maintain the temperature necessary for flight.

But speckled wood butterflies have a complex life cycle (van

Dyck and Wiklund 2002), with overlapping spring and

summer generations that differ in the degree of melaniza-

tion of the wings (spring animals are darker, which extends

their active periods), in body size, and in wing loading

associated with seasonal differences in distances traveled

(van Dyck et al. 1997, van Dyck and Matthysen 1998).

Clearly, there is a complex interplay between male ARTs

and life-history patterns that cannot be easily distinguished

(see also Chapter 2).

8.3.3 Sexual selection and the evolution of ARTs

Male and female ARTs are associated with many different

kinds of mating systems including polygyny, polyandry,

explosive breeding, monogamy, leks, and swarms. Male

ARTs seem to be particularly common when males are

sequestered with many females and there is intense male–

male competition. Such a “seraglio” occurs in fig wasps

(Hamilton 1979, Heinze and Hölldobler 1993, Greeff 2002)

and Cardiocondyla ants (Cremer and Heinze 2002, 2003,

Anderson et al. 2003, Heinze et al. 2004) and may sometimes

result in highly dimorphic fighter vs. disperser males

(Figure 8.1). Although less extreme,many other species show

a similar pattern with large or fighting males remaining at the

nesting, emergence, or oviposition sites and smaller, less

well-armed males dispersing and searching for females, as in

the beetle Dendrobias mandibularis, or the anthophorine

solitary digging bees Centris pallida and Amegilla dawsoni.

ARTs are often associated with intense sexual selection.

Patterns arise in response to both male–male competition

and female choice (Table 8.2). ARTs arising from male–

male competition are of two types: (a) opting out of costly or

high-risk male–male interactions to seek mates under less

competitive circumstances (e.g., fighting vs. dispersing

males) or (b) noncombative parasitizing of costly male

investment (e.g., dung beetles). Patterns arising in response

to female choice are much less common but include

(c) circumventing female choice (e.g., useless nuptial gifts)

and mate conflict (e.g., noncourtship and forced copulation)

or (d) parasitizing the mate-acquiring investment of other

males (e.g., calling vs. noncalling). Although much less

common, female ARTs are well known in insects and occur

in response to (a) the parasitism of the costly maternal

investment of other females (e.g., brood parasitism),

(b) female–female competition for egg-laying opportunities

(e.g., parasitism in social insects), or (c) conflict with males

(e.g., avoiding male harassment) (Table 8.2). Although

technically possible, no known ARTs arise from female–

female competition for mates.

It might seem reasonable to categorize ARTs on the basis

of the different types of sexual selection, but too often it is

impossible to separate adaptations for male–male competition

from those associated with female choice or mate conflict. For

example, some males of Europe’s common earwig Forficula

auricularia have a greatly enlarged terminal forceps (macro-

labic morph) whereas other, smaller males have forceps only

slightly larger than those of females (brachylabic morph)

(Figure 8.6). When placed in competition with one another,

macrolabic males are slightly more likely to mate and remain

in copula longer than brachylabic males (Radesäter and

Halldórsdóttir 1993). This may be because a macrolabic male

is more likely to win a fight with a brachylabic male (by hitting

his opponent with his forceps) and gain access to a female or

because a macrolabic male is more likely to take over a female

by pushing amatingmale off the female or by raising a mating

pair off the ground with his forceps thus dislodging the male

(Radesäter and Halldórsdóttir 1993, Forslund 2003). How-

ever, males also use their forceps during courtship (Tomkins

and Simmons 1998). The male taps and strokes the female’s

abdomen with his forceps and displays the forceps at the

female’s head whereupon she nibbles on them prior to

soliciting copulation. Females solicit more quickly frommales

with larger forceps and manipulations of forceps length

demonstrate that females prefer males with longer forceps

(Tomkins and Simmons 1998). Clearly in this example, and in

many others, intra- and intersexual selection are tightly

intertwined.

8.3.4 Phylogeny of insect ARTs

Throughout this chapter, I have not made clear which

alternative tactic evolves first. In the few cases that have

been investigated, it has been found that either may be

ancestral. For example, in Papilio butterflies with a genetic

polymorphism for male mimicry, the andromorph is

ancestral in some species (e.g., P. aegeus) and in other

species (e.g., P. phorcas) it is derived (based on whether the

andromorph is recessive or dominant: Clarke et al. 1985). In

the water striders (Gerridae) (Andersen 1993) and fig wasps

(Pteromalidae) (Jousselin et al. 2004), wing dimorphism can

evolve from either short-winged or long-winged forms. In

the andrenid bees, the male dimorphism found in Perdita

portalis is derived (Danforth and Desjardins 1999). In each

case a phylogenetic analysis is needed to determine whether

ARTs are ancestral or derived, i.e., the direction of evolu-

tion cannot be assumed (West-Eberhard 2003).
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8.3.5 Threshold mechanisms and the

heritability of insect ARTs

Suites of distinctive, correlated traits may arise as a result of

a developmental switch (Roff 1996) as described for horned

beetles (Emlen and Nijhout 2000; see also Chapter 5). A

developmental switch occurs when individuals below a

particular size (or condition) at the time of pupation develop

one set of characters and those above the threshold another

set (Eberhard and Gutiérrez 1991, Roff 1996, Tomkins

1999) (Figure 8.7; see also Boxes 2.1 and 2.3). These switch

mechanisms are often mediated by complex hormonal

processes including the common insect gonadotropin,

juvenile hormone (Zera 1999, Emlen and Nijhout 2001,

Emlen and Allen 2004). The switch point or threshold

evolves (Emlen 1996, Emlen and Nijhout 1999): if indi-

viduals are switching from one tactic to another at a size (or

condition) that results in reduced fitness, then selection will

favor individuals with a different switch point (Emlen 1996,

Tomkins and Brown 2004, Tomkins et al. 2004). This

mechanism has been used to explain winged and wingless

morphs and extreme dimorphism in beetles, fig wasps,

earwigs, and Perdita bees, as well as in castes (Wheeler 1991),

polyethism in social Hymenoptera (Robinson 1992), and

other forms of phenotypic plasticity in insects (Nijhout

1999, 2003). Threshold mechanisms have not been used to

explain less extreme forms of male dimorphism, however,

such as differences between territorial vs. transient or

advertising vs. sneaking males. It seems possible that similar

threshold mechanisms may be controlling these tactics

as well.

Alternative tactics are often heritable and the threshold

switch between tactics is known to evolve in most organisms

that have been studied (Roff 1996,Moczek 2003, Shuster and

Wa de 20 03), such as horned vs. hornless beetles (Figure 5.7)

(Emlen 1996,Moczek et al. 2002,Moczek andNijhout 2003),
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Figure 8.6 Males of the European earwig (Forficula auricularia,

Dermaptera) occur in two forms: (A) some (macrolabic) have a large

forceps at the posterior end of the body whereas others (brachlabic)

have a much smaller forceps. (B) Frequency distributions of body

size and forceps length for brachylabic and macrolabic male earwigs.

(C) The relationship between body size and forceps length reveals a

threshold mechanism underlying development into the two morphs.

(Reprinted from Forslund [2003] with permission from Elsevier.)
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singing vs. nonsinging crickets (Cade 1981), wing dimorphic

crickets (Walker 1987, Crnokrak and Roff 1998), short vs.

long forceps in earwigs (Tomkins 1999, Tomkins et al. 2004),

and male (Tsubaki 2003) and female color polymorphism in

damselflies (Johnson 1964, 1966, Cordero 1990, Andres and

Cordero 1999) and butterflies (Clarke et al. 1985). In rela-

tively few insects, however, are the underlying genetics or

associated natural and sexual selection processes clear.

Suites of distinctive, correlated traits may also arise in

association with a genetic polymorphism. In seaweed flies

(Coelopidae), size variation is maintained by a chromosomal

inversion system and males of two size classes adopt different

reproductive tactics (Day and Gilburn 1997). Large males

(aa) gain by mounting less often but are more likely to be

accepted when they try, a result of both female choice and the

ability of larger males to subdue the reluctant females. Large

Environmental signal(A)

Environment-sensitive
period

Summation
Phenotype 1

Caste in Hymenoptera
Wing length in Orthoptera

Soldier inhibition
in ants

Seasonal forms
in butterflies

Horn length
in beetles

Altered
hormone titer

Reprogramming

Development switch

Altered
threshold

Altered timing of
hormone secretion

Altered timing of
hormone-sensitive

period
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A B C

(B)

Figure 8.7 Endocrine mechanisms underlying the threshold or

switch mechanisms in insects. (A) The developmental period

for a typical insect. At some point during the larval stage, there

is a sensitive period during which specific environmental stimuli

such as temperature, photoperiod, or pheromones are received.

These result in reprogramming of an endocrine mechanism just

before or during metamorphosis that leads to alternative

developmental pathways that result in different adult

phenotypes. (B) Four kinds of hormonally controlled,

developmental switching mechanisms have been identified in

insects. In all cases hormones act during a tissue-specific

sensitive period. Subsequent alternative developmental pathways

depend on whether the hormone is above or below a threshold

value during this period. (Modified from Nijhout [1999].

Copyright, American Institute of Biological Sciences, reprinted

with permission.)
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males also live longer (Butlin andDay 1985). Small males (bb)
(ab are intermediate in size) are more active and maneuver-

able and can mount more females although they are accepted

less often (Weall and Gilburn 2000). However, small size has

additional advantages in earlier emergence and faster devel-

opment (Dunn et al. 1999), which can be beneficial in this

species’ unpredictable, shoreline habitat of rotting seaweed

that is periodically swept out to sea before larvae find a safe

pupation site. The evidence is that the a and b forms of the

inversion have evolved independently with different correla-

ted traits (Gilburn and Day 1994, 1996). The a inversion

appears to gain its advantage primarily through sexual selec-

tion whereas the b inversion gains its advantage through

viability selection. Although the evolution of correlated traits

is well understood in this and some other species, little is

known about the developmental pathways (e.g., threshold

mechanism) that result in the differential expression of cor-

related traits in the different morphs of a genetic poly-

morphism (Brakefield et al. 2003).

8.3.6 Disruptive selection and the evolution

of ARTs

Discrete tactics evolve by disruptive selection, i.e., selection

against individuals of intermediate phenotype. For example,

in the horned beetles, hornless minor males use an entirely

different tactic for acquiring females than the horned major

males, and the minors with horns and majors without horns

are not as successful as the two extremes (Moczek and Emlen

2000). Similarly, in the butterfly Heliconius sara, some males

locate females as they are emerging from their pupal cases by

responding to a female pheromone while other males set up

territories in areas that emerged females frequent (Hernández

and Benson 1998). Large males are more successful at pupal

mating since several males may respond to one female; but

small males are more successful at territorial mating because

they are more successful in escalated aerial disputes. When

selection regimes are bimodal in this way, a mechanism that

channels individuals into one developmental pathway or

another with few intermediates is favored. In insects this is

often a threshold switch during the latter part of development

(N ij ho ut 20 03 ) (Figure  8. 7; Chapter 5).

The evolution of dimorphic male traits has been par-

ticularly well studied in the andrenid bee Perdita portalis

(Danforth and Desjardins 1999) (Figure 8.8). The

dimorphism in P. portalis is extreme, with one morph being

entirely flightless with reduced flight muscles, wings, and

eyes but with a greatly enlarged head and mandibles (LH)

(Danforth 1991b). The large-headed males remain inside

their natal nest, fight other LH males to the death, and

Figure 8.8 The evolution of alternative phenotypes in the andrenid

bee Perdita. Perdita portalis shows two discrete and nonoverlapping

phenotypes, small-headed males (shaded) and large-headed males.

Other species of Perdita, such as Perdita texana, show an equally

wide range of head sizes but the distribution is continuous. In

P. texana the scaling is linear, whereas in P. portalis it is sigmoidal

with few intermediates between the two forms, suggesting an

underlying threshold mechanism for the development of the

two morphs. (Redrawn from figures in Danforth and Desjardins

[1999].)
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mate with females inside the nest (Danforth 1991a). The

small-headed, dispersing males (SH) leave their natal nest,

perch on flowers, which they defend from other males, and

mate with foraging females. Females of this species nest in

groups of 2–29, often reusing their natal nests. There is no

reproductive dominance in this communally nesting species;

rather, each female constructs and provisions separate brood

cells within their common nest.Most nests contain LHmales

but newly established nests do not have LH males, so all

females mate outside the nest with SH males. In older nests

29% of emerging males are of the LH morph (Danforth

1999). A positive correlation exists between the number of

females in a nest and the proportion of LH males. Female

Hymenoptera control the size and sex of their offspring (in

positive allometry
(observed)

large-headed 
morph

large-headed 
morph

small-headed 
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small-headed 
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Body size
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Figure 8.9 Model for the evolution of dimorphism based on

morphometric data from Perdita. (A) The primitive condition is for

males to show positive head allometry with a unimodal distribution

of body sizes, as in P. texana. (B) Through disruptive selection,

males of intermediate body size may be partially or completely

eliminated. (C) Once developmentally decoupled through the

addition of a new threshold size for pupation, the two male morphs

are free to evolve independently in the allometric relationship

between head size and body size and in the development of

other correlated characters. (Modified from Danforth and

Desjardins [1999] with permission from Birkhäuser-Verlag, Basel,

Switzerland.)
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species that are eusocial, workers may also control size but

this is a communal species), so this correlation must be the

product of maternal investment decisions from the preceding

generation (Danforth and Desjardins 1999). Danforth (1999)

and Danforth and Desjardins (1999) (Figure 8.9) speculate

that increased female density, either on flowers or within

nests, leads to elevated levels of male combat and hence favors

increased male size with disproportionately larger heads for

fighting. The result is a population with high variation in

male size. Male dimorphism would then arise when males of

intermediate size were less successful than those at the

extremes. This might occur, for example, when there are two

distinct mating opportunities available to males, such as

mating in nests and mating on flowers. If these different

mating “niches” favor different traits, then selection favors a

threshold switch mechanism between alternatives (Wheeler

1991, Nijhout 2003) (Figure 8.7).

8.3.7 Condition dependence and the evolution

of insect ARTs

Most ARTs are dependent on condition or status (Gross

1996) and a wide range of environmental- and individual-

based conditions influence the expression of alternative tac-

tics (Table 8.1). For example, in the damselfly Calopteryx

maculata, older males switch to nonterritorial tactics (Waage

1973, 1979, Forsyth and Montgomerie 1987) presumably

because their ability to hold territories has declined or the

cost of holding territories has increased. In thrips, earwigs,

horned beetles, and the meal moth Plodia, experiments have

demonstrated that larval food affects the switch from small to

large body size or low- to high-investment reproductive

tactics (Crespi 1988a, Gage 1995, Emlen 1997b, Tomkins

1999, Hunt and Simmons 2001). Density is one of the most

common factors affecting tactics. In the territorial dragonfly

Nannophya pygmaea, males are more likely to switch to a

nonterritorial satellite tactic at high densities (Tsubaki and

Ono 1986). In an experimental manipulation, Cade and Cade

(1992) show that male crickets (Gryllus texensis) call more and

search less in low-density populations. This is because at low

female densities, mating success is inversely correlated with

time spent searching and positively correlated with time

spent calling. At high densities, however, males do better

when they search for females since females are encountered

more readily and calling has reduced success due to increased

parasitism by noncalling males. The most important factor,

however, is the interplay between density, frequency

dependence, and parasitism by flies that alters the benefits to

the two tactics to such an extent that selection can favor the

maintenance of both patterns in a population with flies and

only the calling pattern in a population without flies (Walker

and Cade 2003). When condition-dependent tactics exist, we

expect well-adapted animals to switch from one tactic to the

other at the condition that maximizes fitness (Parker 1982)

(Figure 8.10). So for example, if one tactic is advantageous at

low density and another at a higher density, we expect

individuals to switch at the density that maximizes fitness.

Individuals of many species are remarkably good at switching

tactics in such a way that fitness is maximized (making the

best of their situation). For example, in white-faced dragon-

flies Leucorrhinia intacta, males adopt territorial vs. transient

tactics based on daily conditions and the result is that males of

each tactic mate in proportion to their representation in the

population (Wolf and Waltz 1993).

8.3.8 Equality of fitness among ARTs

In some species such as crickets, seaweed flies, and fig

wasps, alternative tactics are equally successful (Holtmeier

F
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Figure 8.10 Hypothesized crossing fitness curves for the calling vs.

searching tactics of crickets. In a population without parasitic flies

when female density is low, males have higher success by calling

than by searching, but when density rises to point S (crossover

point), then males have higher fitness by searching. Above S, then,

males should search and below this line they should advertise. In a

population with parasitic flies, however, the fitness of the advertise

tactic drops because the flies are attracted to the calling song of

male crickets (advertise tactic fitness curve decreases). This

decreased fitness for the advertise tactic means that the crossover

point, S0, is at a lower density. This means that a higher proportion

of the population will use the search tactic in a population with flies

than in a population without flies.
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and Zera 1993, Day and Gilburn 1997). For example,

dimorphic male fig wasps have equal fitness through time

(Cook et al. 1997) either because the males are able to

perceive the number and sex of individuals maturing

alongside them and adjust their developmental program

accordingly (Pienaar and Greeff 2003a) or because the

dimorphism is a result of a maternal decision using similar

information (Pienaar and Greeff 2003b, Moore et al. 2004).

Similarly, in the damselfly Mnais pruinosa, two male color

morphs exist; orange-winged males are territorial around

oviposition sites and guard females whereas clear-winged

males are not territorial and intercept females as they arrive

at territories or they take over ovipositing females (Tsubaki

et al. 1997). Although orange-winged males have higher

daily rates of success, clear-winged males live longer and

suffer less from parasites and the result is no significant

difference between the two tactics in lifetime reproductive

success (Tsubaki and Hooper 2004).

Alternative tactics are often reported as having unequal

success. It is important to point out that it is very difficult to

measure accurately the lifetime reproductive success associ-

ated with each tactic for a number of reasons. First, the

measure includes the average for all males that follow each

tactic over their lifetimes, including the many individuals

that never mate or die before they reproduce (Shuster and

Wade 2003). Second, most ARTs involve opportunities for

sperm competition and cryptic female choice and the out-

come of these processes may be affected by local conditions

(Simmons et al. 2004). Third, it is difficult to measure trade-

offs between lifespan and fertility or mating success and

lifespan (Gadgil 1972, Gadgil and Taylor 1975, Banks and

Thompson 1985, Alcock 1996b, c), and it is particularly

difficult to take into account differences in success in different

years or seasons when different densities and different eco-

logical conditions affect success of the two tactics unequally.

Finally, some ARTs, such as the two morphs of digging bees,

are maternal investment strategies (Alcock 1989) (Box 8.1).

This means that females should produce large and small sons

at the frequencies that maximize the mothers’ long-term

reproductive success, not their sons’ success. Given all these

problems with getting a proper measure of reproductive

success, it seems likely that some studies have prematurely

claimed unequal success between tactics.

Nevertheless, many studies argue that alternative tactics

are not equally successful (Campanella and Wolf 1974,

Eberhard 1982, Fincke 1982, 1985, Forsyth and

Montgomerie 1987, Plaistow and Siva-Jothy 1996, Starks

and Reeve 1999). Most ARTs are condition or status

dependent (Gross 1996): individuals follow alternative tactics

in such a way that individual fitness is maximized (Box 8.1),

i.e., they are making “the best of a bad situation” (Dawkins

1980, Wolf and Waltz 1993, Brockmann 2002). When aver-

aged over all individuals, such conditional tactics are not

necessarily equally successful (Gross 1996). Furthermore,

when frequency dependence is superimposed on conditional

tactics, calculations of average success are more complex.

8.3.9 Frequency-dependent selection and ARTs

Many ARTs are frequency dependent (Tomkins 1999), i.e.,

the success of a disperser, satellite, or sneaker depends on

the proportion of that tactic in the population (regardless of

density). So, for example, if the success of satellite male

crickets depends on calling males to attract females, then as

the proportion of satellite males increases, their success

declines because there are just more satellites around the

same number of calling males. Similarly, if female choice of

a male morph depends on the proportion of that morph

(e.g., rare-male effect), then its success will be frequency

dependent (Knoppien 1985, Partridge 1988). Under nega-

tive frequency-dependent selection, the threshold switch

that controls the development of tactics (Box 8.1) should

evolve: if individuals switch from one tactic to another at a

point that results in so many individuals of one tactic that

they have reduced fitness, then selection will favor a dif-

ferent threshold that reduces the frequency of the excess

tactic (Boxes 2.1 and 2.2).

An important and interesting feature of negative

frequency-dependent selection is that it acts to maintain

alternative tactics in a population. Shuster and Wade

(2003) argue that frequency-dependent selection acts on

condition-dependent traits in exactly the same way that it

operates on other traits and will maintain tactics at a fre-

quency such that they are equally successful. Gross and

Repka (Gross 1996, Gross and Repka 1995, 1998a, b, Repka

and Gross 1995) argue that when frequency dependence

acts on condition-dependent traits, there is no longer an

expectation of equal success for the alternative tactics. In

either case, frequency-dependent selection will have the

effect of maintaining alternative tactics in the population at

stable frequencies. Unlike many other forms of selection,

frequency-dependent effects cannot be understood just by

measuring the behavior and reproductive success of indi-

viduals, but require knowledge of population frequencies

and should be evaluated experimentally by manipulating

those frequencies (Waltz and Wolf 1988, Brockmann 2001).
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8.3.10 Economics and the evolution of ARTs in

insects

Two or more tactics can arise in a population when selection

favors specialized morphs or tactics that exploit discrete

reproductive opportunities or niches. What creates these

niches? Each alternative reproductive tactic must have some

expected success if it is to be maintained in a population and

intermediates must be less successful, e.g., fighter vs. dis-

perser, guarder vs. disperser, territorial vs. nonterritorial

(Figure 2.6). In many species there is good evidence that

males adjust their tactics to differences in the availability of

receptive females (pay-offs) and to differences in energetic

costs and exposure to risks such as predators and parasites

(costs) at different sites.

Females are also part of the equation and the economics

of ARTs, including male ARTs, must include the interplay

between male and female tactics, costs, and benefits (see

Chapter 18). This point is nicely illustrated by water

striders. Some males do not court females but lunge and

struggle whereas others attract females with calling signals

communicated through surface waves (Arnqvist 1997)

(Figure 8.5). When a male pounces on a female, she

responds with a vigorous pre-mating struggle that includes

backwards somersaults and kicking as the male attempts to

secure a pair of abdominal processes that hold the female

securely (Arnqvist 1992b). The longer the processes, the

more effective the male is at securing the female (Arnqvist

1992c). Males that mate without courtship, although less

successful, nonetheless save the time and energy associated

with advertising and guarding (Hayashi 1985, Spence and

Wilcox 1986, Arnqvist 1989, 1992a, Krupa and Sih 1993);

unlike courting males, the noncourting males do not show

post-copulatory guarding, so they return to mate searching

(Figure 8.5). In some species females possess abdominal

spines, which they use to thwart unwanted mounting by

males (Arnqvist and Rowe 1995, Andersen 1996). Struggles

are costly to females (Arnqvist 1989), so females adjust their

resistance depending on gains (e.g., sperm-depleted females

are less likely to resist: Lauer 1996), mating costs (Jabłoński

and Vepsäläinen 1995), and other costs such as predation

(Sih and Krupa 1995). This means that when females are

living at high operational sex ratios with little predation,

they are less likely to exert pre-mating choice (Arnqvist

1992a). Alternative tactics are affected by the interplay

between male and female behavior, costs, and benefits.

Alternative reproductive opportunities or niches seem

most likely to evolve under intense sexual selection (Table 8.2).

When intrasexual competition becomes very costly, selec-

tion may favor males that opt out of that escalating invest-

ment to utilize an alternative route to success, if one exists

(Gadgil 1972). A common pattern is for some individuals to

focus on highly competitive, higher-density areas and not

move around very much and others to patrol or trapline

between many different, lower-density, dispersed sites

(Table 8.1). For some males the costs of male–male com-

petition may be much higher than for others. For example,

for larvae that are growing slowly or are born late in the

season, the cost of emerging late at a larger size may be very

high, and for these individuals the only expected success

comes when they utilize an alternative smaller size or earlier

emergence tactic, if one exists. This favors the evolution of

condition-dependent switches from one tactic to another.

So, for example, a slowly growing male may emerge at a

smaller size but with other traits that make him particularly

good at finding dispersed females as opposed to fighting

over aggregated females. In situations like this, individuals

with intermediate traits would be selected against. A similar

argument can be applied to costly intersexual selection:

when female choice becomes very costly (i.e., when it is

extremely risky, time-consuming, or requires a very large

investment for males to attract a mate), selection may favor

switching to a different and less costly tactic (if fitness is

available through an alternative route). This switch is more

likely for some individuals and will be based on individual or

environmental conditions (condition-dependent tactics).

Selection will then favor correlated traits that make indi-

viduals particularly effective at each alternative tactic with

selection against those with intermediate traits. A likely

mechanism to achieve this divergence is a threshold switch.
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9 · The expression of crustacean mating strategies

STEPHEN M. SHUSTER

CHAPTER SUMMARY

Three fundamental patterns of phenotypic expression exist

for alternative mating strategies. These patterns include

Mendelian strategies, developmental strategies, and

behavioral strategies. Each pattern of expression is revealed

by hormonal and neurological factors that regulate the

timing and degree to which phenotypic differences appear;

however, the nature of each regulatory mechanism depends

fundamentally on its underlying mode of inheritance. The

genetic architectures underlying such inheritance in turn

depend on the circumstances in which mating opportunities

arise, including the intensity of selection favoring distinct

reproductive morphologies, and the predictability of mating

opportunities within individual lifespans. This chapter

concerns the nature of this variation and its possible causes,

with illustrations from the Crustacea.

9 .1 INTRODUCTION

Although crustaceans were among the first recorded

examples of alternative mating strategies (Orchestia darwinii:

Darwin 1874, p. 275; Tanais spp.: Darwin 1874, p. 262),

there is currently no synthetic treatment of how such

polymorphisms are expressed within this group. The

apparent scarcity of reports of male polymorphism among

crustaceans is unexpected given the frequency with which

sexual selection has been demonstrated within this taxon

(Holdich 1968, 1971, Manning 1975, Stein 1976, Thompson

and Manning 1981, Knowlton 1980, Shuster 1981,

Christy 1983, Hatziolos and Caldwell 1983, reviews in

Salmon 1984, Koga et al. 1993). As explained below, when

sexual selection occurs, alternative mating strategies are

likely to evolve. This chapter provides an evolutionary

framework for understanding the expression of alternative

mating strategies, with illustrations from the Crustacea

(Table 9.1). My goals are to show that in this fascinating

collection of species, all known forms of alternative mating

strategies are represented and opportunities for further

research abound.

Several frameworks for understanding alternative mat-

ing strategies now exist (Gadgil 1972, Maynard Smith 1982,

Austad 1984, Dominey 1984, Gross 1985, 1996, Lucas and

Howard 1995, Gross and Repka 1998). Because these

approaches have focused primarily on behavioral or deve-

lopmental differences among individuals (that is, on

“condition-dependent phenotypes” often called “tactics”

(Box 9.1), and because such polymorphisms seldom conform

to the simplifying assumptions required by game theory

regarding inheritance and fitness, there has been little con-

sensus about the theoretical and empirical approaches best

suited for investigating alternative mating strategies and

tactics, in the laboratory as well as in nature.

In response to this confusion, Shuster and Wade (2003;

see also Hazel et al. 1990, Roff 1992, 1996, Sinervo 2000,

2001, Shuster 2002) explained how alternative mating strat-

egies can be understood using conventional evolutionary

genetic principles including game theory, provided that the

average as well as the variance in fitness among the observed

morphs is considered within quantitative analyses. This

requirement is necessary because alternative mating strat-

egies evolve in response to sexual selection, an evolutionary

context in which fitness variance is often extreme. When

fundamental principles are applied, the contexts in which

alternative mating strategies evolve as well as the forms these

adaptations assume become clear.

This chapter has three parts. First, I will explain the

source of sexual selection and how it produces alternative

mating strategies in the first place. Second, I will describe

Levins’ (1968) scheme for understanding polyphenism (the

tendency for individuals to express variable phenotypes in

response to environmental cues) to show why alternative

mating strategies can be understood in this light (see

Shuster and Wade 2003). Third, using crustacean

examples, I will demonstrate how this approach predicts the
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Box 9.1 Strategies and tactics

The term “strategy” as defined in evolutionary game the-

ory describes a preprogrammed set of behavioral or life

history characteristics (Maynard Smith 1982). Alternative

mating strategies can thus be viewed as functional sets of

behavior patterns or morphologies that are used by their

bearers to acquire mates (Shuster 2002). An evolutionarily

stable strategy (ESS: Maynard Smith 1982) is a strategy

that persists in a population for one of two reasons: either

the average fitness of individuals expressing the ESS equals

that of all other strategies existing in the population or the

average fitness of individuals expressing the ESS exceeds

that of other strategies that have appeared in the popula-

tion to date. If a strategy’s average fitness is consistently less

than that of other strategies, it will be removed from the

population by selection (Darwin 1874, Maynard Smith

1982, Shuster and Wade 2003). By definition, individuals

with fitness less than the population average are selected

against. Thus, a strategy is an adaptation whose expression

has been shaped by selection.

This definition implies that two further assumptions

are met. First, genetic variation must underlie such traits.

Heritability is required for any trait to change in frequency

or be removed from a population as described above. If

genetic variation is lacking; that is, if all individuals in the

population are presumed to be genetically identical for a

given trait (e.g., Eberhard 1979, 1982, Lucas and Howard

1995, Gross 1996), no evolutionary response to selection is

possible. Second, stabilizing selection is presumed to refine

trait expression. This is the process by which less-fit trait

variants are eliminated by selection, more-fit trait variants

reproduce, and over time, a trait’s function becomes

recognizable. Traits with uniformly inferior fitness are

usually eliminated from populations before their pheno-

types can become modified. And as mentioned above, no

response to selection is possible unless genetic variation

underlies the trait. Thus, stabilizing selection can operate

only on heritable traits whose average fitness, relative to

other similar traits, allows them to persist within the

population over time. Stated differently, the average fit-

nesses of coexisting traits must be equivalent. If either of

these assumptions is not met, discussions of trait evolution

become meaningless.

Recent descriptions of discontinuous variation in mating

phenotype have distinguished between genetically distinct

“strategies” and phenotypes that represent condition-

dependent “tactics” (Gross 1996, Gross and Repka 1998,

Correa et al. 2003, Neff 2003, Howard et al. 2004). The term

“tactic” is used to describe behavioral or morphological

characteristics whose expression is contingent on environ-

mental conditions or on the “status” of the individuals in

which they appear. Status-dependent selection (SDS), the

term now used to describe how selection may operate on

such traits (Gross 1996, Gross and Repka 1998, Denoel et al.

2001, Hunt and Simmons 2001, Taru et al. 2002, Tomkins

and Brown 2004), is presumed to allow individuals to assess

their potential mating opportunities in terms of their

physical condition, social status, or probability of success

and then to make behavioral or developmental “decisions”

that lead to greater mating success than if the choice had not

been made.

According to the SDS hypothesis, dimorphic popu-

lations arise because all individuals choose one or another

status-dependent phenotype. “Status” is presumed to

translate into fitness according to a linearly increasing

function, with the rate of increase greater for higher status

individuals than for lower status individuals. The fit-

nesses of each phenotype are considered equal only at the

intersection of their fitness functions, a location defined as

the “switch point” (s*) (Figure 9.1). Condition-dependent

choices appear to cause much of the population to “make

the best of a bad job”; that is, to experience inferior

mating success compared to individuals of higher status

(Eberhard 1979, 1982, Dawkins 1980). Furthermore,

according to the SDS hypothesis, all individuals in the

population are assumed to be genetically monomorphic

with respect to their ability to make conditional choices

(but see Gross and Repka 1998 and below). This part of

the hypothesis salvages the lower fitness of males with

apparently lower mating success (Y, Figure 9.1A)

because, as stated above, a genetically uniform population

cannot respond to selection. Thus, in spite of their

inability to secure mates, the SDS hypothesis conveni-

ently bends the principles of population genetics to allow

inferior phenotypes to persist within populations over

time.

Gross and Repka (1998) acknowledged that conditional

strategies representing genetic monomorphisms are

unlikely to exist due to overwhelming evidence that her-

itable factors influence trait expression. However, their

revised model concluded that the assertions of Gross

(1996) were still appropriate and that the SDS hypothesis

is the best explanation for the appearance of behavioral
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polymorphism in nature (see also Hunt and Simmons

2001, Forslund 2003, Tomkins and Brown 2004). But two

problems remain with the revised SDS approach. The first

difficulty is that it presumes from the outset that the average

fitnesses of the two tactics considered (fighters and

sneakers) are unequal (Repka and Gross 1995, p. 28; Gross

1996, p. 93; Gross and Repka 1998, p. 170). As stated above,

this premise is evolutionarily untenable.

The assumption of unequal fitnesses among morphs

prevents this and related theoretical methods (Lucas and

Howard 1995, Repka and Gross 1995, Gross 1996) from

considering situations in which the fitnesses of the dif-

ferent morphs are equal. It also places severe limits on the

potential influence inheritance can have, both on trait

expression as well as on how selection may influence trait

frequency within the population. Furthermore, genetic

monomorphism is still presumed to exist at the switch

point (Gross 1996, Gross and Repka 1998), again

removing any possibility that selection can influence its

position. This issue is not an assumption of models that

consider condition-dependent phenotypes as quantitative

genetic polymorphisms (e.g., Hazel et al. 1990, Roff 1996,

Flaxman 2000, Shuster and Wade 2003).

The fitnesses of the two tactics are considered equal at

the switch point. However, this is merely a consequence

of how tactic fitnesses are defined – as linear relationships

between phenotype and fitness that happen to have dif-

ferent slopes (Figure 9.1B). The notion of the switch

point as it is used in this theoretical approach is

inappropriate because it assumes equal fitnesses to exist

only at the population frequencies described at the switch

point. This is contrary to the principles of game theory

and population genetics, which state that for poly-

morphism to persist within a population, the relative

fitnesses of the alternative morphs must be equal at all

population frequencies, not just those occurring at the

switch point (Shuster and Wade 2003). But again,

assumption of equal fitnesses at the switch point is of

little evolutionary consequence anyway because, as

mentioned above, genetic variation is presumed to be

absent for the polymorphism at this location (Gross and

Repka 1998).

The second difficulty with the Gross and Repka

(1998) approach is that relationships among the param-

eters used to estimate the frequency and fitness of the

alternative tactics, as well as the proportion of progeny of

each type that are transmitted to the next generation, are

constrained by the authors in advance of the simulations

they conduct. Thus, a higher existing frequency of one

tactic imposes lower possible values for recruitment and

heritability of the other tactic. The apparent goal of these

interwoven constraints is to make the influences of each

tactic on the other frequency dependent, and, indeed,

measurable narrow-sense heritability of quantitative traits

does depend on the frequency of the trait within the

population (Falconer 1989). However, there is no popu-

lation genetic precedent for the inheritability of traits to

rely to such a large degree on their own population fre-

quency, their own fitness, their own rate of recruitment

into the population, or on the frequency, fitness, rate of

recruitment, or mode of inheritance for another alterna-

tive trait.

Contrary to the predictions of the SDS model (Gross

1996, Gross and Repka 1998), considerable evidence

already exists indicating that polymorphisms in mating

phenotype with flexible expression represent mixtures of

evolutionarily stable strategies (e.g., a normal distribution

of genetically based reaction norms: Hazel et al. 1990,

Roff 1992, 1996, Schlicting and Pigliucci 1998, Flaxman

2000, Shuster and Wade 2003). These results indicate

that genetic architectures allowing phenotypic flexibility

can persist in populations by frequency-dependent

selection, a mechanism functionally identical to the way

polymorphisms controlled by Mendelian factors persist in

nature. In models of frequency-dependent selection, the

inheritability of traits does not depend on their frequency

in the population as in Gross and Repka (1998). If this

condition were imposed, the salient feature of frequency-

dependent selection (i.e., the tendency for alternative

genotypes to have high relative fitness at low population

frequency and low relative fitness at high population

frequency) would cease to exist.

Thus, while the term “tactic” is indeed useful for

describing phenotypes that are flexible in their expres-

sion, as opposed to those controlled by more rigid (e.g.,

Mendelian) rules, there is no need to distinguish a

“strategy,” as a phenotype that is inheritable, from a

“tactic” as a phenotype for which genetic variation is

constrained or nonexistent. Both traits clearly represent

adaptations, that are underlain by genetic variation, and

that are maintained in populations by selection. When

viewed in this light, the term “strategy” is appropriate for

all evolved polymorphisms in reproductive behavior,

regardless of how their expression is controlled.
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three fundamental ways in which alternative mating strat-

egies are expressed, as well as the types of data that may be

used for further hypothesis testing. My hope is that this

framework will stimulate research on crustacean mating

systems, particularly field studies that quantify the source

and intensity of sexual selection, as well as laboratory

studies that explore the genetic architectures underlying

polymorphic mating phenotypes.

9 .2 SEXUAL SELECTION AND THE

MATING NICHE

Darwin (1874) considered sexual selection to have

evolutionary effects functionally similar to those that exist in

populations with a surplus of males. He noted that “if each

male secures two or more females, many males cannot pair”

(Darwin 1874, p. 212). This observation is the primary reason

why male and female phenotypes tend to diverge under the

influence of sexual selection, and why inmany sexual species,

including a large number of crustaceans, males and females

are sexually dimorphic in appearance.

When some males mate and others do not, a sex dif-

ference in fitness variance often appears. This occurs

because of the necessary relationship between the mean and

variance in male and female fitness in all sexual species

(Wade 1979, Shuster and Wade 2003). Although many

factors may contribute to “fitness,” this concept is least

confounded and most easily understood when considered in

terms of offspring numbers (Wolf andWade 2001). Because

every offspring has a mother and a father (Fisher 1958), the

average number of offspring per male must equal the

average number of offspring per female when the sex ratio

equals 1 (Wade and Shuster 2002, Shuster andWade 2003).

Also under this condition, the variance in offspring num-

bers for each sex, that is, the variance in fitness for each sex,

will be equivalent if all males and females mate once.

However if some males mate and others do not, as is

usually the case, then the average fitness of males who do not

mate becomes less than the fitness of the average female, for

obvious reasons. Simultaneously, the average fitness of

males who do mate equals the average female fitness

multiplied by the number of mates that male secures (Wade

1979, Shuster and Wade 2003). As matings by females

become clustered with fewer and fewer males, the class of

males with no mates and no fitness becomes increasingly

larger. In contrast, the class of males who do mate becomes

increasingly smaller, but these males secure an increasingly

larger fraction of the total offspring produced. Whereas the

total variance in female fitness remains unchanged by this

process, the divergence of the male population into repro-

ductive “haves” and “have-nots” causes the total variance in

male fitness to become very large.

The magnitude of this sex difference in fitness variance

provides an estimate of the strength of sexual selection

(VWmales –VWfemales: Shuster and Wade 2003). As the

magnitude of this fitness difference becomes larger, sexual
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Figure 9.1 The status-dependent selection model of Gross

(1996, redrawn). (A) The distribution of male phenotypes in a

hypothetical population; Y indicates the fraction of the

population with low status and thus which assume the sneaker

phenotype, X indicates the fraction of the male population with

high status and thus which assume the fighter phenotype; the

position of the switchpoint, s*, is determined by the location of

the intersection of the fitness functions for sneakers and fighters

in (B). (B) The fitness functions for X and Y phenotypes; slope

of the X phenotype is steeper than that of the Y phenotype, at

s* the fitnesses of X and Y phenotypes are presumed to be

equal.
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selection becomes increasingly intense and male character-

istics that promote polygamy are transmitted dis-

proportionately to the next generation. This is why, over

evolutionary time, males within such populations become

modified in their appearance to a greater degree than

females. When fitness variance is greater in females than it is

in males, as it is in sex-role-reversed species, it is also why

females become modified in appearance to a greater degree

than males (S.M. Shuster and M. J. Wade 2003, unpub-

lished data). Among related species in which sexual selec-

tion occurs, this is why the sex in which selection is more

intense shows greater phenotypic diversity than the sex in

which selection is weaker. Also, within individual species,

this is why the sex in which selection is strongest shows a

greater tendency to express alternative mating strategies

(Gadgil 1972, Shuster and Wade 2003).

Why does this last relationship exist? Why should

alternative mating strategies appear within the sex in which

sexual selection is strongest? The answer is that alternative

mating strategies readily evolve when male mating success

becomes uneven among males (or uneven among females in

role-reversed species). The existence of uneven mating

success among males not only causes sexual selection, as

observed by Darwin (1874), it also creates a “mating niche”

for males engaging in unconventional mating behavior

(Shuster and Wade 1991, 2003).

For example, in many species, small males invade the

breeding territories of larger males by avoiding direct

competition altogether. Once inside breeding territories,

these “sneaker” or “satellite” males surreptitiously mate

with receptive females, as occurs in isopods (Paracerceis

sculpta: Shuster 1992), amphipods (Microdeutopus gryllotalpa:

Borowsky 1980; Jassa marmorata: Clark 1997, Kurdziel and

Knowles 2002) and in many decapods (e.g., freshwater

prawns, Macrobrachium spp.: Ra’anan and Sagi 1989; sand

bubbler crabs, Scopimera globosa, Koga et al. 1993; spider

crabs, Libinia emarginata: Sagi et al. 1994, Ahl and Laufer

1996; and rock shrimp, Rhynchocinetes typus: Correa et al.

2003). In each of these species, stolen matings appear to

provide unconventional or satellite males with only a tiny

fraction of the fertilization success gained by those males that

defend harems. These satellite males appear to “make the

best of a bad job” (Eberhard 1979, Gross 1996). Yet in each of

these examples, because unconventional males take fertil-

izations away from males whose fertilization success is

already disproportionately large, satellite males are more

successful at siring offspring than territorial males who

secure no mates at all.

Game theory and population genetic analyses agree on the

conditions necessary for the invasion and persistence of

evolutionarily stable strategies (Maynard Smith 1982, Crow

1986). These conditions are most easily met for males

employing alternative strategies (Wade and Shuster 2004)

(Box 9.2). The important relationship is this: the larger the

average harem size is among conventional males, the larger

the fraction of conventional males must be who cannot secure

mates. Because the average fitness of conventional males

includes the fitness of males who mate as well as the fitness of

males who do not mate, the larger the average harem size is

among conventionalmales, the smaller the fraction of the total

fertilizations unconventional males need to acquire within

harems for their average fitness to equal the average fitness of

all conventional males combined (Shuster and Wade 2003,

Wade and Shuster 2004) (Box 9.2). Although the average

fitness of unconventional males seems inferior to that of

conventional males, in fact, the average fitness of uncon-

ventional males often equals or exceeds the average fitness of all

conventional males (see also Shuster and Wade 2003).

9 .3 THE EXPRESSION OF

ALTERNATIVE MATING

STRATEGIES

Levins (1968) proposed that polymorphism can persist in

natural populations when selection acts in changing envir-

onments. When environments change little, selection is

usually weak and phenotypic tolerance is allowed; however,

when environments change frequently, selection is stronger,

phenotypic tolerance is impermissible, and genetic poly-

morphism is expected to arise. Shuster and Wade (2003)

argued that such conditions are especially likely when sexual

selection occurs. Sexual selection is often extremely strong

and circumstances favoring mating success are often highly

variable. Thus, they proposed that sexual selection acting in

variable environments will most often favor distinct pheno-

types and genetic polymorphism. It is important to note that

the term “genetic polymorphism” not only refers to single-

locus polymorphisms with alleles that segregate according

to Mendelian rules, but also describes the normal

distribution of genetic factors that influence the expression of

condition-dependent patterns in development or behavior

(i.e., “tactics”) (Shuster andWade 2003; Box 9.1). The game-

theory-inspired concepts of genetically “fixed” pure pheno-

types versus genetically monomorphic “conditional” pheno-

types, while useful as heuristic devices (MaynardSmith 1982,

Gross 1996, Alcock 2005), make little evolutionary sense
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when considering how selection might shape phenotypic

expression for one obvious reason: traits lacking underlying

genetic variation cannot respond to selection and therefore

cannot evolve (Shuster and Wade 2003).

Whether the genetic architecture underlying a pheno-

typic polymorphism will be Mendelian or polygenic

depends on the “environmental grain”; that is, on the

relative predictability of environmental change (Levins

1968) (Box 9.3). Shuster and Wade (2003) argued that

mobile organisms like animals experience environmental

grain primarily on a temporal rather than on a spatial

scale. Furthermore, with respect to the evolution of

Box 9.2 Jack-of-All-Harems

Shuster and Wade (2003) showed how to visualize the

quantitative relationship between the intensity of sexual

selection and the ease with which alternative mating

strategies may evolve. If we assume that H is the average

mating success of harem-holding males and that satellite

males succeed in mating by invading the harems of

such males, then the fitness of satellites, Wb, can be

expressed as

Wb ¼ Hs; ðB9:2:1Þ
where s equals the fertilization success of satellite males

within the harems of territorial males. Although the fit-

ness of territorial males who successfully secure mates

equals H, the average number of mates per male is less

than H. This happens because when territorial males

acquire a harem containing k females, k� 1, other

territorial males will be unable to mate at all (Shuster and

Wade 2003). To calculate the average success of territorial

males as a class, it is necessary to consider the distribution

of mates among all of the males in that class. Thus, the

average success of all territorial males must be

Wa ¼ R; ðB9:2:2Þ
where R, the sex ratio (¼N\/N<), is equal to the

distribution of all females over all territorial males. As

Shuster and Wade (2003) showed, the condition necessary

for satellite males to invade a population of territorial males

is

Wb>Wa: ðB9:2:3Þ
That is, the average fitness of satellite males,Wb, must

exceed the fitness of territorial males, Wa. By substitution

with Eqs. (B9.2.1) and (B9.2.2), this relationship can also

be expressed as

Hs > R: ðB9:2:4Þ
If the sex ratio, R, equals 1 (i.e., Hs> 1), then by

rearrangement, the condition necessary for the invasion of

a polygynous male population by an alternative mating

strategy becomes

s > 1=H: ðB9:2:5Þ
That is, to invade a population of territorial males,

satellite males must obtain a fraction of the total fertil-

izations in harems, s, that exceeds the reciprocal of the

average harem size of successful territorial males. To

understand this relationship, we need only imagine that

the average harem-holding male mates with three

females, or H¼ 3. In such circumstances, Eq. (B9.2.5)

shows that satellite males need only secure mates one-

third as successfully as territorial males to invade this

mating system (s¼ 0.333). Thus, on average, satellite

males would need only fertilize 1/3 of the clutch of each

female, or sire the progeny of 1 of the 3 females in each

harem, to invade the population. And, as harem size

increases (as females become increasingly clustered

around fewer territorial males), the invasion of alterna-

tive mating strategies becomes easier still – satellites can

be even less successful within harems and still invade

because the fraction, 1/H, becomes smaller with

increasing values of H (Figure 9.2).

Shuster and Wade (2003) showed that in a polygam-

ous population, the fraction of nonmating males is p0
¼ 1� (1/H). By rearrangement of this equation, we can

see that 1/H¼ 1� p0. Now, by substitution with Eq.

(B9.2.5), it is clear that

s > 1� p0: ðB9:2:6Þ
This relationship shows the same result as Eq. (B9.2.5)

but in a slightly different way. Here, as the fraction of

territorial males excluded from mating, p0, increases, the

mating success necessary for satellites to invade this

mating system, s, becomes increasingly small. At equi-

librium (i.e., s¼ 1� p0), this relationship explicitly

identifies the fraction of the territorial male population

that is excluded from mating, p0, when territorial and

satellite males coexist.
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Box 9.3 Fitness sets and sexual selection

Levins’ (1968) proposed that the fitness of each pheno-

type within a population changes as environmental con-

ditions change and that the distribution of fitness for a

specific phenotype can be characterized by the average

and the variance in fitness. In these terms, environ-

mentally “tolerant” phenotypes show a broader distri-

bution of fitness in the face of environmental change than

environmentally more “sensitive” phenotypes, i.e.,

the variance in the fitness of a tolerant phenotype,

VW(tolerant), is larger than that of a more sensitive

phenotype, VW(sensitive) (Figure 9.3) or

VW ðtolerantÞ>VW ðsensitiveÞ: ðB9:3:1Þ
Because tolerance to variable environments is likely to

impose fitness costs, the average fitness of the tolerant

phenotype, Wtolerant, is less than for the sensitive type,

Wsensitive (Figure 9.3) or

WðtolerantÞ<WðsensitiveÞ: ðB9:3:2Þ
Thus, a phenotype that maintains some fitness in mar-

ginal environments will be unable to achieve the highest

fitness in the more common environment, whereas a

phenotype that achieves low fitness in marginal environ-

ments will achieve higher fitness in the environment for

which it is specialized (Figure 9.3).

A graphical means for identifying the optimal pheno-

type for a particular environment is obtained by holding

environmental conditions fixed and examining perform-

ance as a function of phenotype (Levins 1968, Shuster and

Wade 2003). This procedure generates a curve describing

the distribution of fitness for a given phenotype, i, across a

limited range of environments, j. The peak of each curve

identifies the optimal phenotype in each subset of envir-

onments, and because phenotypes deviating from this

optimum have lower performance, fitness decreases sym-

metrically away from the phenotypic optimum toward

zero (Figure 9.3). When the performance curves generated

by the two most common environments are considered

together (Figure 9.4), the phenotypic tolerance of a

population can be quantified. Specifically, tolerance (T)

is equal to 2d, where d is the distance in phenotypic

performance units from the peak of the distribution to its

point of inflection.

The environmental range, E, is the difference in the

average phenotypic performances in each environment

(s2� s1) (Figure 9.4). Approximately overlapping perform-

ance curves produced by each environment indicate a toler-

ant phenotype; that is, a phenotype whose ability to tolerate

environmental change exceeds the range of conditions that

usually appear within the environment. In such cases,T>E,

and the optimal phenotype is approximately similar in each

environment (Figure 9.4A). On the other hand, non-

overlapping curves (those in whichT<E) indicate intolerant

phenotypes. These phenotypes are favored when the range

of environmental conditions is so great that a single pheno-

type is unable to tolerate all environmental circumstances.

Thus, different phenotypes are optimal in each of the most

common environments (Figure 9.4B).

When the values of the performance curve in environ-

ment 1 are plotted against those in environment 2, the

familiar shapes of Levins’ fitness sets appear (Figure 9.5).

The similar performance curves of tolerant phenotypes

generate convex fitness sets (Figure 9.5A), whereas non-

overlapping performance curves of intolerant phenotypes

generate concave fitness sets (Figure 9.5B). Tolerant

phenotypes can persist despite rapid changes in the envir-

onment, provided that the magnitude environmental vari-

ation, E, is small. These phenotypes experience

environmental variation as an average of environment types

(Levins 1968, Lloyd 1984). However, increasing the range

of environmental fluctuationmakes environmental tolerance

more difficult. Thus, when the environmental range, E,

becomes large, tolerant phenotypes, which achieve modest

success across all environments, tend to go extinct and are

replaced by specialists, which, while phenotypically inflex-

ible compared to more tolerant phenotypes, can achieve

higher average fitness due to their enhanced success in a

particular environment.

In short, increasing the range of environmental vari-

ation intensifies selection in favor of phenotypes that are

specialized for particular conditions. Given the postulated

trade-off between fitness mean and variance, as selection

intensity increases, specialization is favored and perform-

ance distributions must become narrower, more distinct,

and therefore likely to generate concave fitness sets (Levins

1968). Thus, when environments fluctuate widely, more

specialized phenotypes with higher average fitness are

expected to invade populations consisting of tolerant,

generalist phenotypes (Figure 9.3).

A wide range of environmental fluctuations alone can

favor phenotypic specialization. However, Shuster and

Wade (2003) argued that stronger selection is in favor of a
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Box 9.3 (Cont.)

particular phenotype, the more narrow the distribution of

performance in a particular environment will be. Thus, a

concave fitness set will arise whenever selection becomes

intense, even if the range of environmental fluctuation

remains small. This occurs because under intense selec-

tion, the performance distributions within each environ-

mental extreme will contract and the variance of the

fitness distribution will be reduced (Figure 9.6). Thus, as

selection becomes more intense, fitness sets will become

increasingly concave and increasingly specialized pheno-

types are expected to appear (see discussions in Bradshaw

1965, Lloyd 1984, Via and Lande 1985, Lively 1986,

Moran 1992, Winn 1996, Schlicting and Pigliucci 1998).

But this is only part of the story. The optimum

strategy for a given environment is not determined by the

shape of the fitness set alone (Levins 1968, Shuster and

Wade 2003). Rather, it is the pattern of environmental

change impinging on each fitness set that determines (1)

whether polymorphism will evolve and (2) the mechanism

by which phenotypes will be expressed. When environ-

mental changes occurs slowly, with periodicity greater

than the average lifespan, individuals tend to experience

their environments as alternative conditions with pro-

portionately large, nonlinear effects on their fitness.

Environmental changes occurring more rapidly, with

periodicity less than the average lifespan, cause linear

increases or decreases in the fitness of individuals because

individuals experience the environment as a succession of

different developmental conditions with their fitness

averaged over them. The spatial and temporal scale of

environmental change is the basis of Levins’ (1968)

concept of environmental grain.

Few or no changes within an individual’s lifetime

constitute coarse environmental grain, whereas rapid

changes within an individual’s lifetime cause the envir-

onment to be experienced as an average, and thereby

constitute fine environmental grain. Phenotypes showing

little variation are expected to evolve when environmental

fluctuation is small in magnitude (Bradshaw 1965, Levins

1968). When the environment fluctuates, fitness sets

become concave and polymorphic phenotypes of several

kinds are expected to evolve, depending on how organ-

isms perceive their environment.

If the arrival of change is unpredictable, environmental

grain is coarse and Mendelian polymorphisms are expected

to evolve. Under these conditions, the frequencies of

genetically distinct phenotypes will depend on the prob-

ability with which each environment occurs and on the

relative fitness that each phenotype obtains therein. Dis-

tinct genotypes persist when their fitnesses averaged

across the environmental grain are equal (Bradshaw 1965,

Levins 1968, Maynard Smith 1982, Lively 1986).

In fluctuating environments, if environmental grain is

perceived as fine, then selection will favor polyphenism

(Lloyd 1984). This variation differs from simple envir-

onmental tolerance because the fitness set is concave.

That is, selection is so intense that even the most tolerant

individuals cannot persist; only specialists can. Thus,

selection favors individuals who are developmentally cap-

able of generating more than one phenotype, over indi-

viduals developing only a single phenotype with broader

tolerance (Bradshaw 1965, Levins 1968, Lively 1986,

Moran 1992, Roff 1992). Polyphenism is a mechanism for

tolerance of environmental variation and its existence is

evidence of “adaptive plasticity” (Shuster and Wade

2003). A coarse-grained environment can be experienced

as a fine-grained one by individuals who use environ-

mental cues to predict when change will occur and adjust

their developmental trajectories appropriately (Bradshaw

1965, Levins 1968, Lively 1986, Moran 1992, Roff 1992,

Winn 1996).

The ability to respond to a change in one’s envir-

onment represents a genotype-by-environment inter-

action (G·E) (Schlicting and Pigliucci 1998). The

particular way in which this interaction is expressed –

the way in which an individual responds to environ-

mental change – is known as its reaction norm. Within

populations, reaction norms tend to be normally dis-

tributed due to genetic differences among individuals

(Hazel et al. 1990, Roff 1996). The level of adaptive

plasticity is the average efficiency with which different

individuals in the population respond to environmental

change. Thus, the equilibrium distribution of genotypes

in a population depends on the distribution of reaction

norms, the distribution of environments, and the dis-

tributions of fitness for the different possible phenotypes

within the population. As for any genetic polymorphism,

stable phenotypic distributions (or in this case, stable

distributions of reaction norms that allow plastic

responses to changing environments) are expected to

persist when the fitnesses of their underlying genotypes

are equal (Hazel et al. 1990, Roff 1996, Flaxman 2000,

Shuster and Wade 2003).
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alternative mating strategies, they proposed that envir-

onmental grain is perceived by males in terms of (1) the

existence of cues that predict mating opportunities as well

as (2) the timing of cue perception, relative to the lifespan

of individual males.

With these two factors in mind, it is easy to see that the

grain of the environment will be coarse if cues predicting

male mating success do not exist. Such conditions may

appear most often when male lifetimes are short. However,

regardless of whether males are presented with few or many

mating opportunities within their lifespans, when envir-

onments are unpredictable, specialists are favored and male

mating behavior patterns are expected to represent

Mendelian alternatives (Shuster andWade 2003). The grain

of the environment will be perceived by males as fine if

environmental cues do predict the type of mating oppor-

tunities that will become available. Such conditions may

exist most often when male lifetimes are long. But regard-

less of whether males are presented with few or many

mating opportunities, strong sexual selection combined

with fine-grained environments will favor the evolution of

polygenic inheritance underlying the expression alternative

mating strategies. In general, the expression of such traits is

well explained by current models for threshold inheritance

(Shuster and Wade 2003) (Box 9.4).

When environmental cues perceived early in life predict

mating opportunities later in life (when the interval between

the perception of the cue and mating opportunities is long

relative to total male lifespan), developmental processes will

prevail. Thus, abundant food may enhance growth rate,

increasing a male’s body size as well as his likelihood of

success in combat. Food shortages, on the other hand, may

decrease the probability of such success in combat and

instead lead to the expression of a noncombative, default

phenotype. Males who respond to environmental cues with

appropriate developmental trajectories are likely to outcom-

pete males whose genotypes resist modification when envir-

onments change, as do Mendelian alternatives.

When environmental cues predicting mating success

occur immediately before mating opportunities arise (when

the interval between the perception of the cue and mating

opportunities is short relative to total male lifespan),

behavioral processes will prevail. Thus, a particular density

of mating competitors may induce some individuals to

become aggressive, whereas individuals insensitive to such

cues will not engage actively in the commotion of direct

mating competition. Or, a particular density of females

may cause some males to associate themselves with indi-

vidual females to await their impending receptivity,

whereas individuals insensitive to such cues may continue

searching for females more immediately receptive. The
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Figure 9.2 The relationship between harem size, H, and the

minimum success necessary for satellite (b) males to invade a mating

system consisting of territorial males. (Redrawn from Shuster and

Wade 2003.)
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Figure 9.3 The distribution of fitness for phenotypes (reaction

norms) exposed to environmental variation (after Levins 1968);

each curve describes the relationship between phenotype and fitness

for a given reaction norm, i, when it is expressed in environment, j;

a specialized reaction norm (a) has a narrow distribution of possible

phenotypes that achieve low fitness in marginal environments but

achieve high fitness in a particular environment; a tolerant reaction

norm (b) has a broader distribution of possible phenotypes, that

obtain some fitness in marginal environments but are unable to

achieve high fitness in any environment.
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relative frequencies of sensitive and insensitive individuals

in any population will depend on the relative success of

these phenotypes over time (Box 9.3). Males who respond

rapidly and appropriately to environmental cues that pre-

dict mating success in changing environments are likely to

outcompete males whose genotypes resist environmental

change, as well as males who cannot respond as rapidly to

changes in conditions favoring mating success.

And yet, while it is widely acknowledged that genetic

architectures sensitive to environmental cues can allow
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Figure 9.5 When the fitness values of each performance curve are

plotted against each other fitness sets are generated; similar

performance curves generate (A) convex fitness sets, whereas non-

overlapping performance curves generate (B) concave fitness sets.

(Redrawn from Shuster and Wade 2003.)
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Figure 9.4 The performance (fitness) curves generated by the two

most common environments considered together (grey line and

black line). Tolerance (T) is equal to 2d, where d is the distance, in

phenotypic performance units, from the peak of the distribution to

its point of inflection. Environmental range, E, is the difference in

the average phenotypic performances in each environment (S2�S1).

Heavily overlapping curves (A) produced by each environment

indicate a tolerant phenotype, one in which T > E or in which the

optimal phenotype is similar in each environment. Minimally

overlapping curves (B), in which T < E, indicate intolerant

phenotypes, or more simply, that different phenotypes are optimal

in each environment. (Redrawn from Schuster and Wade 2003.)
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males to express appropriate phenotypes in response to

changing environments (Roff 1996, Schlicting and Pigliucci

1998), the evolutionary restrictions on phenotypic plasticity

are seldom mentioned when variable phenotypes are

observed (Shuster andWade 2003). Phenotypic plasticity in

development or in behavior is likely to evolve only if the

following conditions exist:

(1) Genetic variation allowing a plastic response to

changing environmental conditions must be present

in the population – individuals must be genetically

variable, not genetically identical.

(2) The cost of making the wrong developmental or

behavioral “choice” must be high; that is, expressing

an inappropriate phenotype in an environment in

which it is not favored, leads to little, or more often, no

reproduction at all.

(3) Circumstances favoring plasticity must occur fre-

quently. Conditions in which a plastic response is

required must be common, they must occur in a

consistent way, and they must not be contingent on

special circumstances (such as a uniquely debilitating
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Figure 9.6 Strong stabilizing selection (dotted line) causes

phenotypic distributions to contract.

Box 9.4 Threshold characters

Discrete phenotypic classes within a population that fail to

segregate according toMendelian rules are often explained

by threshold models of quantitative inheritance. As with

most complex characters, continuous genetic variation

appears to underlie threshold traits. However, a threshold

of “lability” within this distribution also exists that makes

trait expression discontinuous. Individuals with genotypes

below the threshold express a default phenotype, whereas

individuals with genotypes above the threshold express a

modified phenotype (Figure 9.7).

The expression of threshold traits is not absolute.

Depending on trait heritability, threshold position, and

the environment, each genotype has its own probability of

trait expression (Dempster and Lerner 1950, Gianola and

Norton 1981). For this reason, environmental influences

on threshold characters can be viewed in two ways. When

the environment is constant, or reasonably so, as might

exist over a period of maturation, trait expression appears

as described above; genotypes above the threshold usually

express the trait, trait expression becomes increasingly

unlikely for genotypes below the threshold, and the

population appears dimorphic. Alternative mating strat-

egies involving distinct developmental trajectories are

well described by this hypothesis.

When the environment changes over shorter time-

scales, few or no genotypes may express the trait at one

environmental extreme, whereas at the other extreme, all

or nearly all genotypes will become modified (Figure 9.8).

The wider the environmental range, the greater is the

proportion of the population that is likely to change.

Although the probability of trait expression remains

constant for each genotype, depending on the intensity of

the environmental “cue” at any time, few, some, or all

individuals in the population may express the trait.

Alternative mating strategies involving behavioral poly-

phenism are well described by this hypothesis.

Threshold models may also explain age-dependent

mating strategies, although contrary to current models of

this phenomenon, a threshold view predicts that few

males will perform both “young” and “old” mating

strategies within their lifetimes (e.g., Correa et al. 2003).

Instead, quantitative genetic variation is expected to

predispose males to mate as satellites when young or as

territorial males when old, with frequency-dependent

selection maintaining the position of the threshold within

the distribution of male maturation rates.
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injury: West-Eberhard 2003; or the appearance of a

uniquely compatible mate: Gowaty 1997, Tregenza

and Wedell 2000).

(4) Conditions in which a plastic response is required must

be experienced by a large fraction of the population.

All of these conditions must apply for phenotypic

plasticity to evolve, because if they do not exist, either a

response to selection will be impossible or selection on

genetic factors allowing polyphenism will be weak. Clearly,

phenotypic plasticity cannot evolve in the absence of genetic

variation mediating a flexible developmental or behavioral

response. However, phenotypic plasticity is also unlikely to

evolve when circumstances favoring it are rare and highly

contingent on the behavior of other individuals, or when

they are experienced by only a few individuals in the

population. Under these conditions, selection will be of low

intensity, intermittent in its effects, and likely to influence

only a small number of individuals in the population. In

combination, these factors will weaken, if not obliterate

entirely, the effects of directional selection favoring adap-

tive phenotypic plasticity (Shuster and Wade 2003).

9 .4 MENDELIAN STRATEGIES

Among crustaceans, examples of Mendelian strategies

include marine isopods (Shuster and Wade 1991, Shuster

and Sassaman 1997, K. Tanaka, personal communication),

freshwater isopods (Bocquet and Veuille 1973), androdioe-

cious branchiopods (Sassaman 1991, Weeks and Zucker

1999), and sequentially hermaphroditic decapods in which

primary males or primary females persist (Bauer 2000, 2002).

In Paracerceis sculpta, a marine isopod inhabiting the

northern Gulf of California, three discrete male morphotypes

coexist (Figure 9.9). Phenotypic differences among males are

controlled primarily by an autosomal locus of major effect

(Ams¼ alternative mating strategy), whose inheritance is

Mendelian and whose alleles exhibit directional dominance

(Amsb>Amsc>Amsa). The different Ams alleles interact

with alleles at other loci, switching on distinct developmental

cascades that lead to discontinuous adult phenotypes. These

interactions appear to influence male as well as female

phenotypes. Alleles at Ams, and at an additional autosomal
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Figure 9.7 The distribution of individuals expressing and not

expressing a threshold trait; the solid curve a represents the

distribution of the underlying heritable character, x, for the entire

population; the average genotype, x¼ 0; x0 represents the threshold
value of x; the hatched area, p, represents the proportion of

individuals exhibiting the character; curve b represents the

distribution of individuals with the mean genotype in the

population (x¼ 0) that are expected to express the character or not;

the distribution of individuals with different genotypes expressing

and not expressing a threshold trait; individuals with the average

genotype, x¼ 0, curve b, have only a small probability of expressing

the extreme trait, whereas individuals with genotype x0, curve c,
have a higher probability of trait expression. (Redrawn from

Dempster and Lerner 1949.)

Underlying variable

F
re

qu
en

cy

x �

a b

Figure 9.8 The expression of a threshold character in a variable

environment; solid vertical line at x0 represents the threshold of trait
expression; all individuals to the right of the line express the character,

all individuals to the left of the line do not; curve a represents the

distribution of character expression when the environmental cue

stimulating the expression of the character is weak; curve b

represents the distribution of expression when the cue is strong.
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locus (Tfr ¼ transformer), epistatically interact to radically

distort family sex ratios (Shuster and Sassaman 1997, Shuster

et al. 2001). This is accomplished when particular Ams–Tfr

allelic combinations override the primary sex determination

mechanism (WW¼males; ZW¼ females: Shuster and Levy

1999) and cause individuals tomature as adults of the opposite

sex (Shuster et al. 2001).

The dynamic nature of this mating system is consistent

with the hypothesis that sexual selection is intense and

mating opportunities for males, as well as for females, are

highly variable and unpredictable from one generation to the

next. At breeding sites, mating success among the male

morphs varies with the number of females, as well as with the

number and type of othermales (Shuster 1989, 1992, Shuster

andWade 1991). However, over time, the average fitnesses of

a-, b-, and c-males are equal (average± 95%CI; a-males:

1.52± 0.16, N¼ 452; b-males: 1.25± 0.86, N¼ 20; c-males:

1.37± 0.45, N¼ 83: Shuster and Wade 1991, 2003) In this

species, a-males defend territories in sponges; thus mating as

well as nonmating a-males are identifiable. Indeed, when

only the average mating success of mating a-males (a*) is
considered, this value is significantly larger than the average

mating success for b- and c-males (2.22± 0.17) (Figure 9.9).

This example shows why satellite males in many animal

species may appear to “make the best of a bad job” when

unsuccessful males cannot be identified. In reality, satellite

males usually experience average fitness equal to that of all

territorial males, winners as well as losers.

A genetic polymorphism in male leg morphology exists

in Jaera albifrons, a freshwater isopod in which males guard

females before mating (Bocquet and Veuille 1973). In

other isopods with similar pre-copulatory behavior

(Thermosphaeroma: Shuster 1981, Jormalainen et al. 1999),

the legs of males in several species are more setose than

those of females and may be useful in retaining control of

mates during usurpation attempts by other males. Unfor-

tunately, in J. albifrons, environmental or social factors

maintaining the polymorphism have not been examined nor

has the possibility that males may employ different repro-

ductive strategies in the context of mate guarding.

However, males in species with pre-copulatory guarding

are widespread within the Crustacea (Ridley 1983, Conlan

1991, Jormalainen 1998), and individual males are known to

switch between mate-guarding and mate-usurping behavior.

It is likely that the inheritance of mate-guarding behavior is

polygenic rather than Mendelian, consistent with behavioral

polyphenism (see below). And yet, the existence of Men-

delian phenotypes in J. albifrons suggests that such genetic

architectures are more widespread than is currently recog-

nized. In such species, more detailed experiments designed to

identify genetic influences on morphology as well as behavior

among males are clearly needed.

A Mendelian polymorphism may also exist in the gna-

thiid isopod Elaphognathia cornigera, a species inhabiting

mud banks and coral rubble in coastal regions of the

western Pacific (Tanaka and Aoki 1999, Tanaka 2003). In

this species, males are larger than females and possess

enormous mandibles that are used to defend breeding

aggregations and to encourage females to enter breeding

sites. In addition to large males, small, sexually mature

males coexist with territorial males in these populations

(K. Tanaka, personal communication). Although the

inheritance of this polymorphism is currently unknown,

like P. sculpta, gnathiid isopods are semelparous (Upton

1987, Tanaka 2003); thus, individual lifetimes are relatively

short. In addition, the pelagic praniza larvae of gnathiids,

which are parasitic on fish (Roberts and Janovy 2005), seem

unlikely to have opportunities to detect cues predicting

their mating success until they arrive at breeding sites as

adults. Such conditions could favor Mendelian inheritance

of the adult male phenotype (although a developmental

polymorphism is also possible; see below). Experiments are

currently under way to test this hypothesis (K. Tanaka,

personal communication).

Although usually not considered in discussions of

alternative mating strategies, mating systems in whichmales
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Figure 9.9 The mating success of Paracerceis sculpta a-, b-, and

c-males in Leucetta lonangelensis spongocoels between 1983 and

1985. The average harem size of mating a-males is represented by

a*; a represents the average harem size of all a-males. (Redrawn

from Shuster and Wade 2003.)
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persist with hermaphrodites (androdioecy) or in which

females persist with hermaphrodites (gynodioecy) often

represent Mendelian polymorphisms controlling the

expression of alternative mating strategies (Charlesworth

1984, Charlesworth and Charlesworth 1987). In the clam

shrimp Eulinmadia texana, males coexist with two pheno-

typically similar, but genetically different, types of herm-

aphrodites that may self-fertilize or outcross. Sex in this

species is controlled by a single genetic locus (Sassaman and

Weeks 1993), in which a dominant allele codes for the

hermaphroditic condition (S) and a recessive allele codes for

males (s). Phenotypic males are homozygous recessives

(ss) whereas hermaphrodites may be homozygous (SS¼
monogenic) or heterozygous (Ss¼ amphigenic). Mono-

genic hermaphrodites are homozygous dominants (SS) and

produce 100% monogenic progeny when selfed (SS) or

100% amphigenic progeny when outcrossed (Ss). Amphi-

genic hermaphrodites produce mixtures of monogenic,

amphigenic, and male progeny depending on whether they

self or outcross (25% monogenics, 50% amphigenics, and

25% males when selfed; 50% amphigenics and 50% males

when outcrossed). The composition and the relative fitness

of each genotype within each population determine the

observed genotype frequencies and, despite a high fre-

quency of selfing for E. texana (inbreeding coefficients

ranging from 0.20 to 0.97: Sassaman 1989, Weeks and

Zucker 1999), androdioecy persists in nature.

Sex determination also appears to be controlled by a

simple mechanism in the notostracan Triops newberryi

(Sassaman 1991), in which the female genotype at a single

autosomal locus influences whether females produce fam-

ilies that are all-female or which consist of mixtures of males

and females. Triops and Eulimnadia species, like many other

branchiopods, inhabit temporary pools in arid regions

(Sassaman 1991, Weeks and Zucker 1999). The dormant

zygotes of these species can persist for years in a desiccated

state and are dispersed by wind and floods. Thus, as pre-

dicted above, the lifetimes of these species are short, and

conditions favoring males or hermaphrodites in newly col-

onized pools are likely to be unpredictable, with intense

selection favoring selfing or outcrossing from one habitat to

the next.

A bewildering array of mating systems appears to exist

within the caridean decapods (Bauer and VanHoy 1996,

Bauer 2000), and while many species appear to include some

form of developmental sex change (see below), the

persistence of individuals who do not change sex suggests

the existence of a Mendelian polymorphism (Roff 1996,

Lively et al. 2000). Caridean examples include protandrous

mating systems with primary males (e.g., Thor manningi:

Chace 1972, Bauer 1986; Athanas spp.: Nakashima 1987,

Gherardi and Calloni 1993), mating systems with protandric

simultaneous hermaphroditism (PSH) (e.g., Lysmata spp.

and possibly Exhippolysmata: Bauer 2000, 2002), and pro-

tandrous mating systems with primary females (e.g., Processa

edulis: Noël 1976;Crangon crangon: Boddeke et al. 1991;Argis

dentata: Fréchette et al. 1970; Pandalus: Charnov 1979, 1982,

Bergström 1997). The persistence of distinct, nonchanging

adult phenotypes in each of these mating systems strongly

suggests the existence of underlying genetic variation that is

maintained within the population by equal fitnesses among

the recognizable morphs.

9 .5 DEVELOPMENTAL STRATEGIES

Examples of developmental strategies within the Crustacea

appear to include certain copepods (Haq 1972, Stancyk and

Moreira 1988), a large number of decapods (Carpenter

1978, Kuris et al. 1987, Ra’anan and Sagi 1989, Bauer 2000,

Baeza and Bauer 2004), as well as numerous amphipods and

tanaids (Darwin 1874, Borowsky 1980, 1984, Conlan 1991,

Clark 1997, Kurdziel and Knowles 2002).

In the harpacticoid copepod Euteropina acutifrons, two

distinct male morphs coexist with females (Haq 1965, 1972,

1973, D’Apolito and Stancyk 1979, Moreira et al. 1983,

Moreira and McNamara 1984, Stancyk and Moreira 1988).

While earlier descriptions suggested that the male morphs

differed in their developmental rates (Haq 1972, 1973), later

experiments that directly examined the possible effects of

paternity and temperature on morph expression (Stancyk

and Moreira 1988) suggested that a combination of Men-

delian and developmental polymorphisms may exist in

which primary males coexist with protandrous hermaph-

rodites, a situation similar to that observed in many caridean

shrimp (Bauer 2000).

Ra’anan and Sagi (1989) described three male morphs

representing successive growth stages in freshwater prawns

(Macrobrachium rosenbergii) (see Nagamine et al. 1980). Also

in this species, Kuris et al. (1987) demonstrated that devel-

opmental trajectories among themalemorphs are determined

by feeding schedule and social interactions among individ-

uals. These authors suggested that, in fact, four morphs are

identifiable (see also Barki et al. 1992, Kurup et al. 2000) and

that dominance hierarchies among the morphs exist, wherein

removal of larger individuals induces smaller individuals to

grow and in some cases assume the morphology of the
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missing larger class. However, not all individuals responded

equally to this stimulus, as expected if males vary in their

responsiveness to social and nutritional cues (Kuris et al.

1987, Karplus et al. 2000). Such variation is characteristic of

traits with threshold expression (Box 9.4).

Other Macrobrachium species also appear to exhibit male

polymorphism (M. dayanum, M. idae, M. malcolmsonii,

M. scabriculum; reviewed in Kuris et al. 1987), and it is likely

that similar growth and social stimuli influence the fitness

and frequencies of the different male morphs, and thus the

means by which developmental switches are favored. In

M. rosenbergii, females are dimorphic as well (Harikrishnan

et al. 1999). In all of these populations, extreme sexual

dimorphism involving large size and elongated chelae inmales

suggests that competition for mates is intense (Wade and

Shuster 2004). Moreover, relatively long-lived individuals

appear to obtain information and respond appropriately with

respect to their future mating opportunities and to nutritional

and social cues during development (Kuris et al. 1987).

Populations of the same species appear to vary in the pro-

portions of individuals exhibiting different male morpholo-

gies (Karplus et al. 2000, Kurup et al. 2000). All of these

observations are consistent with quantitative genetic inherit-

ance of threshold traits (Roff 1996) (Box 9.4). Given that

freshwater prawns provide an important food source in many

countries, there is likely to be continued commercial interest

in studies identifying the degree to which developmental

programs can be manipulated, either by altered environments

or by selection on norms of reaction (Emlen 1996).

In the rock shrimp, Rhynchocinetes typus, males exhibit

three phenotypes of increasing size that evidently represent

increasing states of maturation (typus, intermedius, robustus;

Correa et al. 2000, 2003). The typusmorphotype is similar in

morphology to the female. The robustus morphotype pos-

sesses powerful chelae and elongated third maxillipeds.

During development, males undergo several intermediate

molts between these two morphs. Such males are classified

as intermedius. All three male types are sexually mature

and all three exhibit similar behavior when allowed to mate

with females in isolation. However, in competitive situa-

tions, males established size-based dominance hierarchies

(robustus> intermedius> typus), and males differed in their

rates of interaction with females and spermatophore

deposition. Subordinate males engaged in these activities

more rapidly than more dominant males.

It is unclear whether these morphs represent the same

level of specialization that appears to exist inMacrobrachium

spp. or in amphiopods with two developmentally distinct

male morphs (Kurdziel and Knowles 2002). Because typus

males appear to eventually grow into intermedius and

robustus stages, Correa et al. (2000, 2003, Correa and Thiel

2003) consider the variation observed in R. typus to be

entirely behavioral and consistent with models for condi-

tion-dependent switching of phenotypes (see below).

However, populational variation in the tendency for typus

males to follow this developmental trajectory is unknown,

and unfortunately, like other marine decapods, the presence

of planktonic larvae and prolonged juvenile development

are likely to prevent the detailed breeding experiments

necessary to identify genetic variation underlying different

male phenotypes. The tendency for typus males to display

highly specialized mating and sperm-transfer behavior

associated with their small size (Correa et al. 2003) suggests

that selection favoring this morphotype is strong. Also, the

tendency for the population frequencies of the three male

morphs to remain constant within populations and to be

variable among populations suggests an underlying devel-

opmental mechanism involving threshold inheritance

(Correa et al. 2003).

Darwin (1874) identified a male polymorphism in the

Brazilian amphipod Orchestia darwinii. In this species, adult

males possess gnathopods (chelae) that are either enlarged

or reduced in size. Darwin added “the two male forms

probably originated by some having varied in one manner

and some in another; both forms having derived certain

special, but nearly equal advantages, from their differently

shaped organs.” He also mentioned a dimorphism in Tanais

“in which the male is represented by two distinct forms,

which never graduate into each other. In the one form the

male is furnished with more numerous smelling-threads,

and in the other form with more powerful and more

elongated chelae or pincers, which serve to hold the female”

(Darwin 1874, p. 262).

Whether these dimorphisms are developmental in their

expression is unclear. However, the possibility that they are

is made credible by the detailed work of Borowsky (1984,

1985, 1989), Clark (1997), and Kurdziel and Knowles

(2002), who have documented two sexually mature male

morphs representing different growth stages in the marine

amphipods Microdeutopus gryllotalpa, Jassa falcata, and

J. marmorata. In each of these species, larger males

(“majors” or “thumbed” males) possess enlarged gnatho-

pods that are lacking in smaller males (“minors” or

“thumbless” males). Majors vigorously defend tubes

inhabited by receptive females against other majors,

whereas minors tend to travel among tubes and avoid

The expression of crustacean mating strategies 241



conflict. Similar mating systems are evidently widespread

within the Amphipoda, and sexual dimorphism involving

enlarged male gnathopods is common in taxa in which males

defend females in burrows or other cavities (Conlan 1991).

Kurdziel and Knowles (2002) demonstrated that in

J. marmorata, the polymorphism is indeed developmental,

and their results are consistent with threshold models of

quantitative trait inheritance (Roff 1996, Shuster and Wade

2003) (Box 9.4). Well-fed males tend to grow to large size

and develop enlarged gnathopods, whereas poorly fed males

do not. However, Kurdziel and Knowles’ (2002) initial

interpretation of their results (“Heritability analyses indi-

cated the reproductive phenotypes do not reflect genetic

differences between dimorphic males,” p. 1749) is suspect

given their application of a standard full-sib breeding design

to investigate broad sense heritability for male phenotype

(Falconer 1989). The probabilistic nature of threshold trait

expression (Box 9.4) makes this approach less likely to

identify a genetic component underlying male differences

than the method specifically designed to detect the herit-

ability of threshold traits (Falconer 1989, p. 300). A

reanalysis of the data of Kurdziel and Knowles (2002), or a

breeding design conducted using methodology appropriate

for such traits, could determine whether male polymorph-

ism in these and other amphipods involves threshold

inheritance.

Tendencies for individuals within populations to

undergo sex change are likely to represent a developmental

strategy that evolves when individuals regularly encounter

distortions in population sex ratio (Shuster andWade 2003).

The dynamics of sex change are well known in Pandalus

shrimp, for which much of sex allocation theory was

developed (Charnov 1979, 1982). Also, in the caridean

shrimp Lysmata wurdemanni (Bauer 2000, Baeza and Bauer

2004), individuals mature as male-phase (MP) individuals

and later change to female-phase (FP) individuals, which

possess female external morphology but retain both male

and female reproductive capacity (another example of

protandric simultaneous hermaphroditism).

To examine social mediation of sex change, Baeza and

Bauer (2004) reared MP individuals in both large and small

social groups with different sexual and size composition. As

expected, if the availability of mating opportunities for

members of each sex influenced the intensity of sexual

selection (Shuster andWade 2003), these authors found that

the speed of sex change was inversely related to the abun-

dance of FP individuals in the “large group” experiment but

the trait was less obvious in smaller groups. Baeza and Bauer

(2004) suggested that a more rapid change to the female

phase may occur when male mating opportunities are low

because the simultaneous-hermaphrodite FPs can imme-

diately reproduce as a female while maintaining male mating

capacity.

While sex allocation theory is consistent with the obser-

vations above, the theoretical framework for sex ratio

equalization almost without exception involves family selec-

tion (review:Wade et al. 2003). That is, the primary source of

selection on sex ratio derives from the fitness of females who

bias their family sex ratios toward theminority sex, relative to

that of females who either bias their family sex ratios toward

the majority sex or do not bias their family sex ratios at all.

This evolutionary process is extremely slow and is unlikely

by itself to explain the observed dynamics in sex ratio in

natural populations. Shuster and Wade (2003; see also Wade

et al. 2003) proposed that in many species undergoing sex

change, genetic polymorphisms may exist that mediate

individual abilities to either change sex or remain unchanged,

as evidently occurs in the isopod Paracerceis sculpta (Shuster

and Sassaman 1997, Shuster et al. 2001)

A simple method for investigating this possibility

involves estimating the frequency of the population that

exists as a single sex. If this fraction represents an alternative

mating strategy, then as explained above (see Eq. (B9.2.6),

Box 9.2), their fitness relative to that of hermaprodites, s,

may be used to approximate the fraction of the hermaph-

roditic population that is unsuccessful in reproducing as that

sex, p0. Thus, primary males would represent the alternative

phenotype in androdioecy and in protandrous and protandric

simultaneous hermaphroditic mating systems with primary

males. Similarly, females would represent the alternative

phenotype in gynodioecy and in protandrous mating

systems with primary females.

9 .6 BEHAVIORAL STRATEGIES

Within the Crustacea, examples of polymorphism in mating

behavior appear, as predicted, in long-lived taxa such as

stomatopods (Pseudosquilla ciliata: Hatziolos and Caldwell

1983; Gonodactylus bredini: Shuster and Caldwell 1989) and

decapods (Alpheus armatus: Knowlton 1980; Pachygrapsus

transversus: Abele et al. 1986; Homarus americanus: Cowan

1991, Cowan and Atema 1990;Uca spp.: Salmon and Hyatt

1983, Christy and Salmon 1991, Jennions and Backwell

1998; Sicyonia dorsalis: Bauer 1992; Callinectes sapidus:

Jivoff and Hines 1998; Scopimera globosa: Wada 1986, Koga

1998; Chionoecetes opilio: Moriyasu and Benhalima 1998;
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Jasus edwardsii: MacDiarmid and Butler 1999;Rhynchocinetes

typus: Correa and Thiel 2003, Correa et al. 2000, 2003).

Howevever, they also appear in shorter-lived taxa

including amphipods (Microdeutopus gryllotalpa: Borowsky

1984; Gammarus duebeni: Dick and Elmwood 1995; Jassa

marmorata: Clark 1997) and isopods (Thermosphaeroma

spp.: Shuster 1981, Jormalainen and Shuster 1999;

Paracerceis sculpta: Shuster 1992, Shuster and Arnold 2007;

Idotea baltica: Jormalainen et al. 1994). In each of these

cases, males, and often females as well, are highly mobile,

have multiple mating opportunities within their lifetimes,

and individuals can rapidly change their behavior in ways

that allow them to exploit mating opportunities as they

arise.

The underlying genetic architectures responsible for

such variability appear to be similar to those described

above for developmental strategies (Hazel et al. 1990,

Shuster and Wade 2003). That is, genetic variation under-

lying quantitative traits is expected to influence the likeli-

hood that individuals will express a particular mating

behavior. In a given situation, individuals with phenotypes

below the liability threshold express one set of mating

behavior, whereas individuals with phenotypes above this

threshold express another behavioral set (Box 9.4). In

variable situations, weak stimuli will induce few individuals

to perform mate-acquiring behavior. Strong stimuli, how-

ever, will cause most individuals to attempt to mate

(Box 9.4; see also Shuster andWade 2003). This “behavioral

threshold” hypothesis predicts differential responsiveness

to the same environmental cues among individuals within

populations due to genetic differences among males. This

hypothesis also predicts differential responses to different

cue intensities among individuals within populations, again,

due to genetic differences among males.

Behavioral strategies are expected to arise when sexual

selection favors specialized mating phenotypes, as in all of

the cases previously considered. In these polymorphisms

the relative mating success of each phenotype is predictable

within male lifetimes and the timescale for change is short;

so short, in fact, that environments may change dramatically

within minutes or seconds. Behavioral plasticity is expected

to exclude major genes and developmental plasticity as

modes of phenotypic expression when reliable cues

predicting mating success are available and mating oppor-

tunities change quickly.

Pre-copulatory mate guarding is widespread among

crustaceans (Ridley 1983, Jormalainen 1998). The explan-

ation for this tendency in many species is that molting

initiates female receptivity and chemical cues present in

female urine or present on females themselves prior to this

molt allow males to locate, guard, and inseminate females as

soon as they become receptive. Mate guarding reduces the

ability of females to mate more than once; thus, a male who

guards a female successfully fertilizes all of her ova. If a male

unsuccessfully guards his mate, or if he leaves her in search

of other females before her receptivity is complete, the

male’s fertilization success with that female will be eroded

due to matings by other males. Sperm competition as an

alternative mating strategy in crustaceans and in other taxa

is discussed in more detail in Shuster and Wade (2003; see

also Diesel 1989, Koga et al. 1993, Orensanz et al. 1995,

Jormalainen 1998).

Males in a wide range of crustacean species that engage

in mate guarding exhibit flexibility in guarding duration in

response to local sex ratios, as well as in their responses to

female body size, reproductive condition, parasitemia, and

resistance to male guarding attempts (reviews: Shuster

1981, Ridley 1983, Jormalainen 1998, Plaistow et al. 2001).

Variability in guarding duration in response to sex ratio

shows a consistent pattern in several peracarids (Jormalainen

1998). In at least five species, males tend to shorten their

average guarding durations when exposed to operational sex

ratios that are female biased (R0¼Nmales/Nfemales< 1) and

to lengthen their average guarding durations when sex ratios

are male biased (R0> 1). Such behavioral flexibility is

consistent with the hypothesis that mate guarding evolves as

an adaptation to prevent multiple mating. Flexibility in

mate-guarding behavior is evidently under strong sexual

selection because males who guard ineffectively lose fertil-

izations to other males. Thus, the expression of this

behavioral trait is consistent with the predictions of

threshold inheritance of behavioral phenotypes (Shuster

and Wade 2003).

Genetically variable characters likely to influence

behavioral lability include individual sensitivities to

crowding and to circulating hormone levels (Sagi et al. 1994,

Briceno and Eberhard 1998, Borash et al. 2000, Peckol et al.

2001, Nephew and Romero 2003). Other characters likely to

influence mating behavior may include heritable sensitiv-

ities to pheromone concentrations (Ferveur 1997, Giorgi

and Rouquier 2002), to the density of mating competitors

(Haig and Bergstrom 1995), or to the perception of mating

behavior by other individuals (Shuster 1981). In the

presence of a strong environmental cue, all but a few indi-

viduals are expected to express a modified behavioral

phenotype. Weaker cue intensity, on the other hand, may
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induce few or no individuals toward behavioral change

(e.g., Lively et al. 2000). The behavioral threshold

hypothesis, like the developmental threshold hypothesis,

predicts differential responsiveness to the same environ-

mental cues among individuals within populations. Thus,

the same female distributions that induce some males to

assume satellite behavior are expected to cause other males

to persist as territorial males, as is widely observed.

Among populations, the tendency for males to exhibit

one behavior or another is also likely to vary, leading to the

likelihood that different proportions of each population will

express the modified behavioral phenotype at any given

time. Such interpopulational variation in behavioral

expression is known to anyone studying behavior in mul-

tiple populations. The explanation for this variation is the

same as for developmental polymorphisms. The underlying

genetic basis for behavioral expression is similar to that of

most threshold characters. Moreover, observed proportions

of different morphotypes within a population depend

multiplicatively on the frequency and relative fitness of each

type. Thus, as with Mendelian and developmental poly-

morphisms, behavioral polymorphism is maintained within

a population because the average fitnesses of each phenotype

are equal.

9 .7 CONCLUSIONS

The expression, inheritance, dynamics, and persistence of

alternative mating strategies in natural populations of

crustaceans, like other strategies discussed in an evolu-

tionary context, can be investigated following well-

established principles from population genetics and, given

certain assumptions, evolutionary game theory. Alternative

mating strategies clearly evolve under intense sexual selec-

tion. Contrary to current hypotheses regarding the

importance of male genetic quality or sexual conflict

(review: Shuster and Wade 2003), this condition minimizes

the potential influence of viability selection on morph fit-

ness, making investigation of life-history differences among

males less important for understanding the persistence of

polymorphism than investigation of the intensity of sexual

selection within and among morphs (Gross 1996).

In species in which sexual selection is strong, not only

are alternative mating strategies expected to evolve, but the

evolutionary effects of sexual selection on alternative mating

phenotypes are likely to be more easily documented than for

phenotypes evolving in response to natural selection.

Because population sizes may be large and generation times

long, students of natural selection may fail to observe the

effects of selection within their own lifetimes. In contrast,

students of alternative mating strategies, because sexual

selection acts so intensely on these traits, are usually able to

observe the evolutionary effects of sexual selection in real

time in many species.

How is this possible? Characters evolving under sexual

selection, particularly polymorphic male phenotypes, are

often easily recognizable. The signature of evolutionary

change, as revealed by changes in morph frequency

resulting from differential mating success, can be readily

observed in some cases over a few days or weeks. Crust-

aceans are second only to the insects in their abundance and

diversity among arthropods. They include economically

and ecologically important species. In many major taxa, the

majority of the scientific literature addresses newly

described species (Brusca and Brusca 2004). If sexual

selection is indeed one of the most powerful evolutionary

forces known, then studies of adaptations evolving in this

context are likely to reward investigators with abundant data

and important new insights. The future is bright for con-

tinued studies in the evolution, persistence, and expression

of mating strategies, particularly among the Crustacea.
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10 · Alternative reproductive tactics in fish

MICHAEL TABORSKY

CHAPTER SUMMARY

Among vertebrates, fish show by far the greatest variability

of alternative reproductive tactics (ARTs). Usually, males

attempting to monopolize access to females or fertilizations

are parasitized by conspecific male competitors (Taborsky

1997). This is so common in fish (Mank and Avise 2006) that

it appears to be the rule rather than the exception: in fish with

external fertilization, 170 species belonging to 32 families

have been described to show ARTs (Table 10.1). Apart from

being common, ARTs in fish are also exceptionally variable.

Parasitic males exploiting the effort of conspecific competi-

tors may do so by surreptitious participation in spawning;

they may mimic females in appearance and behavior to reach

their goal; intercept approaching mates or steal eggs from

neighbors to attract mates to their nest; force copulations in

viviparous species; gain access to mates by cooperating with

their competitors; or oust a territory owner aggressively to

spawn in his nest before letting him care for their brood.

Sometimes, three or more alternative tactics may exist within

a species (Taborsky 1994, 2001, Avise et al. 2002). Our

understanding of sexual selection mechanisms and the con-

cepts underlying conventional classifications of mating pat-

terns largely ignore the existence and importance of ARTs

(Emlen and Oring 1977, Wittenberger 1979, Davies 1991,

Andersson 1994, 2005). One could argue that the way

reproductive behaviour in animals is viewed and categorized

today would be different if it had been developed on the basis

of fish reproduction instead of bird mating systems. The

existence and form of ARTs in fish is important also for

population ecology, conservation, and speciation (the latter

because of hybridization events caused by ARTs: Taborsky

1994, Wirtz 1999). In this chapter, I discuss why alternative

reproductive behaviors are so frequent in fish compared to

other taxa; how this relates to sperm competition and how

males of different types cope with it; to what extent ARTs

result from phenotypic plasticity or fixed life-history

patterns; our understanding of the origin of alternative

reproductive phenotypes and the importance of genes and

environment; how alternative mating patterns in fish may be

maintained in a population and why cooperation between

reproductive competitors may be involved; what role females

play for male alternative behaviors; and what forms of ARTs

we find in female fish. Finally, I shall discuss important

areas for future research of alternative reproductive pheno-

types in fish.

10 .1 WHY ARE ARTS SO PROMINENT

IN FISH?

There are four potential reasons why alternative reproductive

tactics (ARTs) are more frequent and more variable in male

fish than in males of other vertebrate taxa (see Table 10.1).

(1) Fertilization mechanism. The vast majority of fish

taxa show external fertilization of eggs (Breder and

Rosen 1966). This has two important consequences.

First, it is difficult for males to monopolize access to

partners or fertilizable eggs. Mate guarding is not

really an option when eggs are fertilized outside of the

female body and potential competitors can access these

eggs in a three-dimensional space. Second, external

fertilization selects for large numbers of sperm, which

in turn is a precondition for a successful role in sperm

competition. In contrast, males fertilizing eggs inside

the female will be selected to economize in gametic

expenditure (Parker 1984).

The variability of ARTs in fish also relates to their

diverse spawning patterns. In fish with external

fertilization eggs may be released in the water column

(pelagic spawning), on the ground, or on/in a substrate

(demersal or benthic spawning). With pelagic spawning,

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.
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Table 10.1. Fish species with external fertilization exhibiting alternative reproductive tactics. This table lists 46 examples of teleosts

with external fertilization and ARTs that had not been included in a previous review of the subject (Taborsky 1994). In total

(Table 1 from Taborsky 1994 and this table) there are 170 species from 32 families included

Family Species References

Acipenseridae Acipenser fulvescens Bruch and Binkowski 2002

Salmonidae Thymallus thymallus Darchambeau and Poncin 1997

Oncorhynchus masou Nikolsky 1963, Koseki and Maekawa 2000,

Yamamoto and Edo 2002, Kano et al. 2006

O. tshawytschaa Taylor 1989, Beckman and Larsen 2005

O. mykiss Liley et al. 2002, Seamons et al. 2004

Salvelinus leucomaenis Maekawa et al. 1994

S. confluentus James and Sexauer 1997

Esocidae Esox luciusb Fabricius and Gustafson 1958

Cyprinidae Clinostomus elongatesb Koster 1939

Rhinichthys atratulusb Raney 1940

Rhodeus ocellatusb Kanoh 1996

Rutilus rutilusb Wedekind 1996

Pseudorasbora parvab Maekawa et al. 1996

Gasterosteidae Spinachia spinachia Jones et al. 1998

Hypoptychus dybowskii Akagawa and Okiyama 1993, Narimatsu

and Munehara 2001

Oryziidae Oryzias latipesb Grant et al. 1995

Gadidae Gadus morhua Hutchings et al. 1999, Bekkevold et al. 2002

Serranidae Serranus tabacariusb Petersen 1995

Centrarchidae Lepomis punctatus DeWoody et al. 2000

L. marginatus Mackiewicz et al. 2002

Percidae Perca fluviatilisbb Treasurer 1981, Wirtz and Steinmann 2006

Cichlidae Ctenochromis horeib Ochi 1993

Cyathopharynx furcifer Rossiter and Yamagishi 1997

Telmatochromis temporalis Mboko and Kohda 1999, Katoh et al. 2005

T. vittatus Ota and Kohda 2006

Julidochromis ornatus Awata et al. 2005, 2006

Pomacentridae Stegastes nigricansb Karino and Nakazono 1993

Abudefduf abdominalisb Tyler 1995

Chromis chromis Picciulin et al. 2004

Labridae Thalassoma duperrey Hourigan et al. 1991

Halichoeres marginatusb Shibuno et al. 1993

Scaridae Sparisoma cretense De Girolamo et al. 1999

Pinguipedidae Parapercis snyderi Ohnishi et al. 1997

Hexagrammidae Hexagrammos otakii Munehara and Takenaka 2000

Gobiidae Gobio gobio Poncin et al. 1997

Zosterisessor ophiocephalus Mazzoldi et al. 2000

Gobius niger Mazzoldi and Rasotto 2002, Immler et al. 2004

Bathygobius fuscus Taru et al. 2002

Rhinogobius sp.a Okuda et al. 2003

Lythrypnus dallia Drilling and Grober 2005
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several males may release sperm at a time causing

scramble competition among sperm (Bekkevold et al.

2002). However, also in such seemingly egalitarian

spawning assemblages there may be differences in the

degree of investment of males in privileged access to

eggs and some sort of pair spawning (Brawn 1961,

Hutchings et al. 1999), with females benefiting from

optimal mate selection (Rudolfsen et al. 2005). A well-

known case is the spawning stations defended by males

in many reef fishes (Warner and Robertson 1978,

Warner and Hoffmann 1980, Thresher 1984). With

demersal spawning, there is enormous variation (a) in

the way eggs are fertilized, including catfish where

females drink sperm and fertilize eggs externally after

intestinal sperm passage (Kohda et al. 1995), or sculpin

in which copulation may be combined with external

fertilization (Munehara 1988, Munahara et al. 1989,

1991); and (b) in the participation of male competitors

in spawning, as well as in their alternative reproductive

behavior (see Taborsky 1994 for review); males may

either attempt to monopolize the spawning site

(bourgeois tactic: Taborsky 1997) or sneak secretly

towards it, streak rapidly into a nest or enter it boldly in

female attire (female mimicry: Barlow 1967, Dominey

1980, Goncalves et al. 1996) or as a despotic usurper

(piracy: van den Berghe 1988). Males in unfavorable

positions may even fan their sperm towards a spawning

pair (Gronell 1989).

ARTs and sperm competition do occur also in

connection with internal fertilization in fish, however

(Winge 1937, Hildemann and Wagner 1954, Darling

et al. 1980, Farr 1980a, b, Constantz 1984, Munehara

et al. 1990, Bisazza 1993, Evans et al. 2003a, Marcias-

Garcia and Saborio 2004), which shows that fertilization

mode is clearly not the only reason for the prevalence of

variable reproductive behaviors in fish. When fertiliza-

tion is internal, alternative tactics often involve a

courting type displaying to females before mating and

a coercive type forcing copulations surreptitiously by

gonopodial thrusts (Farr 1980a, b, Zimmerer 1982,

Ryan and Causey 1989). Conditions for ARTs and

adaptations of males differ at various levels between fish

species showing internal and external fertilization

(Taborsky 1998), but to my knowledge a comparative

study clarifying the importance of the fertilization mode

for the existence and evolution of ARTs in fish with

external and internal fertilization is still missing. A

group of particular interest is the seahorses and pipefish

(Syngnathidae), in which there is often internal

fertilization in the male sex (Fiedler 1954, Vincent et

al. 1992, Jones and Avise 1997a, b, 2001, Avise et al.

2002). In species with sex role reversal we should expect

that ARTs develop primarily in the female sex, as

females compete for males more than the other way

round (Berglund et al. 1989, 2005, Rosenqvist 1990,

Berglund and Rosenqvist 1993, Jones et al. 2000, 2001,

2005). However, due to their high initial investment in

gametes females gain less from employing bourgeois and

parasitic reproductive behaviors than males (see below),

so it is perhaps not surprising that female ARTs appear

not to exist in syngnathids (Vincent et al. 1992, Jones

and Avise 2001).

(2) Indeterminate growth. In contrast to homeotherm

vertebrates, the vast majority of fishes do not stop to

Hypoptychidae Hypoptychus dybowskiib Akagawa and Okiyama 1993

Blenniidae Salaria pavob Ruchon et al. 1995, Gonçalves et al. 1996, 2003

Scartella cristata Neat et al. 2003a, Mackiewicz et al. 2005

Salaria fluviatilis Neat et al. 2003b

Tripterygiidae Axoclinus nigricaudus Neat 2001

Monacanthidae Rudarius ercodesb Akagawa and Okiyama 1995, Kawase and

Nakazono 1995

a Existence of ARTs as derived from precocious maturation of a proportion of males.
b Examples included in the compilation of the number of species per family with simultaneous parasitic spawning in

Taborsky 1998 (Table 1), but without species name and references.

Table 10.1. (Cont.)

Family Species References
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grow after maturation. This has important effects on

reproduction. In the context of ARTs, the most

significant consequence is that there are often enormous

intrasexual size differences within species (Taborsky

1999). Perhaps the most impressive example is Atlantic

salmon, where anadromous males after foraging at sea

are more than 600 times heavier when reproducing than

males remaining in their natal rivers (“mature parr”:

Jones and King 1952, Jones 1959, Gage et al. 1995,

Fleming 1996, 1998, Esteve 2005). No wonder that

these males cannot compete with each other on equal

terms for the fertilization of eggs. The intrasexual size

dimorphism (ISD) is much smaller in animals with

determinate growth. In 490 species of passeriform birds

listed by Dunning (1992), for example, the largest males

of a species are on average only 19% (or 1.19 times)

heavier than their smallest male conspecifics (median:

Taborsky 1999). Apparently, no specialized parasitic

reproductive tactics occur in passerine birds. On the

contrary, in eight species of fish with ARTs from which

such data were available, comprising salmon, sunfish,

cichlids, wrasses, and the triplefin blenny, the largest

males of a species were on average 18 times heavier than

their smallest male conspecifics (range 7 to 625:

Taborsky 1999). This small sample may not be

representative, but it helps to illustrate the point. A

large ISD will select for divergence in optimal

reproductive tactics of competitors, with large individ-

uals taking advantage of monopolizing mate access

(bourgeois tactic) and small ones using surreptitious

alternatives (parasitic tactics). Of course a large ISD in a

species may not only be a cause for the evolution of

ARTs, but it will be affected by this process in turn. A

proper comparative analysis testing for the potential

influence of indeterminate growth and ISD on the

evolution of ARTs should proceed in two steps. First,

major taxa with and without indeterminate growth

should be compared with regard to ISD levels and the

occurrence of ARTs using appropriate comparative

techniques (Harvey and Pagel 1991). Second, among a

taxon with indeterminate growth, the occurrence of

ARTs should be related to the magnitude of ISD. Even

though this analysis cannot separate completely between

cause and effect (because once ARTs have evolved this

will feed back on the evolution of ISD levels), it may

give a clear hint on a potential functional relationship.

(3) Parental roles. The mode of brood care may influence

the evolution of ARTs for two reasons. First, paternal

investment is particularly frequent in fish (Blumer

1979, 1982, Clutton-Brock 1991). This opens a

potential for male competitors to exploit such invest-

ment by the performance of ARTs, similar to the

adoption of egg dumping by females, where parental

investment can be exploited in a similar way

(Andersson 1984, Tallamy 2005). To test whether

this exploitation potential may be an important

evolutionary cause of alternative reproductive pheno-

types in fish I checked brood-care patterns of the two

fish families from which the most species are known to

have specialized ARTs, cichlids and wrasses (Taborsky

1999). Of 14 cichlid species with specialized ARTs, nine

have female-only care and five are biparental; of 25

wrasses, 17 show no parental care and eight have

paternal care only. These data do not suggest a strong

influence of paternal care prevalence on the prevalence

of ARTs in fish by creating an exploitation potential for

parasitic tactics, but a proper comparative analysis is

still missing. Second, fish are much more diverse in

their brood-care behavior than other classes of verte-

brates, which may be an important cause of the great

variability of ARTs in this taxon. While in amphibians

and reptiles there is either no brood care or female care

only (with very few exceptions), in birds biparental care

prevails and in mammals we find female care only, with

some male participation in a few taxa. Fish exhibit all

possible patterns from no care to uniparental (male or

female care only), biparental, multiparental, and

alloparental care (Breder and Rosen 1966, Blumer

1982, Taborsky 1994), which may in turn influence

variability in mating patterns and ARTs. In fish we even

find the unlikely combination of internal fertilization

with paternal care (Ragland and Fischer 1987), which

may also involve ARTs (Munehara et al. 1990).

(4) Sex determination. The flexible sex determination of

fishes may be another peculiarity adding to the

variability of reproductive phenotypes found in this

taxon, though it may not be responsible for the

prevalence and evolution of ARTs in this group in

general. No other vertebrate class disposes of so many

different genetic and environmental mechanisms

of sex determination, which is reflected in the

existence of gonochorism, simultaneous and sequential

hermaphroditism, and the latter with either males

(protandry) or females (protogyny) preceding each

other (Demski 1987, Shapiro 1987, Ross 1989).

Sometimes, gonochorism and sex change coexist
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within species (Robertson et al. 1982). This flexibility

potential allows for adaptive responses of sex allocation

to environmental conditions (Warner et al. 1975,

Sunobe and Nakazono 1993, Kuwamura et al. 1994,

Devlin and Nagahama 2002, Godwin et al. 2003,

Munoz and Warner 2003, 2004, Munday et al. 2006).

The high variability of sex determination and

differentiation mechanism may also facilitate the

evolution of alternative tactics in fish (see Chapter 7).

ARTs are widespread in hermaphroditic species, both

with simultaneous (Reinboth 1962, Fischer 1980, 1986,

Petersen and Fischer 1986, 1996, Petersen 1987, 1990,

1995, Cheek et al. 2000) and sequential hermaphro-

dites (Robertson and Choat 1974, Warner et al. 1975,

Robertson and Warner 1978, Warner and Robertson

1978, Warner and Hoffman 1980, Lejeune 1987, Colin

and Bell 1991, Shibuno et al. 1993, Ohnishi et al. 1997,

Munoz and Warner 2004, Drilling and Grober 2005).

In comparison to invertebrates, ARTs in fish are char-

acterized mainly by the dichotomy between bourgeois

monopolization of reproduction and parasitic exploitation,

i.e., the producer/scrounger paradigm (Barnard 1984),

whereas in insects, for example, the alternatives often involve

“staying” versus “roving” (or “dispersing”), as mating sites

may differ for individuals performing divergent tactics (see

Chapter 8). No example comes to my mind showing a similar

ecological separation of spawning sites in fish, together with

the respective divergence in reproductive tactics employed

by alternative phenotypes. This does notmean, however, that

such cases do not exist; we have sufficient information about

reproductive patterns from only a minute proportion of the

more than 25 000 species of teleosts (<5% of described

species). The occurrence of intraspecific morph divergence

resulting from other than sexual selection processes (e.g.,

trophic niche specialization) may provide the conditions

required for the evolution of ARTs that are not based on

inter-tactic competition (see below).

10 .2 ADAPTATIONS TO SPERM

COMPETITION

The high incidence of simultaneous parasitic spawning cre-

ates an enormous potential for sperm competition in fish

(Taborsky 1994, 1998, Petersen and Warner 1998). As out-

lined above, the prevalence of external fertilization in an

aquatic environment is a precondition for this pattern. It

could be, however, that the predominant presence of sperm

competition in externally as opposed to internally fertilizing

fish is more apparent than real. In external fertilization, the

existence of sperm competition can be much more easily

observed than with internal fertilization, where matings are

temporally separated (Petersen and Warner 1998). In a

comparison of multiple mate participation between some fish

species with external and internal fertilization (the latter

including mouthbrooding cichlids), DeWoody and Avise

(2001) found evidence for greater numbers of mates in

external fertilizers, which meets our expectation. I predict

that sperm competition and multiple parentage is more

common with external fertilization in general, due to (a) the

intrinsic problem of mating monopolization (Taborsky 1994,

2001), (b) the superior possibilities of females to influence

fertilization when it is internal (Pitcher et al. 2003, Pilastro

et al. 2004), which limits the success potential of non-

preferred males, and (c) the selective advantage of sperm

economy when fertilization is internal as opposed to external

(Parker 1984).

The potential of sperm competition selects for optimal

allocation of resources in response to the risk and intensity

of sperm competition with regard to sperm production

(Parker 1990a, b, 1993, Parker and Begon 1993, Parker and

Ball 2005) and release (Shapiro et al. 1994, Parker et al.

1996, Pilastro et al. 2002, Evans et al. 2003a, Zbinden et al.

2003, 2004); sperm morphology and physiology (Parker

1984, 1993, Parker and Begon 1993, Gage et al. 1995, 2004,

Ball and Parker 1996, Stockley et al. 1997, Leach and

Montgomerie 2000, Balshine et al. 2001a, Vladic and Järvi

2001, Vladic et al. 2002, Burness et al. 2004, Snook 2005);

male morphology and physiology (de Jonge et al. 1989, Bass

1992, Brantley et al. 1993a,b, Scaggiante et al. 1999;

Taborsky 1999, Oliveira et al. 2001a-f, 2003, 2005); and

male behavior (see Taborsky 1994, 1999 for review). Table

10.2 summarizes traits influenced by sperm competition at

different levels. In general, adaptations to monopolization

(bourgeois tactic) are caused by intrasexual selection,

intersexual selection, or by both processes, whereas adap-

tations to reproductive parasitism result usually from

intrasexual selection only, as females typically either ignore

or attempt to avoid male reproductive parasites (Taborsky

1999). As resources and reserves are usually limited, allo-

cation decisions in both tactics inevitably involve trade-offs

(Snook 2005), causing for example a negative correlation

between behavioral and gonadal effort. This is probably one

reason why testes per body mass (measured by the gona-

dosomatic index, GSI) are usually larger in parasitic than in

bourgeois males (Taborsky 1994, 1998), although this
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relationship may be influenced also by different levels of

sperm competition faced by these males (Parker 1990b,

Petersen and Warner 1998) or by different options at sperm

release (distance, timing: Parker 1990a, Foote et al. 1997,

Blanchfield and Ridgway 1999, Hutchings et al. 1999, Liley

et al. 2002, Blanchfield et al. 2003, Hoysak et al. 2004, Stoltz

and Neff 2006) and effects of allometric organ growth

(Tomkins and Simmons 2002, Stoltz et al. 2005).

Ejaculates competing for fertilization may either do so on

equal terms like in a lottery (“fair raffle”), or sperm from one

or another ejaculate may have superior fertilization potential

(“loaded raffle”: Parker 1990a, Neff andWahl 2004). If more

than one male is participating in spawning, the fertilization

potential varies with potential differences in sperm (e.g.,

swimming speed: Kazakov 1981, Gage et al. 1995, 2004),

ejaculates (ejaculate size and density often differs between

tactics: Pilastro and Bisazza 1999, Schärer and Robertson

1999, Alonzo and Warner 2000a, Leach and Montgomerie

2000, Neff et al. 2003; and it may be adjusted to sperm

competition intensity and potential female fecundity: Shapiro

et al. 1994, Evans et al. 2003a, Aspbury and Gabor 2004,

Zbinden et al. 2004), or male behavior (e.g., timing and

proximity at sperm release: Gile and Ferguson 1995,

Hutchings et al. 1999, Hoysak and Liley 2001, Stoltz and

Neff 2006). In internal fertilization, mating sequence may be

an important determinant of fertilization potential (Evans

and Magurran 2001, Neff and Wahl 2004; but see Marcias-

Garcia and Saborio 2004), and post-copulatory choice of

females may add another source of nonrandom variation

(Evans et al. 2003b, Pitcher et al. 2003). It is almost inevitable

that differences in fertilization potential exist on one or the

other of these levels, even in broadcast spawners (e.g., Brawn

1961, Wedekind 1996, Hutchings et al. 1999; see Marshall et

al. 2004 for an example in marine invertebrates); therefore,

the “fair raffle” is probably nonexistent in the fertilization of

fish eggs. This has been suggested also by empirical studies

including both internal (Evans andMagurran 2001, Neff and

Wahl 2004) and external fertilizers (Vladic and Järvi 2001,

Neff et al. 2003, Hoysak et al. 2004).

It should be stressed that some of the alleged functions of

apparent adaptations to sperm competition (Table 10.2)

still need further clarification, as the functional significance

of important sperm characteristics is not well understood.

Flagellum length was assumed to relate to sperm swimming

speed (Gomendio and Roldan 1991, Ball and Parker 1996,

Stockley et al. 1997, Balshine et al. 2001a), for example, but

in the most intensively studied species, Atlantic salmon, this

is not supported (Gage et al. 1998, 2002), and adaptive

differences in sperm dimensions between bourgeois and

parasitic males were not found (Vladic et al. 2002). Evidence

for such differences between males displaying ARTs in

bluegill sunfish is controversial (Leach and Montgomerie

2000, Schulte-Hostedde and Burness 2005), and in sockeye

salmon sperm from alternative male phenotypes did not

differ in motility or fertilization propensity (Hoysak and

Liley 2001). Also, a trade-off was assumed between sperm

swimming speed and sperm longevity (Stockley et al. 1997),

but again this could not be confirmed in a study of Atlantic

salmon (Gage et al. 2002), where a trade-off between sperm

size and numbers was not confirmed either (Gage et al.

1998). In roach there is even a positive correlation between

sperm velocity and longevity (Kortet et al. 2004b). The

functional importance of sperm head dimensions is unclear,

except that a larger midpiece may relate to greater energy

reserves and high energy production (Jamieson 1991,

Lahnsteiner 2003). Sperm number has been shown to be

important for fertilization probability in bluegill sunfish

(Neff et al. 2003), but not so in Atlantic salmon (Vladic et al.

2002, Gage et al. 2004). Sperm number is a function of both

ejaculate size and density (Gage et al. 1995, Schärer and

Robertson 1999, Vladic and Järvi 2001, Liley et al. 2002,

Neff et al. 2003), which may however correlate with

each other either negatively or positively (Leach and

Montgomerie 2000, Wirtz and Steinmann 2006). In direct

ejaculate competition a numerical disadvantage of sperm of

parasitic males may be compensated for by superior sperm

quality in Atlantic salmon (Vladic and Järvi 2001, Vladic

et al. 2002, Gage et al. 2004), whereas a similar relationship

in bluegill sunfish appears to exist with opposite signs: here

bourgeois males can make up for lower ejaculate sperm

densities by their greater sperm longevity (Neff et al. 2003,

Schulte-Hostedde and Burness 2005), even though initial

sperm swimming speed is higher in parasite male sperm

(Burness et al. 2004, Schulte-Hostedde and Burness 2005).

Often, stripped volume of sperm is used as an approxima-

tion to natural ejaculate size (Gage et al. 1995, Stockley et al.

1997, Leach and Montgomerie 2000, Liley et al. 2002), but

calibration is usually missing. Overall, it seems that we need

a better understanding of the fertilization mechanisms in

fish and improved experimental scrutiny to study predic-

tions from sperm competition theory at the level of

spermatozoa (see Engqvist and Reinhold 2005).

10 .3 MAINTENANCE OF ARTS IN A

POPULATION

A fundamental question in the study of ARTs is how dis-

continuous phenotypic variation of conspecific, same-sex
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reproductive competitors is maintained in a population

(Gross 1996 ; see Chapters 1 and 2). This question may

be dealt with at three different levels (Austad 1984,

Taborsky 1998):

10.3.1 Pattern

Variation in reproductive phenotypes may result from

opportunistic responses to specific conditions, from a switch

between tactics at some stage in life, or from the occurrence of

divergent fixed patterns persisting for life (Henson and

Warner 1997, Taborsky 1998, Brockmann 2001, Rhen and

Crews 2002). All three possibilities are frequently found in

fish. The first, most flexible, pattern is represented, for

instance, by territorial neighbors taking advantage of nearby

spawning events through attempted fertilizations of eggs by

parasitic intrusions. This has been described for sticklebacks

(e.g., van den Assem 1967, Li and Owings 1978, Rowland

1979, Wootton 1984), but it occurs also in many other fish

families including suckers, sunfish, cichlids, damselfish,

parrotfish, surgeonfish, and trypterygiids (see Taborsky 1994

for review). This opportunistic and fully conditional repro-

ductive parasitism is reminiscent of extra-pair fertilizations in

birds, where territorial neighbors also perform both roles,

bourgeois and parasitic, simultaneously and depending on

momentary circumstances (Petrie and Kempenaers 1998; see

Chapter 13). In contrast to such “simultaneous” ARTs, the

most widespread pattern in fish is to make use of large body

size by monopolizing resources and access to mates, whereas

small size provides benefits for surreptitious reproductive

tactics (Gross 1984, Taborsky 1994, 1999; but see Koseki and

Maekawa 2000 and Lee and Bass 2004 for examples showing

that large reproductive parasites outcompete smaller ones).

Males of some fish species switch repeatedly back and forth

between tactics (e.g., Morris 1952, Barlow 1967, Foote and

Larkin 1988; “reversible” ARTs: see Chapter 1, Figure 1.1).

In wrasses and cichlids the largest males in a population,

which usually perform the bourgeois tactic, were found to

take over nests of conspecifics temporarily for spawning,

while leaving the respective nest owners with nest tending

and brood care thereafter (termed “piracy”: van den Berghe

1988, Mboko and Kohda 1999, Ota and Kohda 2006a, b).

In general, conditional choice of tactics in fish is usually

dependent on relative body size (Farr et al. 1986, De Jonge

and Videler 1989, Sigurjonsdottir and Gunnarson 1989,

Foote 1990, Blanchfield et al. 2003), but body condition,

prior residence, sex ratio, and population density may also

take effect (reviewed in Taborsky 1994; see also Lee 2005).

Alternatively to a purely opportunistic tactic choice,

many fish species exhibit sequential tactics changing from

parasitic to bourgeois male behavior at some stage in life

(e.g., Wirtz 1978, Warner 1982, 1984a, b, Warner and

Hoffman 1980, Magnhagen 1992, De Fraipont et al. 1993).

This ontogenetic switch pattern has a strong causal rela-

tionship to indeterminate growth as exhibited bymost fishes

(Taborsky 1999; see above), which generates age-related

size variation of reproductive competitors within each sex.

A sequential choice of tactics is not confined to species with

indeterminate growth, however, even though size depend-

ence is still of paramount importance also in species halting

growth at maturity (Constantz 1975, Farr 1980b). A similar

mechanism of size dependent tactic choice can be observed

in species with ontogenetic sex change. Here, the switch is

not from one to another reproductive tactic within a sex, but

from one sex to another (Warner et al. 1975, Shapiro 1987,

Ross 1989). The direction of switch depends on environ-

mental conditions determining which sex can benefit more

from large size (Warner et al. 1975, Munoz and Warner

2004). In sequential ART choice the direction of change is

always from parasitic to bourgeois because the latter tactic

inevitably benefits more from large size. The piracy tactic

mentioned above may appear to be an exception, but in the

cases described it appears to be an opportunistic, reversible

ART rather than a case of truly sequential tactic perform-

ance (see Ota and Kohda [2006a] for a potential exception).

In a number of fish species tactics are fixed for life

(Dominey 1980, Gross 1982, 1984, Jennings and Philipp

1992, Martin and Taborsky 1997, DeWoody et al. 2000b).

Here, conditions early in life can determine which tactic to

choose, or tactic variation depends on a genetic polymorphism

(Taborsky 1998; see below). In the first case, a threshold

mechanism depending on growth conditions may be

responsible for the tactic expressed by an individual. A

partial influence of that sort has been suggested in Atlantic

salmon (Hutchings and Myers 1994), where thresholds

may apparently vary between habitats within a population

(Aubin-Horth and Dodson 2004). In temperate species

exposed to strong seasonal variation of reproductive con-

ditions, date of birth might have a strong influence on tactic

expression (“birthdate effect”: Taborsky 1998), because in

short-lived species individuals born at different times in

the season will face different growth periods before mat-

uration (Cargnelli and Gross 1996, Pastres et al. 2002). It is

hitherto unknown, however, whether such birthdate effect

indeed determines fixed tactics, but in the Mediterranean

wrasse Symphodus ocellatus this seems likely (Alonzo et al.
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Box 10.1 Lamprologus callipterus, a cichlid fish with

fixed and flexible ARTs

Reproduction of the endemic Lake Tanganyika cichlid

Lamprologus callipterus is a paradigm for the astounding

complexity potential of ARTs in fishes. The reproductive

biology and behavior of this species is characterized by

adaptations to their peculiar breeding substrate and

pronounced conflict within and between the sexes.

(1) Breeding in shells. Lamprologus callipterus is an

obligatory “snail brooder,” which means that females

spawn exclusively in empty snail shells, preferably of

the species Neothauma tanganicense. For spawning,

females enter a shell completely where they attach

about 70 eggs to the inner wall of the shell. After

spawning they stay in the shell for 10–14 days to

guard and oxygenate the brood by frequent fanning.

They leave the shell when the fry are free-swimming,

which disperse independently from the female.

Females lose a lot of weight during brood care and

need to recover and gain weight before spawning

again at a different nest after several weeks (Sato

1994).

(2) Three ARTs within a species. Males may use three

alternative tactics to reproduce. (a) The largest males

(“nest males”) in the population defend nests

consisting of empty snail shells, which they collect

in the nest vicinity and from neighboring nests or

which they have inherited from a previous nest

owner. (b) Males of all sizes may parasitize the

reproductive effort of nest owners by sneaking or

darting into the nest when a female is spawning and

releasing sperm into the shell opening (“sneakers”).

Obviously, this is not an easy task because nest

owners attempt to keep reproductive competitors at

bay. (c) “Dwarf males,” which are on average only

2.5% the size (mass) of nest males, enter shells with

spawning females and try to wriggle past them into

the inner whorl of the shell. They remain at this safe

and privileged position and attempt to fertilize eggs

in competition with the nest owner until the female

has finished spawning (Taborsky 1998, 2001, Sato et

al. 2004) (Figure 10.1).

(3) Extreme sexual size dimorphism. Nest males are on

average more than 12 times bigger (in mass) than

females, which is the most extreme sexual size

dimorphism known among animals with males

exceeding females in size. They need to pass a

threshold size to be able to carry shells into their nest,

and shell-carrying efficiency increases with body size.

Females, on the other hand, must be small enough to

fit into shells. Their body size is strongly dependent

on the availability of shell sizes, so the size

distribution of females is apparently triggered by

shell size distribution in a population. Intersexual

selection (female choice) is not involved in the

enormous sexual size dimorphism of this species,

but large nest males benefit in competition with other

bourgeois males. Gastropod shells being the only

breeding substrate used by this species determine this

extraordinary sexual size dimorphism (Schütz and

Taborsky 2000, 2005, Schütz et al. 2006).

(4) Mating pattern, reproductive tactic, and sexual conflict

affected by breeding substrate. The nests of this

species are a unique extended phenotype that alters

the environment considerably. This also allows other

species to settle and breed in these accumulations of

shells, hence often several species share and use the

same nest. Lamprologus callipterus nest owners are

extremely haremic, with harem sizes and mating

patterns depending on shell distribution (mean harem

sizes in different populations ¼ 2.4–5.5 females,

maximum ¼ 18). When stealing shells containing a

female from another nest, nest males attempt to oust

her, which usually results in infanticide. At locations

where shells are virtually unlimited (“shell beds”),

Figure 10.1 A bourgeois (i.e., nest) male positioned with his

genital papilla over the opening of a snail shell during sperm

release. A female is depositing eggs inside the shell, while a

parasitic (i.e., dwarf) male competing for egg fertilization is

contained further inside the shell. These parasites benefit from

their privileged position close to the egg deposition site; they

succeed in sperm competition despite their absolutely smaller

testes sizes and sperm numbers. (Drawing by Barbara Taborsky.)

Alternative reproductive tactics in fish 263



2000). The second potential mechanism causing fixed

ARTs, a genetic polymorphism, has been described for

live-bearing poeciliid fishes (Zimmerer and Kallmann

1989, Ryan et al. 1990, 1992, Erbelding-Denk et al. 1994). I

should like to stress that genetic and environmental

influences on tactic expression do not exclude each other

also in fixed ARTs, which will be discussed below.

Both fixed and flexible tactics may co-occur within a

species (Box 10.1). In a West African cichlid, Pelvicachromis

pulcher, males come in two color morphs, yellow and red.

Red morph males always reproduce as bourgeois territory

owners, whereas yellow morph males may switch from a

parasitic “satellite” tactic employed within the territory

boundaries of a red morph harem-owner to a bourgeois

tactic if conditions allow (Martin and Taborsky 1997). In

the Mediterranean wrasse Symphodus ocellatus, otolith

growth data revealed that three different life-history path-

ways coexist within this species (Alonzo et al. 2000). Males

with little growth during their first year of life reproduce as

reproductive parasites throughout life.Males growing faster

during the first year may either start as reproductive para-

sites when 1 year old and switch to a bourgeois nest builder

tactic 1 year later, or they may refrain from reproduction

when 1 year old (which speeds up their growth: Taborsky

1998) and only reproduce as bourgeois nest builders when 2

years of age (Alonzo et al. 2000). It is likely that a threshold

mechanism based on size or growth speed is responsible for

the decision of males to choose one or the other tactic, but

this needs to be clarified.

10.3.2 Mechanism

To understand the origin of ARTs in a species we need to

address both ultimate (evolutionary) and proximate

(mechanistic) levels (see Chapter 1 for discussion). As with

most biological traits studied to date, proximate causes of

discontinuous ARTs involve genetic and environmental

Box 10.1 (Cont.)

males do not need to carry shells, hence they start to

defend territories at a much smaller body size and

they do not pass the size threshold for shell carrying

(Sato 1994, Sato and Gashagaza 1997, Taborsky

2001, Maan and Taborsky 2007).

(5) Fixed and conditional ARTs. Reproductive tactics in

this species are both conditional and fixed. Males

follow one of two principal life-history pathways. (a)

They may become bourgeois nest owners that

attempt to monopolize access to females by investing

in territory defense, nest building, courtship, and

defense of females and their broods. A proportion of

these males matures at a much smaller size than

required for nesting and act opportunistically as

sneakers, attempting to fertilize eggs when a nest

male is spawning. These males express a conditional

ART. (b) The second life-history pathway is

exhibited by dwarf males, which start reproducing

by their specialized wriggling tactic early in life. They

halt growth soon after maturation and remain small

for life. Their lifespan is much shorter than that of

bourgeois males. This tactic is fixed and genetically

determined by a Mendelian polymorphism (Taborsky

2001; N. Rijneveld, M. Taborsky, and S. Wirtz,

unpublished data).

(6) Strong sperm competition. Sperm competition is

intense in this species, with very diverging options

of males employing different tactics. Spawning lasts

on average between 6 and 7 hours, and DNA analyses

revealed that nest males monopolize most spawnings

successfully. However, when a dwarf male succeeds

in entering a shell and passing the female, he usually

fertilizes the majority of eggs. The relative size of the

female and shell determines whether a dwarf male is

able to obtain his privileged position in the tip of the

shell. Dwarf males invest relatively more into gonads

than nest males do. They spend considerable time

feeding in between their reproductive attempts and

their condition factor is much higher than that of

size-matched males developing into the bourgeois

male morph. Nest males release sperm several

hundred times per spawning, and both the rate of

sperm release and the number of sperm released per

bout decline towards the end of a spawning. This

suggests sperm limitation, which should take effect

particularly when a male spawns with several females

concurrently. Nest males do not take up food during

their territory tenure, which usually lasts 45 days.

During this period they lose a lot of weight, which

may ultimately urge them to take a prolonged break

to recover from their investment before starting a

new nest (Meidl 1999, Pachler 2001, Sato et al. 2004;

N. Rijneveld, T. Sato, M. Taborsky, and S. Wirtz,

unpublished data).
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components. In fish, origin of variation has been studied

extensively in salmonids (Box 10.2). In the Atlantic salmon

Salmo salar parasitic males (mature parr) grow quicker

during some period of development than their bourgeois

male conspecifics (Alm 1959, Thorpe and Morgan 1980,

Rowe and Thorpe 1990). This growth difference is already

apparent before the young start feeding, i.e., in the first 20

days after hatching (Aubin-Horth andDodson 2004), which

can be due to genetic differences or maternal effects (e.g.,

Reznick 1981, 1982, Travis 1981, Wright et al. 2004); the

Box 10.2 Salmon life history and reproductive

patterns

Atlantic salmon (Salmo salar) females dig nests in a gravel

area of a stream bed (called “redd”) where they deposit a

clutch of eggs, usually during October and November.

After spawning females bury their eggs with gravel before

moving on to dig another nest. Males do not participate in

nest digging, nor do they participate in any form of

guarding or brood care. Eggs develop slowly over the

winter and hatch in spring. The hatchlings (called

“alevins”) remain buried in the gravel for up to 5 weeks

while they absorb their large yolk sacs, before emerging at a

size of about 2.5 cm. Young salmon (called “parr” before

seaward migration) defend feeding territories in shallow

areas in the river, but in the winter they usually stay under

rocks on the bottomof a stream.Male parrmaymature at 1–

4 years of age and will then attempt to participate in

spawnings as sneakers. This holds particularly for fast-

growing males, whereas males growing slowly and all

females do not mature but instead migrate to sea in this age

range (then called “smolts”). These anadromous males and

females spend between 1 and 3 years at sea before returning

to the freshwater system where they were born.

By then, anadromous males have reached between 1

and 10 kg of weight and develop a hooked lower jaw

(“kype”), which they use in aggression mainly against

other anadromous males and mature male parr. They may

grab the latter and vigorously shake them between their

jaws, which sometimes kills them (Hutchings and Myers

1987). On the spawning grounds anadromous males

search and fight for mates which they court, with body

size being an important determinant of their success. In

contrast, parr sneakers are small and inconspicuous in

appearance and behavior (they may weigh less than 10 g,

being 1000 times lighter than bourgeois males in extreme

cases). They establish a dominance hierarchy downstream

of a courting anadromous male. From this position they

sneak under the egg-laying female or dart in to shed

sperm close to her, which results in their sperm com-

peting for fertilization with sperm from the bourgeois

anadromous male (Figure 10.2). Despite investing pro-

portionally more in testes and sperm (Vladic and Järvi

2001) male parr are more likely than anadromous males to

breed again, either prior to or following a migration to

sea. Single male parr fertilize on average about 5% of eggs

in a nest, and the proportion of eggs fertilized by male

parr increases with their relative frequency, exceeding

20% at a parr : anadromous male ratio of 20 : 1 (Hutchings

and Myers 1988). The relative frequency of mature parr

males varies between populations, sometimes exceeding

anadromous male numbers by 20 : 1.

A combination of additive genetic effects, parental life

history, and habitat quality ultimately shapes juvenile

growth rate, which together with thresholds for tactic

choice are themain determinants ofmale life-history tactics

in salmon (Garant et al. 2003, Aubin-Horth and Dodson

2004). Parr males attain successful reproduction more

likely than anadromous males due to their younger age at

maturation, but their fertilization success and number of

females they spawn with is smaller than in anadromous

males (Thomaz et al. 1997, Garant et al. 2002). The pattern

described here is representative for other salmon species as

well, with differences mainly found in semelparous species

(Koseki and Fleming 2006). For additional information on

salmon reproduction see Orton et al. 1938, Jones andOrton

1940, Jones 1959, Fleming and Gross 1994, Fleming 1996,

1998,Hendry and Stearns 2003, and references provided in

the main text).

Figure 10.2 Sketch of sperm competition in spawning salmon,

including an egg-depositing female (center), a large bourgeois

male, and three small parasitic males. (After McCart 1970.)
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only energy source of larvae is yolk during this period. A

paternal (i.e., genetic) influence on growth differences and

tactic expression in Atlantic salmon males has been dem-

onstrated repeatedly (Thorpe et al. 1983, Glebe and

Saunders 1986, Garant et al. 2002, 2003), but it is unclear

whether a maternal effect is additionally present (see Bailey

et al. 1980). This early growth and size difference in males

translates into size differences between males in the next

spring (i.e., shortly before parasitic males mature).

However, environment has a significant effect on

juvenile Atlantic salmon growth and maturation as well

(Metcalfe et al. 1988, 1989, Baum et al. 2004), which may

override effects of genetic differences (Garant et al. 2003,

Aubin-Horth and Dodson 2004). Brain gene-expression

profiles in Atlantic salmon differ between the bourgeois

male tactic and both females and parasitic males, all meas-

ured at about 1 year of age (Aubin-Horth et al. 2005a). This

supports the hypothesis that the parasitic-type males follow

the default developmental pathway, whereas bourgeois-type

males failing to reach a threshold size will suppress mat-

uration (Thorpe et al. 1998). Size thresholds responsible for

tactic expression may differ between individuals within a

population, and they can be affected by environmental

conditions (Aubin-Horth and Dodson 2004, Baum et al.

2004). Overall, these results of Atlantic salmon demonstrate

the importance of gene–environment interactions in the

determination of male reproductive tactics (Aubin-Horth

et al. 2005b; see Heath et al. 2002 for another salmon

example, Oncorhynchus tshawytscha). On the ultimate level,

this allows for local adaptations to different habitats (Riddell

et al. 1981, Verspoor and Jordan 1989, Landry and

Bernatchez 2001; see Taylor 1991 for review), which seems

of particular importance in the river systems in which

salmon live, with their high degree of habitat heterogeneity.

In other fish taxa, both environmental and genetic effects

on tactic choice have also been demonstrated, but in com-

parison to salmon information is limited. Growth and size

were found to be genetically determined in some live-bear-

ing poeciliids (Zimmerer and Kallmann 1989, Ryan et al.

1990, 1992, Erbelding-Denk et al. 1994), which also decide on

the choice of tactic: large males court females, while small

males reproduce by coerced copulations (Farr 1980a, b,

Constantz 1984, Bisazza 1993). Evidence for a genetic com-

ponent of tactic choice exists also from sunfish (Dominey

1980, Gross 1982, Neff 2004) and cichlids (Martin and

Taborsky 1997). Environmental influence on tactic expres-

sion has been found in many species: most often relative

competitive ability (Farr et al. 1986, Sigurjonsdottir and

Gunnarson 1989, Foote 1990) and population parameters

influencing the intensity of intrasexual competition

(Kodric-Brown1981, 1986) are of paramount importance, but

ecological cues like the risk of predation may affect tactic

choice as well (Godin 1995, Dill et al. 1999, Hamilton et al.

2006). As in Atlantic salmon, both genetic and environmental

effects have been demonstrated to influence ART expression

within a species (Constantz 1975, Zimmerer and Kallmann

1989, Martin and Taborsky 1997) and I expect that inter-

action between these effects is the rule rather than the

exception.

In all these cases it is unknown, however, whether and

how threshold mechanisms decide about tactic expression,

even though it is very likely that size- and growth-related

threshold mechanisms are of fundamental importance. Size

variation of mature fish is usually large because of indeter-

minate growth (see above), and arguably, size is the most

important determinant of the relative success of alternative

tactics in reproductive competition (Taborsky 1999). If tactic

expression is based on threshold mechanisms, the evolution

of traits and reaction norms in different tactics is partly

uncoupled, which greatly facilitates divergence in ART

evolution (West-Eberhard 1989, 20 03 ; see also Chapter 5).

10.3.3 Evolution

On the ultimate level, we can distinguish between ARTs

resulting from diverging conditions to individuals in a

population (e.g., superior versus “best of a bad job” tactics:

Dawkins 1980; see Hazel et al. 1990), and those in which

individuals are not constrained by quality differences but

are selected to take one or the other alternative, dependent

on crucial extrinsic variables like prevailing tactic frequency

in the population, or environmental and social parameters

(Shuster and Wade 2003). In this latter case frequency

dependent selection will cause equal average pay-offs of

tactics (Gadgil 1972, Shuster and Wade 1991, Ryan et al.

1992 , Hutchings and Myers 1994; see Chapter 2).

As outlined above, the usual pattern of fish ARTs is

exploitation of reproductive effort of bourgeois males by

same-sex competitors that are either inferior in competitive

ability (sneakers, satellites) or using favorable conditions

opportunistically (territorial neighbors, pirates). In any

case, they save the costs of prezygotic (courtship, nest

building, competitor exclusion) and postzygotic (guarding,

brood care) investment shown by bourgeois males

(Taborsky 1994). Usually, the reproductive success of

parasitic males has been estimated to be inferior to that of
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bourgeois conspecifics, despite the frequently expected fit-

ness equality. Often, however, these estimates were based on

inadequate measures like numbers of spawnings divided by

the number of competitors in cases where more than one male

was observed to participate in a spawning, which does not tell

us too much about actual fertilizations achieved because of the

important effects of position, timing, ejaculate size, and sperm

quality (see Taborsky 1994 for discussion). Male wrasses, for

example, were found to adjust their ejaculate size to the

numbers of males participating in spawning (Shapiro et al.

1994). Sperm quality has been found to differ between males

performing different tactics (De Fraipont et al. 1993, Gage

et al. 1995, 2004, Uglem et al. 2001, Vladic and Järvi 2001,

Neff et al. 2003), and the same is true for ejaculate size and

density (Schärer and Robertson 1999, Alonzo and Warner

2000a, Leach and Montgomerie 2000, Vladic and Järvi 2001,

Vladic et al. 2002, Neff et al. 2003).

A better measure of relative male success can be obtained

by genotyping young together with potential sires. The

problem here is that genetic information should exist from

all participants at a spawning to obtain a reliable estimate.

This is rarely the case, as reproductive parasites are usually

furtive, quick, and hard to get hold of. Therefore, often

genetic information exists only from young and the bour-

geois male guarding them. Nevertheless, parentage recon-

struction on the basis ofDNAmarkers provides very valuable

estimates on relative success rates of males. Reviewing the

literature, DeWoody and Avise (2001) and Avise et al. (2002)

reported that in 11 such cases including sunfish, largemouth

bass, sticklebacks, sand goby, darters, and mottled sculpin,

between 2% and 21% of offspring (mean 11.8%) were not

sired by the nest-tending male. It is not known, however,

how much of these proportions were due to reproductive

parasitism by simultaneous parasitic spawning (SPS), and

how much was due to other causes of paternity variation,

such as nest take-overs and egg stealing (Constantz 1985,

Sargent 1989, Rico et al. 1992, Jones et al. 1998). For a sample

of 13 species (same as above plus Atlantic salmon and brown

trout) genetic evidence suggests a spawning participation of

reproductive parasites in almost one-third of nests (mean ¼
31.1%, range 0–100%; calculated from tables in DeWoody

and Avise 2001, Avise et al. 2002).

Detailed knowledge about the relative reproductive

success of bourgeois and parasitic males due to the appli-

cation of genetic markers exists in bluegill sunfish Lepomis

macrochirus, where individual parasitic sneakers were found

to fertilize on average 89% of eggs and parasitic satellite

males 67% of eggs when participating in spawning (Fu et al.

2001). However, SPS occurs only in 10.3% of spawnings,

therefore the bourgeois nest males still appear to have the

highest fertilization success (79% on average: Neff 2001).

Satellites have probably a higher overall reproductive

success than sneakers, because they have access to many

more matings (Gross 1982). In Atlantic salmon, relative

male success under sperm competition was found to vary

with (experimental) conditions (Mjolnerod et al. 1998,

Taggart et al. 2001, Jones and Hutchings 2002). Individual

parasitic males fertilized between 1.2% and 26% of eggs in a

nest (Hutchings and Myers 1988, Thomaz et al. 1997, Jones

and Hutchings 2002). Estimates derived from a seminatural

experimental set-up with competition between four bourgeois

and 20 parasitic males suggests that the former are about 13

timesmore successful (Jones andHutchings 2002). It has been

assumed that this difference is even more pronounced in

nature, because more parasitic males are often participating,

and individual success of parasites declineswith their number.

The total success of parasitic spawnings at a nest was found to

vary between 5% and 90% in eight studies of Atlantic salmon,

depending on the number of competitors and environmental

conditions (see Jordan and Youngson 1992, Avise et al. 2002,

Jones and Hutchings 2002).

Specific adaptations exist in reproductive parasites to

cope with the high levels of sperm competition they face (see

above). In Atlantic salmon this includes sperm flagellum

structure, ATP content (Vladic and Järvi 2001, Vladic et al.

2002), and sperm performance (especially swimming speed:

Gage et al. 2004; also in bluegill sunfish: Burness et al. 2004).

An artificial fertilization experiment with standardized

ejaculate sizes suggested a higher fertilization efficiency of

sneaker sperm than bourgeois male sperm (Vladic et al.

2002), and in another salmonid, Arctic charr Salvelinus

alpinus, sperm of subordinate males produced more off-

spring than that of dominant males, probably due also to a

higher fertilization success (Figenschou et al. 2007). In

bluegill sunfish young sired by parasitic males showed

higher growth rates and survival probabilities when exposed

to their major predator (Neff 2004), suggesting that fitness

differences between offspring may additionally compensate

for differences in fertilization success.

These apparent adaptations of parasitic males on the

gametic level may somewhat compensate for their inferior

role at spawning, which is caused by the behavioral

monopolization of bourgeois competitors. But how does this

affect the balance of lifetime reproductive success to be

expected by males performing different tactics? Clearly,

snapshot appraisals of relative parentage at competitive
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spawnings will not yield sensible estimates of relative

lifetime fitnesses. Using age-specific survival data from

the field and strategy-specific fertilization data from the

laboratory, Hutchings andMyers (1994) estimated the fitness

associated with parasitic and bourgeois male tactics in

Atlantic salmon. They proposed a mechanism involving

polygenic thresholds of age at maturity, which is a largely

environmentally controlled trait, to generate evolutionarily

stable equilibrium frequencies between ARTs. In their

threshold model they found that the equilibrium point

between parasitic and bourgeois male frequencies depended

strongly on age at maturity and hence growth rates, leading to

higher expected equilibrium frequencies of parasitic males

the lower the age at maturity (i.e., the faster they grow)

(Figure 10.3). Bourgeois male success varied little with

changing frequencies of parasitic males, while the latter’s

success depended strongly on their relative frequencies, as

predicted. In general, parasitic males achieve large fitness

gains by maturing early and thereby reducing pre-maturity

mortality, despite fertilizing relatively few eggs. The model

predicted that frequency-dependent selection maintains an

evolutionary stable continuum of tactic frequencies through

selection on growth rate thresholds for parasitic male mat-

uration, with the incidence of parasitic male maturity and

body size fitting a normal cumulative density function (see

also Hazel et al. 1990). This has been confirmed in a New-

foundland population of Atlantic salmon (Hutchings and

Myers 1994). This informed model of Atlantic salmon tactics

makes a number of predictions that have not yet been tested

experimentally. A straightforward test would be to check for

the influence of experimentally varied growth rates on

relative tactic frequencies, for example, which could test the

predictions on a quantitative level.

The search for equilibrium frequencies of ARTs is

difficult particularly because (1) the probability of reach-

ing maturity, (2) the average reproductive rate, and (3) the

length of the reproductive lifespan of males performing

alternative tactics are usually all hard to measure. In live-

bearing swordtails Xiphophorus nigrensis Ryan et al. (1992)

tested the prediction of equal fitnesses by estimating

mating success and survival of parasitic and courting

males. In this species, a genetic polymorphism with three

alleles located at a single Y-chromosome locus are held

responsible for the expression of male reproductive tactics.

Therefore, the coexistence of ARTs should involve

equivalent fitness expectations of different male types that

are stabilized by frequency dependent selection. Indeed,

the fitnesses did not differ significantly between male

types, but the assumption of frequency-dependent

selection has not yet been tested.

The relative fitness expectations of specialized

reproductive competitors are influenced by a variety of

traits reflecting an “arms race” of adaptations and counter-

adaptations between bourgeois and parasitic males, resem-

bling the situation in interspecific host–parasite interactions

(Davies 1989). These traits are not confined to the level of

competitive behavior before and during spawning, or to the

morphology, physiology, and performance of gonads,

ejaculates, and spermatozoa. Neff (2003) found that bour-

geois males in bluegill sunfish differentiate between eggs

fertilized by them or by parasitic males. They reduce brood

care at the egg and larval stages with increasing proportions

of parasitized fertilizations, based on the visual presence of

parasitic male during spawning and distinguishing between

own and foreign offspring by chemical cues (Neff and

Sherman 2005). A similar influence of paternity on the pro-

pensity of nest males to protect a brood was demonstrated

experimentally in the Lake Tanganyika cichlid Lamprologus

callipterus (M.E.Maan andM. Taborsky, unpublished data),

suggesting that such discrimination of brood-caring males

might be widespread. This will again shift the balance

between the pay-offs of parasitic and bourgeois tactics and

may therefore influence the equilibrium point of tactic

frequencies, which clearly illustrates the complexity

involved when attempting to obtain reliable fitness meas-

ures of ARTs in fish.

In addition to the conventional bourgeois–parasite

paradigm as extensively discussed here other divergent

reproductive niches may also exist for conspecific, same-sex

competitors in fish reproduction. For example, when

reproductive habitats differ discontinuously (see Chapter 2),

or when competitors differ in important features due to

natural selection on other or more general traits (e.g., body

size: Pigeon et al. 1997, Lu and Bernatchez 1999, Jonsson

and Jonsson 2001, Trudel et al. 2001, Snorrason and

Skúlason 2004). Trophic morphs have been described in

several fish species (e.g., Sage and Selander 1975, Turner

and Grosse 1980, Meyer 1987, Robinson and Wilson 1994),

but it is yet unclear how such morph polymorphisms

affect reproductive tactics and how in turn reproduction

feeds back on phenotype variation (Parker et al. 2001).

Alternative tactics may also exist in the context of mate

choice (Kawase and Nakazono 1996). When female peacock

wrasse (Symphodus tinca), for example, cannot spawn with

preferred nest males, they spawn with males that do not

provide paternal care outside of territories, where egg
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Figure 10.3 Jeffrey Hutchings and Ransom Myers modeled the

lifetime fitness expectancies for bourgeois (i.e., anadromous; solid

lines) and parasitic (i.e., mature parr; dashed lines) Atlantic salmon

males based on data collected in Newfoundland. They found that

the fitness of both male types depended strongly on the assumed age

at maturity (note the heights of both curves dropping from the top to

the bottom figures; these figures assume decision points increasing

from 1.5 to 4.5 years of age). In addition, the Darwinian fitness of

the parasitic male type was strongly affected by their frequency,

while the fitness of bourgeois males was largely unaffected.

Equilibrium frequencies of parasitic males (i.e., where fitness lines

cross, denoted by black triangles) declined with “decision age at

maturity.” This probably causes parasitic males to start to

reproduce after only 1 year and bourgeois males, which migrate and

spend at least a year at sea, to start to reproduce only 3 years after

that point. (FromHutchings andMyers 1994, with kind permission

of Springer Science and Business Media.)
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survival is much lower (Warner et al. 1995). Throughout

the season female preference for one or the other type of

spawning varies, which may also result from intrasexual

competition. In many other cases of choice variation it is

unclear, however, whether and to what extent the observed

variation depends on intrasexual competition (Warner 1987,

Henson and Warner 1997, Alonzo and Warner 2000c; see

Chapter 18).

10 .4 COOPERATION AS AN ART

In many fish species reproductive competitors cooperate to

obtain fertilizations (Taborsky 1987, 1994, 2001). This may

seem strange at first glance, but if the fitness benefits of

investment in cooperating with a competitor outweigh the

costs, such effort can be favored by natural selection.

Cooperative behavior offered by reproductive parasites to

bourgeois competitors, for example, can be a means to

reduce the costs of competition, in order to provide

incentives for tolerance by the bourgeois resource holders.

The reproductive access, effort, and success of cooperating

competitors may be skewed to various degrees (Taborsky

1999, 2001), depending on the stage in reproduction at

which collaboration occurs.

10.4.1 Skew in access to matings

Sometimes male competitors may not differ greatly in their

abilities to obtain fertilizations, or theymay need to cooperate

obligatorily to reproduce. Striking examples of this pattern

include the North American suckers (Catostomidae) by

default spawning in trios (Reighard 1920, Page and Johnston

1990, Taborsky 1994). Twomales bearing breeding tubercles

that roughen their body surface adjoin a female on either side

and press against her flanks, which leads to simultaneous

release of gametes of all three partners. Six hypotheses have

been proposed to explain this apparently symmetric

cooperative spawning pattern (Taborsky 1994), but up to

now they remain untested. Joint spawning of two or more

males without apparent asymmetries and aggression between

themhas been observed also in other freshwater fishes such as

lake trout (Salvelinus namaycush: Royce 1951) and yellowfin

shiner (Notropis lutipinnis: Wallin 1989).

Usually, however, there are asymmetries between

competitors for fertilizations, which cause systematic

differences in access: some individuals may have privileged

access due to differences in quality or conditions, while

others may need to find alternative ways to compete for

reproduction. This has been described extensively above,

where bourgeois and parasitic tactics were discussed. One

way to overcome competitive shortcomings for males is to

cooperate with bourgeois partners, if these accept such a

relationship or at least do not prevent it. For this to happen,

there are two principle possibilities: bourgeois males may

either benefit from such cooperation:
bcoop>ccoop;

i.e., their fitness benefits of cooperation (b) exceed the costs

(c), as is the case in mutualistic relationships; or, if

cooperation does not pay for bourgeois males, they may be

either physically unable to expel the satellite (Yanagisawa

1987), or the costs of expulsion may surpass its benefits

(Kodric-Brown 1977). So bourgeois males will tolerate

satellites if for them
bcoop < ccoop; cexp=bexp > 1:

In this case, not both partners benefit from such apparent

cooperation, so on the functional level the relationship can

be regarded as parasitic rather than mutualistic. A third

possibility would be that one individual would force a

partner to cooperate (Tebbich et al. 1996), but I do not know

of any example from fish reproduction where this seems to

be a likely explanation.

Examples where bourgeois males tolerate the presence of

competitors, which are usually called “satellites,” are

widespread in fishes. In the literature, cases have been

described from at least 22 species belonging to ten different

families (Taborsky 1994). Satellites may join in territory

defence (e.g., in the cichlid Sarotherodon alcalicus: Albrecht

1968; and in the wrasses Symphodus ocellatus, S. roissali, and

S. tinca: Lejeune 1985, Taborsky et al. 1987), nest building

(e.g., in the cyprinids river chub Nocomis micropogon:

Reighard 1943; and bluehead chub N. leptocephalus: Wallin

1989), courtship (e.g., in the greenside darter Etheostoma

blennioides: Fahy 1954; and in the river redhorseMosostoma

carinatum: Hackney et al. 1967), and brood care (e.g., in the

cichlids Pelvicachromis pulcher: Martin and Taborsky 1997;

and Julidochromis ornatus: Heg and Bachar 2006). Satellite

males often behave submissively towards bourgeois males

(e.g., in the ostraciid Lactoria fornasini: Moyer 1979; and in

the wrasse Symphodus ocellatus: Taborsky et al. 1987), and

the latter may even court satellites (e.g., in the wrasse Coris

julis: Lejeune 1985), which suggests that their presence is

beneficial to the territory owners.

Satellite and bourgeois males may or may not have dif-

ferent life-history trajectories (Martin and Taborsky 1997,
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Alonzo et al. 2000, Uglem et al. 2000, Taborsky 2001).

In several cichlids with long-term pair bonds, males

(Pelvicachromis pulcher: Martin and Taborsky 1997) or

members of both sexes may be tolerated and share in repro-

duction with the territory owners (Neolamprologus brichardi/

N. pulcher: Taborsky 1984, 1985, Dierkes et al. 1999, Heg

et al. 2006; N. multifasciatus: Kohler 1998, Taborsky 2001;

N. savoryi: Heg et al. 2005; Julidochromis marlieri: Yamagishi

1988, Taborsky 1994; J. ornatus: Awata et al. 2005, Heg and

Bachar 2006). Such relationships may persist for much longer

than for the production of one brood, and they may be

characterized by a very high degree of philopatry of

subordinate “helpers” (Taborsky andLimberger 1981, Awata

et al. 2005, Dierkes et al. 2005), even if a switch of the latter

between groups may occur (Stiver et al. 2004, Bergmüller et

al. 2005a, Heg and Bachar 2006). Relatedness between

dominant breeders and subordinate helpers that compete for

reproduction in such groups has been shown to be typically

low (Kohler 1998, Awata et al. 2005, Dierkes et al. 2005).

10.4.2 Skew in behavioral effort

When competitors do not differ strongly in their competi-

tive abilities, they may share courtship, defense and nest

building fairly equally, as in lake trout (Salvelinus namay-

cush: Royce 1951), greenside darter (Etheostoma blennioides:

Fahy 1954), bluehead chub (Nocomis leptocephalus: Wallin

1989), or the river redhorse (Moxostoma carinatum: Hackney

et al. 1967, Page and Johnston 1990). More often, bourgeois

males spend much more effort than satellites or helpers, and

the latter engage only in certain duties such as defense

against other males (e.g., in the wrasse Halichoeres maculi-

pinna: Thresher 1979; and in the blenny Parablennius

sanguinolentus: Santos 1985, Oliveira et al. 2002a). In some

species, however, the defense effort of satellite males or

helpers may exceed that of territory owners (Neolamprologus

brichardi/N. pulcher: Taborsky et al. 1986; Symphodus

ocellatus: Taborsky et al. 1987; Pelvicachromis pulcher:

Martin and Taborsky 1997). When territory maintenance

and brood care is shown by helpers as well (Taborsky and

Limberger 1981, Taborsky 1984), it may exceed the effort of

dominant male breeders (Kohler 1998, Taborsky and

Grantner 1998), but relatedness between group members

may influence the effort of helpers (Stiver et al. 2005).

In the Lake Tanganyika cichlid Neolamprologus pulcher it

has been shown experimentally that subordinate group

members of both sexes pay to be allowed to stay in the ter-

ritory (Balshine-Earn et al. 1998, Bergmüller and Taborsky

2005, Bergmüller et al. 2005b). Male helpers in this species

often, and females sometimes, participate in spawning

(Taborsky 1985, Dierkes et al. 1999), i.e., they are repro-

ductive competitors of the dominant territory owners. The

situationmay be similar inN.multifasciatus (Kohler 1998) and

Julidochromis ornatus (Awata et al. 2005, 2006,Heg and Bachar

2006), but pay-to-stay has not been tested in these two species.

10.4.3 Skew in reproductive success

At the level of genetic fitness, behavior that may appear to

be of mutual benefit may turn out to be neutral or even

harmful to one of the cooperating partners. For instance,

interactions of satellite males with females that are ready to

spawn in the wrasse Symphodus ocellatus look like “herding

in,” but actually reduce the chances that a female will visit a

nest (Taborsky 1994). A positive relationship between the

presence of satellites and bourgeois male success was found

both in Mediterranean wrasses (Symphodus ocellatus:

Taborsky 2001) and in Azorean rock-pool blennies

(Parablennius sanguinolentus parvicornis: Oliveira et al. 2002a),

which are two cases of temporary cooperation during

spawning between nonrelatives. This may indicate that

bourgeois males benefit from the presence and activities of

satellites, but alternatively it might simply reflect the greater

attractiveness of successful nests to potential satellites. Only

experiments can distinguish between these two possibilities.

In more stable associations between cooperators, greater

reproductive success of breeders with helpers than without

has been demonstrated in cichlids. In Neolamprologus

pulcher, females with helpers lay more eggs (Taborsky 1984)

because of energy saving (Taborsky and Grantner 1998,

Balshine et al. 2001b), and young survive better when

helpers are present, as shown by field experiments (Brouwer

et al. 2005). In the West African cichlid Pelvicachromis

pulcher, harem males with helpers sired and produced more

offspring with their male helpers than pair males lacking

them (Martin and Taborsky 1997). This is apparently not

the case in Julidochromis ornatus, where a tendency was

found that more young are produced when a helper (mostly

male) is present, but nearly half of the young produced are

sired by male helpers (Awata et al. 2005).

When comparing reproductive success between male

tactics, a similar picture emerges in cooperative relationships

as in purely parasitic ones. In general, it seems that the males

showing more reproductive effort, i.e., the bourgeois

competitors, are more successful in reproductive competition

than males performing alternative tactics. This does not

Alternative reproductive tactics in fish 271



mean, however, that their average lifetime fitness will exceed

that of satellite or helper males. Let us first consider

cooperative breeders, where performing the helper tactic is a

transient stage during life; both roles are performed by the

same type of males, so there is no point in searching for

differences in lifetime reproductive success (Taborsky 1984,

1985, 1994). At any given instance of competition for

fertilizations, however, bourgeois males apparently get the

greater share, as is predicted by reproductive skew theory

assuming dominance inequalities between group members

(Vehrencamp 1983, Keller and Reeve 1994, Clutton-Brock

1998, Reeve et al. 1998, Cant and Johnstone 2000, Johnstone

2000, Cant 2006). In Neolamprologus pulcher, individual male

helpers may fertilize up to 36% of eggs of a clutch, but their

average contribution is much lower (Dierkes et al. 1999, Heg

et al. 2006). In Pelvicachromis pulcher, dominant male satellites

obtained 29% of the fertilizations of clutches spawned with

the haremmales they were supporting, while second and third

satellites in the hierarchy obtained only 14% and 5% of

fertilizations of a clutch, respectively (Martin and Taborsky

1997). In the cooperatively breeding cichlid Julidochromis

ornatus, male helpers sired on average 44% of offspring,

which was not significantly different from the fertilization

success of bourgeois territory owners (Awata et al. 2005).

The second possibility is that cooperation occurs

betweenmales performing different tactics throughout their

lifetimes. This has been observed in the Mediterranean

wrasse Symphodus ocellatus, where satellites may either

belong to a male type with retarded growth that remains

parasitic for life, or to a type that is large enough to behave

as satellites already in their first year, but switch to the

bourgeois tactic in their second reproductive season (Alonzo

et al. 2000). Here the rate of fertilization attempts of indi-

vidual satellites is only about 20% of that of bourgeois nest

males (Taborsky et al. 1987), but the fertilization success

and hence reproductive success still needs to be clarified

with the help of genetic markers (N. Basieux and M.

Taborsky, unpublished data). Due to this lack of infor-

mation lifetime reproductive success cannot be compared

between both types of males at the present stage.

10 .5 THE ROLE OF FEMALE

BEHAVIOR IN MALE ARTS

In species with external fertilization, the possibilities for

females to exercise a mating preference are somewhat

limited because of the omnipresent risk that nonpreferred

males may participate in spawning. Still, females can

influence the probability that their eggs will be fertilized by

a particular mate or by males of a particular type in two

ways: (1) they may approach preferred partners for

spawning and avoid nonpreferred ones, and (2) they may

decide to spawn with a preferred partner even though there

is the risk that nonpreferred males may participate in a

spawning. In general, females prefer to spawn with bour-

geois rather than parasitic males (e.g., Salvelinus alpinus:

Sigurjonsdottir and Gunnarsson 1989; Hypoptychus

dybowskii: Akagawa and Okiyama 1993; see Taborsky 1994

for examples of 12 more species belonging to eight teleost

families), and a similar preference seems to prevail also in

fish with internal fertilization (Farr 1980a, b, Bisazza 1993).

As will be outlined below, such preference may depend on

selection for genetic quality (“good-genes” benefits:

Taborsky 1999) or on discriminating brood care behavior of

bourgeois males, and it may be influenced by fertilization

probabilities in case of sperm limitation, by assessment costs

and abilities of females, and by intersexual conflict and the

costs entailed on females through interactions with males. It

is important to stress here that female choice patterns can

strongly influence the evolution and equilibrium frequen-

cies of male ARTs (Alonzo and Warner 2000b, Luttbeg

2004), even if choice is not tactic-specific but focused on

some other parameter, such as male size or age (Henson and

Warner 1997). Also, females may accept multiple matings

because of various benefits (Evans and Magurran 2000).

In some species females refuse to spawn even with their

preferred type of males, if males of the nonpreferred type

are around. In the Mediterranean wrasse Symphodus

ocellatus, the same courtship behavior shown by different

types of males has opposite effects on the spawning pro-

pensity of females. When bourgeois nest males approach

females in the nest vicinity and show “contact following,”

the contacted females enter the nest with greater likelihood,

which often leads to spawning; but they are more likely to

leave the nest area when the same behavior is performed by

satellite or sneaker males, so in these males this behavior has

a repelling rather than attracting function (Taborsky 1994).

In this species and in the congener S. tinca, removal of

parasitic males around focus nests increased spawning rates

of females in these nests 3–8 times (van den Berghe et al.

1989, Wernerus 1989, Alonzo and Warner 2000c). This is

particularly interesting as assumed fertilization rates, egg

mortalities, and the quality of subsequent paternal care did

not differ whether or not parasitic males participated in

spawning (van den Berghe et al. 1989). Bourgeois and

sneaker males in this species follow different life-history
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trajectories (Alonzo et al. 2000), however, which may relate

to quality differences between them (Taborsky 1998).

In contrast to this general pattern of female preference

for fertilization by bourgeois males, in particular cases

females seem to be indifferent (Gross 1991a) or may even

show a spawning preference for bourgeois males that are

likely to be parasitized by other males at spawning. Female

European bitterling Rodeus sericeus deposit eggs onto the

gills of freshwater mussels, where they are well aerated

during embryonic development (Reynolds et al. 1997).

Bourgeois males guard territories around living mussels and

court females. Parasitic spawning occurs frequently, both

by nonterritorial floaters and bourgeois neighbors (Smith

et al. 2004). Experiments revealed that females spawn

preferentially at territories when parasitic males are nearby

(Candolin and Reynolds 2002, Smith and Reichard 2005).

This is apparently an adaptive female decision, because the

proportion of eggs fertilized increases with the number of

ejaculations performed shortly before and after egg depos-

ition, and more ejaculations occur when more than one male

is participating in spawning (Smith and Reichard 2005).

This hints at sperm limitation for females which might be a

result of a modulation of ejaculate investment by males

(Wedell et al. 2002). Interestingly, in bitterling there are two

forces acting against female preference to spawn when

participation of parasitic males is likely. First, territorial

males lead females preferentially to mussels where no

parasites have released sperm before, even if the quality of

these mussels is low (Smith et al. 2002). Second, higher

male intrusion rates cause more territorial aggression by

bourgeois owners, which in turn reduces the female

propensity to spawn in these territories (Candolin and

Reynolds 2002). In an experiment, the number of unsuc-

cessful spawning attempts significantly increased with higher

local male density, with females ceasing to spawn as males

interrupted courtship to engage in aggressive attacks against

rivals (Reichard et al. 2004b). At very high male densities

territoriality collapses and many males participate in each

spawning, with the effect that females are able to spawn with

fewer courtship interruptions (Reichard et al. 2004b).

A similar female preference for spawning when parasitic

males participate in fertilizations was suggested for bluegill

sunfish, Lepomis macrochirus. Here, females were found to

release about three times more eggs when parasitic males

participated in spawning than when they were spawning

with the territory owner alone (Fu et al. 2001). This study

did not allow one to distinguish, however, whether this

relationship was due to females adjusting egg deposition to

parasite participation, or whether causality worked in the

opposite direction, i.e., more parasitic males joined in

spawning when females increased egg-deposition

frequency. More recent results suggest that female choice in

this species is probably more complex than initially thought.

The quality of offspring sired by parasitic males is appar-

ently greater than that of bourgeois males, as revealed by a

comparison of maternal half-siblings sired in vitro: parasite

male offspring grew faster and to a larger size than bourgeois

male offspring while feeding endogenously on their yolk sac

(Neff 2004). Nest males exhibit increased levels of brood

care, however, when the proportion of parasite offspring in

their nests is lower, as assessed by the visual presence of

parasitic males during spawning and olfactory cues released

by newly hatched eggs (Neff 2003, Neff and Sherman

2005). Probably for the latter reason, females classified as

being of higher quality (based on a combined measure of

their condition index, parasite load, and a fluctuating

asymmetry score) spawned preferably in nests with lower

parasite male paternity (see Chapter 17). There was a

positive relationship between female quality and the

paternal care their offspring received, and larger females

preferred to spawn with higher-quality bourgeois males. So

in effect, the mate choice pattern of bluegill sunfish females

seems to follow the conventional paradigm of bourgeois

male preference. This seems to run against female interests

at the level of offspring quality, but it is a concession to the

bourgeois male brood care response to the level of parasit-

ized fertilizations. Hence it may be viewed as a consequence

of an intersexual conflict where the bourgeois male’s fitness

interests prevail.

In salmon offspring of parasitic males also grow faster

than those of bourgeois conspecifics (Alm 1959, Thorpe and

Morgan 1980, Garant et al. 2002, Aubin-Horth and Dodson

2004). Faster growth leads to earlier maturation, which

often results in a reduced mortality risk up to the start of

reproduction (Hager and Noble 1976, Clarke and Blackburn

1994, Garant et al. 2002, Aubin-Horth et al. 2005c; see

Sogard 1997 for review). This may suggest that salmon

females should spawn preferentially with parasitic males,

especially when bourgeois males do not contribute to nest

preparation or brood care. This hypothesis was tested in

Pacific coho salmon, Oncorhynchus kisutch (Watters 2005).

Indeed, females held the oviposition posture longer when

parasitic males were present at spawning, and they tended to

show more nest digging when only a parasitic male was

nearby than when bourgeois males attended as well (how-

ever, the sample size was only five here and the statistical
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analysis used was based on assumptions that cannot be

tested); both results may be regarded as evidence for female

choice of parasitic males (Watters 2005). There are

alternative possibilities to explain these results, however.

The longer spawning duration might have been caused by

disturbance during spawning when parasitic males inter-

fere. It is unknown how this prolonged oviposition posture

relates to the number of deposited eggs, as egg number was

not determined. The alleged preference to dig when only a

parasitic male is present – if confirmed with a larger sample

size – cannot be explained easily if alternative behaviors

shown by females and their total time budget are unknown.

In contrast to the interpretation of female preference

towards parasitic males, there is indeed evidence for female

preference of bourgeois males; (1) only one female mated

with a lone parasitic male, whereas six females mated when

only bourgeois males were present (and eight females mated

in attendance of both types of males); (2) a high rate of

chases by bourgeois males towards parasites was a good

predictor of female spawning; (3) female spawning

increased when crossing-over and nudging occurred, which

are courtship behaviors mainly shown by bourgeois males

(Watters 2005).

In conclusion, hitherto existing evidence in this species

again suggests that females rather adopt the conventional

preference of bourgeois males, if there is any tactic-specific

preference at all. This has also been shown for Atlantic

salmon (de Gaudemar et al. 2000).

When aiming to predict optimal choice in whichever

behavioral context, the costs of choosing are an important

parameter (Dawkins and Guilford 1991, Guilford and

Dawkins 1991, Warner et al. 1995). Costs of assessment

determine also the accuracy with which quality differences

of targets can be gauged. In the context of mate choice, if

females are able to assess the quality of potential partners

accurately, low-quality males should not attempt to com-

pete with high-quality contenders but rather employ

alternative tactics that circumvent female choice. By using a

dynamic state variable game model, Luttbeg (2004) showed

that assessment capability of females can be an important

determinant of the relative pay-offs of male tactics and

hence of the evolution of ARTs. The better the assessment

abilities of females, the higher the relative benefits of lower-

quality males to opt out of the rat race for soaring preference

scores, and hence the more likely it becomes that ARTs will

evolve. In addition, due to female choice the variation in

quality of bourgeois males may influence whether parasitic

males can invade a population (Hamilton et al. 2006). When

there is a large difference in quality among bourgeois males,

parasitic males are more likely to persist. Also, Hamilton

and colleagues (2006) showed in one of their game-theoretic

models that more females should be expected to visit poor

bourgeois males when the cost to females of parasitic males

is high. This hints at an intricate relationship between the

equilibrium frequencies of different male tactics and

female choice patterns (see Alonzo and Warner 2000b, and

Chapter 18), which in turn relate to the quality variation

among males, assessment costs and capabilities of females,

and the costs entailed to them by interactions with males.

10 .6 ARTS IN FEMALE FISH

In general, female ARTs are far less understood than male

ARTs (see Chapter 18); this clearly applies also to fish.

Intraspecific brood parasitism would be the equivalent of

parasitic male tactics, and it seems to be rare in fish

(Taborsky 1994, Wisenden 1999). It is as yet unclear,

however, to what extent this rarity is apparent rather than

real, because intraspecific brood parasitism is hard to detect

(Andersson 1984, MacWhirter 1989). Some instances of

intraspecific egg or offspring dumping in fish have been

described. In the weakly electric fish Eigenmannia virescens

females defend spawning territories around clumps of

floating vegetation. During spawning, neighboring females

sneak into the plant thicket and release eggs at the spawning

site (Hagedorn andHeiligenberg 1985). Apparently, there is

no brood care in this species, so brood parasitism brings

about little costs to the parasitized territory holder, which

reflects conditions in many insects known to show intraspe-

cific brood parasitism (Tallamy 2005). It is unknownwhether

the functional cause for egg dumping in Eigenmannia is a

shortage of males, or pronounced differences in the quality of

spawning sites. Another probable case of egg dumping has

been observed in the biparental largemouth bass (Micropterus

salmoides: DeWoody et al. 2000a).

In mouthbrooding cichlids of the great lakes of East

Africa, mixed maternity was detected in the mouths of egg-

brooding females (Kellogg et al. 1998), but it is unclear

whether this was the consequence of egg dumping. This is

also true for other examples of maternal mouthbrooders

fromLakeMalawi (Ribbink et al. 1980). In several species of

biparental Lake Tanganyika cichlids showing a combination

of mouthbrooding of the early offspring stages and subse-

quent guarding, mixed broods of different conspecific

females are commonly found, which is probably mainly

due to “farming out” of young (Yanagisawa 1985, 1986,
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Ochi et al. 1995, Ochi and Yanagisawa 2005). During the

guarding stage, free-swimming offspring are collected in the

mouth of one of the parents, who then moves to another

territory where breeders guard a batch of more or less

similar-sized young to release their own young into this

guarded school (also called “young dumping”: Taborsky

1994). In the best-studied species, Perissodus microlepis,

however, farming out is almost exclusively performed by

male guarders (Ochi and Yanagisawa 2005). In the South

American convict cichlids, Archocentrus nigrofasciatus (for-

merly Cichlasoma nigrofasciatum), a biparental demersal

spawner, transfers of free-swimming young between con-

specific broods occured in 42% of 232 monitored natural

broods (Wisenden and Keenleyside 1992). When males

were experimentally removed, females often transferred

young to neighboring guarders, which adopted them usu-

ally when they were not bigger than their own young. Such

intraspecific adoptions have been reported frequently in the

literature (see Taborsky [1994] referring to examples from

16 species, mainly cichlids), but in most cases it is unclear

whether egg or young dumping is responsible for this

alloparental care, and if the latter occurs, whether females

are responsible. Intraspecific brood mixing may result from

other mechanisms (reviews: Taborsky 1994, Wisenden

1999) even including kidnapping of neighboring young

(McKaye and McKaye 1977, Mrowka 1987), which may be

regarded as the antipode of offspring dumping.

In comparison to other taxa showing extensive care of

eggs or young, e.g., birds and insects, the prevalence of

female reproductive parasitism in fish is still low, especially

when compared to the ubiquitous distribution of male ARTs

in fish. The reason for this discrepancy is twofold. Due to

higher prezygotic investment in females in general, males

usually compete for access to female gametes much more

than vice versa (Bateman 1948, Trivers 1972, Andersson

1994). Therefore, males can parasitize each other’s effort to

obtain access to fertilizable gametes, whereas females cannot

usually make use of exploiting each other’s effort (Taborsky

1994). However, females may parasitize postzygotic invest-

ment of conspecifics if it exists. This leads to the second

reason why female reproductive parasitism is relatively rare

in fishes: male brood care is more common than female-only

care or biparental care (Breder and Rosen 1966, Baylis 1981),

hence males may more easily exploit each other also at this

level. This contrasts with conditions in birds, where female

postzygotic reproductive investment is usually high and – as

expected – also often exploited by other females (Yom-Tov

1980, 2001, Andersson 1984).

A peculiar situation where intraspecific brood parasitism

may pay is given in cooperative breeders. Here, subordinate

mature females may participate in reproduction, which can

lead to increased levels of aggression of breeder males

towards their partners, and even a reversal of the helping

function: breeder females caring for the brood of their

helper (Taborsky 1985). Even though this appears to be

rare in the highly social African cichlid Neolamprologus

brichardi/pulcher, recent experiments revealed that if

potential breeding substrate in the territory is outspaced,

the probability of female helper reproduction increases

substantially (D. Heg, unpublished data). The importance

of reproductive parasitism by female helpers in this species

is corroborated by the fact that male and female helpers

receive similar aggression levels by breeders, and female

helpers are as likely to be expelled from the territory as male

helpers are (Taborsky 1985; male helpers act as repro-

ductive parasites as well: Dierkes et al. 1999, see above),

despite the fact that female helpers are more related to

breeders than male helpers are (Dierkes et al. 2005). In

Julidochromis ornatus, female helpers sired a large propor-

tion of young in the field, as revealed by DNAmicrosatellite

analyses (Awata et al. 2005). While in this species the

helpers and breeders are usually unrelated (seven of nine

genotyped mature female helpers: Awata et al. 2005),

cooperatively breeding groups of Neolamprologus multi-

fasciatus consist usually of relatives (Kohler 1998), with a

female bias among helpers (Taborsky 2001). Here again

subordinate female group members regularly share in

reproduction (10 of 18 analyzed groups: Kohler 1998). In

N. savoryi, breeding groups consist usually of one haremic

male and several breeding females forming subgroups in the

territory, each with own helpers many of which are sexually

mature and including female helpers (Heg et al. 2005). It is

very likely that several females in the group breed, possibly

including also female helpers within subgroups. This still

needs to be checked by genetic analyses, however.

It is worth noting here that in group-breeding species

reproductive competition between males and females have

different fitness effects on dominant breeders (Taborsky

2001). Male and female breeders may suffer from offspring

production of subordinate group members due to space

limitations, additional effort (e.g., in brood care and social

interactions), and competition for help from other group

members. In addition, male breeders suffer from reduced

production of their own offspring, whereas reproductive

parasitism of female helpers does not necessarily impede the

reproductive output of female breeders. Therefore, one
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should expect that reproductive competition, aggression,

and dominance interactions should be more intense between

male than between female group members. This was not

confirmed, however, for N. brichardi/pulcher (Taborsky

1985), a species in which helpers of both sexes were found to

pay for being allowed to stay (Balshine-Earn et al. 1998,

Bergmüller and Taborsky 2005, Bergmüller et al. 2005b). In

such a case, unrelated helpers are not expected to com-

pensate fully for the costs they pose on breeders (Hamilton

and Taborsky 2005).

In contrast to intraspecific reproductive parasitism of

females, interspecific brood parasitism has been described in

many fishes (reviews: Taborsky 1994,Wisenden 1999). Here,

females dump eggs into nests of other species, or either sex

dumps offspring into guarded schools of young (McKaye and

Oliver 1980, McKaye et al. 1992, Ochi and Yanagisawa 1996,

Ochi et al. 2001). I will not consider this further here, as

interspecific brood parasitism is not an ART (see Chapter 1).

10 .7 FUTURE RESEARCH

The study of ARTs in fish is a prospering field. Our

understanding of evolutionary mechanisms underlying

ARTs and reproductive behavior in general has greatly

advanced by this research (see examples given above). As

with any significant progress in science, the more we know,

the more questions are turning up, and the questions gain in

general interest, depth, and importance. Here I mention a

few areas of research that I think deserve special attention in

the study of fish ARTs. This list is by no means exhaustive.

(1) Fertilization. We need to better understand the

mechanisms involved in fertilization, especially if it is

external as is the case in most fishes. The performance

of sperm in water and its effect on fertilization

probability is hardly understood (Petersen et al.

2001). Water is usually a very turbid medium (see

Neat et al. 2003b) at spawning that poses enormous

osmotic stress and may strongly limit the intrinsic

movement abilities of spermatozoa. Few data exist on

functional properties of sperm and accessory secre-

tions, although there are notable exceptions (e.g.,

Lahnsteiner et al. 1998, Vladic et al. 2002, Mansour

et al. 2004, Burness et al. 2005). A comparative analysis

of the prevalence and variability of ARTs in fishes with

external and internal fertilization could reveal the

significance of the fertilization mode for the evolution

of alternative mating behaviors.

(2) Sperm competition. For our understanding of behavioral,

morphological, and physiological trade-offs of ARTs it

is of paramount importance to unravel the causes of

success and failure during sperm competition in fish

species with SPS. In species with male ARTs,

characteristics need to be determined of males, their

spawning behavior, timing of sperm release, use of

space during spawning, reproductive morphology,

physiological performance, ejaculate features, sperm

number and quality, the nature and effect of accessory

substances, and the performance of sperm in ovarian

fluid (see Gage et al. 1995, Marconato et al. 1996,

Scaggiante et al. 1999, Leach and Montgomerie

2000, Hoysak and Liley 2001, Vladic and Järvi 2001,

Liley et al. 2002, Turner and Montgomerie 2002, Neff

et al. 2003, Burness et al. 2004, Casselman and

Montgomerie 2004, Urbach et al. 2005, Rudolfsen

et al. 2006). Sperm competition experiments under

controlled conditions can provide essential information

in this context (Neff et al. 2003, Gage et al. 2004,

Linhart et al. 2005, Schulte-Hostedde and Burness

2005). Unsolved riddles include tactic-specific adapta-

tions in sperm turnover, the functional significance of

sperm swimming speed and its alleged trade-off with

sperm longevity, and the tactic-specific decisions made

within the trade-offs involving different functional

responses to sperm competition (e.g., ejaculate size

and quality vs. behavioral effort: Alonzo and Warner

2000a; see also Snook 2005, Rudolfsen et al. 2006).

(3) Causal factors. What are the intrinsic and environ-

mental criteria deciding whether ARTs in a species

occur, and whether they will be fixed or flexible? In

particular, the threshold criteria that trigger tactic

expression are barely understood, despite strong

theoretical expectations and ample evidence that

specific factors are particularly important, such as

size and growth related threshold mechanisms. Fish

ARTs provide an excellent paradigm for the study of

gene–environment interactions in the manifestation of

life-history strategies at large (Parker et al. 2001).

Promising progress has been made here recently

mainly by research on Atlantic salmon (e.g., Garant

et al. 2002, 2003, Aubin-Horth and Dodson 2004,

Baum et al. 2004, Aubin-Horth et al. 2005b).

(4) Frequency dependence. Polymorphisms can originate

and be maintained by density- and frequency-dependent

disruptive selection (Maynard Smith 1982, Wilson

1989, Gross 1991b, Pfennig 1992, Lucas and Howard
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1995, Brockmann 2001; see Chapter 2). However,

despite a firm theoretical foundation, the empirical

basis is weak in fish and other taxa for our belief that

frequency dependence of tactics is an important

component of the evolution of ARTs (Gross 1996).

Supporting evidence (e.g., Ryan et al. 1992, Hutchings

and Myers 1994) needs additional scrutiny, but

experimental studies of frequency dependence of fish

ARTs are lacking. Measurement of lifetime fitnesses of

ARTs must account for age at maturity and the

probability to reach it, the reproductive rate (i.e., sired

offspring), and the length of the reproductive lifespan;

these data are difficult to obtain in the wild, especially

in a sperm competition scenario and when individuals

use different ecologies throughout life (Hutchings and

Jones 1998, Quinn and Myers 2004) and are subjected

to important effects of spatial and temporal dynamics

(e.g., Metcalfe and Thorpe 1990, Letcher and Gries

2003, Baum et al. 2004, Aubin-Horth et al. 2005b).

(5) Physiological mechanisms. By their unparalleled vari-

ation in the modes of reproduction, teleost fishes are

prime candidates for the study of proximate causes of

sexual plasticity, which is a major component of the

expression of ARTs (Taborsky 1994). For example,

size, growth, and maturation, which are major

determinants of tactic choice and expression, turned

out to be significantly influenced by social conditions,

sometimes in an intricate manner (Hofmann et al.

1999, Heg et al. 2004, Hobbs et al. 2004). The

endocrine mediation of ARTs in vertebrates is a

particularly active field of research (Knapp 2003,

Oliveira et al. 2005, Bender et al. 2006), which revealed

that sex steroids and neuropeptides are prime agents

for the expression of different reproductive tactics

within a sex (Moore et al. 1998, Foran and Bass 1999,

Goodson and Bass 2001). However, a causal link

between steroids and sperm quality is less clear (Miura

et al. 1992, Borg 1994, Uglem et al. 2002). In general,

studies of regulatory mechanisms of reproductive

physiology in fish exhibiting ARTs have challenged

the conventional view that androgens are the sole or

major agents controlling male reproductive characters.

While this may hold for morphological features, where

in fish 11-ketotestosterone triggers the expression of

morphological traits of bourgeois males, it does not

seem to generally apply to immediate regulation of

male behavior, where regulatory processes may be

more complex and tactic specific (Oliveira et al. 2001d,

2005). The study of the role and importance of target

tissues and receptors of endocrine agents is an

eminently important aim to further our understanding

of the regulation of reproductive traits in fishes

performing different tactics (Todo et al. 1999, Kim

et al. 2002, Olsson et al. 2005, Chen and Fernald 2006;

see also Douard et al. 2003). Variation in receptor

densities in specific organs, for example, allow the fine-

tuning effects of circulating hormone levels and

thereby a compartmentalization of androgen effects

(Ketterson and Nolan 1999), which may be a powerful

mechanism in regulating the expression of ARTs

(Oliveira 2006 ; see also Chapter 7). Feedback mechan-

isms between behavior, the social environment, and

hormonal and neural physiology will need special

attention in our study of proximate mechanisms in

ARTs (Oliveira et al. 2002b, Fernald 2003, Oliveira

2004). A new and promising area to further our

understanding of proximate mechanisms is the appli-

cation of functional genomics to the study of the

expression of alternative phenotypes (Hofmann 2003;

cf. Robinson et al. 2005), which already showed that

gene expression in salmon males is tactic specific

(Aubin-Horth et al. 2005a).

(6) Cooperative competitors. Reciprocity between competi-

tors appear to be a widespread mechanism in fish

reproduction (see above). In most cases, it is still a

riddle, however, how such cooperation between

unrelated individuals is stabilized in evolution (Trivers

1971, Dugatkin and Mesterton-Gibbons 1996, Dugat-

kin 1997, Nowak et al. 2004). How do cooperators

avoid being exploited? In symmetrical relationships,

like in the spawning associations between male suckers

(Page and Johnston 1990), are cooperators closely

related (kin selection), do they gain mutual benefits

(mutualism) or reciprocate by helping each other in

turn (direct reciprocity), does one partner force the

other one to participate (forced cooperation), or is it

actually a parasitic relationship where the participants

cannot effectively avoid being parasitized because

prevention costs more than acceptance (Taborsky

1994)? In the more widespread case, where relations

between cooperators are asymmetrical due to differ-

ences in dominance status or reproductive investment,

similar mechanisms may apply. At present it is obscure

in most cases why the investing bourgeois partner

accepts a potential defector, and how it avoids being

exploited. Evidence exists only in few cases that
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bourgeois males accrue fitness benefits from relation-

ships with unrelated subordinates (Martin and

Taborsky 1997, Taborsky 2001, Oliveira et al. 2002a,

Brouwer et al. 2005, Stiver et al. 2005), and a stage-

structured pay-to-stay model has shown that unrelated

subordinate cooperators are not expected to fully

compensate for the costs they pose on dominants, at

least in a group-living scenario (Hamilton and

Taborsky 2005). It is usually less difficult to explain

the behavior of the subordinate partners, because they

often have no better option to reproduce due to their

competitive inferiority (Taborsky 1987, 1999). It is

currently unclear whether fish when performing

alternative reproductive tactics may employ direct,

indirect, or generalized reciprocity, as demonstrated

experimentally in jays, monkeys, and rats (de Waal and

Berger 2000, Stephens et al. 2002, Hauser et al. 2003,

Spahni 2005, Rutte and Taborsky 2007 a, b). Outside

of ARTs, cooperation in fish has been attributed to

direct reciprocity in the context of predator inspection

behaviour (Milinski 1987, Milinski et al. 1990a, b,

Dugatkin 1991), albeit the evidence is controversial

(Huntingford et al. 1994, Connor 1996, Stephens et al.

1997; see also Dugatkin and Mesterton-Gibbons 1996,

Noe 2006). In addition, the interspecific interaction

between cleaner fish and their clients shows elements of

indir ec t re ciprocity (B shary 2002, Bshary and Grutter

2006). In the context of fish ARTs, interactions between

unrelated, cooperating reproductive competitors are a

highly suitable paradigm for future studies of reci-

procity under natural conditions.

(7) Sexual conflict. The role of females in the evolution of

male ARTs is still poorly understood. Female choice

patterns can significantly influence the relative fre-

quencies of male tactics in a population (Henson and

Warner 1997, Alonzo and Warner 2000b, Luttbeg

2004; see Chapters 17 and 18). There is ample

evidence for a female preference of bourgeois males,

even though female choice of male types should be

balanced or females should be indifferent to male types

if these are maintained by frequency dependence,

where lifetime reproductive success of different male

tactics is similar at equilibrium. However, if direct

fitness benefits exist from choice of a particular male

type or mating situation, females should indeed be

selective (Henson and Warner 1997; see also Garant

et al. 2005). Recent evidence suggests that paternal

care decisions depending on parasitic male spawning

participation, fertilization insurance, and relative

genetic quality of males are major factors influencing

female choice among males displaying different tactics

(e.g., Neff 2003, Smith and Reichard 2005; see

Chapter 17). The intersexual conflict is of particular

interest here because in contrast to more conventional

forms of male–female conflict (Arnqvist and Rowe

2005) three or more “partners” are involved in this

game. The assessment ability of females is an

additional riddle, because costs and sensory limitations

may alter the optimal preference of females consider-

ably, with respective effects on mating success of males

and hence on the evolution of ARTs (Luttbeg 2004).

This promising field of research is still at an early

stage, and a theoretical and empirical research focus is

required to unravel the co-evolution of male and

female reproductive tactics and characters (see also

Stockley et al. 1996 , Stockley 1997, and Chapter 18).

In conclusion, alternative reproductive tactics in fish are a

demanding and fascinating research field providing unique

opportunities to clarify general mechanisms, both at the

ultimate and proximate levels. Fish are ideal model systems

for the study of ARTs because of their enormous variation

of reproductive tactics and because of methodological

feasibility, including experimental approaches in the labora-

tory and field. I predict that this very active research field is

still going to grow exponentially over the next decade or two.
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sticklebacks cooperate repeatedly in reciprocal pairs?

Behavioral Ecology and Sociobiology 27, 17–21.

Miller, P.J. 1984. The tokology of gobiid fishes. In G.W.

Potts and R.J. Wootton (eds.) Fish Reproduction: Strategies

and Tactics, pp.119–154. New York: Academic Press.

Miura, T., Yamauchi, K., Takahashi, H., and Nagahama, Y.

1992. The role of hormones in the acquisition of sperm

motility in salmonid fish. Journal of Experimental

Zoology 261, 359–363.

Mjolnerod, I. B., Fleming, I. A., Refseth, U.H., and Hindar,

K. 1998. Mate and sperm competition during multiple-male

spawnings of Atlantic salmon. Canadian Journal of Zoology/

Revue Canadienne de Zoologie 76, 70–75.

Moore, A. and Scott, A.P. 1991. Testosterone is a potent

odorant in precocious male Atlantic Salmon (salmo salar L.)

parr. Philosophical Transactions of the Royal Society of

London B 332, 241–244.

Moore, M.C. 1991. Application of organization-activation

theory to alternative male reproductive strategies : a review.

Hormones and Behavior 25, 154–179.

Moore, M.C., Hews, D.K., and Knapp, R. 1998. Hormonal

control and evolution of alternative male phenotypes:

generalizations of models for sexual differentiation.

American Zoologist 38, 133–151.

Morris, D. 1952. Homosexuality in the ten-spined stickleback

(Pygosteus pungitius L.). Behaviour 4, 233–261.

Moyer, J. T. 1979. Mating strategies and reproductive

behavior of ostraciid fishes at Miyake-Jima, Japan. Japanese

Journal of Ichthyology 26, 148–160.

Mrowka, W. 1987. Egg stealing in a mouthbrooding cichlid

fish. Animal Behaviour 35, 923–925.

Munday, P. L., Buston, P.M., and Warner, R. R. 2006.

Diversity and flexibility of sex-change strategies in animals.

Trends in Ecology and Evolution 21, 89–95.

Munehara, H. 1988. Spawning and subsequent

copulating behavior of the elkhorn sculpin Alcichthys

alcicornis in an aquarium. Japanese Journal of Ichthyology 35,

358–364.

Munehara, H. and Takenaka, O. 2000. Microsatellite markers

and multiple paternity in a paternal care fish, Hexagrammus

otakii. Journal of Ethology 18, 101–104.

Munehara, H., Takano, K., and Koya, Y. 1989. Internal

gametic association and external fertilization in the elkhorn

sculpin, Alcichthys alcicornis. Copeia, 673–678.

Munehara, H., Okamoto, H., and Shimazaki, K. 1990.

Paternity estimated by isozyme variation in the marine

sculpin Alcichthys alcicornis (Pisces, Cottidae)

exhibiting copulation and paternal care. Journal of Ethology

8, 21–24.

Munehara, H., Takano, K., and Koya, Y. 1991. The little

dragon sculpin Blespias cirrhosus: another case of internal

gametic association and external fertilization. Japanese

Journal of Ichthyology 37, 391–394.

Munoz, R. C. and Warner, R. R. 2003. Alternative contexts of

sex change with social control in the bucktooth parrotfish,

Sparisoma radians. Environmental Biology of Fishes 68,

307–319.

Munoz, R. C. and Warner, R. R. 2004. Testing a new version

of the size-advantage hypothesis for sex change: sperm

competition and size-skew effects in the bucktooth

parrotfish, Sparisoma radians. Behavioral Ecology 15,

129–136.

Narimatsu, Y. and Munehara, H. 2001. Territoriality egg

desertion and mating success of a paternal care fish,

Hypoptychus dybowskii (Gasterosteiformes). Behaviour

138, 85–96.

Neat, F. C. 2001. Male parasitic spawning in two species of

triplefin blenny (Tripterigiidae): contrasts in demography,

behaviour and gonadal characteristics. Environmental

Biology of Fishes 61, 57–64.

Neat, F. C., Locatello, L., and Rasotto, M. B. 2003a.

Reproductive morphology in relation to alternative male

reproductive tactics in Scartella cristata. Journal of Fish

Biology 62, 1381–1391.

Neat, F. C., Lengkeek, W., Westerbeek, E. P.,

Laarhoven, B., and Videler, J. J. 2003b. Behavioural and

morphological differences between lake and river

populations of Salaria fluviatilis. Journal of Fish Biology

63, 374–387.

Neff, B. D. 2001. Genetic paternity analysis and breeding

success in bluegill sunfish (Lepomis macrochirus). Journal of

Heredity 92, 111–119.

Neff, B. D. 2003. Decisions about parental care in response to

perceived paternity. Nature 422, 716–719.

Neff, B.D. 2004. Increased performance of offspring sired by

parasitic males in bluegill sunfish. Behavioral Ecology

15, 327–331.

Neff, B. D. and Gross, M. R. 2001. Dynamic adjustment of

parental care in response to perceived paternity. Proceedings

of the Royal Society of London B 268, 1559–1565.

Neff, B. D. and Sherman, P.W. 2005. In vitro fertilization

reveals offspring recognition via self-referencing

290 M. TABORSKY



in a fish with paternal care and cuckoldry. Ethology 111,

425–438.

Neff, B.D. and Wahl, L.M. 2004. Mechanisms of sperm

competition: testing the fair raffle. Evolution 58, 1846–1851.

Neff, B.D., Fu, P., and Gross, M. R. 2003. Sperm investment

and alternative mating tactics in bluegill sunfish (Lepomis

macrochirus). Behavioral Ecology 14, 634–641.

Nikolsky, G. V. 1963. The Ecology of Fishes. London:

Academic Press.

Njiwa, J. R.K., Muller, P., and Klein, R. 2004. Variations of

sperm release in three batches of zebrafish. Journal of Fish

Biology 64, 475–482.

Noe, R. 2006. Cooperation experiments: coordination through

communication versus acting apart together. Animal

Behaviour 71, 1–18.

Nowak, M.A., Sasaki, A., Taylor, C., and Fudenberg, D.

2004. Emergence of cooperation and evolutionary stability

in finite populations. Nature 428, 646–650.

Ochi, H. 1993. Mate monopolization by a dominant male in a

multi-male social group of a mouthbrooding cichlid

Ctenochromis horei. Japanese Journal of Ichthyology

40, 209–218.

Ochi, H. and Yanagisawa, Y. 1996. Interspecific brood-mixing

in Tanganyikan cichlids. Environmental Biology of Fishes

45, 141–149.

Ochi, H. and Yanagisawa, Y. 2005. Farming-out of offspring

is a predominantly male tactics in a biparental

mouthbrooding cichlid Perrisodus microlepis. Environmental

Biology of Fishes 73, 335–340.

Ochi, H., Yanagisawa, Y., and Omori, K. 1995. Intraspecific

brood mixing of the cichlid fish Perissodus microlepis in

Lake Tanganyika. Environmental Biology of Fishes

43, 201–206.

Ochi, H., Onchi, T., and Yanagisawa, Y. 2001. Alloparental

care between catfishes in Lake Tanganyika. Journal of Fish

Biology 59, 1279–1286.

Ohnishi, N., Yanagisawa, Y., and Kohda, M. 1997. Sneaking

by harem masters of the sandperch, Parapercis snyderi.

Environmental Biology of Fishes 50, 217–223.

Okuda, N., Ito, S., and Iwao, H. 2003. Female mimicry in a

freshwater goby Rhinogobius sp. OR. Ichthyological Research

50, 198–200.

Oliveira, R. F. 2004. Social Modulation of Androgens in

Vertebrates: Mechanisms and Function.

Oliveira, R. F. 2006. Neuroendocrine mechanisms of

alternative reproductive tactics in fish. In K. A. Sloman,

R.W. Wilson, and S. Balshine (eds.) Behaviour: Interactions

with Physiology, New York: Elsevier.

Oliveira, R. F., Almada, V. C., Gonçalves, E. J., Forsgren, E.,

and Canario, A. V.M. 2001a. Androgen levels and social

interactions in breeding males of the peacock blenny.

Journal of Fish Biology 58, 897–908.

Oliveira, R. F., Canario, A. V.M., and Grober, M. S. 2001b.

Male sexual polymorphism, alternative reproductive tactics,

and androgens in combtooth blennies (Pisces: Blenniidae).

Hormones and Behavior 40, 266–275.

Oliveira, R. F., Canario, A. V.M., Grober, M. S., and

Santos, R. S. 2001c. Endocrine correlates of male

polymorphism and alternative reproductive tactics in the

Azorean rock-pool blenny, Parablennius sanguinolentus

parvicornis. General and Comparative Endocrinology 121,

278–288.

Oliveira, R. F., Carneiro, L. A., Gonçalves, D.M., Canario,
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11 · Alternative reproductive tactics in amphibians

KELLY R. ZAMUDIO AND LAUREN M. CHAN

CHAPTER SUMMARY

Frogs and salamanders, the two most diverse lineages of

amphibians, differ significantly in reproductive mode,

morphology, and behavior.We review reproductive tactics in

these lineages and consider their distribution among taxa in

light of phylogeny, ecology, and organismal traits. Together

these groups show a surprising diversity of alternative

reproductive phenotypes that can roughly be divided into

two classes: those that increase an individual’s chance of mate

acquisition (e.g., satellite or intercepting males) and those

that directly increase fertilization success (e.g., spermato-

phore capping, clutch piracy, or multimale spawning). Our

survey underscores the fact that mode of fertilization

(internal or external) and operational sex ratios at breeding

aggregations have important implications for the frequency

and nature of alternative reproductive tactics. However, our

understanding of the evolution of amphibian alternative

reproductive tactics is hampered by a lack of detailed infor-

mation for many species. For example, most alternative

tactics have been described in temperate amphibians despite

the fact that tropical species account for most of the taxo-

nomic, morphological, behavioral, and ecological diversity in

this group. A challenge for future studies will be to further

describe and categorize the diversity of reproductive tactics

in amphibians to uncover general patterns within and across

lineages in the factors that modulate polymorphism in

reproductive phenotypes.

11 .1 INTRODUCTION

In the last few decades, organismal evolutionary biologists

have become increasingly aware of inter-individual differ-

ences in mate acquisition abilities that may underlie the

evolution of alternative strategies or tactics for reproductive

success (Shuster and Wade 2003). In many species or

populations adults differ in mating phenotypes and this

presumably affects their fitness when in direct competition

with distinct rivals; both theoretical and empirical studies

have made progress in explaining how such polymorphism

can evolve and be maintained within a population when

alternate states have different fitness outcomes (Parker 1984,

Lucas and Howard 1995, Gross 1996). One generalization

from these studies is that interactions among competing

individuals within an immediate breeding group, the

“neighborhood” or social context for mating, influences both

the intensity and direction of sexual selection (Zamudio and

Sinervo 2000, 2003) and ultimately the fitness of alternative

reproductive phenotypes (Emlen and Oring 1977, West-

Eberhard 1991). The importance of social environment is

especially evident in amphibian breeding systems. Amphib-

ian breeding groups are extremely dynamic in that the tem-

poral and spatial distributions of individuals that define the

social context for breeding are highly variable (Wells 1977a,

Douglas 1979) and this certainly influences the diversity

and maintenance of reproductive phenotypes and tactics.

The three living lineages of amphibians – salamanders,

frogs, and caecilians – diverged about 300 million years ago

(Trueb and Cloutier 1991, Laurin and Reiz 1997), although

the phylogenetic relationship among these three lineages is

still debated (Feller and Hedges 1998, Zardoya and Meier

2000). The oldest fossils from each group are from the

Jurassic, 213–144 mya (Wake 1997), thus, each lineage has

had a long independent evolutionary history. Differences

among amphibian lineages include behavior, morphology,

and physiology (Wake 1993, Wake and Dickie 1998, Houck

and Arnold 2003, Lehtinen and Nussbaum 2003, Scheltinga

and Jamieson 2003a, b, Tyler 2003). External versus internal

fertilization, vocalization versus chemosensation for mate

attraction, and aquatic versus direct-developing larvae are

just a few examples of broad differences among these groups

that have implications for the nature of sexual selection

and the evolution of reproductive strategies in each group.
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Heritable alternative strategies have been identified in a

number of animal taxa (e.g., Zimmerer and Kallman 1989,

Shuster and Wade 1991, Ryan et al. 1992, Lank et al. 1995,

Sinervo and Zamudio 2001); however, none of the alternative

reproductive phenotypes described in amphibians is known

to have a genetic basis, therefore the reproductive diversity in

this lineage results from conditional strategies that allow

individuals to assess their fitness potential and express tactics

that maximize their fitness in any particular context (Gross

1996). A fair number of alternative reproductive tactics have

been identified in frogs and salamanders (no data exist for

caecilians); most of these are variations in male courting

behavior (Verrell 1989, Halliday and Tejedo 1995). In

amphibians, tactics adopted by courting individuals typically

change over a relatively short temporal scale, ranging from

minutes in some cases of short-term context-dependent

behavioral choices to seasons in tactics that are dependent

on body size, condition, or social status. In general, the ability

for opportunistic capitalization, the temporal and spatial

distribution of resources and mates, and the condition or

social status of courting individuals are “criteria” used in

adopting alternative mating tactics. While the average fitness

between tactics is unequal, individuals must vary sufficiently

in reproductive success that the evolution of alternative

phenotypes is favored (Lucas and Howard 1995, Gross

1996).

In this chapter we review examples of reproductive

tactics described in amphibians and consider their distri-

bution among taxa with respect to phylogeny, ecology, and

organismal traits. Because of the largely different tactics of

salamanders and frogs, we first describe our findings in each

of these groups separately, and then comment on the

similarities and differences in behavioral diversity in each

lineage. Rather than provide an exhaustive list of repro-

ductive tactics in amphibians we chose to exemplify all

known categories of tactics and highlight those that have

been best studied. We define an alternative reproductive

tactic as any behavioral or morphological variant that is bi-

or multimodal in distribution within a population, and can

be classified into discrete alternatives directly involved in

mate acquisition and/or mating success. Therefore, we do

not consider as tactics behaviors that are present in all

individuals but vary continuously in degree or intensity

(such as territoriality, degree of aggressiveness, or intensity

of coloration or signal). Many of the phenotypes we classify

as tactics may well be the result of context-dependent

behaviors and it remains to be studied whether individuals

are more likely to adopt one behavior over the other, or

whether these behaviors are dependent only on the imme-

diate social context of individual males. Regardless of the

proximal determinants and the longevity of a particular

behavior in a courting male, the tactics described here are

likely the product of selection for phenotypic diversity as

part of a conditional strategy. Thus, presumably each of

these behaviors offers fitness advantages that would not

have accrued in their absence.

We are only beginning to appreciate the diversity in

amphibian behavioral polymorphism in natural populations.

Our survey reveals a bias toward detailed studies in temperate

species, despite the fact that all three amphibian lineages have

radiations in the tropics, and that tropical lineages exhibit

surprising diversity in reproductive modes and behaviors

(Duellman 2003, Haddad and Prado 2005). This regional

(and hence partly phylogenetic) bias in behavioral studies

limits our ability to detect macroevolutionary behavioral

patterns within and among lineages and test their generality.

Herpetologists have exciting work ahead to characterize

mating tactics and strategies in many of the groups that

remain unexplored. We end our chapter with suggestions for

future research that will substantially contribute to our

understanding of the evolution and maintenance of alterna-

tive behavioral phenotypes in amphibians.

11 .2 ALTERNATIVE MATING

TACTICS IN FROGS

Frogs and toads comprise the most speciose group of

amphibians with more than 5000 species globally in 33

families (Frost 2004). Despite the tremendous diversity in

modes of reproduction and parental care (Duellman 2003,

Lehtinen and Nussbaum 2003), the number of alternative

reproductive behaviors known in frogs is relatively low; all

are male courtship tactics described from only a few fam-

ilies. No genetically based strategies have been identified;

therefore, these behaviors are most likely alternative

reproductive tactics within condition-dependent strategies

(Gross 1996). In cases where we have adequate data, the

average fitness of the alternative tactic is less than that of

the main tactic (e.g., Sullivan 1982, Krupa 1989, Haddad

1991). Many aspects of anuran reproductive biology have

undoubtedly influenced the evolution of tactics in this

group as they limit the ways in which alternative behavioral

phenotypes can be reproductively successful. While some

anurans have internal fertilization (e.g., Ascaphus, Necto-

phrynoides) the widespread condition is external fertilization

accomplished during amplexus (Duellman and Trueb
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1994). Male reproductive success requires mate acquisition,

monopolization, and fertilization success. Not surprisingly,

we see the evolution among frogs of alternative tactics aimed

at increasing a male’s success at all of these stages. A second

trait common to many anurans is vocal communication and

it plays a central role in social interactions including mate

attraction, courtship behaviors, and defensive behaviors

(e.g., Fellers 1979, Arak 1983a, Smith and Roberts 2003).

This characteristic of anurans, and the apparent ubiquitous

importance of this male cue for mate attraction and female

choice, has favored the evolution of tactics that capitalize

on proximity to calling individuals to increase access to

females.

Reproductive tactics in anurans can be partitioned into

two groups: those in which males attempt to increase their

chances of amplexing females and fertilizing clutches and

those in which males attempt to gain access to paired

females and fertilize a portion of the clutch during ovipos-

ition. This dichotomy has been discussed as “satellite”

versus “sneaker” tactics (Fukuyama 1991); however, in this

review we define them more broadly as tactics concerned

with mate acquisition and monopolization versus those

concerned with partial fertilization of the clutch of a

potentially polyandrous female (Table 11.1).

11.2.1 Tactics related to mate acquisition

Nonvocalizing male alternative tactics have been described

for a number of species where dominant males vocalize and/

or defend sites or females; most of these occur in mating

systems where the operational sex ratio (OSR: Emlen and

Oring 1977) is male-biased. In many instances, phenotypes

are bimodal with callers and satellite males; however, in

some taxa active searching, interference, or displacement

occurs in addition to satellite behavior resulting in a tri-

modal conditional strategy.

CALLER–SATELL ITES

The most widely reported alternative mating tactic among

anurans is caller–satellite associations in which satellite

males sit silently near vocalizing males at choruses (Wells

1977a). Individuals may maintain tactics over the course of

several nights, but switching between vocalizing and para-

sitizing often takes place within a single night (e.g., Sullivan

1982, Perrill and Magier 1988). The frequency of satellites

per calling male varies across species: most calling males

are parasitized in Bufo cognatus (95%: Sullivan 1982) and

relatively few in hylid frogs (e.g., 6.9% inHyla picta: Roble

1985; 2–14% in Pseudacris crucifer: Forester and Lykens

1986). Wells (1977b) suggested that satellites assuming

these tactics are either attempting to intercept females

attracted to callers, or are waiting to take over calling sites or

territories vacated by the resident male. Interception of

females by satellite males has been observed in a number of

caller–satellite systems and the relative success of this

alternative tactic varies widely (Table 11.1). In treefrogs,

such as H. cinerea and H. minuta, callers are aggressive

towards satellites and satellite males successfully intercept

gravid females attracted to callers with some success (43%

and 38% of females were in amplexus with satellite males in

H. cinerea and H. minuta, respectively: Perrill et al. 1978,

Haddad 1991). In other cases, interception rates are much

lower and it appears that satellite behavior must be finely

tuned to be successful. For example, females of B. cognatus

and Scinax ruber (previously Ololygon rubra) initiate

amplexus by touching their chosen mate; satellites are

successful at maintaining amplexus only if they intercept

females at the exact moment she makes her choice (Sullivan

1982, Bourne 1993). Females are capable of actively dis-

lodging males in many taxa; thus, it may be that females

only tolerate amplexus by satellites because they are misled

about the identity of the clasping male. In species with

intercepting tactics, some satellite males will often begin

vocalizing if resident callers are removed (e.g., H. cinerea:

Perrill et al. 1982; Acris crepitans: Perrill and Magier 1988;

H. minuta: Haddad 1991; Eleutherodactylus johnstonei:

Ovaska and Hunte 1992). This is in contrast to species such

as Uperoleia rugosa and Rana clamitans in which satellite

males do not attempt interception and only attempt to take

over vacated territories (Wells 1977b, Robertson 1986a).

Robertson (1986b) found that maintaining a territory was

costly for U. rugosa, but males that assumed satellite tactics

gained weight and sometimes took over a calling site later in

the breeding season. This suggests that satellite behavior

may be the best tactic for males in poor condition to

maximize reproductive success over the course of the

breeding season. Similarly, large resident male R. clamitans

aggressively defend oviposition sites; smaller males are

unable to monopolize calling sites and do not attempt

interception, instead they benefit by waiting for a vacancy

(Wells 1977b).

Condition dependence is a common theme among

anuran satellite tactics; however, the switch point for tactic

choice may depend on body condition and/or assessment

of potential attractiveness given the social context of the

breeding aggregation (Arak 1988, Lucas and Howard 1995,
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Lucas et al. 1996). Body size difference among satellites

and callers are common (Table 11.1) and may be an

important determinant of mating tactics either because of

aggressive abilities or due to call attractiveness. Smaller

males are often unable to usurp territories or successfully

defend calling sites or females (e.g., Emlen 1968, Wells

1977b, Howard 1978, Robertson 1986b); in addition, given

the high cost of vocalizations, satellite individuals may

be unable to produce attractive or more intense calls

(Wells 2001, Leary et al. 2004). Body size is not the only

determinant; in Physalaemus signifer, a highly explosive

tropical breeder, first males to arrive at the breeding site

vocalize, while later ones assume satellite roles. Although

arrival time may be condition dependent, Wogel et al.

(2002) did not find any differences in body size among

individuals assuming alternative tactics.

PER I PHERAL SATELL ITES/ACTIVE SEARCHERS

Some nonvocalizing males adopt positions peripheral to a

group of calling males actively searching and attempting to

intercept females attracted to the calling group. These

tactics have been reported in some anurans including Bufo

woodhousii (Sullivan 1989, Leary et al. 2004), B. americanus

(Fairchild 1984, Forester and Thompson 1998), and B. bufo

(Davies and Halliday 1979, Loman and Madsen 1986).

Smaller males patrol the periphery of a calling group in

what has been referred to as “gauntlet behavior” (Forester

and Thompson 1998) and attempt to intercept incoming

females before they arrive at the group. It is unclear whether

these peripheral satellites represent a distinct alternative

tactic or are males employing active searching near the

calling group. Regardless, this behavior is similar to satellite

behavior in that it relies on interception for mating success

but peripheral satellites are not associated with specific

calling males (Leary et al. 2004).

Active searching can be common in breeding aggrega-

tions; in Bufo bufo, terrestrial amplexus appears to be the

primary tactic with 84.4% of females arriving at the pond

already paired (Davies and Halliday 1979). Unpaired

males search at spawning sites or along the periphery of

the pond for either single females or pairs in amplexus,

which they attempt to disrupt. The success of this tactic

can be high with unpaired males obtaining 38.6% of the

females. In a different population of B. bufo, Loman and

Madsen (1986) found two distinct size-based tactics. Large

males arrived early and attempted to displace or dislodge

males in amplexus while smaller males arrived later and

instead searched for unpaired females. Interestingly, in

B. bufo calling is reduced and the mating system is char-

acterized as “scramble competition” (Arak 1983b); in this

species, terrestrial amplexus as well as interference tactics

may be associated with increased role of aggressive male–

male interactions versus female choice.

S I ZE-BASED TR IMODAL TACTICS

Some species exhibit a third tactic in addition to callers

and satellites. In Scinax ruber females prefer males of

intermediate size. Smaller males assume silent satellite roles

whereas larger males attempt to dislodge intermediate-

sized males in amplexus; larger males are successful at

amplexing 78% of females (Bourne 1992, 1993). While

assortative mating increases fertilization success of males in

one size category, male aggression results in greatest mating

success for larger males that interfere with mating pairs.

Eleutherodactylus johnstonei provides a second example of

trimodal behavioral phenotypes; this species exhibits the

typical condition-dependent caller–satellite polymorphism

(Ovaska and Hunte 1992), but some vocalizing males

employ an opportunistic strategy aggregating around pairs

and interfering with courtship. Fitness of each tactic in

this system is not known, although both satellite and

opportunistic males may be maintained in the species even

in the face of low success because of the low cost of the

tactics.

11.2.2. Tactics related to fertilization success

MULTIMALE SPAWNING

Instances of multiple males clustering around a single

female (in some cases referred to as mating balls: Verrell

and McCabe 1986) have been described in a number of

families including Bufonidae (Davies and Halliday 1979,

Forester and Thompson 1998), Hylidae (Pyburn 1970,

Roberts 1994), Leptodactylidae (Prado and Haddad 2003),

Myobatrachidae (Roberts et al. 1999), and Rhacophoridae

(Coe 1974, Feng and Narins 1991, Kasuya et al. 1996). In

some cases, it is unclear whether individuals are attempting

to dislodge males in amplexus or attempting to steal fertil-

ization through deliberate sneaking or joining behaviors.

Although there are many described instances of multiple

male aggregations, we have surprisingly little data on the

fertilization or fitness success of primary versus joining

males. Here we limit our discussion to those species where

the intent of the alternate male seems to be attempted

fertilization rather than merely physically interfering with

the male in amplexus.
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One of the best-characterized mating systems with

multimale spawning is found in a myobatrachid frog,

Crinia georgiana; this species is a prolonged breeder and

males adopt a caller–satellite system. Females are attracted

to males with particular call characteristics (Smith and

Roberts 2003) and initiate amplexus (Byrne and Roberts

1999). Satellites have variable success obtaining mates

depending on density and the intensity of male–male

competition (Byrne and Roberts 2004), but one field study

found that half of all matings included more than one male

(Roberts et al. 1999). Based on focal observations of mated

pairs, researchers describe that the courting males held

females in inguinal amplexus and satellite males clasped the

pair ventrally such that the cloacae of the two males were

opposite one another. Subsequent males did not assume any

particular position and paternity tests on several clutches

found that fertilization is achieved primarily, if not com-

pletely, by the first and second males (Roberts et al. 1999).

Thus, in this system priority has consequences for fertil-

ization and adopting both satellite and peripheral tactics

may be ways of obtaining favorable positions in spawning

groups.

Some species of Rhacophoridae exhibit multimale

spawning and construct a foam nest for egg deposition (e.g.,

Chiromantis, Rhacophorus: Jennions et al. 1992, Kasuya et al.

1996). In most of these cases, female choice for particular

males does not seem to play a large role; females approach

chorusing groups and a male grasps her in amplexus,

peripheral males then join the group and clasp the pair

during nest formation. In C. xerampelina for example, the

pair hangs from a branch and the female beats an arboreal

foam nest as the primary male releases sperm moving his

legs down the female’s dorsum. At the same time, males

hanging on either side of the pair position their cloacae next

to the females for 1–3-second bouts presumably depositing

sperm. Jennions et al. (1992) found that peripheral males

further from the pair did not commonly attempt to obtain

cloacal proximity to the female. In C. xerampelina, 66% of

females spawned in this way with more than one male

compared to 81.4% in R. arboreus (4.5 and 3.5 males per

female respectively: Toda 1989, Jennions et al. 1992).

Peripheral versus amplexing males did not differ signifi-

cantly in body size and over half of the males adopted both

tactics, suggesting it is a highly opportunistic behavior.

Fertilization success of individual males is not known for

any of these multimale spawns in Old World treefrogs;

however, it seems likely that males adopting different tactics

may have partial fertilization success.Multiple paternity has

been documented in the red-eyed treefrog, Agalychnis

callidryas (D’Orgeix and Turner 1995), a species with

similar group spawning at arboreal egg-laying sites (Pyburn

1970). Although no data are available, multiple paternity

may be present in many other species for which group

spawning has been observed (e.g., Bufo bufo: Verrell and

McCabe 1986; Polypedates leucomystax: Feng and Narins

1991; Agalychnis saltator: Roberts 1994).

Group spawning has also been described in species that

build cavity or basin nests for egg deposition. In Rhaco-

phorus schlegelii paired females dig backward into the soil

creating a cavity in which they beat a foam nest (Fukuyama

1991). After the pair creates the nest sneaker males dig into

the nest and join the spawning pair. Fukuyama (1991) found

that in 10 of 12 laboratory observations one to four males

would sneak into the nest presumably releasing sperm. A

similar sneaking situation occurs in a leptodactylid frog in

the Brazilian Pantanal, Leptodactlyus podicipinus, where

males build and defend nest sites from which they call to

attract females. Prado and Haddad (2003) observed a female

pairing with a calling male at a nest site. As the frogs began

spawning a single smaller male was observed in between the

resident male and female, and both males churned the foam

nest as eggs were deposited, likely fertilized by both males.

Multimale spawning was also observed in the sympatric

L. chaquensis which breeds in shallow ponds; males aggre-

gate around small puddles and vocalize (Prado et al. 2000,

Prado and Haddad 2003). The largest male in the center of

the nest was louder and aggressive towards other callers in

the nest area; as a female entered the nest males attempted to

clasp her but the largest male obtained amplexus and

spawning began immediately with the pair churning the

foam in the nest (Prado and Haddad 2003) (Figure 11.1).

Without touching the pair, additional males (up to seven)

entered the nest and began churning the foam with their

hind limbs while facing away from the pair and presumably

releasing sperm. In addition to these nest-building species, a

single anecdote for multimale spawning exists for Bufo

americanus, a free-spawning explosive aggregate breeder.

Kaminsky (1997) observed two small satellite males as they

followed amplexed pairs and aligned their cloacae with

females as they moved around the pond. Unfortunately

there is no description of egg laying, thus it is unclear

whether these sneaking males achieved fertilization. These

last three examples are described from few field observa-

tions, yet they are suggestive of condition-dependent

“sneaking” of fertilizations. While we do not have paternity

data to assess the reproductive success of each behavior,
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these examples underscore the potential for undiscovered

diversity in anuran mating tactics.

Multimale spawning in anuran species is phylogenetic-

ally widespread and sperm competition may be an impor-

tant determinant of male reproductive fitness in these cases

(Jennions and Passmore 1993). Testis mass (adjusted for

body size) in many multimale spawning species is signifi-

cantly larger than that of pair-spawning relatives (Kusano

et al. 1991, Prado and Haddad 2003) suggesting the evo-

lution of increased ejaculate expenditure. For example,

testis mass in Chiromantis xerampelina is 7.79% of body

mass compared to 0.25–1.11% in other rhacophorids; testes

of Leptodactylus chaquensis weigh 4.13% of body mass

compared to 0.04–0.12% in other Leptodactylus species.

Testis mass and the probability of group spawning are

correlated among Australian myobatrachids (see Byrne et al.

2002 and references therein). The evolution of enlarged

testes in leptodactylid, myobatrachid, and rhacophorid

frogs suggests that group spawning is not merely the result

of heightened aggression or unusually high population

densities, rather it likely occurs often such that the male

“joining tactics” are important ways to increase individual

reproductive success.

CLUTCH PIRACY

Perhaps the most unusual multiple-male tactic is clutch

piracy in the common frog, Rana temporaria (Vieites et al.

2004) (Figure 11.2). In this explosively breeding species

courting males amplex females in vernal pools and sneaker

males (referred to as “pirates”) follow the pair to the site of

oviposition. After the egg mass has been deposited and the

pair has left, the sneaking male or males clasp the egg

clutch, in some instances crawling into it and moving

among the eggs, while releasing sperm. More than 84% of

clutches are attended by pirates, and a mean of 24.1% of the

embryos (n¼ 16 clutches) are fathered by pirate males. The

reproductive success of sneakers is highly variable with 5%

to 100% of a clutch fathered by a pirate and with four of

seven clutches fathered only by the parental male and the

first pirate to arrive at the clutch. Individuals switch

between parental and pirate tactics, although the frequen-

cies and factors influencing tactic choice remain to be

determined (Vieites et al. 2004).

SW ITCHING VERSUS STAY ING

We found only one tactic that was stable across breeding

seasons and this was in an isolated population of Bufo

calamita, which is also unusual in having female-biased sex

ratios (1.77–3.38 females : males post-breeding season;

Denton and Beebee 1993). Approximately half of the

breeding males are “stayers” at a single pond, and often at a

Figure 11.1 Multimale spawning in Leptodactylus chaquensis: an

amplecting pair with seven “joiner” males. (From Prado and

Haddad 2003, with permission.)
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single calling site across breeding nights whereas the other

males are “switchers” moving among breeding ponds

throughout the season. Only four of 45 individuals adopted

both tactics across 3 years suggesting that it is not genet-

ically polymorphic despite being fairly static. Switchers

achieved higher mating success than stayers by mating with

multiple females; however, predation risks or possibly high

energetic costs associated with moving among ponds might

compensate for the lower mating success of the staying

tactic (Denton and Beebee 1993).

11 .3 ALTERNATIVE MATING TACTICS

IN SALAMANDERS

The caudate amphibians (including salamanders and newts,

members of the Urodela) are unique among living amphi-

bians in a number of derived reproductive characters. These

specializations are not surprising given the antiquity of the

lineages within Amphibia. For example, in sharp contrast

to anurans, most salamanders have internal fertilization

(Salthe 1967, Wake and Dickie 1998). The exceptions are

Cryptobranchidae, Hynobiidae, and Sirenidae; at least the

first two, and possibly all three, are relatively basal lineages in

the salamander phylogeny (Larson et al. 2003 and references

therein). Therefore, the largest diversification of salamanders

occurred after the evolution of internal fertilization. Gamete

transfer in internally fertilizing salamanders is indirect (via

deposition of a spermatophore by courting males) and

therefore does not involve copulation. Both indirect gamete

transfer and internal fertilization of eggs have important

implications for the evolution of alternative tactics; a large

number ofmating tactics described in salamanders exploit the

period of time when male gametes are in the environment,

before being transferred to the females (Verrell 1989). In

contrast to anurans, salamanders do not usually communicate

with sound in the context of reproduction, thus the signals

used in mate recognition and choice are primarily olfactory,

visual, or tactile (Arnold 1977, Arnold and Houck 1982),

requiring closer proximity of individuals in mated pairs than

is necessary for mate choice in systems with broadcast

advertisement. Not surprisingly, alternative behaviors that

have evolved in salamanders are often mediated by the

immediate and close presence of mates and competing males.

Three main categories of tactics are evident from

examining the summary table of diversity in salamander

behavioral phenotypes (Table 11.2): the first two categories

Female

Amplexus Clutch deposition

Clutch deposition

Clutch

Fertilization by
parental male

Fertilization
by pirate

Parental
male

FemalePirate

Pirate clasps
the clutch

Separation

Parental male

Separation

Figure 11.2 Clutch piracy in Rana temporaria. Mating sequence

with single male adopting the primary tactic of courtship and

amplexus (top) and with egg clasping by a “pirate” male (bottom).

(From Vieites et al. 2004, with permission.)
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unique to salamanders, are those that depend on paedo-

morphosis, the retention of larval characteristics in sexually

mature adults, and those that include some form of sexual

interference via female mimicry. The third category

includes alternative tactics that occur in the context of

defense of a resource necessary for reproduction (such as

nest, or egg-deposition site). These patterns are in sharp

contrast to those in anurans, where most tactics include

males competing for calling or egg-deposition sites; inter-

ference never includes female mimicry, and paedomorph-

osis is known in two species of anuran (Bokerman 1974,

Haddad and Prado 2005).

11.3.1 Tactics involving facultative

paedomorphosis

A notable exception to the pattern of short-term behavioral

plasticity in salamander tactics can be found in species that

employ alternate reproductive tactics based on facultative

paedomorphosis (Table 11.2). In these cases, the alternative

phenotypes are fixed for the reproductive season, although

theymay change in the course of an individual’s reproductive

lifetime (Winne and Ryan 2001). A number of proximate

mechanisms have been proposed for the expression of

alternative life cycles in facultatively paedomorphic sala-

manders (Harris 1987, Whiteman 1994, Denoël and Poncin

2001), including larval growth rate, density, food availability,

and genetics (Semlitsch and Gibbons 1985, Harris et al.

1990). Regardless of the proximal cues, these alternate life

histories obviously have important implications for present

and future reproductive success, thus, if both paedomorphic

and metamorphosed individuals exist in the same population

and compete for mates, we consider them here as alternative

reproductive tactics despite the complexity of ultimate and

proximal determinants (Semlitsch 1985, Krenz and Sever

1995). Paedomorphosis is facultative in a number of sala-

manders (Whiteman 1994) but only in a few of these cases do

we find metamorphosed and paedomorphic reproductive

adults in the same populations (Semlitsch 1985, 1987, Denoël

2002, Ryan and Plague 2004). Despite the large differences

in body size and development of secondary sexual charac-

teristics that are common between metamorphs and paedo-

morphs (Kalezic et al. 1996, Denoël et al. 2001), there seems

to be surprisingly little effect of metamorphic state on the

courtship behaviors and tactics employed by these males or

on their success in mate acquisition (Denoël et al. 2001,

Denoël 2002). The most likely advantage for this alternate

reproductive tactic seems to be a temporal one, in that

paedomorphic adults breed earlier, and thus benefit from

higher survival rates of their hatchlings (Krenz and Sever

1995, Ryan and Plague 2004); however, this pattern has

not yet been demonstrated in all species that exhibit this

reproductive tactic.

11.3.2 Sexual interference and

female mimicry

Sexual interference is defined as a behavior on the part of

a male that alters the probability that a competing male

will be successful in the courtship, transfer of gametes, or

fertilization of a female (Arnold 1976, Verrell 1982). In

salamanders, the most common form of interference is dis-

ruption of a mating pair through physical displacement of

courting males, wrestling, or overt forms of aggression such

as biting or chasing (Verrell 1989, Halliday andTejedo 1995).

Oftentimes the winner in these aggressive interactions is the

largest male (Houck 1988); thus, although this behavior may

provide benefits to interrupting males, it is not a tactic with

alternative states, as males are either more aggressive (or

larger) and successfully chase away potential rivals, or they

are the losers in these physical combats. A second form of

sexual interference, in which the alternative tactics are more

clearly delimited, involves behaviors that prevent the suc-

cessful transfer of male gametes to the female. This form of

alternative tactics is unique because of the indirect mode of

gamete transfer. These alternative tactics have evolved in

the Ambystomatidae, Plethodontidae and Salamandridae

(Table 11.2) and can take two forms. The first of these is

spermatophore capping (Figure 11.3). This tactic is most

prevalent in the Ambystomatidae, where males in breeding

aggregations cover spermatophores of other males with their

own (Arnold 1976, 1977) and make the sperm cap of the

original male inaccessible. The incidence of this behavior

varies among species of Ambystoma; in laboratory studies

7.5% of the spermatophores produced by A. texanum were

multiple structures (McWilliams 1992), compared to 57%

and 63% for A. maculatum and A. tigrinum respectively

(Arnold 1976).WithinAmbystoma, spermatophore capping is

most common in species with extremely short and explosive

breeding systems (Arnold 1977); males deposit numerous

spermatophores on the substrate but deposition is not part of

a courtship series that requires close associations with

females. Rather, Ambystoma spermatophores are placed in

large numbers in patches along the bottom of breeding

ponds, and females retrieve only some of them, thus the

courtship investment per spermatophore is low, but so is the
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success rate of each one that is deposited (Arnold 1977).

Despite its occurrence in this relatively well-studied genus,

we still know surprisingly little about the exact fitness costs

and benefits of spermatophore capping, primarily because we

lack basic comparative information about the cost of gamete

production, and the frequency and social context for this

behavior in species of different lineages. For example, it is not

known whether males can identify a spermatophore as their

own, or if they merely cover a proportion of the spermato-

phores they encounter. Likewise, we know very little about

female choice of single or capped spermatophores, or about

female selectivity of gametes in general in salamanders. Thus,

although we have relatively complete information on

spermatophore deposition rates and probabilities of sperm-

atophore encounter for some species (Arnold 1976, 1977,

McWilliams 1992), we are lacking information on the prob-

ability of sperm cap retrieval by females. Perhaps trade-offs

between cost of gamete production, cost of courtship

behaviors, and spermatophore success rate may explain some

of the variation in breeding behavior and alternative tactics

within Ambystoma, in much the same way that differences in

reproductive investment have been used to explain differ-

ences between plethodontids and ambystomatids (Arnold

1977).

The second behavior used to disrupt gamete transfer is

female mimicry which occurs when a male interrupts a pair

that is already in courtship (Verrell 1989). Female mimicry

occurs most frequently (albeit not exclusively) in pletho-

dontids and salamandrids, two families in which males

perform elaborate and species-specific displays in the

process of sperm transfer, and where females use specific

behaviors to indicate receptivity (Halliday 1974, Arnold

1976, Houck and Arnold 2003). Plethodontid salamanders

deposit very few spermatophores (between two and ten) in a

reproductive bout but invest heavily in courtship displays.

Male plethodontid salamanders have evolved elaborate

behavioral repertoires to entice females to reciprocate in

courtship and pick up their spermatophores (e.g., Verrell

1982, Halliday 1990). The cost to the males of these com-

plex courtship behaviors is poorly known (but see Bennet

and Houck 1983); however they must not be trivial, as many

salamanders invest substantial time and effort in mating

displays (Stebbins 1949, Organ 1960). In plethodontids,

males court receptive females in a stereotyped “tail-strad-

dling walk,” in which the male leads a receptive female until

she is behind him and aligned with the long axis of his body;

he then deposits a spermatophore and guides her over it

until she retrieves the sperm cap with her cloaca. This

process includes tactile stimulation on the part of the

receptive female, usually through nudges or pressing at the

base of the male’s tail, to indicate receptivity. An inter-

rupting male approaches a courting pair and mimics the

female by nudging the male’s tail, thus prompting early

spermatophore deposition. The interrupting male then

begins his own courtship and deposits his own spermato-

phore for the receptive female. Plethodontid males also use

female mimicry when not in the immediate presence of

females. In a number of species, male–male elicitation of a

tail-straddle walk has been observed (Arnold 1977); if suc-

cessful, the leading male will be duped in to depositing a

spermatophore with no chances of fertilization. Given that

once a male deposits a spermatophore he may not be able to

do so again for some time, these male–male courtships are

likely an adaptive form of sexual interference rather than

errors in sex identification (Arnold 1976). Therefore, female

mimicry (in the form of male–male courtship) in this family

occurs as a means of exhausting the future reproductive

potential of rival males.

Courtship in the Salamandridae also includes fairly

complex interactions between males and females, culmin-

ating in spermatophore deposition and transfer (Halliday

1974, 1975, Verrell 1982, 1984a). The salamandrids for

which we have the most complete data on reproductive

behavior are European newts in the genus Triturus and

the North American red-spotted newt, Notophthalmus

viridescens (Halliday 1974, 1975, 1977, Verrell 1982, 1984a,

1984b). Species of Triturus have relatively prolonged

breeding seasons of 2–4 months; however, OSR can change

Figure 11.3 Sexual interference in Ambystoma maculatum occurs

via spermatophore capping. Only the sperm cap from the topmost

spermatophore (3) is accessible to the female. (From Arnold 1976,

with permission.)
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significantly during the course of the mating season (Verrell

and Halliday 1985, Verrell and McCabe 1988) such that

females are in relatively short supply during some periods.

The smooth newt (T. vulgaris) has a fairly stereotyped

sequence of male courting behaviors, and males perform a

“creep” behavior and slowly move away from the female just

before spermatophore deposition; female tail-touching is

usually the stimulus used by the male for spermatophore

deposition and males resume movement with a “creep on”

and “brake,” to lead the female’s cloaca just above the

location of the spermatophore (Halliday 1977) (Figure 11.4).

It is at the spermatophore transfer phase that most sexual

interference happens in this species; a male newt that

encounters a female already engaged in courtship will wait

until the primary male is in the “creeping” phase, and mimic

the female’s tail-touching, causing the first male to deposit

his spermatophore while the usurper leads the female away

and begins his own courtship and “creep” (Verrell 1984a)

(Figure 11.4). Species of Triturus vary in the frequency of

female mimicry. For example, interferingmale Bosca’s newts

(T. boscai) rarely tail-touch courting males (Faria 1995);

instead, an approaching male adopts a “waiting” tactic and

slowly fan his tail (presumably sending olfactory stimuli to

the female) while waiting for the primary male to flick his tail

at the female, at which point the intruding male engages in

“push-tail” behavior and disrupts the mating pair. Faria

(1995) did not observe a successful sperm transfer in any of

the case of sexual interference in T. boscai, suggesting that

these behaviors drastically lower male reproductive success.

Likewise, in the alpine newt (T. alpestris), interfering males

approach a courting pair and attempt an “interference

courtship” in the vicinity of the female. Some of these side

displays result in successful transfer of spermatophores,

but at a relatively low rate (approximately 7.5% of inter-

actions: Verrell 1988). Female mimicry in the form of male–

male courtship has been noted in Triturus (Halliday 1974,

Green 1989) but at very low frequencies; therefore, if it

occurs as a form of sexual interference it must not be used

very often.

The New World red-spotted newt, Notophthalmus

viridescens, exhibits a form of female mimicry similar to its

OldWorld relatives. Males of this species, when courting a

nonresponsive female, engage in long amplexus, clasping

a female around the neck with their hindlimbs and

using repetitive head movements to apply genial (cheek)

gland secretions on the female’s nares (Verrell 1982)

(Figure 11.5A and B). If a female is quickly receptive, the

male will bypass amplexus and use a lateral “hula” display

before depositing a spermatophore (Verrell 1982). A third

tactic is to not amplex or display, but interfere with a

clasped pair at the moment when a male dismounts to

deposit their spermatophore for the female (Figure 11.5C).

Male red-spotted newts use female mimicry and touch the

tail of the first male to trick the courting male into

depositing a spermatophore; they then deposit their

own spermatophore for the female (Verrell 1982, 1983,

Massey 1988). Interestingly, this alternative tactic yields

approximately equal fitness opportunities (Massey 1988).

Amplexing and interfering males do not differ in insem-

ination success, despite the presumed advantage offered by

the prolonged amplexus, and the possible cost to

amplecting males (Verrell 1985). Notophthalmus are

sexually dimorphic; males have deeper and longer tails

(Able 1999, Gabor et al. 2000). Field and laboratory

studies have demonstrated that male tail depth and size are

positively correlated with variation in male courtship

success (Able 1999, Gabor et al. 2000), but these studies

did not distinguish between the two forms of courtship

(amplexus versus hula display); nonetheless, if deeper-

tailed males are more successful in either form of court-

ship, then shallow-tailed males may be the ones primarily

using interference tactics. A fourth tactic, referred to as

“pseudofemale behavior,” was described in red-spotted

newts (Massey 1988). In this case, males that are searching

for females sometimes clasp other males; amplexing males

will court their same-sex partners for the same amount of

time typical of male–female amplexus. When the

amplexing male dismounts, the courted male may display

the typical female cloacal nudging behavior and in this way

elicit spermatophore deposition from the clasping male;

Massey (1988) reported that 50% of the male–male

courtship encounters successfully resulted in spermato-

phore deposition. This case of sexual interference is

similar to the same-sex courtship observed in Plethodon

jordani (Arnold 1976), in that the interfering male does not

gain any direct insemination benefits, but does cause

competing males to produce spermatophores that are not

utilized, thus costing the competing male reproductive

potential.

Reproductive dynamics differ in the large-bodied North

American newts in the genus Taricha, where interference

does not involve female mimicry, but rather a condition-

dependent switch among tactics. Courtship has been best

studied in the rough-skinned newt, T. granulosa (Arnold

1972, Janzen and Brodie 1989, Propper 1991). Male Taricha

amplex females and continue grasping them as other males
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attempt to interfere, forming a mating ball composed of a

paired male and female, and multiple intruders. In the only

field observations of a mating aggregation of T. granulosa,

males could be categorized in hierarchical groups with

different mating opportunities and tactics. First, males at

the aggregation either engaged in amplexus (or attempted

amplexus), or they were nonpaired (Janzen and Brodie

1989). However, it is unclear whether the nonpaired males

were adopting alternate tactics, or whether they were simply

excluded from reproduction due to the preponderance

Creep and follow

Tail quiver

Tail touch

Deposition

Creep-on and
follow

Brake and
touch tail

NO ALTERNATIVE
TACTIC

WITH ALTERNATIVE
TACTIC

Figure 11.4 Mating sequence of Triturus vulgaris with a single

courting male (left) and with an additional male adopting the

alternative tactic (right). Males lead female in a stereotyped

creeping sequence before depositing spermatophores.

Interfering males use female mimicry to elicit spermatophore

deposition by the courting male. (Modified from an original

drawing by T. Halliday and from Halliday 1977 and Verrell 1998,

with permission.)
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of larger males. Unpaired males were significantly smaller in

body size, tail length, and tail height than those in amplexus.

Among the males that were attempting amplexus or suc-

cessfully amplexing a female, the correlation with body size

disappeared. Males that were either in single pairs, in a

mating ball, or attempting to intrude in a mating ball, were

the same size and had the same degree of development of

secondary sexual characteristics. In this system there is

apparently condition dependence for pairing opportunity,

but once a threshold for mating has been met, the tactics

utilized by males are opportunistic. Both pre- and post-

insemination amplexus is common and amplexus can be

very prolonged (median 7 hours, range 40 minutes to 2 days:

Propper 1991). After pre-insemination amplexus the male

dismounts, deposits a spermatophore, and clasps the female

again. Given the ubiquity of female mimicry in other sala-

mandrids, it might seem surprising that Taricha have not

evolved similar forms of interference; this difference may be

explained by the difference in investment in mate-guarding

in New World newts (Halliday 1977), although more

detailed observations of courtship success in Taricha are

needed.

Ambystomatidae also employ female mimicry, but the use

of this behavior varies among species depending on their

particular mating system and investment in courtship

(Arnold 1976, 1977). Within Ambystoma, there is substantial

among-species variation in the number of individuals that

participate in a typical breeding aggregation, the time indi-

vidual males spend courting females, and the number of

spermatophores males deposit relative to time spent courting

(Arnold 1977). For example, highly explosive species such

as A. maculatum, A. opacum, and A. texanum deposit many

spermatophores in one mating bout and do not orient

toward females or directly interact with females during the

spermatophore transfer phase of courtship (Noble and Brady

1933, Arnold 1976, McWilliams 1992). Ambystoma tigrinum,

A. dumerilii, A. mexicanum, A. talpoideum, and A. laterale

insert a tail-nudging walk between spermatophore depos-

itions, form temporary associations with females in courting

pairs, and therefore deposit fewer spermatophores per unit

time, but presumably increase the probability of gamete

transfer to females (Arnold 1977, Verrell and Krenz 1998).

Female mimicry in Ambystoma is seen mostly in these cases

where males and females engage in pairwise courtship dis-

plays. In A. tigrinum, interfering males insert themselves

between the courting male and female and nudge the leading

male’s cloaca. When the primary male deposits a spermato-

phore, the intruder covers it with his own for fertilization

of the female. In metamorphosed breeding individuals of

A. talpoideum, males creep in front of the female before

spermatophore deposition and undulate their tails; the

interfering males block access of the female to the original

Approach female

Is she already
being courted?

Is she
receptive?

Are other
males present?

Amplexus

Sexual
interference

"Hula"

YES

NO

NO

YES

YES

NO

(A) (B)

(C)

Figure 11.5 Alternative behaviors for courtship in Notophthalmus

viridescens (A), a male and female in amplexus (B), and an

amplecting pair with an interfering male (C). ((A) and (B) modified

from Halliday 1990, with permission; (C) courtesy of T. Halliday.)
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males tail, and also elicit spermatophore deposition with tail

nudges (Verrell and Krenz 1998).

The prevalence of female mimicry behavior in

Salamandridae and Plethodontidae and its occurrence only

in those Ambystoma that have more prolonged male–female

courtship sequences suggests that this form of sexual

interference is most efficient in cases where courtship

involves a close behavioral interplay between males and

females mating in pairs or in relatively small mating groups.

Although individuals in these groups exhibit little physical

contact during mating (when compared to species that have

prolonged amplexus), the species-specific behavioral

sequences are crucial in stimulating females into respon-

siveness (Halliday 1974, 1977, Moore et al. 1979, Teyssedre

and Halliday 1986). Both families have prolonged breeding

seasons, elaborate and stereotyped species-specific displays’

and in general, deposition of small numbers of spermato-

phores per breeding bout (Halliday 1990). This behavioral

complexity and high investment in courtship is evident to an

extreme degree in terrestrially breeding plethodontids,

where we find the highest occurrence of long-term pair

bonds, territoriality, and even social monogamy among

males and females in mated pairs (Jaeger and Forester 1993,

Gillette et al. 2000). Combined, these reproductive char-

acteristics favor the evolution of tactics such as female

mimicry that exploit behaviors crucial to spermatophore

transfer during courtship. In contrast, spermatophore cap-

ping is most prevalent in species with aggregate or explosive

mating systems, and the behavior is generally exhibited in

large multimale courting groups. Not surprisingly, these

species also exhibit relatively high levels of multiple mating

and multiple paternity (Tennessen and Zamudio 2003,

Myers and Zamudio 2004). In female mimicry and sperm-

atophore capping, we do not knowwhether individual males

preferentially adopt these tactics based on some inherent

characteristic (e.g., body size, strength) that may be used by

females for mate choice, or whether males are opportunistic

depending on the immediate availability of mates or pres-

ence of competitors. Despite many unknowns, it is obvious

that the evolution of indirect internal fertilization has

opened important opportunities for the evolution of alter-

native tactics in this lineage.

In addition to sexual interference, salamanders also

employ short-term tactics according to the receptivity of

females they are courting (Verrell 1982, Denoël et al. 2001).

In these cases, it is clear that the alternate behaviors are

employed by the same individual sometimes in short suc-

cession, however, we do not know whether different males

employ these tactics to different degrees. In Triturus alpes-

tris, female receptivity seems to be the main determinant of

male choice between a “waiting” tactic, where males wait for

a female response before depositing spermatophores, and a

“luring” tactic, where males use quivering and distal lures

before depositing a spermatophore in front of the female.

The frequency of successful insemination varies signifi-

cantly among males adopting different tactics (64% for

males who wait for female to come into a responsive state

compared to 8% for luring males) and there is no evidence

of correlation with male body size or condition (Denoël et al.

2001). Similarly, male red-spotted newts (Notophthalmus

viridescens) adopt one of two behaviors depending on the

initial response of the female (Verrell 1982, 1983). If a

female is responsive, males perform a lateral display (hula

display); on the other hand, if females are not responsive the

male clasps her in a prolonged amplexus, followed by

spermatophore transfer. These alternative tactics may be

elicited by a female stimulus (receptivity), but in red-

spotted newts, experimental manipulations of densities

show that the males favor amplexus in the increased pres-

ence of competitors, presumably as a defense against sexual

interference (Verrell 1983). This defense against sexual

interference comes at the cost of time, energy, and reduced

encounter rate with other females.

11.3.3 Tactics associated with resource

defense

The final pattern evident from our survey is that, in contrast

to the pattern in anurans, very few alternative tactics in

salamanders are related to defense of a resource necessary

for reproduction (such as nest, or egg-deposition site). In

salamanders, the cases that do involve defense of a resource

are found exclusively in lineages with external fertilization.

Hynobius exhibit behavioral tactics that most closely

approximate the typical anuran caller–satellite system. In

H. nigrescens, females deposit bilobed egg sacs in the water

attached by adhesive tips to a stick or branch. Males fertilize

the eggs once they are in the water. Just before oviposition, a

female finds an appropriate site and rubs her cloaca against

the substrate to attach her egg mass. In H. nigrescens, males

defend sticks or twigs before females arrive (Usuda 1997).

Egg-sac deposition is not random, likely because females

select optimal sites for oviposition; in one study, 20 of 22

eggs sacs were deposited on five twigs that were in close

proximity (Usuda 1997). Therefore, this behavior is a form

of short-term territorial defense, and nonterritorial males
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remain near the optimal sites as opportunists. Interestingly,

the territorial males did not differ from opportunists in size

and mass (Usuda 1997). In other species of Hynobius males

are attracted to ovipositing females, and embrace or amplex

the egg mass during oviposition (Sasaki 1924, Thorn 1962,

Sato 1992); In some cases, a male’s efforts to embrace the

egg sac accelerate the process, because repeated clasping

motions pull the eggs from her cloaca; this phenomenon has

been termed “midwifing” (Usuda 1993). In all species of

Hynobius that have been studied, the first male to reach an

ovipositing female becomes the “monopolist” and remains

clasped tightly to the egg sac while fertilizing the eggs in

an attempt to prevent other males from doing the same.

Secondary males join as “scramblers” and attempt to fer-

tilize some of the eggs by releasing gametes around the

monopolizing male (Sato 1992, Usuda 1993, Hasumi 1994,

Park et al. 1996, Park and Park 2000). In Hynobius, the

resource in short supply is female eggs. Because fertilization

is external, behavior of the monopolists is similar to

amplexus and mate defense that is seen in many species of

frogs, except that male attention is directed to the gametes,

instead of the female.

Two species of Cryptobranchidae, an ancient lineage of

salamanders that includes only three species distributed in

Asia and North America, also exhibit tactics that involve

defense of a limited resource. All cryptobranchids are

external fertilizers, and females select and mate with males

that defend nest sites. In Andrias japonicus, the Japanese

giant salamander, alternative male tactics are driven by

limited availability of appropriate egg-deposition sites.

Males occupy long burrows with underwater openings in

the banks of streams, and defend these aggressively against

intruders. The largest males in the population have been

called “den masters” because they are the only nest-site

holders and tend the egg masses of several females. The

remaining small males in the population use satellite or

“sneaker” tactics; they are active in the vicinity of dens and

enter burrows occupied by mating pairs. In a detailed

observational study of two nests, Kawamichi and Ueda

(1998) observed a nest defended by a den master and visited

by ten sneaker males during the spawning season. These ten

males made 47 intrusions, each immediately after females

entered the nest. It is not known whether satellite males

benefit directly from fertilization of some of the female’s

eggs, although this is certainly a possibility. Data for

Cryptobranchus alleganiensis, the single North American

species of this lineage, are less conclusive, but also sug-

gestive of alternative male mating behaviors. Early studies

of reproductive behavior (Smith 1907, Bishop 1941, Nick-

erson and Mays 1973a, b) suggest that males defend

excavated nest sites from intruders (Nickerson and Tohulka

1986), and that once a female selects a nest for spawning,

other males approach the pair and release sperm in the

vicinity of the spawning pair (Smith 1907). It is not known

whether territory holders in this species are larger males, or

whether the secondary males at spawning sites are simply

those who have not successfully obtained a mating site;

however, it seems likely that this system is similar to that

observed in Andrias, and that resource defense (in this case

an excavated nest site where eggs can be guarded) underlies

differences among males in reproductive tactics.

Plethodontid salamanders also defend territories that are

used for reproduction; however, territories are defended

year round and may be primarily a means of sequestering

foraging sites and appropriate microhabitat patches (Mathis

1989, Gabor 1995, Jaeger et al. 1995). Nonetheless, some

interesting patterns in the spatial distribution of males and

females has led researchers to suggest that males may be

adopting different tactics in their territorial “decisions”

(Jaeger et al. 2000). Adult Plethodon cinereus adopt different

spatial arrangements, and these naturally have conse-

quences for their mating strategies: some co-defend terri-

tories with an adult of the opposite sex, others defend

territories singly, but overlap in part with territories of

members of opposite sex, and finally, some defend terri-

tories singly with no apparent overlap (Mathis 1991a, Jaeger

et al. 1995). If these spatial arrangements reflect mate choice

and availability, those pairs that live together in the same

place would favor monogamy while overlapping territories

would favor polygyny, polyandry, or polygynandry. We are

just beginning to unravel some of the intricacies of social

interactions among salamanders (Jaeger and Forester 1993)

and the variation that exists among species and individuals,

thus it remains to be seen whether these territorial patterns

are modulated by social interactions in the context of

reproduction and mating strategies, or if they are driven

primarily by ecological or spatial constraints. Given the

degree of communication, discrimination, and social inter-

actions in plethodontids that has been detected in field and

laboratory studies (Mathis 1991b, Jaeger et al. 1995, 2002,

Guffey et al. 1998), it will not be surprising if terrestrial

salamanders exhibit substantially more behavioral com-

plexity than we currently recognize. (Box 11.1)

The approximately 500 species of salamanders are

included in ten families, yet the majority of alternative

behavioral tactics have been described in the families
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Ambystomatidae, Salamandridae, and Plethodontidae.

This distribution begs the question: why do we not know

of more diversity in reproductive behaviors, especially in

other families? One possible answer is that behavioral

phenotypes do not exist in other families; however, given

the diversity of reproductive modes and courtship behaviors

in the less-known lineages of salamanders, this explanation

seems unlikely. The answer may lie in the fact that we

Box 11.1 Female reproductive tactics in amphibians

A surprising result of our survey was the apparent

lack of alternative female reproductive phenotypes in

amphibians. This may result from male-biased OSR that is

typical of most amphibian breeding groups, such that there

is little competition among females for males or their

gametes, and thus less selection for reproductive tactics.

Accordingly, one of the few examples of a female alter-

native tactic was reported in breeding populations of Tri-

turus vulgaris with equal or female-biased sex ratios

(Waights 1996). Early in the season, prior to ovulation,

the limiting resource in breeding aggregations is sperm

(because of a physiological limit on spermatophore pro-

duction rates by the few males present). Under these

conditions, females interrupt and attempt to displace

courting females instead of engaging in normal courtship

behaviors. These interrupting females either touch the tail

of the male to elicit spermatophore deposition, or they wait

until the courting female does so and “dart” in between

them to pick up the spermatophore. Once ovulation

commences in the population and the OSR shifts to male-

biased, the limiting resource becomes female gametes, and

males display the tactics typical for this species. Likewise,

in a study of mate selection in Bufo bufo, Davies and

Halliday (1977) report on context-dependent female

behaviors that are also suggestive of alternative tactics.

Females already in amplexus can influence the repro-

ductive success of males in male-biased breeding aggre-

gations. In their study, females in amplexus with suitable

males moved away from lone males to avoid dislodgement.

However, when females were paired with unsuitable males

they instead moved toward lone males of appropriate size

to induce male–male competition and obtain a better mate.

Variation in post-fertilization behaviors among females

has been observed in salamanders; although these are not

behavioral reproductive tactics associated with increasing

fertilization success, they are alternative reproductive

behaviors with important fitness consequences. The best

studied of these occurs in females of the plethodontid

Hemidactylium scutatum, that show tactics related to nest site

selection and parental care. Females adopt one of three

tactics (Blanchard 1934, Harris et al. 1995): they may lay

eggs in solitary nests and brood them, they may lay their

eggs in a joint nest with other females and brood them (lay-

and-stay females), or they may leave them to be brooded by

another female (lay-and-leave females). This species has

been the focus of substantial study byHarris and colleagues;

they studied a population where 30–52% of the nests were

communal, up to 45–70% of females were lay-and-leave

females, and nests included clutches from two to seven

females, but as a rule joint nests had only one attendant

(Harris and Gill 1980; Harris et al. 1995). Brooding in this

species has clear advantages for embryonic survival and

hatching success rate (Harris and Gill 1980), possibly due to

decreased fungal infections from antimicrobial components

in the skin of brooding females (Harris and Gill 1980, R. N.

Harris, pers. comm.). Lay-and-stay females were in sig-

nificantly better condition as measured by weight/length

ratio (Harris and Ludwig 2004) and tended to lose more

weight during the reproductive season than deserting

females (Harris et al. 1995). On the other hand, lay-and-

leave females were significantly lower in body condition,

suggesting that females in poor condition will stay with, and

perhaps be attracted to, females that are in good condition

for joint nesting (Harris and Ludwig 2004).

The selective advantage for lay-and-stay females is not

yet clear, especially since the second female to join a nest is

equally likely to be the lay-and-stay female as the founding

female; the brooding female may benefit from the presence

of additional eggs in her nest, possibly due to a “dilution”

effect of the probability of predation (Harris et al. 1995).

The benefits for females that abandon eggs are clearer, they

do not incur the cost of brooding and can return to for-

aging soon after oviposition, thus potentially increasing

their chance of reproduction the following year (Harris and

Ludwig 2004). This population study underscores the

importance and value of long-term studies of organisms in

their environment. Through mark-recapture studies and

multiple years of observation, Harris and colleagues have

shown that females switch tactics between years, and that

female size and condition, and population density play a

role in the decisions of females in any one season (Harris

et al. 1995, Harris and Ludwig 2004).

320 K. R. ZAMUDIO AND L. M. CHAN



have very few data on courtship and reproductive behaviors

for many salamander species. In part this may be due to the

inaccessibility of their breeding sites and crypticity of their

behaviors, but we also lack basic descriptions and studies

of reproductive patterns and behaviors in entire families.

A recent survey of salamander courtship and mating

behavior by Houck and Arnold (2003) underscores the

paucity of data. Reproduction in the remaining salamander

families is poorly understood: courtship has been studied in

three species of Hynobiidae and one Proteidae; mating

behavior and courtship sequences are poorly described or

completely unknown in Cryptobranchidae, Sirenidae,

Dicamptodontidae, Amphiumidae, and Rhyacotritonidae

(Houck and Arnold 2003). Collectively, the diversity in nest

sites, mode of fertilization, length of breeding period, and

mating densities in these poorly studied groups rivals that

found in the better-known families; therefore we can be

certain that further efforts in basic description and obser-

vation of salamander reproductive biology and behavior

will reveal more incidences of alternative behavioral

phenotypes.

11 .4 COMPARATIVE AND

EVOLUTIONARY THEMES

11.4.1 Operational sex ratio and amphibian

alternative tactics

Our survey underscores the importance of density of

breeding aggregations and OSR in modulating the fre-

quency and nature of alternative reproductive tactics in

amphibians. Many authors before us have noted this pattern

(Arnold 1976, 1977, Wells 1977a); it is not surprising that

alternative tactics have evolved repeatedly in species with

aggregate breeding. Although OSRs in breeding ponds can

vary over short time periods as a function of density, fre-

quency, and individual decisions on the part of breeding

females and males (Lucas and Howard 1995, Lucas et al.

1996, McCauley et al. 2000), alternative mating tactics in

frogs and salamanders occur, with few exceptions, in

breeding aggregations that have a male-biased OSR (Tables

11.1 and 11.2). The single example of a female-biased OSR

in anurans was in an isolated population of Bufo calamita

(Denton and Beebee 1993) that exhibited the unique

“switching” and “staying” breeding tactics in contrast to the

caller–satellite system in populations with male-biased OSR

(Arak 1988). Although it is unclear how often female-biased

OSR occurs in this species, this example underscores how

population-level differences in demographic structure can

mediate the social context and the direction of sexual

selection on short temporal and spatial scales. In laboratory

studies of salamander mating, evidence for the role of

density or OSR in modulating behavioral tactics is some-

what equivocal; in some species males increase their

courtship efforts to overcome increased competition in the

presence of rival males (McWilliams 1992), whereas in

others, males reduce their efforts, abandon them altogether

(Uzzell 1969, Uzendoski et al. 1993, Verrell and Krenz

1998), or are indifferent to the presence of additional males

(Arnold 1976, Petranka 1982). Experimental manipulations

are not available for most amphibian taxa, and in those taxa

where it is feasible, it would be informative to measure the

frequency and outcome of breeding tactics in these different

contexts.

In general, the distribution of tactics among amphibian

lineages suggests that higher densities and skewed sex ratios

result in increased mate competition and influence tactic

diversity and prevalence. This pattern is undoubtedly

related to the context dependence and relatively short lon-

gevity of amphibian reproductive tactics. We found few

examples of long-term tactics (those with which individuals

adopt the same tactic for a season or more) in either sala-

manders or frogs. This may be related to the overall

dependence of male tactics on the density of competing

males; short-term changes in densities or OSR (sometimes

as short as among days within season: Douglas 1979) should

select for the ability to change tactics on relatively short

temporal scales. Flexibility or plasticity over short time-

frames allows individuals to fine-tune their behavioral

responses and maximize fitness depending on the immedi-

ate social context. This seems to be the norm for the con-

ditional strategies of amphibians.

One clear exception to the usual pattern of tactic pre-

ponderance and density of competitors is found in pletho-

dontid salamanders. Plethodontids are unique among

salamanders in that they do not breed in large groups; this is

especially true of the terrestrial forms. Breeding adults

defend territories, and engage in complex social inter-

actions, including pair bonding. Therefore, although sex

ratios in the population may not be equal, most interactions

among breeding adults happen in pairs, with little oppor-

tunity for the evolution of satellite or sneaking behavior. In

fact, the most frequent tactic in this group is pre-emptive

sexual interference through female mimicry; plethodontids

are limited in the number of spermatophores they produce,

thus this alternative tactic exhausts the rivaling male’s
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fertilization potential (Arnold 1977). This behavior may

gain no immediate fitness (in terms of fertilization oppor-

tunity) for the female mimic; however, if interactions among

males are limited to a small group that are competing in

adjacent territories, the tactic likely results in overall success

given that the duped male may not be able to fertilize the

next receptive female. This category of tactic, pre-emptive

rather than offering immediate reproductive success, has

been reported only in plethodontids and in a few species of

salamandrids.

The reproductive modes in anurans may also have con-

sequences for the likelihood of direct competition among

mating males. Thirty-nine reproductive modes have been

described in anurans (Haddad and Prado 2005) and they

determine the context of sexual selection and thus influence

the diversity of behavioral strategies that are successful. For

example, in Hyla leucopygia eggs are deposited in hidden

nests constructed by males such that the potential for the

evolution of particular alternative tactics such as satellite

males, multimale spawning, and sneaking behaviors does not

exist (Haddad and Sawaya 2000). Males of some species in

the Leptodactylus fuscus group also construct subterranean

chambers where females oviposit. In these species, the nests

are hidden and have small openings that the male can

physically obstruct after entrance of the female, thus elim-

inating the possibility of multimale spawning (Martins 1988).

Prado and Haddad (2003) found that fuscus group members

have small testes relative to body size suggesting that this

reproductive mode prevents multimale spawning and hence

the selective pressures for enlarged testes.

Given the importance of density in the evolution of

amphibian alternative mating tactics, length of the breeding

season will likely also play an important role in behavioral

diversity within species (Wells 1977a). In general, popula-

tions with explosive breeding patterns tend to exhibit higher

densities, with an overall greater number of competing

males, but with a less strongly skewed OSR than species

with extended or continuous breeding patterns (Wells

1977a, Arak 1983b). We would expect that amphibians

with explosive breeding seasons might have different fre-

quencies or types of reproductive tactics when compared

to species that have prolonged breeding seasons (Arnold

1977, Halliday and Tejedo 1995, Verrell and Krenz 1998).

This pattern does not seem to be a general one across all

amphibians. For instance, among anurans, caller–satellite

systems occur in many species, both explosive and pro-

longed breeders (Table 11.1). In salamanders, breeding-

season length varies systematically with phylogenetic

lineage; therefore, differences in behavioral tactics cannot

be attributed to breeding season length alone. Given the

nonlinear relationship between length of breeding season

and OSR, and species-specific changes in OSR during the

course of the breeding season, we will need more detailed

data to test for a link between temporal reproductive

patterns and diversity in behavioral tactics.

The expression of alternative reproductive behaviors

presumably increases individual fitness, and in fact, in some

amphibian species we have been able to quantify the relative

benefits of alternative tactics. However, we know far less

about the potential costs. Depending on circumstances, the

behaviors themselves may result in fitness disadvantages. For

example, in the genus Bufo, active searching by males is

common and larger males displace smaller amplecting rivals.

This tactic bypasses courtship behaviors involved in species

recognition, resulting in a higher probability of erroneous

amplexus and hybridization with heterospecific females

(Haddad et al. 1990). Another potentially negative conse-

quence is increased likelihood of predation. In large Bufo

aggregations, actively searching males will cause disturbance

and noise while attempting to intercept females, possibly

increasing attraction of predators (Haddad and Bastos 1997).

11.4.2 Phylogeny, fertilization mode, and

amphibian alternative tactics

Our survey reveals macroevolutionary patterns that tran-

scend the deep phylogenetic divergence between frogs and

salamanders. One of these patterns is the convergence of

tactic types within lineages that have similar fertilization

modes. Internal fertilization is found in most salamanders, a

few frogs, and all caecilians, while external fertilization is

found in nearly all frogs, and only two families of sala-

manders. In salamanders with internal fertilization, there

are evident phylogenetic patterns in three well-studied

families that each consistently use a distinct tactic category.

Ambystomatids use spermatophore capping as a means of

sexual interference, with evidence of female mimicry in a

few species. Plethodontids use female mimicry (in the form

of male–male courtship), to reduce the reproductive

potential of rival males. Salamandrids also use female

mimicry, but rarely in male–male courtship; it is most often

used to interrupt the courtship of a courting pair. Repro-

ductive dynamics of the few internally fertilizing frogs and

the cryptic caecilians are poorly understood. Although

internal fertilization has evolved very differently in each of

these amphibian lineages (Wake and Dickie 1998), it will be
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interesting to compare the diversity in reproductive

phenotypes in these groups and how they differ from those

found in taxa with external fertilization.

Phylogenetic patterns of tactics used by externally fer-

tilizing amphibians are less consistent and tactics are often

phylogenetically widespread. For instance, satellite and

“gauntlet” males occur in five of the six frog families

included in this review as well as the two externally fertili-

zing salamander families. In frogs, satellites occur most

commonly among bufonids and hylids (Table 11.1); mem-

bers of both families generally lay eggs away from calling

sites such that mate acquisition and mate defense is of pri-

mary importance to reproductive success. In contrast, ranids,

hynobiids, and cryptobranchids usually involve attempted

monopolization of a resource such as a nest site (in crypto-

branchids and ranids), or a clutch of eggs (in hynobiids), with

satellite or sneaker behaviors on the part of additional males.

In these cases heightened aggression might have evolved as

sexual defense to deter satellite males from intercepting

females. External fertilizing frogs, primarily of the families

Rhacophoridae and Leptodactylidae, can also participate in

multimale spawning behaviors where mated pairs are tied to

a visible and obvious nest and hence are unable to avoid

joining males. Despite these general patterns, instances of

satellite tactics andmultimale spawning in other frog families

suggest that reproductive strategies are especially flexible in

anurans. The differences in tactics employed by internally

and externally fertilizing lineages are likely a result of the

evolution of a “breeding phenotype,” which includes the

concerted evolution of density and temporal aspects of the

mating system, as well as the relative investment in gametes

and courtship in each lineage.

11 .5 FUTURE RESEARCH

The study of the origin, diversification, and maintenance of

behaviors is most complete if we consider both process and

pattern at hierarchical scales of analysis, encompassing

multiple scientific fields and approaches. Tinbergen (1963)

set forth a conceptual framework for ethology in the form of

four aims or goals for the comprehensive study of behavior.

These aims are to study the control (or causative mechan-

isms) of behaviors, their ontogeny (genetics and develop-

ment during the life of an individual), their evolution

(historical change over time or across taxa), and their func-

tion (or adaptive value). Tinbergen (1951) acknowledged

overlap among fields that address these questions, and

stressed that a coherent and complete study of behavior

should adequately address each aim and integrate among

them. Other authors have recently clarified or amended the

goals in ethology, but also reasserted the value of this

framework (Dewsbury 1992, Burghardt 1997). The inter-

vening years have seen multiple shifts in the emphasis placed

on these aims, as well as the increased separation and inde-

pendence of the conceptual fields that address the four types

of questions. Nonetheless, any organismal biologist studying

behavior can appreciate the depth of understanding one

would obtain if in fact this research agenda were complete for

their focal species; therefore, this framework remains an

important landmark and a continuing challenge for studies of

behavior. It is clear from our amphibian survey as well as the

other taxonomic summaries in this book, that the study of

alternative behaviors has focused primarily on the function

or adaptive value of various tactics. It is not surprising, given

that alternative tactics evolve specifically for increases in

reproductive success, that fitness is often the first attribute of

behavioral tactics examined in most systems. In amphibians,

we have made less progress in the study of causation or

control factors (internal or external) that underlie behaviors,

the study of evolutionary patterns of behavioral change in

diversifying lineages, and the study of individual ontogenies.

Future research on alternative tactics should involve

increased efforts in those particular arenas.

Our understanding of the evolution of alternative

reproductive tactics in amphibians is greatly hampered by a

lack of detailed information. Therefore, a major challenge

for future studies of alternative reproductive phenotypes

will be to further describe and categorize the diversity of

reproductive tactics in these groups. Most of the approxi-

mately 5000 species of frogs, 500 species of salamanders,

and 160 species of caecilians have some element of crypticity

to their reproduction due to inaccessibility of breeding sites,

relatively short periods of reproductive activity, low dens-

ities, or a combination of these factors. Most alternative

tactics have been described in temperate amphibians despite

the fact that most amphibian taxonomic diversity occurs in

the tropics, and tropical species account for much of the

morphological, taxonomic, behavioral, and ecological

diversity in this group. Certainly, the overall diversity of

reproductive tactics is much greater than summarized here

and we have much more to learn about alternative repro-

ductive phenotypes in this diverse lineage.

Our understanding of the causation or control mecha-

nisms underlying the expression of behavioral tactics is

improving, and our next challenge will be to uncover the

general patterns within and across lineages in the factors that
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modulate behavioral polymorphism. We mentioned

the importance of density and OSR and the possible roles

they play in sexual selection, but we do not yet have suffi-

cient detail on the proximal mechanisms that result from

these demographic conditions, and how they shape the

expression and incidence of alternate behavioral pheno-

types in natural populations. For example, in high-density

breeding aggregations, what role, if any, does relatedness or

kinship among breeding adults play in tactics adopted by

males? What are the costs of calling, producing sperm,

courting, and amplexing, and how do those trade-off with

the benefits of various tactics? Does previous experience play

a role in choice of tactics? Answering these questions will

involve extensive and detailed behavioral observations,

experimental manipulations, comparative studies, and the

incorporation of genetic techniques that quantify the fitness

consequences of alternative tactics. For tactics that are

condition dependent, as in the case of smaller satellite males,

proximate explanations will most likely be found in indi-

vidual characters related to physical condition. For alterna-

tive phenotypes that are more variable over short time

periods, and not directly correlated with condition, it will be

important to know whether these behaviors can be changed

at any moment depending on the immediate social context,

or if hormone levels, aggression, previous mating history, or

social experiences might influence the tactics available to a

courting individual. In that case, one might expect variation

among males in the propensity to switch tactics even when

exposed to the same context and stimuli.

Our search for general patterns in the evolution of

behavioral phenotypes has thus far focused on interspecific

or interlineage comparisons. These macroevolutionary

comparisons are an excellent place to start; however, they

can be nicely complemented with intraspecific or popula-

tion-level comparisons that are most fruitful for uncovering

the environmental or social determinants of reproductive

behaviors. Populations of the same species in different

regions often experience drastically different local densities,

OSRs, and length of breeding seasons; not surprisingly we

also see substantial variation in the occurrence and fre-

quency of tactics among populations, seasons, and even

breeding nights (e.g., Semlitsch 1985, Arak 1988, Sullivan

1989, Byrne 2002). These variable species are ideal candi-

dates for studies of factors modulating or controlling the

expression of behavioral tactics.

Over the last few decades new empirical and analytical

techniques have become available for analyses of paternity

and relatedness in animal taxa, and we are just beginning

to reap the benefits of those results (Roberts et al. 1999,

Gabor et al. 2000, Jones et al. 2002, Vieites et al. 2004).

Paternity assays can alert us to the presence of alternative

behaviors that may have gone unnoticed in field or labora-

tory observations. For example, multiple paternity was

detected genetically in Rana temporaria before the obser-

vation of clutch piracy (Laurila and Seppä 1998, Vieites

et al. 2004). Similarly, multiple paternity has been found

in R. dalmatina (Lodé and Lesbarrères 2004) although

the behavioral mechanism is still unknown. Given the dif-

ficulty of observing many amphibian reproductive behav-

iors, it is likely that these discoveries will happen repeatedly

as we survey more species, and will lead us to species for

which detailed observational studies might be particularly

fruitful. More importantly, paternity studies will allow us

to more accurately document the fitness of individuals

adopting each tactic and thus their adaptive value. Until

now, success in mate acquisition has been used as a proxy

for fitness, with the implicit assumption that processes such

as sperm competition, mating precedence, and cryptic

female choice will have minimal effects on relative parental

contributions to the clutch. We know from recent discov-

eries in other taxa that this assumption is false (Eberhard

1996, Danielsson 2001, Cordoba et al. 2003), resulting in an

oversimplification of the parameters involved in sexual

selection. Current analytical techniques allow us to measure

the realized outcome of alternative tactics, even in systems

with multiple mating, multiple paternity, and large clutches

(Fiumera et al. 2001, Blouin 2003). Given that the number

of offspring produced by courting individuals is not the

result of a simple formula, quantifying the relative success

of individuals adopting different tactics will be a large step

toward understanding the evolution and maintenance of

behavioral diversity in amphibians.
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12 · Alternative reproductive tactics in reptiles

RYAN CALSBEEK AND BARRY SINERVO

CHAPTER SUMMARY

In this chapter we explore the diversity of alternative

reproductive tactics (ARTs) exhibited by reptiles. There is a

rich literature on ARTs in a broad diversity of reptile lin-

eages, and our contribution is therefore not an exhaustive

one. Rather, we attempt to cover topics of general significance

to many fields of study, including differences in male and

female reproductive behavior, sex ratio adjustment and

progeny gender manipulation, and the role of parthenogen-

esis in mating systems. Our goal is to provide a representative

portrait of the diversity of tactics displayed among reptilian

lineages, but we often illustrate more elaborate points

using data from side-blotched lizards, Uta stansburiana, a

system that we have been working on together for a decade.

Throughout the chapter we emphasize the distinction

between the proximate and the ultimate mechanisms that

underlie the evolution of alternative tactics. We conclude

with a brief discussion of potentially exciting future research

directions in reptilian systems.

12 .1 INTRODUCTION

Exploring alternative reproductive tactics (ARTs) in rep-

tiles presents a great challenge given the diverse nature of

these taxa. Modern reptilian lineages are paraphyletic with

ancient histories. Some extinct reptilian groups such as the

dinosaurs undoubtedly exhibited alternative reproductive

tactics, given the documented dichotomy between precocial

(Geist and Jones 1996, Varricchio et al. 1997) and altricial

young (Horner 2000) in various dinosaur lineages. This

dichotomy in the developmental tactics of young is strongly

associated with the mating systems in the surviving des-

cendants of dinosaurs, the birds. In addition, dinosaurs

exhibited many social behavior patterns such as herding

(Lockley et al. 2002) and communal nesting (Horner and

Makela 1979). Finally, dinosaurs also exhibited elaborate

sexually dimorphic ornaments (e.g., hadrosaurs: Horner

2000) indicating the potential for strong sexual selection.

The effects of social selection, mating system, sexually

selected ornaments, and life-history tactics comprise the

basic selective attributes that are conducive to the evolution

of alternative reproductive tactics in males and females.

Modern reptile lineages include a tremendous diversity

of reproductive tactics that span the entire gambit of tactics

employed by most other vertebrate taxa. Here, we review

the evolution of alternative reproductive tactics of males

and females for the extant reptilian lineages (squamates,

turtles, and crocodilians) and compare and contrast these

patterns with other groups (Table 12.1). We also show

how the interaction between alternative male and female

reproductive tactics generates a variety of cryptic and active

choice mechanisms in females and may select for adaptive

sex ratio adjustment. Finally, we point toward important

future directions for studies of alternative reproductive

tactics in reptiles.

12 .2 ALTERNATIVE MALE TACTICS

True monogamy is extremely rare among reptiles and

throughout the animal kingdom in general. Molecular evi-

dence from sleepy lizards, Tiliqua rugosa, has demonstrated

high rates of mate fidelity (Gardner et al. 2002). Field

studies of sleepy lizards in Australia have indicated that

75% of field-collected clutches had single sires, and no

males were observed to have fertilized multiple females.

However, males of most reptile species tend towards poly-

gyny, and polygynous mating systems are far more con-

ducive to the evolution of alternative mating strategies than

are monogamous systems (though monogamous species are

still subject to sexual selection) (Darwin 1871, Fisher 1958).

This is because polygyny tends to increase the variance in

reproductive success among males, and to cope with this
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variance, males often adopt alternative solutions to the

problem of obtaining mates (Andersson 1994). The degree

of polygyny exhibited by different males is often related to

their social status. For example, throat color is a reliable

indicator of status in tree lizards (Thompson and Moore

1991a, Thompson et al. 1993) and is correlated with alter-

native reproductive behavior. Alternative throat colors

serve as a badge (Thompson and Moore 1991b) to indicate

relative behavioral differences among males. It is these

behavioral differences among males that we focus on below

in describing the evolution of alternative male reproductive

tactics.

Perhaps the simplest set of alternative reproductive tactics

among males is related to variation in dominance or aggres-

sion. The evolution of discrete variation in dominance

behavior among males may manifest itself as female mimicry

and sneaky behavior by males that are otherwise unable

to compete with larger, older males or males of higher

status. Although the proximate mechanisms leading to the

evolution of these alternatives are beyond the scope of this

chapter, we refer interested readers to recent discussions

of these mechanisms by Sinervo andCalsbeek (2003). Briefly,

perturbations of endocrine pathways that mediate aggressive

behavior and dominance may result in the build-up of cor-

relations between the genes for hormone expression and the

genes for morphology and behavior. For example, genetic

combinations of bright colors and aggressive behavior

become coupled in one set of individuals (i.e., morphs) while

at the same time, combinations of cryptic color patterns and

furtive behavior become coupled in others. When correla-

tions become more obvious and fixed as discrete alternative

strategies, selection will continually refine these alternative

suites of complementary traits through the action of fre-

quency-dependent selection (Sinervo et al. 2000).

Table 12.1. Taxonomic summary of the tactics described in this chapter

Species Tactic Sexa Referencesb

Tiliqua rugosa Monogamy M, F Gardner et al. 2002, How and Bull

2002

Urosaurus ornatus Nomadic vs.

territorial

M Thompson and Moore 1991a, b

Uta stansburiana Female mimicry and

territoriality

M Sinervo and Lively 1996, Sinervo and

Calsbeek 2003, Sinervo and Clobert

2003, Calsbeek and Sinervo 2004

Thamnophis sirtalis Female mimicry M Shine and Mason 2001, Shine et al.

2003

Crocodylus acutus, C. palustris Parental care F and rarely M Lang et al. 1986, Platt and

Thorbjarnarson 2000

Uta stansburiana r- vs. K- life histories F Sinervo et al. 2000

Amphibolurus muricatus, Chelydra

serpentina, Chrysemys picta,

Uta stansburiana

Progeny gender

manipulation

F Packard et al. 1987, Harlow and

Taylor 2000, Morjan and Janzen

2003, Calsbeek and Sinervo 2004

Lacerta vivipara Oviparity vs.

viviparity

F De Fraipont et al. 1996

Cnemidophorus spp., Heteronotia

binoei, Lacerta spp., Ramphotyphlops

braminus, Python molurus

Parthenogenesis vs.

sexuality

F Moore and Crews 1986, Crews and

Young 1991, Godwin et al. 1996,

Rocha et al. 1997

a Indicates whether the tactic is employed by males, females, or both.
b Although our citation list is not exhaustive, it covers the majority of different reproductive tactics present among

reptiles.
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Female mimicry by male reptiles may take a variety of

forms. For example, morphological and behavioral attri-

butes of sneaky, male side-blotched lizards, Uta stansburi-

ana, are similar in many respects to those of female Uta

(Sinervo and Lively 1996). Sneaky males are often smaller

than the two other territorial morphs of males in this group.

Sneaky males tend to be more cryptic, are more likely to

freeze than flee when threatened, and have yellow throat

colors similar to female lizards. Finally, sneaky male Uta

often have the distended abdomen typical of gravid females

burdened with a clutch of eggs. These males tend not to

defend territories but choose rather to float around the

territories of larger, more dominant males and steal copu-

lations by subterfuge (Zamudio and Sinervo 2000). Yellow

males sneak onto the territories of orange males and copu-

late with the females residing there.

A yellow-throated sneaker male can transform into a

territorial blue-throated male during a single reproductive

season, and the proximate control is related to elevated

levels of the gonadal steroid testosterone (Sinervo et al.

2000). However, the ability of sneaker males to transform

from the yellow- to blue-throated male strategy is restricted

to males with a by genotype at the OBY locus (i.e., carrying

both b and y color alleles). The OBY locus of side-blotched

lizards is named for the distinctive orange, blue, or yellow

colors on the throats of both males and females (Sinervo

et al. 2000, Sinervo and Clobert 2003). In contrast to the

developmental plasticity exhibited in by male genotypes,

sneaker males with the yy genotype are fixed for the sneaker

strategy throughout life. The environmental cue for trans-

formation from yellow to blue in by males is related to the

presence versus the absence of orange neighbors (Sinervo

2001). When orange males (i.e., with genotypes oo, bo, and

yo) are present as nearest neighbors, by males remain as

sneaker, but if orange males are absent in the social neigh-

borhood, bymales transform to the territorial, blue-throated

males (B. Sinervo, L. Hazard, D. Costa, and K. Nagy,

unpublished data). Such a strategy is highly adaptive

(Sinervo 2001) as by sneaker males can cuckold orange males

if they are present (Zamudio and Sinervo 2000), but by

males exhibiting the territorial strategy of a blue male can

gain fitness against other sneaker males by mutually

defending territory with other blue males (Sinervo and

Clobert 2003; and see below).

In a closely related group, tree lizards,Urosaurus ornatus,

adopt either satellite or nomadic strategies depending on

different environmental conditions (Moore et al. 1998).

Satellite males are sedentary and reside around the territory

boundaries of other males. However, under stressful con-

ditions (e.g., drought years), satellite males become nomadic

wanderers. The behavioral switch appears to be mediated

by differential sensitivity to progesterone (Moore et al.

1998) and is thus at least partially under the influence of

plastic hormonal regulation.

Thus, while nonterritorial male strategies exist in both

Uta and Urosaurus, Uta has both a fixed genetic alternative

tactic (yy genotype) and a condition-dependent alternative

tactic (by genotype), while inUrosaurus the sneaker strategy

is conditionally determined based on environmental (stress)

conditions (Knapp et al. 2003). Curiously, morphs using

similar tactics in Uta and Urosaurus have different body

sizes and throat colors (Sinervo et al. 2000). Nonterritorial

Urosaurus morphs have orange throat fans and large body

size (Hews et al. 1994), whereas the large-bodied, orange-

throated male phenotype is characteristic of the most

aggressive territorial strategy in Uta (Calsbeek et al. 2002).

Thus, while the proximate mechanisms for hormonal

regulation and color expression are conserved across reptile

lineages, it appears that different associations between

specific colors (e.g., sneaker yellow in Uta and sneaker

orange in Urosaurus) and alternative behavioral strategies

(e.g., aggressive orange inUta and aggressive blue-orange in

Urosaurus: Thompson and Moore 1991a, b) are possible in

different taxa. This implies that color evolution is not

constrained by the evolution of hormonal and behavioral

strategies.

Other forms of female mimicry may be chemical rather

than morphological. Alternative snake reproductive tactics

include a chemical signal that mimics that of sexually

receptive females (Shine andMason 2001, Shine et al. 2003).

Males intertwined in the confines of high-density hiberna-

cula are lured to female-mimicking males by the chemical

guise. The female mimics have newly emerged from over-

wintering sites and thus have a body temperature of only a

few degrees above zero Celsius. The mimicry is thought to

confer an advantage in natural selection not sexual selection.

The active and warm-bodied males are attracted to the cold,

female-mimicking males and thereby unintentionally warm

them with their advances, allowing the male mimics an

opportunity to gain a thermal advantage.

Alternative behavioral strategies in snakes are not

limited to cases of female mimicry. Some male garter snakes

(Thamnophis sirtalis parietalis) leave a gelatinous plug in the

female’s cloaca following insemination (Shine et al. 2000).

Plugs serve to prevent other males from copulating with the

female by physically blocking intromission. The cloacal
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plugs are effective blocks to repeated copulation by the

female for only a few days, but this appears to be long

enough for the female’s sexual receptivity to abate, conse-

quently enhancing the inseminating male’s fitness (Shine

et al. 2000).

Sneaky mating tactics aside, alternative territorial

strategies may also result in differential access to females.

Examples of alternative strategies for territoriality are

numerous and form the backbone of a rich history of studies

in behavioral ecology. Reptiles provide examples of resource

defense polygyny (e.g., Uta palmeri: Hews 1988), lekking

behavior patterns (e.g., marine iguanas: Wikelski et al.

1996), and alternative usurping and defending behavior

patterns (e.g., Uta stansburiana: Calsbeek et al. 2002).

Although not all forms of territoriality are associated with

alternative reproductive tactics within a species, the des-

potic nature of territoriality, and indeed resource defense in

general, by definition can lead to alternative fitness strat-

egies. For example, our recent work has uncovered the

existence of two alternative strategies for territoriality: usurp

and defend (Calsbeek et al. 2002). Usurper males tend to be

large, aggressive, and in the case ofUta stansburiana, tend to

possess an orange throat. Usurper males target high-quality

territories (e.g., high female densities) and attempt to take

them over from neighbors. Defender males are, on average,

smaller, less aggressive than usurpers, and in the case of

U. stansburiana, possess a blue throat. Defenders usually

defend territories near their natal site containing only a few

females. Orange-throated usurpers often have large harems

of up to seven females and typically obtain access to many of

these females by defeating neighboring, blue-throated

defenders in contests over territory. Orange-throated males,

however, often have a higher mortality rate (Sinervo and

Lively 1996) and, in some situations, may sire no progeny

despite having potentially very high siring success in other

situations (Calsbeek et al. 2002). Thus, while the usurper

strategy has a potentially high reproductive pay-off through

siring success, the mortality risks from male–male compe-

tition that are involved in territory takeover result in a

highly variable outcome. By contrast, the more monogam-

ous strategy, defend, has a lower average reproductive pay-

off but is evolutionarily stable given its significantly lower

variance in outcome.

Within the defender territorial strategy of blue-

throated, male (bb genotype) side-blotched lizards, we have

uncovered a further distinction that allows some males to

disperse and settle beside a genetically similar neighbor,

cooperatively defend their adjoining territories from

sneaker males, and thereby achieve high fitness. Based on

detailed maternal and paternal pedigrees, it is clear that

cooperative bb males are not kin but are nonetheless gen-

etically similar. Mutual attraction and cooperation between

such blue defenders arise in part from the throat color locus

(only males with a bb genotype cooperate). The mutual

attraction and high fitness through cooperation exhibited by

bb genotypes that are genetically similar are complemented

by oo, bo, and yo genotypes (i.e., O strategy) that have low

fitness when they settle next to genetically similar males

(Sinervo and Clobert 2003). Thus, O phenotypes are hyper-

dispersed with respect to genetic similarity in contrast to

genetically similar bb genotypes that are aggregated.

The added requirement of genetic similarity at loci that

are unlinked to the OBY locus of side-blotched lizards

implies that recognition is also due to many factors across

the genome other than throat color alone that are respon-

sible for repulsion and attraction behavior of males. Fur-

thermore, because male fitness is contingent upon the

presence or absence of a genetically similar but unrelated

neighbor, the bb genotype either reflects a greenbeard allele

or a case of group selection (Sinervo and Clobert 2003).

Pedigree information indicates that none of the cooperative

blue males that have high genetic similarity are kin; thus,

kin selection cannot explain the evolution of cooperation

between blue neighbors. The presence of b alleles in both

males, along with the high pay-off from social cooperation,

satisfies the two conditions for greenbeard alleles. Dawkins

(1976) hypothesized that alternative tactics of social

behavior might evolve from genic selection if such green-

beard alleles confer both recognition of individuals carrying

the same alleles (e.g., the attraction of bb male Uta at

settlement) and enhancement of the likelihood of cooper-

ation (e.g., bb males cooperate to defend their females

against sneaker yellow males). Cooperation among bb males

serves to further reduce the variance in their reproductive

success and contributes to their stability with usurper

males.

12 .3 VARIANCE IN REPRODUCTIVE

SUCCESS WITHIN STRATEGIES

Sowhat are the consequences of the difference in the variance

in reproductive success within male reproductive tactics of

Uta? Bateman (1948) explained why females were generally

the choosier sex by showing that the variance in male

reproductive success was much greater than that of females.

Males in nature are generally limited by access to large
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numbers of females, while females are more likely to be

limited by the numbers of eggs which they can produce; ergo

the adage that “sperm is cheap” (but see Olsson et al. 1997).

In the case of reptiles, however, alternative reproductive

tactics generate intrasexual variance in reproductive success

that cannot be explained by Bateman’s principle alone. In the

case of usurper/defender and cooperation dynamics, the

resulting intrasexual variance in reproductive success may

lead to stronger sexual selection on some male tactics com-

pared with others. For example, orange-throated males are

more strongly sexually selected in the sense that there is

higher variation in reproductive success within the orange

morph. In contrast, blue-throated males have additional

components of variation in reproductive success that arise

from “social selection” (West-Eberhard 1983). For example,

bb males that find a genetically similar partner have much

higher fitness than bb males that are unable to find a genet-

ically similar neighbor (Sinervo and Clobert 2003).

Whether similar intrasexual variation in fitness exists

within females has yet to be convincingly demonstrated, but

such studies could provide a fruitful direction for future

research. Certainly distinguishing between the sexual (e.g.,

male–male competition, female choice) versus social (e.g.,

cooperation) agents of selection that generate variation in

reproductive success in alternative male strategies may

provide a key to understanding the environmental circum-

stances under which discrete alternative tactics evolve.

12.4 ALTERNATIVE FEMALE

TACTICS

Female mating behavior patterns can be as diverse as those

seen in males. The same tactical distinction between single

and multiple mates can be made for female reptiles. Indeed,

polyandry may be the most common mating system for

reptiles. However, having one versus multiple partners in

both sexes poses a different problem in reptiles compared

with studies of other taxa such as mammals (Ciszek 2000)

and birds (e.g., dunnocks: Davies and Lundberg 1984,

Davies 1985). The classical explanation for polyandry in

these taxa is that it is a socially mediated switch that is often

related to the amount of parental care given by males. For

example, male dunnocks provide extensive care of young at

the nest, freeing females to alternatively visit the nest sites of

several males. However, few extant reptiles exhibit paternal

care or elaborate levels of maternal care after oviposition or

birth with a few minor exceptions. The exceptions include

crocodilians, in which there is often female (Platt and

Thorbjarnarson 2000) and occasionally male (Lang et al.

1986) protection until after hatching; skinks, where some

nest guarding has been observed (Duffield and Bull

2002); and live-bearing crotalids, where Greene (1988) has

reported guarding of progeny. Alternative reproductive

tactics in female reptiles are generally related to variation

in yolk-provisioning strategies (Sinervo 1993, 1994), egg

retention, or variation in the degree of viviparity (see

below). However, explaining the evolution of polyandry as

an alternative mating tactic in reptiles requires explanations

that go beyond differences in paternal versus maternal care.

Given the generally low levels of parental care among

reptiles, there are many other factors that could potentially

drive the evolution of polyandry in reptiles besides levels of

paternal versus maternal investment. The first factor is

related to the existence of alternative reproductive tactics in

females, which relaxes the strength of Bateman’s principle

relative to other social pressures. Polyandry in reptiles,

which is related to alternative female reproductive tactics,

is driven by the phenomenon of social selection, which

leads to the evolution of bright ornaments in females. Most

female side-blotched lizards, for example, display one of

two alternative throat colors, orange or yellow. The alter-

native throat colors are each associated with alternative

reproductive tactics that are expressed as different life-

history strategies. Females compete for territory space and

females with bright orange throats secure the best territories

but only when their strategy is both rare and at low density.

Orange-throated females lay large clutches of small eggs

(i.e., orange females are K strategists); yellow-throated

females lay small clutches of large eggs (i.e., r strategists).

These two alternative life-history strategies are each favored

every other year owing to oscillations in population density

that increase the recruitment of orange female progeny in

low-density years and of yellow female progeny in high-

density years (Sinervo et al. 2000).

Alternative, female life-history strategies should also

have associated preferences for alternative male genotypes

(Alonzo and Sinervo 2001), due to the interplay between

alleles for male and female throat color, population density,

and progeny sex. Because only one female morph has high

fitness, depending on whether the population is at low

density (e.g., orange) or high density (e.g., yellow), the

variance in reproductive success of females may be large –

similar to that normally observed in males. It is possible that

alternative female morphs will therefore also be under

selection for different levels of polyandry. This is likely to

be the case for Uta females, and it could be a potentially
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important aspect of sexual selection in other reptile mating

systems.

Given the potential for active female choice in reptiles,

the importance of alternative female preferences as agents of

sexual selection cannot be overstated. There is abundant

evidence that female preferences have important conse-

quences for reptile evolution. Monogamy is notoriously rare

among reptiles but, as noted above, appears generally to be

the case for sleepy lizards (How and Bull 2002).Most female

lizards mate with multiple males and the evolutionary

explanations for this phenomenon are complex. Polyandry

can increase genetic diversity within clutches of eggs, which

may be especially important in small populations (Yasui

2001). Female Uta are among the most promiscuous

amniote vertebrates ever studied. Estimates from field-

caught gravid females indicate that at least 80% of female

side-blotched lizards mate with multiple males. This is

necessarily an underestimate, since many females will have

mated with several males but may have subsequently chosen

to use the sperm from a single sire to fertilize her eggs. In

extreme cases, a female may lay five eggs with five unique

sires (Zamudio and Sinervo 2000).

High levels of polyandry in side-blotched lizards may be

explained either by the intense competition amongmales for

mate acquisition (Sinervo and Lively 1996, Sinervo et al.

2000) or by an adaptive female preference for multiple

mates. Mating with males of different throat colors gives

females an opportunity to produce a diverse array of pro-

geny genotypes to face a variety of social situations in a very

dynamic social environment (Sinervo et al. 2001). In many

cases, females can use the sperm from males long after the

actual act of copulation. For side-blotched lizards, this

temporal separation between copulation and fertilization

has been observed over periods of several months (Zamudio

and Sinervo 2000); in some snakes and turtles, sperm may

remain viable for several years (Seigel and Ford 1987).

12 .5 ADAPTIVE GENDER

ADJUSTMENT

Mating with multiple sires also affords females the oppor-

tunity to engage in cryptic choice for different sperm

(Eberhard 1996). Cryptic reproductive tactics in reptiles are

known to include selection to avoid inbreeding in snakes

(Madsen et al. 1992) or to alleviate the costs of ontogenetic

conflict between the sexes (Calsbeek and Sinervo 2002,

Calsbeek and Sinervo 2004). For example, when certain

genes have alternative fitness optima in males and females,

natural and sexual selection at those loci will generate onto-

genetic conflict between the sexes (Rice and Chippindale

2001, Rice andHolland 1997). This form of genetic conflict is

typified by Drosophila, in which genetic variation for male

and female life-history traits has opposing fitness optima.

Ontogenetic conflict can be viewed as life-history trade-offs

between sexes or between juvenile and adult phases (Sinervo

and Calsbeek 2003). Conflict can be alleviated by sex-limited

expression of traits that are under conflicting selection

regimes (Chippindale et al. 2001) For example, the sex spe-

cificity of male versus female development can evolve via sex

steroids specific to male (e.g., testosterone) versus female

traits (e.g., estrogen) (Sinervo and Calsbeek 2003). Likewise,

ontogenetic conflict between juvenile and adult traits is

alleviated by the steroid control over the development of

secondary sexual traits at maturity.

Another way to alleviate ontogenetic conflict would be

for females to sort male benefit/female detriment genes into

sons and female benefit/male detriment genes into daugh-

ters. Side-blotched lizards employ just such a strategy to

produce both high-quality sons and daughters (Calsbeek

et al. 2002, Calsbeek and Sinervo 2004). Many reptiles are

sexually dimorphic in body size, and in territorial species,

large male body size would confer an advantage in male–

male conflict. Female side-blotched lizards sort sperm from

large sires to produce sons of high quality, and at the same

time, they sort sperm from small males into daughters of

high quality (e.g., survival to maturity). The ability to sort

sperm implies that females recognize sperm genotypes on

the basis of X- and Y-chromosomes. Sperm recognition also

appears to be possible in mice (Vacquier 1995), and some

other reptiles have also shown evidence for adaptive sperm-

sorting behavior (Madsen et al. 1992, Olsson et al. 1996).

However, the generality of sperm sorting and subsequent

adaptive sex-ratio distortion still needs to be explored in

other reptile groups.

Sex-ratio adjustment can also occur via environmentally

induced maternal effects with adaptive consequences.

Progeny gender is under environmental influence in

numerous species of reptiles (Harlow 2000, Harlow and

Taylor 2000, Elf et al. 2002, Milnes et al. 2002, Shine et al.

2002) and is thought to have an adaptive explanation (Shine

1999). For example, turtles are able to manipulate progeny

sex by varying the depth at which eggs are buried in nests

(Packard et al. 1987, Morjan and Janzen 2003). The adap-

tive significance of environmental sex determination has

been a subject of much debate (reviewed in Shine 1999), but

it is generally thought that females can maximize their
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fitness by giving progeny an opportunity to develop into the

gender that will perform best given the environmental

conditions. One problem with this argument is that tem-

perature-dependent sex determination will necessarily lead

to a confounding of environmental effects and progeny

gender effects. Shine (1999) points out, and we agree, that

hormonal manipulations that override temperature effects

will be an important next step towards understanding the

fitness effects of sex-ratio adjustment in these taxa.

We also suggest that a female might manipulate the sex

ratio of her clutch to ameliorate the potential ontogenetic

conflict arising from both her genotype and the genotype of

her sire. For example, in turtles, females are often the larger

sex and thus a small-bodied female (i.e., due to genetic

causes) might oviposit in soil with a temperature that will

generate all-male broods. Conversely, a female that mated

with a large male might oviposit in soil with a temperature

regime that will generate all-female broods.

Incubation regimes have broad evolutionary significance

to reptilian lineages that go beyond the sex determination of

progeny. The evolution of alternative reproductive modes

like viviparity and oviparity (Shine 1985) has occurred

repeatedly within species of reptiles (De Fraipont et al.

1996). Within Lacerta vivipara, for example, viviparity has

evolved independently four times (Surget-Groba et al.

2001). Often, shifts in reproductive mode have been linked

to changes in thermal regime – specifically to latitudinal or

elevational gradients in temperature that select for different

optimal gestation times in viviparous forms or optimal

egg retention in oviparous forms. At higher latitudes or

elevations, egg-retention times may increase to facilitate

embryonic development (Guillette et al. 1980, Guillette

1981), and egg morphology may similarly be under selec-

tion to increase nutrient exchange between mother and

offspring (Heulin et al. 2002). A possible alternative tactic

to increased retention time is egg guarding (Shine and

Guillette 1988), a strategy that may represent a transitional

stage from oviparity to viviparity or that may be part of a

polymorphic set of alternatives to deal with the problem of

juvenile development (De Fraipont et al. 1996).

12 .6 BREAKING DOWN THE GENDER

BARRIER IN ALTERNATIVE

REPRODUCTIVE TACTICS

Several reptile lineages initially composed of both sexually

active males and sexually active females undergo a sexual

transition to clonal or parthenogenetic populations of

females. Perhaps the best-known examples of partheno-

genetic lizards are the whiptails, Cnemidophorus, found in

the desert southwest of the United States and now also

known to occur in South America (Rocha et al. 1997). In

all-female populations of Cnemidophorus, alternative female

reproductive behavior patterns arise during different stages

of the ovulatory cycle. Pre-ovulatory females with high

levels of plasma estrogen (Moore and Crews 1986) exhibit

sexually receptive behavior directed towards other females

(Godwin et al. 1996). In contrast, post-ovulatory females

with high levels of progesterone will often mount pre-

ovulatory females. Thus, pairs of females alternately engage

in pseudo-copulatory behavior patterns that actually

stimulate reproduction (Crews and Young 1991), which is

thought to enhance clutch size in the wild.

Because sexual behavior in such parthenogenetic lizards

might have an adaptive function (e.g., enhancing clutch

size), such genes for sexual behavior are not expected to

accumulate mutations as is often observed in other par-

thenogenetic species (e.g., Drosophila: Nuzhdin and Petrov

2003). If sexual behavior patterns were extinguished owing

to a deleterious mutation in a given parthenogenetic clone of

Cnemidophorus, such a clone would have a fitness disad-

vantage compared to a clone that had retained intact the

genes for sexual behavior. The clones engaging in pseudo-

copulation would have the attendant fitness benefits of

enhanced clutch size through pseudo-copulatory stimula-

tion of the endocrine system.

An interesting evolutionary interaction with sexual

species arises from the retention of sexual behavior pat-

terns. Parthenogenetic females should be capable of

copulating with males of sexual lineages. The females of

such asexual lineages already have a twofold advantage

compared to sexual lineages because sexual females pro-

duce males that do not contribute to population growth. If

parthenogenetic forms also engage in pseudo-copulation

with sexual males, the males may become sperm depleted

and thus sexual females may be sperm limited. Thus, the

fitness of females from the sexual lineage would be reduced

even further relative to asexual clones if males became

limiting.

Such a three-sex system is, in fact, a highly unstable

evolutionary game that makes the asexual lineages even

more prone to extinction without such sexual interactions.

Maynard Smith (1978) formulated such a three-sex system

to address the question of why there are only two sexes. Any

asymmetry in fitness between two of the sexes would serve

to eliminate one of the sexes; thus, only two-sex systems or
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one-sex systems are evolutionarily stable. Cnemidophorus

provides an interesting evolutionary example of this idea. It

would be very interesting to know whether sperm becomes

limiting in male Cnemidophorus in areas where they contact

parthenogenetic lineages.

Asexual reproduction is also prevalent in other lizards

(Moritz 1983, Murphy et al. 2000) and snakes (Nussbaum

1980, Groot et al. 2003). Why should asexuality be such

a prevalent reproductive tactic? The fitness benefits of

clonal reproduction are clear. Clonal organisms that pro-

duce only daughters can reproduce at double the rate of

their sexually reproducing counterparts. However, because

clonal lineages cannot purge mutations via recombination,

asexual species are doomed to an evolutionary dead end.

The predictable outcome of all asexual lineages is extinction

(Lynch and Gabriel 1990, Howard and Lively 1998),

either from mutation accumulation or by parasites that

target the common and genetically homogeneous asexual

clones. Whether effects as basic as mutation accumulation

(e.g., reduced fertility, etc.) or susceptibility to parasitic

attack are features of reptilian parthenogenetic forms is

currently unknown and would be very interesting avenues

for investigation.

12 .7 CONCLUSIONS

In sum, the phenomenal diversity exhibited by reptilian

mating systems should make them a primary target for

future studies aimed at understanding the evolution of

reproductive tactics. Reptiles represent a continuum of

alternative reproductive tactics. The group is ideal for

studying mating behavior in natural environments since

many taxa are highly tractable owing to, for example, high

degrees of territoriality (e.g., Stamps 1994, Stamps and

Krishnan 1994a, b, 1995) or, more generally, low dispersal

distances (Sinervo and Clobert 2003). Fitness components

can be assessed with relative ease because both male and

female reproductive success is often readily measured both

in the field and laboratory (Shine and Greer 1991, Olsson

et al. 1994, 1996, Zamudio and Sinervo 2000). Together,

these traits should facilitate many major advances on the

subject of the evolution of alternative reproductive tactics.

We suggest that two of the most fruitful avenues for

immediate research should be to understand the differential

selection pressures generated by intrasexual variance in

reproductive success among tactics and to explore the

potential impact of cryptic choice (Eberhard 2000) under

genetic and environmental sex determination.

References

Alonzo, S. H. and Sinervo, B. 2001. Mate choice games,

context-dependent good genes, and genetic cycles in the

side-blotched lizard, Uta stansburiana. Behavioral Ecology

and Sociobiology 49, 176–186.

Andersson, M. 1994. Sexual Selection. Princeton, NJ:

Princeton University Press.

Bateman, A. J. 1948. Intrasexual selection in Drosophila.

Heredity 2, 349–368.

Calsbeek, R. and Sinervo, B. 2002. Uncoupling direct and

indirect components of female choice in the wild.

Proceedings of the National Academy of Sciences of the United

States of America 99, 14897–14902.

Calsbeek, R. and Sinervo, B. 2004. Progeny sex is

determined by relative male body size within

polyandrous females’ clutches: cryptic mate choice in

the wild. Journal of Evolutionary Biology 17,

464–470.

Calsbeek, R., Alonzo, S. H., Zamudio, K., and Sinervo, B.

2002. Sexual selection and alternative strategies

generate demographic stochasticity in small populations.

Proceedings of the Royal Society of London B 269,

157–164.

Chippindale, A.K., Gibson, J. R., and Rice, W. R. 2001.

Negative genetic correlation for adult fitness between

sexes reveals ontogenetic conflict in Drosophila. Proceedings

of the National Academy of Sciences of the United States of

America 98, 1671–1675.

Ciszek, D. 2000. New colony formation in the “highly inbred”

eusocial naked mole-rat: outbreeding is preferred.

Behavioral Ecology 11, 1–6.

Crews, D. and Young, L. J. 1991. Pseudocopulation in

nature in a unisexual whiptail lizard. Animal Behaviour 42,

512–514.

Darwin, C. 1871. The Descent of Man and Selection in Relation

to Sex. London: John Murray.

Davies, N. B. 1985. Cooperation and conflict among

dunnocks, Prunella modularis, in a variable mating system.

Animal Behaviour 33, 628–648.

Davies, N. B. and Lundberg, A. 1984. Food distribution and a

variable mating system in the dunnock, Prunella modularis.

Journal of Animal Ecology 53, 895–912.

Dawkins, R. 1976. The Selfish Gene. Oxford, UK: Oxford

University Press.

De Fraipont, M., Clobert, J., and Barbault, R. 1996. The

evolution of oviparity with egg guarding and viviparity in

lizards and snakes: a phylogenetic analysis. Evolution 50,

391–400.

Alternative reproductive tactics in reptiles 339



Duffield, G. A. and Bull, C.M. 2002. Stable social

aggregations in an Australian lizard, Egernia stokesfi.

Naturwissenschaften 89, 424–427.

Eberhard, W.G. 1996. Female Control: Sexual Selection by

Cryptic Female Choice. Princeton, NJ: Princeton University

Press.

Eberhard, W.G. 2000. Criteria for demonstrating

postcopulatory female choice. Evolution 54, 1047–1050.

Elf, P. K., Lang, J.W., and Fivizzani, A. J. 2002. Dynamics of

yolk steroid hormones during development in a reptile with

temperature-dependent sex determination. General and

Comparative Endocrinology 127, 34–39.

Fisher, R. A. 1958. The Genetical Theory of Natural Selection.

New York: Dover.

Gardner, M.G., Bull, C.M., and Cooper, S. J. B. 2002. High

levels of genetic monogamy in the group-living Australian

lizard Egernia stokesii. Molecular Ecology 11, 1787–1794.

Geist, N. R. and Jones, T.D. 1996. Juvenile skeletal

structure and the reproductive habits of dinosaurs. Science

272, 712–714.

Godwin, J., Hartman, V., Grammer, M., and Crews, D. 1996.

Progesterone inhibits female-typical receptive behavior

and decreases hypothalamic estrogen and progesterone

receptor messenger ribonucleic acid levels in whiptail

lizards (Genus Cnemidophorus). Hormones and Behavior 30,

138–144.

Greene, H.W. 1988. Antipredator mechanisms in reptiles. In

C. Gans and R. B. Huey (eds.) Biology of the Reptilia, vol.

16, pp. 1–152. New York: Wiley-Liss.

Groot, T. V.M., Bruins, E., and Breeuwer, J. A. J. 2003.

Molecular genetic evidence for parthenogenesis in the

Burmese python, Python molurus bivittatus. Heredity 90,

130–135.

Guillette, L. J. 1981. On the occurence of oviparous and

viviparous forms of the Mexican lizard Sceloporu aeneus.

Herpetologica 37, 11–15.

Guillette, L. J., Jones, K., Fitzgerald, T., and Smith, H.M.

1980. Evolution of viviparity in the lizard genus Sceloporus.

Herpetologica 36, 201–215.

Harlow, P. S. 2000. Incubation temperature determines

hatchling sex in Australian rock dragons (Agamidae: Genus

Ctenophorus). Copeia, 958–964.

Harlow, P. S. and Taylor, J. E. 2000. Reproductive ecology of

the jacky dragon (Amphibolurus muricatus): an agamid lizard

with temperature-dependent sex determination. Austral

Ecology 25, 640–652.

Heulin, B., Ghielmi, S., Vogrin, N., Surget-Groba, Y., and

Guillaume, C. P. 2002. Variation in eggshell characteristics

and in intrauterine egg retention between two oviparous

clades of the lizard Lacerta vivipara: insight into the

oviparity–viviparity continuum in squamates. Journal of

Morphology 252, 255–262.

Hews, D.K. 1988. Resource defense and sexual selection

on male head size in the lizard Uta palmeri. American

Zoologist 28, A52.

Hews, D.K., Knapp, R., and Moore, M.C. 1994. Early

exposure to androgens affects adult expression of

alternative male types in tree lizards. Hormones and Behavior

28, 96–115.

Horner, J. R. 2000. Dinosaur reproduction and parenting.

Annual Review of Earth and Planetary Sciences 28, 19–45.

Horner, J. R. and Makela, R. 1979. Nest of juveniles

provides evidence of family structure among dinosaurs.

Nature 282, 296–298.

How, T. L. and Bull, C.M. 2002. Reunion vigour: an

experimental test of the mate guarding hypothesis in the

monogamous sleepy lizard (Tiliqua rugosa). Journal of

Zoology (London) 257, 333–338.

Howard, R. S. and Lively, C.M. 1998. The maintenance of

sex by parasitism and mutation accumulation under

epistatic fitness functions. Evolution 52, 604–610.

Knapp, R., Hews, D.K., Thompson, C.W., Ray, L. E., and

Moore, M.C. 2003. Environmental and endocrine

correlates of tactic switching by nonterritorial male tree

lizards (Urosaurus ornatus). Hormones and Behavior 43,

83–92.

Lang, J.W., Whitaker, R., and Andrews, H. 1986. Male

parental care in mugger crocodiles. National Geographic

Research 2, 519–525.

Lockley, M., Schulp, A. S., Meyer, C. A., Leonardi, G., and

Mamani, D.K. 2002. Titanosaurid trackways from the

Upper Cretaceous of Bolivia: evidence for large manus,

wide-gauge locomotion and gregarious behaviour.

Cretaceous Research 23, 383–400.

Lynch, M. and Gabriel, W. 1990. Mutation load and the

survival of small populations. Evolution 44, 1725–1737.

Madsen, T., Shine, R., Loman, J., and Hakansson, T. 1992.

Why do female adders copulate so frequently? Nature 355,

440–442.

Maynard Smith, J. 1978. The Evolution of Sex. Cambridge,

UK: Cambridge University Press

Milnes, M.R., Roberts, R.N., and Guillette, L. J. 2002.

Effects of incubation temperature and estrogen exposure

on aromatase activity in the brain and gonads of

embryonic alligators. Environmental Health Perspectives 110,

393–396.

340 R. CALSBEEK AND B. SINERVO



Moore, M.C. and Crews, D. 1986. Sex steroid hormones in

natural populations of a sexual whiptail lizard,

Cnemidophorus inornatus, a direct evolutionary ancestor of a

unisexual, parthenogenic lizard. General and Comparative

Endorcinology 63, 424–430.

Moore, M.C., Hews, D.K., and Knapp, R. 1998. Hormonal

control and evolution of alternative male phenotypes:

generalizations of models for sexual differentiation.

American Zoologist 38, 133–151.

Moritz, C. 1983. Parthenogenesis in the endemic Australian

lizard Heteronotia binoei (Gekkonidae). Science 220, 735–737.

Morjan, C. L. and Janzen, F. J. 2003. Nest temperature is not

related to egg size in a turtle with temperature-dependent

sex determination. Copeia, 366–372.

Murphy, R.W., Fu, J. Z., Macculloch, R.D., Darevsky, I. S.,

and Kupriyanova, L. A. 2000. A fine line between sex and

unisexuality: the phylogenetic constraints on

parthenogenesis in lacertid lizards. Zoological Journal of the

Linnean Society 130, 527–549.

Nussbaum, R. A. 1980. The Brahminy blind snake

(Ramphotyphlops braminus) in the Seychelles Archipelago:

distribution, variation, and further evidence for

parthenogenesis. Herpetologica 36, 215–221.

Nuzhdin, S. V. and Petrov, D. A. 2003. Transposable

elements in clonal lineages: lethal hangover from sex.

Biological Journal of the Linnean Society 79, 33–41.

Olsson, M., Madsen, T., Shine, R., Gullberg, A., and

Tegelstrom, H. 1994. Rewards of promiscuity. Nature 372,

230.

Olsson, M., Shine, R., Gullberg, A., Madsen, T., and

Tegelström, H. 1996. Female lizards control paternity of

their offspring by selective use of sperm. Nature 383, 585.

Olsson, M., Madsen, T., and Shine, R. 1997. Is sperm really

so cheap? Costs of reproduction in male adders, Vipera

berus. Proceedings of the Royal Society of London B 264,

455–459.

Packard, G.C., Packard, M. J., Miller, K., and Boardman, T. J.

1987. Influence of moisture, temperature, and substrate on

snapping turtle eggs and embryos. Ecology (Tempe) 68,

983–993.

Platt, S. G. and Thorbjarnarson, J. B. 2000. Nesting ecology of

the American crocodile in the coastal zone of Belize. Copeia,

869–873.

Rice, W. R. and Chippindale, A.K. 2001. Intersexual

ontogenetic conflict. Journal of Evolutionary Biology 14,

685–693.

Rice, W. R. and Holland, B. 1997. The enemies within:

intergenomic conflict, interlocus contest evolution (ICE),

and the intraspecific Red Queen. Behavioral Ecology and

Sociobiology 41, 1–10.

Rocha, C. F.D., Bergallo, H.G., and Peccinini Seale, D. 1997.

Evidence of a unisexual population of the Brazilian

whiptail lizard genus Cnemidophorus (Teiidae), with

description of a new species. Herpetologica 53, 374–382.

Seigel, R. A. and Ford, N. B. 1987. Reproductive ecology. In

R.A. Seigel, J. T. Collins, and S. S. Novak (eds.) Snakes:

Ecology and Evolutionary Biology, pp. 210–252. New York:

Macmillan.

Shine, R. 1985. The evolution of viviparity in reptiles: an

ecological analysis. In C. Gans and F. Billett (eds.) Biology

of the Reptilia, vol. 0, pp. 00–00. New York: Wiley-Liss.

Shine, R. 1999. Why is sex determined by nest temperature in

many reptiles? Trends in Ecology and Evolution 14, 186–189.

Shine, R. and Greer, A. E. 1991. Why are clutch sizes

more variable in some species than in others? Evolution 45,

1696–1706.

Shine, R. and Guillette, L. J. 1988. The evolution of viviparity

in reptiles: a physiological model and its ecological

consequences. Journal of Theoretical Biology 132, 43–50.

Shine, R. and Mason, R. T. 2001. Courting male garter snakes

(Thamnophis sirtalis parietalis) use multiple cues to

identify potential mates. Behavioral Ecology and Sociobiology

49, 465–473.

Shine, R., Olsson, M.M., and Mason, R. T. 2000. Chastity

belts in gartersnakes: the functional significance of

mating plugs. Biological Journal of the Linnean Society 70,

377–390.

Shine, R., Elphick, M. J., and Donnellan, S. 2002.

Co-occurrence of multiple, supposedly incompatible modes

of sex determination in a lizard population. Ecology Letters

5, 486–489.

Shine, R., Phillips, B., Waye, H., LeMaster, M., and

Mason, R. T. 2003. Chemosensory cues allow courting male

garter snakes to assess body length and body condition of

potential mates. Behavioral Ecology and Sociobiology 54,

162–166.

Sinervo, B. 1993. The effect of offspring size on physiology

and life history: manipulation of size using allometric

engineering. BioScience 43, 210–218.

Sinervo, B. 1994. Experimental tests of reproductive

allocation paradigms. In L. J. Vitt and E. R. Pianka (eds.)

Lizard Ecology: Historical and Experimental Perspectives,

pp. 73–93. Princeton, NJ: Princeton University Press.

Sinervo, B. 2001. Selection in local neighborhoods, graininess

of social environments, and the ecology of alternative

strategies. In Editor (ed.) Model Systems in Behavioral

Alternative reproductive tactics in reptiles 341



Ecology, pp. 191–226. Princeton, NJ: Princeton University

Press.

Sinervo, B. and Calsbeek, R. 2003. Physiological epistasis,

ontogenetic conflict and natural selection on physiology

and life history. Integrative and Comparative Biology 43,

419–430.

Sinervo, B. and Clobert, J. 2003. Morphs, dispersal

behavior, genetic similarity, and the evolution of

cooperation. Science 300, 1949–1951.

Sinervo, B. and Lively, C.M. 1996. The rock–paper–scissors

game and the evolution of alternative male reproductive

strategies. Nature 380, 240–243.

Sinervo, B., Svensson, E., and Comendant, T. 2000.

Density cycles and an offspring quantity and quality game

driven by natural selection. Nature 406, 985–988.

Sinervo, B., Bleay, C., and Adamopoulou, C. 2001. Social

causes of correlational selection and the resolution of a

heritable throat color polymorphism in a lizard. Evolution

55, 2040–2052.

Stamps, J. 1994. Territorial Behavior: Testing the Assumptions.

New York: Academic Press.

Stamps, J. A. and Krishnan, V. V. 1994a. Territory

acquisition in lizards. 1. First encounters. Animal Behaviour

47, 1375–1385.

Stamps, J. A. and Krishnan, V. V. 1994b. Territory

acquisition in lizards. 2. Establishing social and spatial

relationships. Animal Behaviour 47, 1387–1400.

Stamps, J. A. and Krishnan, V. V. 1995. Territory acquisition

in lizards. 3. Competing for space. Animal Behaviour 49,

679–693.

Surget-Groba, Y., Heulin, B., Guillaume, G. P., et al. 2001.

Intraspecific phylogeography of Lacerta vivipara and the

evolution of viviparity. Molecular Phylogenetics and

Evolution 18, 449–459.

Thompson, C.W. and Moore, M.C. 1991a. Syntopic

occurence of multiple dewlap color morphs in male tree

lizards. Copeia 1991, 493–503.

Thompson, C.W. and Moore, M.C. 1991b. Throat colour

reliably signals status in male tree lizards, Urosaurus ornatus.

Animal Behaviour 42, 745–754.

Thompson, C.W., Moore, I. T., and Moore, M.C. 1993.

Social, environment and genetic factors in the ontogeny of

phenotypic differentiation in a lizard with alternative

male reproductive strategies. Behavioral Ecology and

Sociobiology 33, 137–146.

Vacquier, V.D. 1995. Evolution of gamete recognition.

Science 281, 1995–1998.

Varricchio, D. J., Jackson, F., Borkowski, J. J., and

Horner, J. R. 1997. Nest and egg clutches of the dinosaur

Troodon formosus and the evolution of avian reproductive

traits. Nature 385, 247–250.

West-Eberhard, M. J. 1983. Sexual selection, social

competition, and speciation. Quarterly Review of Biology 58,

155–183.

Wikelski, M., Carbone, C., and Trillmich, F. 1996. Lekking

in marine iguanas: female grouping and male reproductive

strategies. Animal Behaviour 52, 581–596.

Yasui, Y. 2001. Female multiple mating as a genetic bet-

hedging strategy when mate choice criteria are unreliable.

Ecological Research 16, 605–616.

Zamudio, K. and Sinervo, B. 2000. Polygyny, mate-guarding,

and posthumous fertilizations as alternative male

strategies. Proceedings of the National Academy of Sciences of

the United States of America 97, 14427–14432.

342 R. CALSBEEK AND B. SINERVO



13 · Alternative reproductive tactics in birds

OLIVER KRÜGER

CHAPTER SUMMARY

Birds, as one of the most-studied taxa among all organisms,

have provided some of the best examples of alternative

reproductive strategies and tactics. In this chapter, I first

review the few cases where a genetic polymorphism has either

been documented or is the most likely underlying cause for

the alternative strategies observed. They range from the

classic ruff example, where males either defend a territory as

independents or try to obtain matings as nonterritorial sate-

llites, to the different egg morphs described in the common

cuckoo and plumage polymorphisms associated with differ-

ent life-history strategies. In birds, commonly employed

conditional strategies that increase fitness are intraspecific

brood parasitism in females and extra-pair copulation

behavior in males. Finally I discuss the interactions between

the sexes, the influence these interactions have on strategies

followed by one sex, and the importance of incorporating

these interactions in future models. I also suggest reasons to

explain why certain strategies, such as parasitic male repro-

ductive behavior, are so rare in birds compared to other taxa.

13 .1 INTRODUCTION

The evolution of alternative reproductive phenotypes is

often believed to be associated with sexual selection (Neff

2001). Since the study of sexual selection and mate choice

has figured prominently in ornithology over the last two

decades (Andersson 1994), it comes as no surprise that a

number of examples have been discovered in this taxon.

Gross’s (1996) classification divides alternative repro-

ductive phenotypes in birds into two groups. Within a

population of a species, alternative strategies represent two

or more genetic types having equal average fitness and an

evolutionarily stable state frequency that is selected for by

negative frequency-dependent selection. As in other taxa,

alternative strategies are relatively rare among birds.

Conditional strategies, by contrast, are commonly found and

may be thought of as representing a single genotype. The

two different phenotypes are referred to as alternative

reproductive tactics that have unequal average fitness but

equal fitness at an evolutionarily stable strategy switch

point. This switch point may be the product of selection.

Status-dependent selection is the mechanism by which an

individual adopts a particular tactic depending on its own

status relative to population variation in condition (Badyaev

and Hill 2002). This classification has been criticized for

relying on mechanism rather than behavior and for ignoring

that, in many examples, genetic differences and environ-

mental influences are not mutually exclusive (Brockmann

2001). Hence, it can be considered somewhat artificial, but

I still find it the most useful for bringing some order to the

examples that will follow while explicitly acknowledging its

problems.

In this review, I consider alternative reproductive pheno-

types to be a bimodal or trimodal distribution of phenotypes

in terms of behavior, morphology, or life history. I do not

consider continuously varying phenotypes, such as the size of

a secondary sexual character like badge size (Qvarnström

1999), to be true alternative reproductive phenotypes.

Although alternative reproductive strategies and tactics

are concerned with intrasexual variation (Gross 1996), the

variety of alternative phenotypes encountered is, of course,

quite different in females and males. Many alternative

phenotypes in males have evolved to give their bearers

better access to mates, whether it is through mimicking a

female in plumage and behavior (Slagsvold and Sætre 1991)

or through a completely different mating strategy (Lank

et al. 1995). In contrast, females often use alternative

reproductive tactics to boost their fertility (Brown and

Brown 1998) or to optimize a given reproductive event in

terms of probability of success (Gibbs et al. 2000) or costs
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(Sasvári and Hegyi 2000). These differences between the

sexes are a result of anisogamy (Parker et al. 1972); hence,

they are not taxon specific. As in other taxa, such as fish and

reptiles (Gross 1996, Sinervo and Lively 1996), dimorphism

or polymorphism in bird coloration is often associated with

alternative reproductive phenotypes.

13.2 ALTERNATIVE STRATEGIES

Gross’s (1996) influential review of alternative reproductive

phenotypes listed one avian example of alternative strate-

gies. Since then, evidence for the existence of others has

mounted. I consider six additional species to exhibit alter-

native strategies (Table 13.1).

The classic example remains male behavior in the

lek mating system of the ruff (Philomachus pugnax) (see

Box 13.1), for which the widely adopted term “satellite” was

coined (Hogan-Warburg 1966). There are two types of

males: independent males, which develop a dark plumage

nape in the breeding season and defend a territory on the lek

and satellite males, which possess a light plumage nape and

move between independent males’ territories. Lank et al.

(1995) have shown that the inheritance of these two

behavior patterns is indeed the result of a genetic poly-

morphism, comprising two alleles at a single locus that fixes

the strategy for life. However, there is a further complexity

in the form of a conditional strategy within the independent

males: the majority of males are referred to as marginals,

outnumbering the territorial independents by as much as

4 : 1 (Hogan-Warburg 1966, Widemo 1998). Lank et al.

(1995) did not report any differences in growth rate between

the two strategies; Bachman and Widemo (1999) found

that satellite males had shorter tarsi and wings and were

lighter than independent males. Satellite males are also

rarer compared to independent males, comprising around

15–20% of the male population (Lank et al. 1995, Widemo

1998). In a 7-year study in Sweden, Widemo (1998)

reported that satellite males achieved 9% of the observed

copulations, lower than expected by their frequency in the

population. This indicates either an unstable frequency of

satellites in this population or, as the author states, that

satellites obtain matings away from the lek or have a longer

life expectancy. However, other studies reported that sat-

ellite males performed as many copulations as expected by

their frequency in the population (Hogan-Warburg 1966,

Rhijn 1991, Thuman 2003). It might be that the satellite

strategy has lower benefits, but also lower costs (Widemo

1998). The maintenance of the two strategies appears to be

stabilized by female choice (Hugie and Lank 1997, Widemo

1998, Lank et al. 2002), but the lower frequency of satellite

males consistently reported indicates unequal fitness if both

strategies are equally common in a population. This con-

sistent difference in the proportion of the two strategies

within a population might indicate that negative frequency-

dependent selection operates until the evolutionarily stable

state frequency is reached where both strategies have equal

average fitness. Why the equilibrium frequency sits at about

15% remains unclear. However, Hoglund et al. (1993)

report differences in resident and satellite success as a

function of lek size. Thus, the distribution of lek sizes may

be involved in determining the equilibrium frequency.

An example of alternative strategies in females has

recently been found in an obligate brood parasite, the com-

mon cuckoo (Cuculus canorus). Cuckoo females lay distinct

egg types that match the eggs of some of their hosts that reject

a nonmimetic egg (Davies 2000). On the basis of these egg

types, the cuckoo is divided into gentes, and Gibbs et al.

(2000) showed that these gentes are restricted to female lin-

eages. Differentiation between gentes occurs in maternally

inherited mitochondrial DNA, but not in nuclear DNA.

Cuckoo females specialize on a host species (Marchetti et al.

1998) and the matching egg pattern is most likely determined

by genes on the female-specific sex chromosomeW (in birds,

females are the heterogametic sex). Speciation as a conse-

quence of this differentiation and specialization on a host

species seems to be prevented by the cross-mating by males.

The cuckoo also provides the best circumstantial evidence

for frequency-dependent selection in any avian system with

alternative strategies. Its fitness is strongly influenced by the

host response to brood parasitism and there is good evidence

that as parasitism rate in a population increases, so do host

defenses and vice versa (Davies et al. 1996, Brooke et al. 1998).

An example where both sexes show alternative life his-

tory strategies has been described in the black-bellied

seedcracker (Pyrenestes ostrinus). There are two distinct bill

types in this species, a large-billed morph and a small-billed

morph. The two morphs have different ecological niches;

hence, there is less intraspecific competition (Smith 1987).

The large-billed morph is adapted to feed on large, hard

seeds while the small-billed morph feeds on smaller, soft

seeds. Because the food of the two morphs is differently

affected by precipitation, they follow alternative strategies

in the initiation of nesting (Smith 1990): large-billed

morphs nest early and small-billed morphs nest late in a

season. This difference in nesting time shifts this otherwise

trophic polymorphism to an alternative reproductive
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strategy (see also Chapter 2). Apart from this seasonal effect,

the morphs did not differ in clutch size, brood size, or

predation risk (Smith 1990). Females of both bill morphs

mate at random, and pairs consisting of both morphs also

produce offspring with both morphs. This cross-mating

prevents speciation occurring. The random mating behav-

ior might be selected for by an unpredictable environment

where neither morph enjoys a higher fitness over a lifetime.

Box 13.1 The mating strategies of the ruff

The unrivalled “star” among all bird species of alternative

reproductive strategies is the ruff (Philomachus pugnax), a

lekking sandpiper breeding across the Palearctic. Males

arrive on leks before females and mating activity peaks in

early May. Males follow two genetic strategies: they are

either independent males that can defend a territory or

satellite males that do not defend a territory. Lank et al.

(1995) have provided evidence that this dichotomy in

behavior is consistent with a single-locus, two-allele

autosomal genetic polymorphism (Table 13.2). By rearing

chicks from fathers following different mating strategies,

they showed that the observed frequencies of the two

strategies are in line with such a simple genetic model.

Nested within the genetically fixed independent male

strategy is a conditional strategy where males are either

residents (holding a territory) or marginals (nonterritorial

birds). Marginals try to become residents by ousting other

residents from their territories or by setting up new ones,

hence there are transitions between residents and mar-

ginals within and between breeding seasons. In the most

detailed study so far, Widemo (1998) found that satellite

males obtained only around 10% of the copulations

even though they commonly comprise around 20% of the

male population (Table 13.3). Interestingly, the differ-

ences in mating strategy are also reflected in morpho-

logical differences: independent males are larger than

satellite males (Lank et al. 1995, Bachman and Widemo

1999) (Figure 13.1) and there are also differences in time

budgets for foraging and aggression. Whereas independ-

ents invest in body mass and fat to increase their endur-

ance capabilities as territory holders (either present or

future), satellite males invest less in body mass and fat

reserve, maybe to reduce the costs of flight (Bachman and

Widemo 1999). Further studies are needed on this fas-

cinating system to determine costs and benefits of the

different strategies and tactics more precisely.

The white-throated sparrow (Zonotrichia albicollis) is

another example where both sexes show alternative repro-

ductive strategies (Knapton and Falls 1983, Houtman and

Falls 1994, Tuttle 2003). As in ruffs, behavioral differences

are correlated with a plumage marker, which is either a

white or a tan stripe over the eye. Differences in behavior

and plumage are controlled by a karyotypically visible

chromosomal inversion (Thorneycroft 1975), making this

the only case where a genetic marker for alternative

behavioral types is known. In both sexes, the white morph is

much more aggressive (Watt et al. 1984, Piper and Wiley

1989). White males show a lower level of parental care, but

seek more extra-pair copulations than tan males. White

males settle in high-density areas to increase their chances

of obtaining extra-pair copulations; tan males settle in low-

density areas to minimize the risk of losing paternity to

neighbors (Formica et al. 2004). These two territory

settlement patterns do not result in differences in territory

size or structure between white and tan males. White

females pursue conspecific brood parasitism at a much

higher rate and solicit copulations more often than tan

females. Both morphs seem to have equal fitness because,

although white males gain fitness through extra-pair

copulations, they lose fitness through extra-pair copulations

solicited by their own female and their own poor parental

care. However, the crucial mechanism maintaining the

polymorphism is that the two morphs show negative

assortative mating, so far a unique mating pattern among

birds (Lank 2002). This ensures that roughly equal fre-

quencies of both morphs are produced in each breeding

attempt. Assortative mating is strongly selected against

because a double inversion resulting from awhite-white pair

could be lethal (Thorneycroft 1975), and trade-offs between

parental care and extra-pair copulations would be unbal-

anced in assortatively mating pairs.

The Madagascar paradise flycatcher (Terpsiphone

mutata) is another recent example of alternative strategies

associated with a plumage dimorphism. Male paradise fly-

catchers occur as either a rufous or a white morph. Recent

work by Mulder et al. (2002) has shown that these morphs

are not due to seasonal dimorphism or delayed plumage

maturation, but seem to be two consistent phenotypes and

most likely genotypes. Data from chicks followed until

plumage maturation and from trapped adults show that the

white morph comprises about two-thirds of the males in this

population. The two morphs seem to follow different life-

history strategies – the white morph adopts adult breeding

plumage by the age of 3 years; the rufous morph between
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Table 13.2. Autosomal models for the inheritance of male mating strategies in ruff

Father

Maternal

grandfatherb n

Proportion of independent male offspringa

Expected (Ss) Expected (Ii) Observed

I I 6 0.96 0.92 0.83

I U 19 0.92 0.89 1.00

I S 4 0.70 0.80 0.75

S I þ U 19 0.44 0.61 0.62

S S 11 0.33 0.30 0.36

a Satellite dominance (Ss), independent dominance (Ii).
b I, independent; U, unknown; S, satellite.

Source: After Lank et al. (1995) with permission.

Table 13.3. Percentage of male ruffs of different strategies/tactics and their corresponding percentage of

copulations

Year Residents

Resident

copulations Marginals

Marginal

copulations Satellites

Satellite

copulations

1990 33.3 91.7 47.0 0.0 19.7 8.3

1991 25.2 83.3 56.3 3.5 18.5 13.2

1992 28.6 90.7 52.4 1.2 19.0 8.1

Mean 29.0 88.6 51.9 1.6 19.1 9.2

Source: After Widemo (1998) with permission.
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Figure 13.1 Mean body mass of the three different male ruff

mating strategies/tactics (± Se). (Drawn from data provided in

Bachman and Widemo 1999.)
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the ages of 3 and 6 years. Apart from this difference, no

detailed information on other parts of the life history is

available, but it seems that white males also sing more than

their rufous counterparts (Lank 2002).

A classic case of a plumage polymorphism resulting in

alternative reproductive strategies was discovered by

O’Donald (1983) in the Arctic skua (Stercorarius para-

siticus). These skuas occur in pale, intermediate, or dark

ventral plumage morphs and pedigree data indicate that

the morphs are genetically determined. In O’Donald’s

study, females seemed to prefer to mate with dark males,

producing a sexual-selection pressure favoring the dark

morph, but pale birds nested at a younger age, resulting in

a natural-selection pressure favoring the pale morph.

According to these results, the plumage morphs thus seem

to be associated with different life-history strategies.

However, a more recent study (Phillips and Furness 1998)

could not detect many of the selection pressures O’Donald

reported and it remains unclear whether the morphs

indeed have different life-history strategies and whether

there is an evolutionarily stable state frequency. The

alternative hypothesis is that fitness clines exist, with

forms mixing in overlap zones.

A similar example of a plumage polymorphism associated

with different life-history strategies has been documented in

the common buzzard (Buteo buteo). Like the skua, there are

three morphs: dark, intermediate, and light. Pedigree data

indicate that plumage morph might be controlled by one

locus with two alleles, intermediates being heterozygotes

(Krüger et al. 2001) (Table 13.4), with pairs mating assor-

tatively.More surprisingly, the three morphs differ greatly in

their life history and fitness. Intermediate birds achieve a

higher annual breeding success, have a much longer lifespan,

and occupy higher-quality territories, so this systemmight be

one of the few examples of a heterozygous advantage. These

differences result in intermediates having twice as many

offspring during their lifetime as dark and light birds (Krüger

and Lindström 2001) (Figure 13.2). Because the three

morphs differ in fitness, with no frequency-dependent

selection, there is no evolutionarily stable state frequency;

hence the polymorphism should not be stable. However,

intermediate pairs continuously produce dark and light off-

spring because of the inheritance system, so the population

could only evolve towards monomorphism if a genetic

modifier evolved (Lank 2002).

13 .3 CONDITIONAL STRATEGY WITH

ALTERNATIVE TACTICS

In contrast to the few examples of alternative strategies

described above, the literature contains many studies

documenting conditional strategies in birds (see Table 13.1

for examples mentioned below).

By far the most common conditional strategy pursued by

female birds is conspecific brood parasitism. Around 185

species have been documented as using this strategy (Eadie

et al. 1998, Davies 2000) and it is likely that many more will

be added. Conspecific brood parasitism in birds is not

restricted to particular taxa and life-history strategies, but is

generally associated with high fertility (Arnold and Owens

2002). There are also numerous examples of both types of

average fitness inequalities: in some species, brood parasites

achieve lower average fitness than nonparasites; in others

they enhance their reproductive success by both laying

some eggs parasitically and nesting on their own, and have a

higher average fitness than nonparasites.

Well-documented examples of species in which females

use brood parasitism to achieve at least some fitness include

Table 13.4. Offspring morph percentages in relation to parental combination in the common

buzzard, based on 7 years of data (1998–2004), with 422 broods and 724 chicks

Chicks (%)

Parental combination n Dark Intermediate Light

Dark ·Dark 2 100 0 0

Dark · Intermediate 88 46.6 53.4 0

Dark ·Light 10 0 100 0

Intermediate · Intermediate 362 17.1 66.0 16.9

Intermediate ·Light 212 0.9 50.0 49.1

Light ·Light 50 0 0 100
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starlings (Sturnus vulgaris), eastern bluebirds (Sialis sialis),

white-fronted bee-eaters (Merops bullockoides), and lesser

snow geese (Chen caerulescens) (Davies 2000). In these cases,

some females in the population are unable to secure a nest

site and resort to parasitic laying. In addition, females that

have lost some or all of their eggs due to predation or dis-

turbance also salvage reproductive success by becoming

brood parasites. In these examples, it is commonly low-

status individuals that have to use this tactic.

In sharp contrast, there are a number of species in which

high-status females use brood parasitism as a tactic to

enhance their fitness above that of nonparasitic females. In a

long-term study on cliff swallows (Petrochelidon pyr-

rhonota), Brown and Brown (1998) found that parasitic

females were high-quality individuals and had a much

higher survival rate than nonparasitic ones, resulting in

higher lifetime reproductive success for parasitic females.

Similarly, Åhlund and Andersson (2001) showed that

goldeneye ducks (Bucephala clangula) were able to double

their reproduction by engaging in brood parasitism. In this

example, brood parasitism is used by high-quality females

where their limiting factor is not fertility but parental care.

However, brood parasitism as a tactic used by high-quality

females might well be constrained, because it is costly to the

host (see Sorenson 1997). In a classic simulation paper,

Eadie and Fryxell (1992) showed that population demog-

raphy has profound implications on the frequency of brood

parasitism. Focusing on another species of goldeneye duck

(Bucephala islandica), they predicted an evolutionarily stable

strategy switch point of 23% parasitic eggs, which was very

close to the 17% observed in the population. Incorporating

density dependence, they showed that brood parasitism is

a “best-of-a-bad-job” tactic at low population densities,

regardless of the parasitism frequency. However, at high

population densities, parasitism follows negative frequency-

dependent selection so that when parasitism is very com-

mon, nesting females achieve higher reproduction. This

study neatly illustrates the complexities involved when
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considering optimal tactics and switch points in conditional

strategies.

A mixture of salvaging reproductive success and fitness

augmentation can also be seen in American coots (Fulica

americana: studied by Lyon 1993, 1998, 2003) and moor-

hens (Gallinula chloropus: studied byMcRae 1997, 1998). In

both species, some females laid parasitic eggs because they

could not obtain a territory or because their own nest was

depredated; other females laid parasitic eggs in addition to

their own successful nest.

The corresponding male conditional strategy to aug-

ment fitness is extra-pair copulation behavior, which has

been documented in many species (Birkhead and Møller

1992, Petrie and Kempenaers 1998). Because there are

excellent recent reviews of extra-pair copulation behavior in

birds (Griffith et al. 2002, Magrath and Komdeur 2003,

Westneat and Stewart 2003), there is no need to discuss it at

length here. Extra-pair paternity ranges from 0% to around

80% among bird species (Petrie and Kempenaers 1998) and

leads to a much higher variance in reproductive success

among males compared to females in socially monogamous

species. It is thought that females commonly control the

success of any copulation attempt (Birkhead and Møller

1993) and so the literature has mainly focused on costs and

benefits of extra-pair copulations to females. Besides

potential direct (paternal care, etc.) and indirect (genetic)

benefits, there are substantial costs, such as the loss of

paternal care from the social father, search and assessment

costs, and the risk of sexually transmitted diseases (Petrie

and Kempenaers 1998). Recently, Arnqvist and Kirkpatrick

(2005) concluded that there is negative selection on

extra-pair copulation behavior in females: the widespread

occurrence of this behavior might best be explained as

selection on male behavior where the costs of resistance in

females are larger than the benefits. An additional trade-off

limiting male EPC behavior might be paternal care

(Magrath and Komdeur 2003), which might also be essen-

tial in explaining why male parasitic reproductive tactics are

noticeably rarer in birds (see below).

One type of conditional strategy commonly found in fish

(Taborsky 1994), but only rarely documented in birds, is

female mimicry by males. In the pied flycatcher (Ficedula

hypoleuca), first-year males either mimic females in plumage

or develop full male breeding plumage. Slagsvold and Sætre

(1991) showed that territorial males accepted female-like

males as territory holders in their vicinity, but not males in

full breeding plumage. However, the advantage of female-

like males in gaining a territory incurs a cost in the form of

increased female aggression. Moreover, female-like males

arrive later on territories in spring and seem to be in worse

condition. Slagsvold and Sætre (1991) concluded that,

although female-like males do better than males without a

territory, they are making the best of a bad job, considering

their comparatively low status and the increased female

aggression. Another example of female mimicry has been

reported in the buff-breasted sandpiper (Tryngites sub-

ruficollis) by Lanctot et al. (1997). Here, males mimic female

behavior patterns to disrupt copulation by the territorial

male and/or to sneak copulations themselves. Recently

Jukema and Piersma (2004) reported female-like males in

ruff, further complicating the mating strategies employed

by males in this species.

An intriguing example of female mimicry has recently

been described in the lazuli bunting (Passerina amoena).

Yearling males occur as dull, female-like males, as inter-

mediates, and as bright males. Greene et al. (2000) showed

that this polymorphism is under disruptive sexual selection.

Dull yearling males were allowed to settle in higher-quality

territories then they would normally be able to defend

because neighboring bright males tolerated them. Bright

yearling males were also successful in obtaining medium- or

high-quality territories further from older males, due to

their competitive abilities. However, intermediate males

were not of high enough quality to outcompete other males

and they were not tolerated by bright males, so they had a

very low pairing success. Female preference for high-

quality territories was the driving force for the disruptive

selection. In addition, Greene et al. (2000) showed that by

allowing dull yearlings to occupy neighboring territories,

bright males reduced their chance of being cuckolded and

increased their likelihood of obtaining extra-pair copula-

tions as a consequence of having less attractive neighbors.

Another example of a conditional strategy based on a

sexual ornamentation has been described in the house finch

(Carpodacus mexicanus). Males in this species develop a

carotenoid-based breast coloration during the breeding sea-

son and Badyaev and Hill (2002) found a correlation between

the different reproductive tactics of males and the level of

ornamentation. Brightly ornamented red males paired with

females initiating breeding early in the season, but they

provided little provisioning for the female and the brood. In

contrast, less brightly ornamented yellow males paired with

females that nested later in the season, but they fed the female

and the brood much more. The third morph, intermediate

between red and yellow in its ornamentation, also followed

an intermediate reproductive tactic. Interestingly, the three
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levels of plumage ornamentation achieve different repro-

ductive success depending on age and partner. Among first-

time breeders, red males achieved the greatest reproductive

success because of their mate’s quality. However, among

older breeders, intermediate males achieved the highest

reproduction because of the combined effects of relatively

early breeding and higher levels of male parental care.

Another example of an evolutionarily stable strategy

switch point with regard to age has been documented in the

tree sparrow (Passer montanus). Both sexes in this species

either breed solitarily or in colonies. Sasvári and Hegyi

(2000) found that for females, the highest fitness was

obtained by breeding in a colony in the first year of life and

then breeding solitarily in all subsequent years. In contrast,

males obtained the highest fitness by breeding colonially

throughout their life. For females, the large costs of soli-

tarily breeding in the first year of life seem to be so large that

colonial breeding is favored, although productivity was

lower. This example points towards the complex inter-

actions not only between alternative reproductive tactics,

but also between the sexes. Males always favor colonial

breeding but females favor colonial breeding only in their

first year of life. The mix of alternative reproductive tactics

might be stalemates of this conflict, as in the dynamic

mating system of dunnocks (Davies 1992).

One conditional strategy that is common in fish and

insects (Gross 1996) but not in birds is sneaking versus

fighting for a territory as true alternative tactics. One

potential example involves the ruff again, where around 1%

of males do not develop a nuptial plumage and are referred

to as “naked-nape” males (Hogan-Warburg 1966). They try

to sneak copulations on the territories of resident males by

mimicking females, but it is not known whether these males

are using a conditional tactic or whether they are indeed a

third alternative strategy in this species (Jukema and

Piersma 2004).

Considering the efforts devoted to studying avian mat-

ing systems, it is interesting that no conditional strategy of

sneaking has been definitely reported, although extra-pair

copulations by males are often referred to as sneaking in the

literature. Why is a true parasitic reproductive strategy in

males not more common in birds? In comparison to fish,

female choice is strong in birds, which limits male oppor-

tunities to sneak copulations in the same way as fish can,

because of internal fertilization and the lack of intromittent

organs. Hence males can rarely force a copulation onto a

female, with some notable exceptions, such as in species of

waterfowl (Briskie 1998). Another contributing factor is

that biparental care enhances breeding success significantly

in many bird species (Clutton-Brock 1991), which greatly

reduces the pay-off for a parasitic male strategy. The rela-

tively small clutch sizes of birds compared to other taxa

further reduces the potential benefits of a parasitic male

reproductive strategy for birds when compared with other

taxa such as fish and insects.

13 .4 INTERACTIONS BETWEEN THE

SEXES

Many alternative male tactics are thought to have evolved

under the theme of salvaging at least some reproductive

success and, although they increase the variance in male

reproductive success, they also increase the opportunity for

female choice. The examples of alternative strategies and

conditional strategies highlighted above should, at least in

some cases, lead to mate-choice decisions by males and

females (female choice has been largely ignored but see

Alonzo and Warner 1999, 2000 for an example in fish).

Consider the ruff with its two alternative strategies. If

Widemo (1998) is correct in postulating that the satellite

strategy is low cost and low benefit, with equal average

fitness compared to the resident strategy, a female should

make mate-choice decisions based on her condition. It is

well established that early conditions can have a profound

effect on lifetime fitness in birds (Lindström 1999), so even

in precocial birds, female condition at laying might have

long-lasting effects. Females in bad condition should

therefore mate with a satellite male because producing low-

quality offspring of the resident strategy will yield lower

fitness, since not all residents manage to secure a territory.

These potential effects have so far been largely overlooked

in ruff (but see Lank 2002). The house finch example

provided by Badyaev and Hill (2002) also highlights the

complexities of female choice when alternative reproductive

phenotypes are involved. Status-dependent selection gives

rise to the alternative tactics in males and it should also

affect female choice. If males provide a mixture of direct

(parental care) and indirect benefits (male condition as

expressed in the ornamentation) to females, then females

should choose depending on their own condition. If a large

male ornament signals good condition but low parental care,

and this has a heritable component, then females in good

condition should choose a highly ornamented male because

the indirect benefits will exceed the costs of low parental

care, for which a high-quality female can compensate

(Kokko 1998, Badyaev and Hill 2002).
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The cliff swallow provides another example of the

complex interactions between the sexes when alternative

reproductive phenotypes are involved. Brown and Brown

(1996, 1998) not only found that parasitic females had

higher average fitness than nonparasitic females, they also

reported that males engaging in extra-pair copulations had

significantly lower survival rates compared to males that

did not. They concluded that parasitic females are high-

quality individuals, whereas males engaging in extra-

pair copulations are low-quality individuals and females

should resist them. Females should therefore preferen-

tially pair with males that do not engage in extra-pair

copulations because these males will be of higher quality

and will show a higher presence at the nest and guard their

female more intensively, lowering the female’s risk of

forced copulations by inferior males. Males should always

try to pair up with parasitic females because these females

have a higher fitness thus minimizing the male’s risk of

being cuckolded.

In addition to mate choice decisions discussed above,

selection on one sex can constrain the evolution of alter-

native reproductive phenotypes in the other sex, as exem-

plified by the common cuckoo. In this species, males may

even compromise the fitness of females. Host behavior

strongly influences fitness in common cuckoos and the

different gentes with their host-specific eggs have pre-

sumably evolved as an adaptation during the host–parasite

arms race (Davies 2000). Host-specific chick begging

behavior would be a distinct advantage but, apart from call

rate, Butchart et al. (2003) did not find a difference in call

note or structure. The problem here is that host-specific

begging behavior cannot be encoded in genes on the female

W-chromosome, otherwise only female offspring would

benefit from it. Due to the cross-mating by male cuckoos,

females are actually constrained in their alternative strat-

egies. As long as polygyny yields more benefits to males than

the better adapted host-specific behavior of the chick,

mating across gentes by males will be favored.

Where to next? The amount and quality of work being

conducted on birds will continue to produce important

insights into the evolution and maintenance of alternative

reproductive phenotypes. Theoretical studies need to

incorporate the idea that alternative reproductive phenotypes

in one sex might be affected not only by fitness pay-offs but

also by the behavior of the other sex. Gross (1996) stated that

theoretical studies should reconcile frequency-dependent

selection with status-dependent selection. There might

also be a need to incorporate the strategies of the two

sexes explicitly rather than just through fitness pay-offs

(see Hugie and Lank 1997, Alonzo and Warner 1999).

Empirical studies might be able to test whether status-

dependent mate choice exists in females of species where

alternative phenotypes exist. Another potentially rewarding

area of future research might be to use the wealth of infor-

mation in birds for comparative studies, which might further

elucidate life-history or ecological correlates of alternative

reproductive phenotypes. Arnold and Owens (2002) have

demonstrated that for conspecific brood parasitism, for

example, most of the variation between species can be

explained by differences in fertility due to phylogenetic

inertia rather than ecology.
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14 · Alternative reproductive tactics in nonprimate male mammals

JERRY O. WOLFF

CHAPTER SUMMARY

Alternative reproductive tactics in male mammals fall

into two categories: unequal pay-offs, in which a younger

or subordinate individual assumes a lower fitness tactic

in response to the frequency and competitive ability of

other males in the population, and equal pay-offs, in

which ecological or environmental factors dictate alterna-

tive tactics based on distribution of resources, population

density, and demographic conditions. The tactic(s) used in

both situations are conditional and are based on social and

ecological environments, respectively, and on the relative

social status of competitors. The decision-making rules

for adopting a particular tactic for any individual at any

one time in its life are based on its age, status, competitive

ability, or current environmental conditions; these rules

will ultimately maximize the individual’s lifetime repro-

ductive success. The reproductive tactic used by an indi-

vidual may vary throughout its lifetime or seasonally.

Herein I provide examples of selective forces and relative

fitness pay-offs for alternative reproductive tactics used by

a variety of male mammals under different social and

ecological conditions.

14 .1 INTRODUCTION

Mating systems are viewed as an outcome of individual,

reproductive strategies that have been subjected to natural

selection and have become characteristics of given species

(Gross 1996). A reproductive strategy may have one or

more alternative tactics, each conditionally dependent on

factors such as social status, frequency of alternatives,

population density, and environmental factors (Dominey

1984, Taborsky 1994, Gross 1996, Brockmann 2001).

Following the logic of Gross (1996), I view alternative

reproductive tactics (actually phenotypes) from two

perspectives. Within any given species, there is one tactic

that works “best”; that is, it results in the greatest number

of matings and reproductive success for the individual

using that tactic. This tactic is typically used by the

dominant or most competitive individuals in the popula-

tion and may be equated with the “bourgeois” tactic as

described by Taborsky (2001). Other (subordinate) indi-

viduals in the population that are not as competitive using

this tactic choose an alternative one that, while providing

them with the greatest success they can achieve at the time,

considering their current condition, is usually less suc-

cessful than the dominant tactic. Among the reproductive

tactics available within a population, the secondary tactic is

conditional on the current social and environmental milieu

and can be thought of as an alternative to the best or

bourgeois tactic. At the individual level, however, alter-

native reproductive tactics should be evolutionarily stable

if they maximize the fitness of individuals within the

constraints of the immediate social and ecological pres-

sures. Thus, individuals must assess and make decisions

based on the current situation and prospects for future

reproductive success. The pay-offs to the alternative tac-

tics are not equal when assessed at the population level;

rather one tactic is more successful than an alternative

(Repka and Gross 1995). That said, alternative tactics are

still more successful than not breeding; therefore, less

competitive individuals adopt a tactic that is the best they

can achieve given their relative ranking compared to

reproductive competitors. Little, if any, evidence exists to

show that the various tactics used by wild mammals result

from a genetic polymorphism and thus are not mixed or

alternative strategies (sensu Gross). In fact, the various

tactics are used by the same individuals throughout

their lifetime or even within the same breeding season,

depending on competition with other males and environ-

mental, demographic, or social conditions. The optimum
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reproductive tactic for an individual at any one time

is likely conditional and is based on the frequency of

alternatives being used in the population and the associ-

ated trade-offs of these alternatives (e.g., Repka and Gross

1995, Brockmann 2001, Taborsky 2001).

The objectives of this chapter are to provide examples

of alternative reproductive tactics in nonprimate male

mammals and to explain their apparent adaptive signifi-

cance with respect to selection pressures from social,

demographic, and ecological environments (summarized in

Table 14.1). I will describe alternative reproductive tactics

in which one “best” tactic is used by the dominant and most

competitive individuals resulting in the most mating

opportunities and a second alternative tactic is used by

subordinate or less competitive males resulting in fewer

mating opportunities. In this case, the alternative is condi-

tional and the pay-offs unequal. However, there are some

alternative reproductive tactics that can have equal pay-offs

and that are more dependent on ecological or demographic

constraints than on social competition.

14 .2 ALTERNATIVE REPRODUCTIVE

TACTICS IN MALES: UNEQUAL

PAY-OFFS

14.2.1 Harem defense polygyny

One of the most common reproductive tactics among

mammals is harem-defense polygyny in which a dominant

male defends access to several females. Harems can be

defended seasonally or throughout the year depending on the

species and length of the breeding season. Alternative tactics

employed by subordinate males involve some variation of a

sneak behavior in which subordinate males “sneak” a copu-

lation from females being guarded by a harem-master when

he is not looking or when he cannot guard all of his females at

once. These two tactics may be similar to the bourgeois and

parasitic tactics described for fish (Taborsky 2001). Examples

of harem-defense polygyny include northern (Mirounga

angustirostris: Le Boeuf 1974) and southern (M. leonina:

Hoelzel et al. 1999) elephant seals, plains zebras (Equus

burchelli: Rubenstein 1986), feral horses (E. caballus: Berger

1986), red deer (Cervus elaphus: Clutton-Brock et al. 1982),

and other ungulates (Table 14.1). Within both species of

elephant seals, males that are of similar size to females mimic

them behaviorally and occasionally sneak copulations when

the harem-master is not looking. Additionally, some males

wait until late in the season when females return to the water

and are no longer guarded by dominant bulls to obtain

copulations. However, these late copulations are probably

not successful because females most likely have mated

previously (Le Boeuf 1974, Hoelzel et al. 1999).

Alternative tactics for male plains zebras and horses

include wandering and searching for females or waiting to

depose harem-master stallions (Berger 1986, Rubenstein

1986, Asa 1999). Berger (1986) described three tactics used

by feral horses to acquire mates. Forty-five percent of

females in harems were acquired by wandering bachelors

that encountered them by chance, 48% were acquired

by deposing resident stallions through aggression and

fighting (see Figure 14.1), and 6% were acquired through

cooperative coalitions of unrelated males (Figure 14.2; and

discussed below). Dominant stallions acquire harems,

whereas subordinate males are either relegated to bach-

elorhood or, in some cases, are accepted in subservient

roles within a harem where they may sire some offspring

(Berger 1986, Asa 1999, Linklater and Cameron 2000).

Harem-masters sire the most offspring, whereas the relative

reproductive success of subordinates and bachelors is con-

siderably lower and probably comparable. Among Grevy’s

zebras (Equus grevyi), territorial stallions typically obtain

the majority of matings. Ginsberg and Rubenstein (1990)

reported that bachelor males obtained 9% of copulations

using a sneak or follower tactic.

Attempted copulations by subordinate, usually younger,

males are common in other species of mammals. In red

deer, 7- to 12-year-old stags hold harems. Occasionally

younger stags run through a harem scattering females and

causing a disruption that requires the harem-master to

concentrate on rounding up the scattered females (Clutton-

Brock et al. 1982). During this time, younger stags are able

to sneak copulations. Whether sneak copulations are with

fertile females and whether they produce young is not

known. Similar patterns of sneak copulations occur in

waterbuck (Kobus ellipsiprymnus: Wirtz 1981), oribi (Ourebia

ourebi: Arcese 1999), and other ungulates (Gosling 1986,

Rubenstein 1986). Although these alternative reproductive

tactics are qualitatively regarded as more or less competi-

tive, the absolute reproductive success of each has been

rarely quantified.

14.2.2 Resource-defense polygyny

A common reproductive tactic for male mammals is to

acquire mating opportunities by defending an essential

resource that is used by females. Males that are not
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competitive enough to defend a resource-based territory

typically adopt a satellite or peripheral mating tactic.

Dominant male white-lined bats (Saccopteryx bilineata)

defend roosting areas that are limited and variable in

quality. Subordinate males use an alternative peripheral

tactic in which they compete directly for mating oppor-

tunities when females are active and away from the nesting

site (Heckel and Helversen 2002). Both tactics are effective,

but the territorial tactic results in nearly twice as many

matings as the peripheral tactic. Peripheral males are

younger than territorial males and will switch to territorial

behavior if a roosting site becomes available or if they are

able to displace a territorial male or both. Once territorial

males are ousted, they do not switch to a peripheral tactic.

Nonterritorial or usurper males prefer to hang around and

take over territories with large rather than small harems

(Voigt and Streigh 2003). The number of males adopting

the peripheral tactic appears to be a function of the number

of high-quality resource territories occupied by dominant

males (Heckel and Helversen 2002).

Fallow deer (Dama dama) characteristically use a lek

mating system (described below); however, considerable

variation occurs within and among populations depending

on a series of behavioral and ecological variables. In a

nonlekking population, males use four different tactics

with varying degrees of success (Alvarez et al. 1990,

Moore et al. 1995). The most successful tactic is low-

fidelity territoriality in which 5- to 7-year-old dominant

bucks defend territories, but also follow doe herds for

part of the day (56.2% of matings). Followers obtain

19.5% of the matings. High-fidelity territorial bucks have

smaller territories than low-fidelity bucks but remain on

their territories all day and obtain 17.5% of matings

(Figure 14.2). Satellite males that position themselves

around the territories of dominant bucks obtain 6.9% of

matings. The tactics employed are largely a function of age

with older males using the more successful tactic. Some

bucks that are territorial during one year can become fol-

lowers the next when food resources on their territories are

diminished.

Among African antelope, dominant males exhibit

harem- or resource-defense polygyny, but commonly tol-

erate subordinate males on their territories or in their

social group. These subordinate males may eventually

inherit the territory or harem and have higher lifetime

reproductive success than they would have by emigrating

and attempting to form a new social unit. Wirtz (1981,

1982) reported that at any one time only 7% of male

waterbucks were territorial and about half of these toler-

ated from one to three younger satellite males on their

territories; the remaining 84% were bachelors. Satellite

males switched back and forth between being a satellite

and joining the bachelor herd, but many of them eventu-

ally inherited a territory (Wirtz 1981). Apparently, the

territorial males benefited in some way by having the

satellite males on their territories.

Figure 14.1 Acquiring a harem by fighting and deposing harem-

masters is the most successful reproductive tactic in wild horses.

(Photograph by Heidi L. Hopkins.)
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Resource-defense polygyny is also the predominant

mating tactic used by pronghorn (Antilocapra americana:

Byers 1997), Apennine chamois (Rupricapra pyrenaica:

Lovari and Locati 1991), humpback whales (Megaptera

novaeangliae: Clapham 2000), and alpine marmots (Marmota

marmota: Goossens et al. 1998). Among pronghorns and

chamois, the oldest (>4 years) bucks defend large, resource-

based territories, exclude younger males, and mate with

females that enter the territory (Figure 14.3). Subordinate

males adopt a following tactic; however, females resist

advances by young follower males and the majority of

copulations occur on territories. In large expanses of the

ocean, male humpback whales space themselves out in prime

foraging areas and produce songs that attract females and

repel other males (Clapham 2000). As an alternative, some

nonterritorial males intercept and follow females before they

get to the singing males (Clapham 2000). It is not known

which tactic is most effective, but it appears that the same

individuals can switch from one tactic to the other at different

times during their lives (Connor et al. 2000). Switching

between territoriality and intercepting may be an example of

frequency-dependent mating tactics.

14.2.3 Leks, territories, and satellites

Leks are an unusual breeding system in which females con-

gregate on small, clustered breeding sites defended by indi-

vidual males. Leks occur in a number of species of mammals

(Clutton-Brock et al. 1993) but have been studied most

extensively in ungulates, particularly fallow deer. Lekking

fallow deer bucks use three mating tactics with differing

degrees of success. The most productive tactic for males is to

defend a breeding site within clusters of males at a lek; the

second most productive tactic is to defend single, resource-

based territories; and the third is to intercept and mate with

females as they move onto territories or breeding sites at leks

(Alvarez et al. 1990, Clutton-Brock et al. 1992) (Table 14.1).

Similar tactics have been documented in lechwe antelope

(Kobus leche: Nefdt and Thirgood 1997) and blackbuck

(Antilope cervicapra: Isvaran and Jhala 2000). As the breeding

season approaches, females leave the herd and congregate on

leks where some males obtain high reproductive success.

Males on territories have moderate success because female

density and frequency of visits are less than on leks affording

thesemales fewermating opportunities. Females are harassed

0

10

20

30

40

50

60

70

80

Wandering Takeovers Alliances

Feral horses

P
er

ce
nt

 o
f f

em
al

es

0

10

20

30

40

50

60

70

80

Low- 
fidelity

Following High- 
fidelity

Satellite

P
er

ce
nt

 o
f m

at
in

gs

Fallow deer

0

1

2

3

4

5

Early 
breeding

Late 
breeding

Challengers

C
op

ul
at

io
ns

 p
er

 b
ul

l p
er

 y
r

Bison

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Pursuing Satellite

Fox squirrel

Gray squirrel
C

op
ul

at
io

ns
 p

er
 m

al
e

Figure 14.2 Percent of females acquired by males using alternative
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the most while they are in the herd, less on resource terri-

tories, and least on leks when densities are high. The relative

reproductive success of males varies and depends on a

combination of resource availability and female movements

and aggregations (Nefdt and Thirgood 1997).

These three mating tactics also occur in the Uganda

kob (Kobus kob: Leuthold 1966), apparently with the

same variance in reproductive success as in fallow deer

(Rubenstein 1986). In the topi (Damaliscus lunatus), the

variance in reproductive success of males on leks is high

with few males getting the majority of matings (Gosling and

Petrie 1990, Bro-Jørgensen andDurant 2003).Males on leks

are larger and older than those on resource-based territories

and have greater immediate and long-term reproductive

success than those defending resource-based territories

(see also Balmford and Blakeman 1991). However, at any

given moment, each individual likely assesses its options

and adopts the tactic that gives the best net reward.

14.2.4 Territoriality versus wandering

A relatively common set of male alternative reproductive

tactics in rodents is to be either territorial or nonterritorial

and wander in search of mates. Prairie voles (Microtus

ochrogaster) use both of these tactics. About 55% of males in

a population are territorial and form a bond with one female.

They mutually occupy and defend the space and mate

monogamously (Getz et al. 1993). The remaining 45% of

males are wanderers with large home ranges and no estab-

lished bond with any one female. Males can switch from one

tactic to the other. The two tactics do not appear to be based

on physical condition, density, or male “quality” (Getz et al.

1993, Solomon and Jacquot 2002) nor is the relative

reproductive success of each tactic known. Solomon and

Jacquot (2002) concluded that wanderers were not of lower

quality than territorial males, but were simply making the

best of a bad job. Alternatively, wandering may be the best

tactic: resident territorial males may be less competitive and

thus mate guard and stay with just one female. To distin-

guish between these possibilities we would need to know the

relative competitive abilities and reproductive success of

males using the two tactics.

Switching between territoriality and wandering occurs

in a number of other species. In arctic ground squirrels

(Spermophilus parryi) territorial males have priority access to

females and sire the most offspring; however, some wan-

dering males are able to dominate agonistic interactions on

the day of a female’s estrus and achieve some reproductive

success (Lacey and Wieczorek 2001). A similar pattern of

territorial defense and extra-pair copulations withwandering,

satellite, or neighboring males occurs in alpine marmots

(Goossens et al. 1998), black-tailed prairie dogs (Cynomys

ludovicianus: Travis et al. 1996), ground squirrels (Spermo-

philus sp.: e.g., Boellstorff et al. 1994), and spear-nosed

bats (Phyllostomus hastatus: McCracken and Bradbury 1981)

(Table 14.1). In bearded seals (Erignathus barbatus), domi-

nant males defend aquatic territories and subordinate males

wander or “roam” over large areas that overlap each other

and several territories. Territorial males have a longer trill to

their calls than roaming males, which may be an indicator of

male quality (Parijs et al. 2003). Territoriality and wandering

appear to be conditional reproductive tactics that occur in a

variety of taxa and ecological conditions. Unfortunately little

is known regarding the relative fitness benefits of each tactic.

Figure 14.3 Dominant pronghorn bucks >4 years old typically

hold resource-based territories and acquire harems. Younger bucks

follow individuals or groups of females and are only successful

when there are few older bucks in the population. (Photographs by

John Byers.)
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14.2.5 Tending, challenging, and coursing

Among nonterritorial ungulates, the most common mating

tactic is the tending of individual females by males, though

alternative tactics do exist. Rocky Mountain bighorn rams

(Ovis canadensis) use three distinct tactics in competition for

mates (Hogg 1984). Two tactics, tending and blocking

(males guard and block movements of individual females

prior to estrus and until mating occurs), feature defense

and cooperative mating over a prolonged consort period of

up to 3 days. Coursing is the attack on dominant rams by

subordinates during which subordinates are able to copulate

with females for a very brief, perhaps a few seconds, contact

time. Coursing is costly because the long chases over rough

terrain may result in injury to either males or females. The

coursing tactic can be equally successful to the cooperative

tactics: Hogg and Forbes (1997) found that 43% and 47%

of lambs were sired by males using the coursing and

cooperative tactics, respectively

Three reproductive tactics are used by the American

bison (Bison bison) to acquire matings (Wolff 1998)

(Figure 14.4). Females and their young live in large fluid

herds throughout the year and males are either solitary or

live in bachelor groups except during the late July–August

rut. The most successful bulls enter the herd early during

the rut and tend females for up to 3 days before mating with

them. During tending one male stands alongside a female

and guards her until after copulation. A second alternative is

for satellite males to challenge the tending bull and take the

female away following defeat of the tending bull in

aggressive threats or fights (Figure 14.5). This tactic is

similar to that of the coursing rams in which subordinate

males incite females to run away from the tending males.

A third tactic is for less competitive males to enter herds

late in the season when the dominant males, exhausted

and weakened, have left the herd or are less competitive

(Figure 14.4). All three tactics lead to reproductive success,

though tending early and late in the season are the most

successful (Wolff 1998) (Figure 14.2). The mating success

of bulls late in the season is due, in part, to the lower number

of bulls in the herd (35 of 38 bulls in early season and 14 of

16 in late season obtained at least one copulation). It is not

known, however, if the reproductive success of late matings

is comparable to that of early matings because calf survival

might be lower in the former. A comparable tactic occurs in

elephants (Loxodonta africana) in which musth males over

35 years of age dominate the tending and breeding during

mid-estrus and younger 25- to 35-year-old males obtain

some matings early and late in the season (Poole 1989). It is

not clear how successful these early and late matings are or

whether or not they produce offspring.

Raccoons (Procyon lotor) exhibit a reproductive pattern

similar to that of many ungulates. Gehrt and Fritzell (1999)

described a pattern in which several males aggregate around

permanent water sources (feeding areas) and then indivi-

dual, dominant males develop consortships with individual

females (a form of tending). An alternative tactic is for some

males, considered subordinate, to roam and encounter

females away from groups of dominant males. Gehrt and

Fritzell (1999) found that promiscuity was common and

that 38% of the females consorted with more than one male.

14.2.6 Pursuit or satellite

In some species in which males do not defend territories,

several, often large numbers, of males aggregate and

pursue estrous females. Male eastern gray squirrels

(Sciurus carolinensis: Koprowski 1993a) and fox squirrels

(S. niger: Koprowski 1993b) congregate around females

during their single day of estrus and use two tactics to

achieve matings. The most successful tactic is active pursuit

Early season

Tend female

SubordinateDominant

Challenge

Dominant 
attacks 
tending bull 
and usurps
female or 
causes her 
to run

Female runs
from tending bull

Challenger tends 
female after runLate season

dominant bulls
leave herd

Subordinate (young) males
enter herd and tend females

Figure 14.4 Alternative reproductive tactics used by bull bison and

their relative success are a function of competitive ability and season

(from Wolff 1998). A similar pattern of behavior is observed in

bighorn sheep (Hogg 1984) and Soay sheep (Pemberton et al. 2004)

(see text).
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and it is used by dominant males >2.75 years old that are

able to defend proximity to females. Satellite males are

subordinate and remain dispersed in the female’s home

range and obtain some matings when females escape from

dominant, pursuing males. Although dominant males

achieve most of the matings, once a female escapes from a

dominant male, matings are evenly distributed between

pursuer and satellite males (Figure 14.2). The active pursuit

and the satellite tactics appear to be conditional tactics in

which young, subordinate males are making the best of a

bad job (Koprowski 1993a, b). Similar tactics occur in

thirteen-lined ground squirrels (Spermophilus tridecemli-

neatus: Schwagmeyer and Parker 1987) and Belding’s

ground squirrels (S. beldingi: Sherman 1989).

Sherman (1989) made a comparison of reproductive

tactics used by Idaho ground squirrels (Spermophilus brun-

neus) and Belding’s ground squirrels. In Idaho ground

squirrels, mate guarding and defending an insemination

post-copulation are more successful than abandoning the

female and searching for additional females. In contrast, in

Belding’s ground squirrels, searching after a copulation is

more successful than mate guarding. In Idaho ground

squirrels, females are widely spaced, searching is costly, and

unguarded females mate multiply. In addition, the last male

to mate sires most of the offspring. In Belding’s ground

squirrels, additional females are readily available and

accessible, and the first male to mate sires most of the off-

spring. Thus each species uses a different tactic, each

having a different pay-off for the male depending on the

distribution of females and the probability of multiple

inseminations; mate guarding is best for Idaho ground

squirrels and searching is best for Belding’s ground squir-

rels (Sherman 1989).

In Cape ground squirrels (Xerus inauris), females can

breed throughout the year but the number of females in

estrus at any one time is small resulting in an operational sex

ratio at any given time of about 10 males to 1 estrous female

(Waterman 1998). Males roam in an amicable hierarchical

band in search of estrous females. Dominant males are the

most successful at finding estrous females and they obtain

the majority of copulations, but females mate with several

males and consequently subordinate males also obtain

mating opportunities. Although aggression is minimal

among band members, disruptions during copulations do

occur, which in turn provide more opportunities for mating

by subordinates. Living in a hierarchical group provides an

increased level of protection for males in the group through

improved vigilance. Hierarchical groups provide some

immediate mating opportunities and the potential to move

up the hierarchy with age and status (Waterman 1998).

In bridled nailtail wallabies (Onychogalea fraenata),

males have home ranges that overlap those of two or more

females (Fisher and Lara 1999). Occasionally, groups of

large, dominant males will aggregate in areas of high

densities of females. Alternatively, when individual females

Figure 14.5 Bison bull tending a cow and being challenged by three

satellite bulls. (Photograph by J. O. Wolff.)
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are in estrus, as many as six males may follow them and vie

for opportunities to mate. The largest and presumed oldest

males that have the largest home ranges and encounter the

most females obtain the most matings. Females have rela-

tively long estrous periods and roam widely during estrus,

inciting male–male competition. This behavior attracts the

most dominant males who sire most of the offspring;

however, satellite males that have small home ranges can

find lone females and account for up to 10% of the matings.

This mating pattern is similar to that described for most

other large terrestrial macropods (reviewed in Fisher and

Lara 1999).

14.2.7 Alliances and coalitions

In many species of social mammals, single, dominant males

attempt to sequester a female or are chosen by females for

exclusive mating. However, an alternative tactic in these

species is for two or more individuals to join forces against

conspecifics, especially dominant individuals that are in a

long-term alliance or coalition (Harcourt and de Waal

1992). Male alliances are generally rare in mammals

(Clutton-Brock 1989) but have been documented in dol-

phins, primates, ungulates, and carnivores (e.g., Harcourt

and de Waal 1992, Caro 1994, van Hoof and van Schaik

1994, Feh 1999, Connor et al. 2000) and may even be the

dominant reproductive tactic where it occurs.

In dolphins (e.g., Tursiops aduncus and T. truncatus),

alliances of two or three males cooperate to control the

movements of a female to monopolize her during the

period when she is fertile (Connor et al. 2000). Alliances or

consorts of males seem to be more successful in controlling

reproductive access to females than single individuals

(Connor et al. 1996, 2000). Some alliances seem to switch

often, but many are long-term and may last for several

years or a lifetime. The breeding season is relatively long

for dolphins and females may have extended periods of

receptivity that last several months. The long period of

receptivity may provide opportunities for several males to

mate, thus reducing competition within a coalition (Connor

et al. 1996).

Alliances consisting of two to three males, often broth-

ers, cooperatively defend territories against other males in

cheetahs (Acinonyx jubatus: Caro 1994) and lions (Panthera

leo: Packer et al. 1991). Single males, on the other hand,

wander over large areas and avoid territorial males while

attempting to sequester lone females. Cooperation and

territoriality is the most adaptive tactic for cheetahs. Caro

(1994) observed that single males exhibit more stress and are

less likely to acquire mates than territorial males. In chee-

tahs, pairs of males often scent mark their territories and

perch on lookout posts, whereas single males are less con-

spicuous and avoid detection (Figure 14.6). Similarly lone

male lions are not able to acquire or defend a pride of

females or food resources. So, as in dolphins, single male

cheetahs and lions do not appear to be successful in

defending reproductive females and consequently alliances

become the more successful tactic.

Figure 14.6 Coalitions of two male cheetahs are territorial and

spend a significant amount of time on vantage points scouring for

intruding single males. Dominant males scent mark their

territories, whereas single intruder males avoid detection.

(Photograph by Tim Caro.)
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The mating system of feral horses is characterized by a

single-male, harem-defense polygyny (see above); how-

ever, Feh (1999) described a situation in which low-

ranking sons of low-ranking mares developed alliances

with the dominant stallion that could last a lifetime. Both

stallions would confront intruders or the dominant stallion

would tend the females while the subordinate displayed

toward an advancing rival. The subordinate of the pair

sired about 25% of the foals born into the alliance harem,

which is significantly more foals than low-ranking stallions

sired by adopting a “sneak” mating tactic. The alliance

appears to be based on a mutualism from which both the

dominant and subordinate benefit (Feh 1999). A similar

behavioral pattern was observed in oribi where dominant

territorial males accepted subordinates on their territories.

Socially dominant males that shared territories with sub-

ordinates were replaced by rivals less often than males

that defended territories without auxiliary males. Sixty-

three percent of the auxiliary males were likely offspring

of territorial males, but 37% were not related. Auxiliary

males obtained some direct and indirect (in the case of

fathers and sons) fitness while occupying joint territories

and eventually obtained territories of their own (Arcese

1999). Thus cooperation can be an adaptive competitive

tactic between dominants and subordinates (see also

Taborsky 2001).

Alliances are almost always limited to two or three

males. Three is the maximum number of males for nonkin

alliances in chimpanzees (Pan troglodytes), dolphins, chee-

tahs, and lions (Packer et al. 1988, 1991, Caro 1994, Watts

1998, Connor et al. 2000). Three may be the optimum

number for maximizing individual reproductive success of

males. A fourth male may have limited opportunity against

three companion males if there are a limited number of

females in estrus at any given time and therefore may be

better off solitarily or forming another alliance of two or

three (Connor et al. 2000).

14.2.8 Sexual coercion

Inmultimale societies or those in which males cannot always

mate-guard or protect a female, an alternative tactic for

males is to coerce females into mating with them and to

avoid any sexual association with competitor males (Smuts

and Smuts 1993, Clutton-Brock and Parker 1995). Males

may coerce females by forced copulations, harassment

(repeated attempts to copulate with a female), intimidation

(males punish females that refuse to mate with them), and

violence if a female mates with another male (Clutton-Brock

and Parker 1995). Sexual coercion as an alternative mating

tactic is most common among primates (Smuts and Smuts

1993 ; and see Chapters 15 and 18), but has also been

reported in elephant seals (Le Boeuf 1974), sea otters

(Enhydra lutris: Mestal 1994), fallow deer (Clutton-Brock

et al. 1992), and horses (Berger 1983).

14.2.9 An example of genetic polymorphism

Soay sheep (Ovis aries) are unusual in having a genetic

polymorphism for horn size and shape (Doney et al. 1974).

Approximately 85% of the males grow spiral horns and

15% have small, deformed horns referred to as “scurred”

(Clutton-Brock et al. 2004). Horns are used in conflict

among males with spiral-horned males dominating scurred

males. Consequently, the two morphs use different repro-

ductive tactics. The tactic for the dominant male is to

tend or form consorts with individual estrous females

(Pemberton et al. 2004). Small, young, and scurred males

follow a more opportunistic coursing tactic similar to that

used by bighorn sheep. Scurred and young males harass

consort males causing females to run away from their

tending males, which results in a chase by subordinate

males. Subordinate males often obtain matings during

these chases before the dominant males can catch and

defend their females. Forced copulations by a succession of

males often occur during these disruptive chases. The

probability of siring at least one young in a given year is

density dependent and ranges from<0.1 to 0.4 for yearlings

and 0.2 to 0.55 for adults. Younger males will eventually

become dominant and switch to the consort tactic, whereas

scurred males will use the coursing tactic throughout their

lifetimes. In some cases, the subordinate coursing tactic

may account for the entire lifetime reproductive success

of some rams (Pemberton et al. 2004). How the scurred

morph is maintained in the population is not known, but

reproductive success of this phenotype may be frequency

dependent or attributable to its longer life expectancy

(Stevenson et al. 2004). Alternatively, the genetic poly-

morphism for horn size may be a function of domestication

and not an adaptation per se as it is not known to occur in

wild sheep or other ungulates.

Multimale mating and sperm competition commonly

occur in Soay sheep (Preston et al. 2001). Dominant

rams usually tend females and achieve most of the matings

and sire most of the offspring early during the rutting

season. However as the season progresses, these males
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experience sperm depletion and their siring success

declines as a result of sperm competition with subordinate

males. Thus, by waiting until later in the rutting season,

subordinate rams can achieve relatively high reproductive

success.

14.2.10 Summary of alternative reproductive

tactics: unequal pay-offs

In the section above, I provide examples that illustrate how

some species have one tactic that results in the most mating

opportunities and alternative tactics that are conditionally

dependent on the frequency of dominant (tactic 1) indi-

viduals competing for females. In this sense, subordinate

and often younger individuals make the best of the current

situation by adopting an alternative tactic that provides

some immediate reproductive success or makes them more

competitive for future reproductive success. These alter-

native tactics may be optimal based on the current situ-

ation and competitive ability of the individuals involved,

but one tactic has a higher immediate fitness advantage

than the other. The switch point at which pay-offs are

equal is a function of an individual’s condition and the

frequency of alternatives in the population (sensu Repka

and Gross 1995). Differential pay-offs of alternative

tactics must be considered at two levels. In the short

term, pay-offs differ in reproductive success; however,

over the lifetime of an individual, a combination of con-

dition-dependent tactics may be the optimum strategy

for maximizing lifetime reproductive success. In some

situations, however, alternative tactics are based on

environmental or phenotypic features rather than social

status and can have equal pay-offs. Below I provide

examples of alternative reproductive tactics that result in

equal pay-offs (or at least are cases in which individuals are

not making the best of a bad job).

14 .3 ALTERNATIVE REPRODUCTIVE

TACTICS IN MALES: EQUAL

PAY-OFFS

14.3.1 Size and development

Successful reproduction within a cohort of males can vary

seasonally based on body size and growth rate. In yellow-

pine chipmunks (Tamias amoenus), Schulte-Hostedde

and Millar (2002) found that small males were more

aggressive and able to dominate larger males in one-on-one

encounters, but larger males were more successful in

mating chases for direct access to estrous females. Schulte-

Hostedde and Millar were not able to quantify repro-

ductive success of the two phenotypes but concluded they

were probably comparable. A similar relationship occurs in

laboratory mice (Mus musculus) in which small males

maintain dominance over larger individuals through

increased scent marking, but at a cost of reduced growth

and body size. As a result, small males become more vul-

nerable to dominance reversals later in life (Gosling et al.

2000). Trade-offs in dominance with respect to body size

and growth rates purportedly result in comparable levels

of fitness. Common shrews (Sorex araneus) use either a

territorial or a wandering tactic based on their body size

and rate of growth. In the spring, larger type B males have

large territories that overlap several females, whereas

smaller type A males use a wandering tactic (Stockley et al.

1994, 1996). By fall, the type A males achieve comparable

size to type B males and are more successful later in the

season resulting in relatively equal mating success for the

two types. Stockley et al. concluded that mate-searching

tactics might be conditional upon the timing of sexual

maturation. There is no evidence in these three examples

that differences in size and growth rates result from a

genetic polymorphism, but the relative success of each

phenotype could be subject to seasonal, frequency-

dependent mating success.

14.3.2 Distribution and abundance of food

Reproductive tactics of males are commonly dependent on

the dispersion of females, which in turn is a function of the

distribution and abundance of resources, primarily food

(e.g., Maher and Lott 2000) (Figure 14.7). Territoriality

with resource-defense polygyny is the most commonmating

system of African antelope and other species of ungulates

(Gosling 1986). Resource-defense polygyny requires a

dependable food resource such that females predictably

congregate on the territory. Males in several species of

ungulates defend territories that are centered on high-

quality, clumped resources. In many cases, males defend

these territories long before the breeding season and thus

claim residence as females move onto the sites during the rut

(e.g., pronghorn: Byers 1997; alpine chamois: Hardenburg

et al. 2000; red deer: Carranza et al. 1995; impala: Jarman

1979; feral asses [Equus asinus]: Woodward 1979; hartebeest

[Alcephalus buselaphus], wildebeest [Connochaetes taurinus],

topi [Damaliscus korrigum], and others, reviewed in Gosling
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1986, Thirgood et al. 1999, and Maher and Lott 2000).

An alternative to the sit-and-wait, resource-defense poly-

gyny in these and other species of ungulates when resources

become diminished is for males to switch to a wandering,

following, or harem-defense tactic (Figure 14.7). These

tactics are most likely to occur when the chance of a

receptive female being in a given location is low. These

conditions often include an unpredictable food resource

such that females are always moving, and/or exhibit a low

degree of breeding synchrony in response to unpredictable

environmental change (Gosling 1986). A resource-defense

polygyny tactic can switch to a following, harem-defense

polygyny when there are changes in the distribution and

predictability of resources. In this sense, each tactic may be

equally successful for males and dictated by ecological

rather than social environments.

The distribution of females, likely in response to food

availability, also affected the breeding behavior of male red

foxes (Vulpes vulpes) and harbor seals (Phoca vitulina).

When food resources were abundant, red foxes on Round

Island, Alaska were polygynous with higher reproductive

success for males and females than individuals mating

monogamously (Zabel and Taggart 1989). Nesting failure of

seabirds following an El Niño event reduced food resources

and foxes switched from polygyny to monogamy. Male

harbor seals encounter females by distributing themselves

on land where females bask in the sun and in the water

where they go to forage (Coltman et al. 1999). The latter

tactic appears to result in fewer matings but is probably

relatively successful depending on the frequency of the

former. The distribution of resting and foraging areas

provides an opportunity for males to adopt alternative

reproductive tactics.

14.3.3 Density

Because male tactics are a function of the dispersion of

females, changes in density and spatial distribution of females

often result in trade-offs in the relative success of different

reproductive tactics. For instance, Langbein and Thirgood

(1989) described as many as seven alternative tactics used by

fallow deer including following, harems, dominance groups,

stands (small territories), temporary stands, multiple stands,

and leks. The ecological variables that exerted the greatest

influence on mating systems were buck density and doe

density. Reproductive success and the frequency of the

various tactics used by males varied considerably depending

on the dispersion of females and local mate competition

resulting in conditional and equally successful mating tactics.

Musk oxen (Ovibos moschatus) males can maximize the

number of matings per unit time by using two mating

tactics with different pay-offs depending on demography.

Increases in female group density and operational sex ratio

favor “roving” among female groups, whereas low group

density, low operational sex ratio, and increased time in

nonmating activities favor a “staying” tactic (Forchhammer

and Boomsma 1998). Under this scenario, males should

spend the most time with females early and late in the rut

and the least time during peak rut, which appears to be the

common tactic used in this and other species of non-

territorial ungulates (Geist 1971, Clutton-Brock et al. 1982,

Prins 1995, Wolff 1998).

In white-footed mice (Peromyscus leucopus), males typi-

cally are territorial and overlap the territories of one to

three females. However, when densities are low and females

widely spaced, males use a wandering tactic and move from

female to female after their current mate is pregnant (Wolff

and Cicirello 1990). As densities increase, males switch

back to a resource-defense territorial tactic. Switching from

territoriality to wandering appears to be conditionally

dependent on the density and spacing of females.

In all of the above cases, alternative reproductive

tactics require optimal decision-making based on current
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Figure 14.7 The dispersion and seasonal distribution of food

resources dictates alternative reproductive tactics of male African

ungulates in response to movement of females.
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conditions. The tactics used differ frommaking the best of a

bad job because each tactic is equally successful and is based

on ecological or demographic factors rather than on status-

dependent selective pressures. Additional examples of

variation in mating behavior associated with habitat, dens-

ity, food, and other socioecological factors are described in

Lott (1984).

14 .5 CONCLUSIONS

Alternative reproductive tactics in male mammals fall into

two categories based on their fitness potential. One tactic

used by the dominant and most competitive males is

deemed “best” when it results in the greatest number of

breeding opportunities. Subordinate individuals are rele-

gated to choosing alternative tactics that result in lower

immediate reproductive success under the current social

and ecological constraints. In some cases, alliances between

dominants and subordinates can be an adaptive, competitive

tactic. These alternative tactics result from social pressures

and are status-based; subordinate individuals adopt inferior

tactics, but those that still provide some immediate or future

reproductive success. Alternative tactics that produce few

offspring can still be evolutionarily stable because males use

an evolved decision rule to adopt whichever tactic is optimal

considering their current status and the frequency of other

males using the dominant tactic. In this scenario, alternative

tactics are conditional and based on an individual’s status

and the frequency of alternatives within its social environ-

ment. In the second category, variance in ecological par-

ameters, such as the temporal and spatial distribution of

food and the density and dispersion of females, can favor

switching among alternative tactics that have equal pay-offs.

Thus, the best tactic under one set of ecological conditions

may not be the best under a different ecological setting. In

this latter case, selective pressures for switching among

alternative tactics result from changes in ecological and

demographic parameters rather than social pressures.

Two areas of uncertainty regarding alternative repro-

ductive tactics in mammals are the relative fitness pay-offs

for each tactic and the genetic variation for competitive

ability. The currency currently used to estimate fitness pay-

offs is the number of copulations for each tactic; however,

few studies have been able to quantify accurately the

number of young sired by males using each tactic. Also, we

know very little about the lifetime reproductive success of

age- or status-specific reproductive tactics and when in an

individual’s life it switches to an alternative. Second, we

know very little regarding genetic variation for competitive

ability. Little evidence exists for a genetic polymorphism for

alternative reproductive tactics for male mammals with the

exception of horn phenotype in Soay sheep. This remains a

fruitful area for future research. Future research should

focus on accurate assessments of reproductive success and

on the genetic variation that contributes to these fitness pay-

offs for alternative reproductive tactics in male mammals.
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15 · Alternative reproductive tactics in primates

JOANNA M. SETCHELL

CHAPTER SUMMARY

A wide diversity of reproductive strategies and alternative

reproductive tactics (ARTs) have evolved to promote the

reproductive success of individual male and female primates.

Intraspecific variation in male mating strategies has received

far more attention than flexibility of reproductive behavior

in female primates. However, female primates may also

employ ARTs, with important implications for lifetime

reproductive success. ARTs in primates tend to be limited to

behavior, gonads, and physiology and are rarely associated

with dramatic alternative morphologies, although striking

exceptions to this rule exist. This is likely due to the advan-

tages of plasticity and the lower costs of adjustment according

to changing characteristics of the individual and social con-

ditions. Most ARTs in primates appear to be “best-of-a-bad-

job” phenotypes, whereby inferior individuals, or those in a

suboptimal situation, make the most of any opportunity

available to gain reproductive success. With the exception of

female reproductive suppression in common marmosets,

relatively little is known about the life-history pathways

underlying ARTs and the factors that determine their

expression. Finally, male and female reproductive strategies

are intricately linked inprimates, and interactions between the

sexes play an important role in the evolution ofprimateARTs.

15.1 INTRODUCTION

The adaptive adjustment of individuals to differences in their

social and ecological environment is expected to lead to

intraspecific variation in reproductive tactics (Rubenstein

1980, Dunbar 1982, Clutton-Brock 1989, Davies 1991, Lott

1991). Where consistent and discrete variation occurs in the

reproductive behavior of one sex within a population, and the

tactics serve the same functional end, they are referred to as

alternative reproductive tactics (ARTs) (Brockman et al.

1979, Rubenstein 1980, Dominey 1984). ARTs have

been demonstrated for a variety of taxa, including insects,

Crustacea, fish, amphibians, reptiles, birds, and mammals

(Henson and Warner 1997, Brockmann 2001, Schuster and

Wade 2003; and see relevent chapters in this volume).

Alternative behavioral tactics may occur with no associated

morphological differences, but often co-occur with specific

morphological, physiological, and life-history differences.

For example, “resident” male ruffs (Philomachus pugnax)

have dark plumage and defend courts on a lek; “satellite”

males are white and share courts with resident males (van

Rhijn 1973). Similarly big-horned adult male scarab beetles

(Onthophagus spp.) fight for access to females and males with

no or tiny horns mate sneakily (Cooke 1990, Emlen 1994).

Studies of primates can contribute to our general

understanding of the evolution of mating systems, repro-

ductive strategies, and ARTs for several reasons. First, pri-

mates exhibit complex social behavior that is likely to be

reflected in their reproductive tactics (Kappeler and van

Schaik 2002, Setchell and Kappeler 2003). Second, primates

exhibit a diversity of ecological (Sussman 1999, 2000, in

press) and life-history strategies (Kappeler and Pereira 2003),

as well as a variety of social organizations, social structures,

and mating systems that is rivaled by few other mammalian

orders (Kappeler and van Schaik 2002). We may therefore

expect equally diverse reproductive strategies and tactics

(Setchell and Kappeler 2003). Finally, a great deal of detailed

knowledge exists concerning primate behavior and ecology in

comparison to other mammals (Smuts et al. 1987, Lee 1999,

Kappeler 2000b, Kappeler and Pereira 2003), making the

order a rich source of comparative data for the investigation

of mammalian reproductive strategies.

In this chapter I review the current state of knowledge of

ARTs in primates. I begin with a brief introduction to

ARTs, before examining types and patterns of variability in

reproductive tactics employed by individual male and

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.
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female primates, and the circumstances under which

alternatives have evolved. I then examine briefly the role

that interactions between the sexes plays in the expression

and evolution of reproductive strategies and end with

some general conclusions regarding the study of ARTs in

primates.

15 .2 ASSESSING ARTs

ARTs can be viewed as representing strategies for the allo-

cation of time and/or resources to different activities to

maximize individual fitness (Brockmann 2001). A complete

understanding of ARTs therefore requires an integrated

investigative approach combining patterns of expression,

behavior, morphology, development, physiology, life-history

pathways, relative fitness pay-offs, and the genetic basis of

alternative phenotypes (Brockmann 2001). However, such

knowledge is available for relatively few taxa (Henson and

Warner 1997).

Taborsky (1998) has suggested that the evolution and

maintenance of ARTs in a population can be assessed at three

separate levels: determination, plasticity, and selection.

Determination refers to whether reproductive phenotypes

are genetically or environmentally determined (West-

Eberhard 1979). Genetically based phenotypes are fixed,

meaning that an individual can only display the phenotype

determined by its genes, as in swordtails (Xiphophorus

nigrensis and X. pygmaeus: Ryan and Causey 1989), ruffs

(Philomachus pugnax: Lank et al. 1995), and the marine iso-

pod Paracerceis sculpta (Schuster and Wade 1991). By con-

trast, where phenotypes are environmentally determined

(facultative), each individual has the potential to display more

than one phenotype. However, Taborsky (1998) and several

other authors have pointed out that the distinction between

genetic and environmental determination represents an

artificial dichotomy, and that conditions (environmental,

social, and individual) are likely to affect the expression of all

ARTs (West-Eberhard 1979, Caro and Bateson 1986, Gross

1996, Brockmann 2001).

Plasticity refers to the underlying mechanisms that

regulate alternative phenotypes (Taborsky 1998). Repro-

ductive phenotypes may be fixed for life over an individual’s

lifetime (irreversible), or have the potential to change over

lifetime (reversible). Reversible phenotypes can be simul-

taneous, where an individual is able to change back and

forth between different phenotypes, or sequential, where a

one-time switch exists (Caro and Bateson 1986, Gross 1996,

Brockmann 2001). Moore (1991) has proposed differing

proximate hormonal influences for developmentally fixed

and plastic phenotypes. In irreversible cases, hormones play

an organizational role prior to adulthood, but hormonal

levels do not vary among adult phenotypes. In reversible

phenotypes, however, hormones play an activational role

during adulthood, and variation occurs in hormonal char-

acters between adult phenotypes (Moore 1991). The rela-

tive costs and benefits of ARTs for an individual change as

a function of age, relative size, body condition, future

reproductive opportunity, the intensity of intrasexual

competition, and prior residence or environmental condi-

tions such as predation risk (Taborsky 1998).

Finally, ARTs can be assessed in terms of why and how

selection favors more than one tactic, and why variants

are maintained in a population (Taborsky 1998). ARTs

have traditionally been viewed as being maintained

via frequency-dependent selection (Rubenstein 1980,

Hutchings and Myers 1994, Gross 1996), or by differences

in the quality of individuals (Dawkins 1980, Davies 1982,

Dunbar 1982, Hazel et al. 1990). In the former situation, the

relative fitnesses of different ARTs depend on their fre-

quency in the population, resulting in a stable mixture of

phenotypes (evolutionarily stable strategy [ESS]: Maynard

Smith 1982). In the latter, the fitness benefits of different

ARTs need not be equal and the relative costs and benefits

of ARTs differ between individuals due to differences in

status, such as ontogenetic stage, age, body condition, and

experience (Gross 1996). Lower-quality individuals maxi-

mize their lifetime reproductive success by adopting alter-

native tactics and making the “best of a bad job” (Dawkins

1980, Davies 1982, Dunbar 1982), rather than by attemp-

ting to monopolize access to females, even if the ARTs

employed do not provide similar fitness pay-offs. Similarly,

young, competitively inferior males may employ oppor-

tunistic “side-payment tactics” (Dunbar 1982), making the

best of their current situation while investing in growth at

the expense of high immediate levels of reproduction. ARTs

thus represent an optimal response to the particular situa-

tion in which an individual finds itself.

Brockmann (2001) has shown that two (or more) ARTs

are maintained in a population where the fitness curves

cross, and that the factor most likely to cause this to occur

is a switch in behavior based on the relationship between

fitness and individual status (status-dependent selection:

Gross 1996). Frequency-dependent selection thus may play

a role in all ARTs, including those that are condition

dependent, with the ESS switch point determining both the

condition at which an individual changes and the stable
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frequency of ARTs determining both the condition at

which an individual changes, and the stable frequency of

ARTs in the population (Repka and Gross 1995, Gross and

Repka 1998, Brockmann 2001). Finally, Shuster and Wade

(2003) suggest that current theories of status-dependent

selection (e.g., Gross 1996) are limited by their use of the

average fitness of males, ignoring the variance between

individual males. Whereas the status-dependent selection

model suggests that no heritable variation exists for ARTs,

Shuster and Wade (2003) argue that genetic polymorphism

in male mating behavior may be more common than pres-

ently recognized.

15 .3 ARTs IN MALE PRIMATES

As in other taxa (Henson and Warner 1997), ARTs arise in

male primates as a consequence of “winner-take-all” situa-

tions, in which reproductive success is skewed to a few

dominant males in a population, who employ “bourgeois”

mate acquisition tactics (Taborsky 1994, 1997). The resulting

reproductive skew favors the evolution of any alternative,

“parasitic” behavior that allows inferior-quality males to

obtain at least some reproductive success, while avoiding the

risks of attempting to gain high rank (Taborsky 1994, 1997).

The degree of reproductive skew in male primates is deter-

mined by the monopolizability of females, which in turn is

determined by their spatial distribution, the degree of syn-

chrony of female receptive periods, and the absolute number

of females in group-living species (Mitani et al. 1996a, b,

Nunn 1999, Kappeler 2000a). Most primates live in bisexual

groups, where male dominance rank reflects relative power in

excluding other males from resources, including estrous

females (van Noordwijk and van Schaik 2004). Skewed

reproductive success may also occur where females are dis-

persed, if dominantmales are able to defend home ranges that

encompass those of several females to the exclusion of rival

males. Reproductive skew may also occur under less obvious

circumstances. For example, extra-pair fertilizations (EPFs)

are known to occur in pair-living primates (Fietz et al. 2000),

meaning that some males may be able to increase their rela-

tive reproductive success at the expense of other males.

However, currently available paternity data are insufficient to

determine whether skew occurs in such situations.

Competing primate males have evolved a variety of ARTs

by which to overcome the monopolization of females by

primary access males (Table 15.1). These can be divided into

pre-mating, mating, and post-mating ARTs (Taborsky 1999,

2001). Pre-mating ARTs are concerned with obtaining access

to mates, mating ARTs concern actual mating behavior,

and post-mating ARTs are concerned with the degree of

male investment in parental care. In this section I describe

the different ARTs known for male primates, then use

Taborsky’s (1998) three levels of assessment (determination,

plasticity, and selection) to examine the evolution and

maintenance of these ARTs in primate populations.

15.3.1 Pre-mating ARTs in male primates

Male primates can increase their likelihood of future mating

access to receptive females in various ways, depending on

the strategies of females and of other males and on their

degree of engagement in male–male competition. In a dis-

persed social system, males may opt to defend a territory or

to be nomadic. In group-living species, males live with a

group, alone, or in an all-male band. Possibilities for ARTs

thus include dispersal, transfer, and group residency deci-

sions, as well as the tactics used to obtain a group of females

(in a one-male, multifemale social system), attract females,

and increase the number of females available for fertiliza-

tion. Finally, male behavioral strategies may be accom-

panied by morphological differences: while dominant males

show maximal development of secondary sexual characters,

subordinate males may suppress the development of such

characters, reducing inter-male competition and investment

in reproduction and facilitating the use of behavioral ARTs.

TERR ITOR IAL VERSUS NOMADIC MALES

The best-studied example of territorial versus nomadic male

ARTs in primates occurs in orang-utans (Box 15.1). A similar

situation appears to occur in some galagos and pottos where

dominant, territorial A males have full adult body weight,

and subordinate B or vagabond males occupy peripheral

ranges (Table 15.1). In these cases, the strategy employed by

a male is likely to be dependent on age and condition, and

nomadic or B males may be younger males waiting for the

opportunity to establish a territory (Dixson 1998). Little is

known about the reproductive pay-offs of the different tac-

tics, although larger male Galago moholi have higher mating

success than smaller males (Pullen et al. 2000).

GROUP MEMBERSHIP VERSUS INCURS IONS

In group-living species, a prime adult male can achieve high

reproductive success as a residential male in a bisexual

group, particularly if he is top-ranking (Ohsawa et al. 1993,

Borries 2000, Takahashi 2001). However, young or post-

prime males with lower competitive ability have lower

Alternative reproductive tactics in primates 375
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reproductive success as a group-associated male and may

increase their reproductive success by living alone or in

an all-male group and visiting one or more groups during

the mating season to mate opportunistically (Japanese

macaques, mandrills, samango monkeys, Hanuman langurs)

(Table 15.1). Bourgeois, resident males appear to have a

reproductive advantage over intruders, but parasitic extra-

group males avoid the costs of dominance and have been

shown to sire offspring (Berard et al. 1993, Keane et al.

1997, Launhardt et al. 2001, Soltis et al. 2001). A similar

situation occurs in some one-male, multifemale species,

where all-male bands enter a bisexual group during the

annual mating season andmate with females (blue monkeys,

red-tail monkeys, and patas monkeys) (Table 15.1).

The success of intruder male tactics will depend on the

ability of top-ranking group males to exclude newcomers,

thereby reducing their likelihood of gaining access to fertile

females. Thus multimale influxes in blue monkeys are more

likely where there are more estrous females available and

when there are many days with multiple estrous females

available (Cords 2000). The reaction of females to mating

attempts from intruding males is also likely to play a role in

male reproductive success.

D I SPERSAL DEC IS IONS

In many group-living, nonhuman primate species, males

leave their natal group whereas females remain (Pusey

and Packer 1987). Male dispersal decisions begin with

whether to disperse or to remain in the natal group, and

the tactics employed depend on social conditions and

demography. Alternative dispersal decisions are not strictly

ARTs, but they heavily influence the availability of mating

partners and thus lead directly to ARTs. For example,

mature male Thomas’ langurs either remain in their natal

Box 15.1 ARTs in male orang-utans

Orang-utans are semisolitary, living in overlapping

home ranges in the rain forests of Sumatra and Borneo

(Delgado and van Schaik 2000). Reproductive males may

hold a territory and attempt to monopolize matings with

sympatric females (bourgeois males), or they may be

nomadic, avoiding contact with territorial males and mating

with females in other males’ ranges (parasitic males) (Table

15.1). Territorial males show full secondary sexual devel-

opment, including fatty facial flanges, long thick hair, and a

throat sac, and make a characteristic male “long call”

(MacKinnon 1974) (Figure 15.1). By contrast, nomadic

males do not show flange, hair, and throat sac development,

and do not make long calls (MacKinnon 1974), although

they are sexually mature and fertile (Dixson et al. 1982).

These two types of males are discrete alternatives and

employ different mating ARTs. Flanged male orang-utans

tend to consort with reproductive females, unflanged males

tend to use force to copulate with females outside consort-

ships (Galdikas 1981, 1985b, Mitani 1985). However, both

flanged and unflangedmales have been observed to use both

mating tactics (Utami 2000) with themating tactic employed

likely dependent on the exact situation in which a male finds

himself, as well as on individual social relationships.

Development from “unflanged” to “flanged” status can

occur at any time after puberty, and males may remain in a

state of “arrested development” for more than 20 years in

the wild (Utami 2000). Male tactics depend on the social

environment: unflanged males are subordinate to flanged

males and develop adult secondary sexual characteristics

when dominant males are removed or leave the area

(Graham and Nadler 1990, Utami 2000). Endocrine

studies in captive orang-utans have shown that arrested

males have significantly lower levels of circulating testos-

terone, dihydrotestosterone (DHT), and luteinizing hor-

mone (LH) than adolescent males that are developing adult

secondary sexual characteristics (Maggioncalda et al. 1999).

This suggests that arrested males lack the hormone levels

necessary for secondary sexual development, although they

have sufficient testicular steroids, LH, and follicle-stimu-

lating hormone (FSH) to be fertile. Levels of growth

hormone are also reduced in arrested males by comparison

with developing males, which may explain their smaller

body mass (Maggioncalda et al. 2000).

Dominant male orang-utans benefit from suppressing

development in rival males by reducing male–male com-

petition for access to females. However, facultative sup-

pression of secondary sexual development may also be

adaptive in subordinate males by acting to ameliorate inter-

male competition, to reduce investment in secondary sex-

ual traits, and to facilitate alternative behavioral mating

tactics (Dixson 1998, Setchell 2003). Indeed, Utami et al.

(2002) have shown that both morphs of male sire offspring

in the wild, suggesting that unflanged males are successful

at obtaining fertilizations, and do not delay reproduction

until they are sufficiently dominant to develop full sec-

ondary sexual characteristics.
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group as subordinate males, forming an age-graded group

(Eisenberg et al. 1972), or disperse as juveniles and join an

all-male band. Remaining males do not obtain any repro-

ductive success and have not been observed to eventually

take over their natal group. However, they increase the

length of their father’s tenure thereby increasing their own

inclusive fitness. They also gain in experience and delay

joining an all-male band, where costs are higher than life in a

bisexual group (Steenbeek et al. 2000b). Male tactics

depend on social conditions: age-graded groups develop

where male tenure is long enough for male infants to mature

in their father’s group. However, if a takeover occurs,

the new resident male expels any juvenile males (Steenbeek

et al. 2000b).

Figure 15.1 Flanged male orang-utan (Pongo abelii). Unflanged

males lack the fatty facial flanges and throat sac, have shorter hair

and do not make the characteristic male “long call.” (Photograph by

Benoit Goossens.)
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Further examples of alternative male dispersal decisions

include Costa Rican squirrel monkeys, red howler monkeys,

mountain gorillas, and callitrichids (Table 15.1). Male Costa

Rican squirrel monkeys either remain in their natal group to

breed or disperse and cooperate with age-mates to invade

another established group and expel the resident males. The

latter strategy occurs more rarely and appears to represent

the “best of a bad job,” where males are forced out of their

natal group due to intrasexual competition (Boinski and

Mitchell 1994). Male red howler monkeys either remain in

their natal group and aid their father in interactions with

extra-group males or disperse. Here male tactics depend on

the likelihood of successfully taking over another group,

which in turn depends on mean group size and population

density (Pope 1990, 1998). In mountain gorillas, the majority

of maturing males remain in their natal group, while

approximately one-third (36%) emigrate (Robbins 1999).

The former tactic appears to be more effective. Additionally,

remaining males also gain indirect fitness benefits by pro-

tecting infants born in their natal group. Dispersing males

are less successful and may never gain females. The tactic

pursued depends on the within-group sex ratio, the age of

the current dominant male, and the breeding queue length,

and may also depend on the male’s relationship to the cur-

rent male, as males that remain in their father’s group inherit

his females (Harcourt and Stewart 1981, Robbins 1995,

Watts 2000). Finally, male callitrichids either stay in their

natal group as subordinate “helpers” to wait for an oppor-

tunity to breed, disperse to found a new breeding group, or

join another established group as either a breeding male or a

subordinate. Opportunities for dispersing males are

dependent on population demography and density; in a

saturated habitat males may do better waiting for an

opportunity to breed in their natal group, as dispersing males

have high mortality and poor chances of finding breeding

opportunities elsewhere (golden lion tamarins, moustached

tamarins, saddle-back tamarins) (Table 15.1).

TRANSFER DEC IS IONS

In addition to natal dispersal, males of multimale, multi-

female group-living species may subsequently transfer from

group to group (secondary transfer: Pusey and Packer

1987). For example, adult male Japanese macaques tend to

join troops with few or no males (Suzuki et al. 1998), male

rhesus macaques transfer to groups with higher male :

female ratios (Drickamer and Vessey 1973), and olive

baboons and ring-tail lemurs transfer into groups contain-

ing more available cycling females (Packer 1979a, Sussman

1992). Males may also transfer between groups briefly

during the mating season but return to their long-term

group afterwards (rhesus macaques: Lindburg 1969).

The optimal transfer strategy will differ among indi-

vidual males according to characteristics of the male, such as

relative age and competitive ability, status, tenure, and

social relationships in the current group, and whether he

will leave behind offspring vulnerable to infanticide. The

demography of groups available for transfer may also be a

factor, such as the number and relative competitive ability

of males and the number of available females (Altmann

2000, van Noordwijk and van Schaik 2004). A male should

transfer if the benefits, in terms of improved mating access

to females, outweigh the costs, which are made up of the

cost of any transition period (e.g., risk of predation and

starvation: Alberts and Altmann 1995), and the cost of

immigration (e.g., injury risk: Cheney and Seyfarth 1983,

Zhao 1996). Determining the long-term reproductive pay-

offs of male transfer decisions over a male primate’s career is

not easy, due to the long lifespan of primates and the dif-

ficulty of following the fate of dispersing males (Alberts

and Altmann 1995). However, using comparative data, van

Noordwijk and van Schaik (2004) have shown that male

transfer decisions are strongly affected by the degree of

reproductive skew in favor of the top-ranking males in local

groups, and that decisions vary predictably with age.

OBTAIN ING A HAREM

In one-male, multifemale group-living species, a male can

obtain a group of females in several ways. A male may

aggressively take over a breeding group, in a high-risk,

high-benefit strategy (geladas, Thomas’ langurs, Hanuman

langurs, mountain gorillas, red howler monkeys); remain

in his natal group or join another group as a subordinate

“follower” and wait in a breeding queue (hamadryas

baboons) or obtain females by group fission (geladas); or he

may acquire females one or two at a time from other groups

(mountain gorillas, hamadryas baboons, Thomas’ langurs)

(Table 15.1). The tactics employed by a male will be

dependent on many factors but are known to be correlated

with population demography and density (Watts 2000).

Male reproductive success in one-male, multifemale groups

is dependent on tenure length and the size and stability of

groups (hamadryas baboons: F. Colmenares, unpublished

data, cited in Watts 2000). In Thomas’ langurs, male tactics

depend on female group size (groups with more adult

females are more likely to be taken over) and the tenure of

group males (females are more likely to leave a long-tenure
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male) (Steenbeek et al. 2000b). In geladas, population

growth and increased group size lead to more group fission

and thus should lead to more males employing a follower

strategy relative to takeover males (Dunbar 1984).

As with transfer decisions, little is known about the

relative long-term fitness consequences of these ARTs.

However, study of geladas has shown that a male that effects

a forceful takeover begins his reproductive career with more

females than a “follower” male. A takeover male must wait

until he is competitive enough to succeed in male–male

competition, and his reproductive career thus begins later

than that of a “follower,” although they are likely to achieve

sexual maturity at the same age. “Followers” have higher

chances of success in obtaining females, start reproducing

earlier, and have a longer reproductive life, but begin with

fewer females. Over a lifetime, these ARTs appear to yield

very similar reproductive pay-offs (Dunbar and Dunbar

1975, Dunbar 1982, 1984).

“FR IENDSHIPS ”

Subordinate males may obtain sexual access to at least one

female at little risk of aggression from dominant males by

forming special relationships, or “friendships,” with par-

ticular females (Japanese macaques, olive baboons, chacma

baboons, rhesus macaques) (Table 15.1). Such associations

also act to increase female fitness, as male friends protect

their infants from infanticidal males (Palombit et al. 1997).

ALTERNATIVE MORPHOLOGIES

Although dominant males are generally in their prime, and

are therefore likely to be the largest males and in the best

physical condition, behavioral ARTs inmale primates are not

generally paired with dramatic alternative morphologies.

However, we have seen that behavioral ARTs in male orang-

utans are accompanied by striking differences in appearance

and physiology (Box 15.1). Further examples of morpho-

logical differences between males include reduced body mass

and condition, reduced testicular volume, decreased levels of

circulating testosterone, reduced development of secondary

sexual traits, and smaller and less active scent glands in

subordinate males (lesser mouse lemurs, moustached tam-

arins, sifaka, mandrills) (Table 15.1). These differences may

be due to physiological suppression by the dominant male, or

may bemediated by olfactory cues from dominants (Schilling

et al. 1984, Perret and Schilling 1987a, b) or possibly by visual

and/or auditory signals (Maggioncalda et al. 1999, Setchell

2003). However, suppression is nonpermanent. For example,

even the lowest-ranking adult male in a mandrill group

can develop the impressive red facial coloration and other

secondary sexual traits of dominant males if given the

opportunity (Setchell and Dixson 2001b) (Figure 15.2).

Suppression of rival males confers a reproductive

advantage on the dominant by lessening reproductive

competition by reducing sperm competition if suppressed

males manage to mate (they have smaller testes), and by

reducing their attractiveness to females, if females prefer to

mate with males showing full secondary sexual development

(orang-utans: Schürmann 1982, Utami 2000; mandrills:

Setchell 2005). However, as in “unflanged” male orang-

utans (Box 15.1), facultative suppression may also be

adaptive in subordinate individuals, by reducing inter-male

competition and investment in reproduction and facilitating

the use of behavioral ARTs (Dixson 1998, Setchell 2003).

“Arrested” males thus possess the most adaptive traits for

the way in which they seek fertilizations.

15.3.2 Mating ARTs in male primates

The majority of mating ARTs in male primates exist as

alternatives tomonopolization of females by a dominantmale.

Such parasitic ARTs include coalition formation and sneak

mating and exploit the investment of bourgeois males while

avoiding some of the costs of male–male competition and the

constraints imposed by mate guarding on foraging activity

(Packer 1979b, Bercovitch 1983, Alberts et al. 1996). Mate

choice by both sexes will also influence male mating tactics:

males may coerce females that are unwilling to mate.

COAL IT IONS

Males in multimale, multifemale group-living species may

form coalitions to force a dominant male to give up a

receptive female, leading to mating access to the female

(baboons, chimpanzees) (Table 15.1), a cooperative behav-

ior similar to that found in reproductive competition in a

number of fish species (Taborsky, Chapter 10, this volume).

Mate guarding by dominant males may become less

effective when many males are present (Watts 1998) and the

expression of coalitions may also depend on the age struc-

ture of males in a group, their tenure, and their social

relationships. For example, Alberts et al. (2003) conclude

that baboon coalitions are more likely when more and older

males are present in the group.

SURREPT IT IOUS MATING

Low-ranking and extra-group males of many primate species

use opportunistic and/or surreptitious mating tactics
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(chimpanzees, mandrills, baboons, geladas, patas monkeys,

rhesus macaques, Japanese macaques) (Table 15.1,

Figure 15.3), and sneak copulations that have been shown to

result in fertilizations (Ohsawa et al. 1993, Berard et al.

1994, Manson 1996, Launhardt et al. 2001). The oppor-

tunity for, and siring success of, sneak copulations will

depend on the ability of high-ranking males to monopolize

females, and therefore on the number of males and females

in a group, the number of extra-group males, and the syn-

chrony of female receptivity.

COERC ION VERSUS FEMALE CHOICE

Males may use sexual coercion to force females to mate

with them against female preference, particularly in species
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Figure 15.2 Red coloration on the face and genitalia, sternal gland

activity, testis size, and testosterone levels in male mandrills before

and after gain and loss of alpha status (based on a correlational

study). Significance levels: (*) P¼ 0.08, *P¼ 0.05, **P¼ 0.01

results of paired tests (n¼ 4). (From Setchell and Dixson 2001,

with permission.)
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where adult males are larger than adult females (Smuts

and Smuts 1993). For example, flanged male orang-utans

tend to consort with reproductive females, while unflanged

males tend to use force to copulate with females outside

consortships (see Box 15.1).

MATE SELECTIV ITY

Males may differ in mate selectivity, depending on their

dominance rank. A dominant male that has free choice but is

unable to monopolize all available females should concen-

trate his mating effort on the females who are most likely to

conceive and raise his offspring to maturity. Dominant

males may thus show less sexual interest in nulliparous

females, which are typically less fertile and less adequate

mothers than older, experienced females (Altmann 1980),

by comparison with females who have already produced

at least one infant (baboons, mandrills) (Table 15.1).

Dominant males may also prefer to mate with high-ranking

females (review in Berenstain and Wade 1983), which may

be more fertile and able to invest more in resulting offspring

(van Noordwijk and van Schaik 1999, Setchell et al. 2002).

Lower-ranking males, on the other hand, for whom choice

of mates is limited by male–male competition, should be

more likely to mate when the chance arises, even if the

chances of fertilization are lower. Thus, while dominant

males mate selectively, concentrating their mating attempts

when a female is most likely to ovulate, subordinate males

mate opportunistically with any female and at times when

the female may be less likely to ovulate (rhesus macaques,

baboons, chimpanzees, mandrills) (Table 15.1).

15.3.3 Post-mating ARTs in male primates

Once a new bourgeois male has obtained the position of

breeding male in a bisexual group, he may kill the offspring

of previous males to increase the number of females avail-

able for fertilization because death of an unweaned infant

accelerates the resumption of ovarian cycles in females

(Hrdy 1979; see van Schaik and Janson 2000 for a recent

review of evidence for infanticide in primates). Use of this

tactic depends on a male’s rank and his previous repro-

ductive history within the group. DNA analyses of wild

Hanuman langurs have confirmed that male attackers were

not related to their infant victims and that presumed killers

were the likely sire of subsequent infants (Borries et al.

1999). Further, Palombit et al. (2000) have shown that male

chacma baboons express infanticidal behavior facultatively,

depending on attributes of the alpha male or conditions of

male tenure. The expression of infanticide is also likely to

depend on the number of other males in a group, as the

presence of other males increases the costs of infanticide,

while mating competition decreases the benefits by reducing

the ability of the infanticidal male to monopolize subsequent

fertilizations (Palombit et al. 2000).

In the majority of primate species males contribute little

to the survival of offspring post conception. However, males

may protect infants that are likely to be their offspring from

other, infanticidal males (long-tail macaques, baboons)

(Table 15.1). This expression of protective behavior

depends on the likelihood of paternity (Buchan et al. 2003).

In an exception to the general primate rule, male

callitrichids show extensive infant care (Goldizen 1987,

Heymann 2000), and infant survival correlates with the

number of adult males present in a group (Garber et al.

1984, Koenig 1995). Extreme reproductive skew in females

of these species reduces reproductive opportunities for

males, which either breed themselves or help raise the off-

spring of other males (Goldizen 1987). Male tactics depend

on social status. Mating and paternity are concentrated

in the behaviorally dominant resident male (Baker et al.

1993, Nievergelt et al. 2000), while subordinates appear to

employ a waiting strategy in the hope of obtaining a

Figure 15.3 An adolescent male mandrill (aged 7 years, mass

approximately 20 kg) mates sneakily with a female showing a large

sexual swelling, but who was unlikely to be ovulating at the time of

the mating. Males attain adult size (approximately 31 kg) and

appearance at 9–10 years (Setchell and Dixson 2002). (Photograph

of the mandrill colony at the Centre International de Recherches

Médicales, Franceville, Gabon, by Joanna M. Setchell.)
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breeding position in the future. Subordinates may also gain

inclusive fitness, if they are related to the breeding male, but

the only genetic study of relatedness available suggests that

this is not the case (Nievergelt et al. 2000).

15.3.4 Determination, plasticity, and selection

of ARTs in male primates

DETERMINAT ION

No evidence currently exists for the genetic determination

of male ARTs in primates, although it has been suggested

that a genetic polymorphism might underlie flange

development in orang-utans (van Hooff and Utami 2004).

Environmental modification, however, appears ubiquitous.

ARTs are expressed conditionally, although it is possible

that genetic variation occurs between individuals in the

position of the switch point at which they change from

one tactic to another. Male reproductive decisions are

dependent on asymmetries in competitive ability, which

influence the costs and benefits of each tactic for the indi-

vidual concerned.

PLAST IC ITY

Plasticity in male primate ARTs occurs at both the popu-

lation and the individual level. With the exception of flange

development in male orang-utans, which is sequential with

a one-time switch point, all reproductive phenotypes appear

to be reversible and individuals are capable of changing back

and forth between different phenotypes if the opportunity

occurs. For example, while former, overthrown harem

owners or dominant males are unlikely to attempt to attain

top rank a second time, they will do so if a suitable oppor-

tunity occurs, such as a lack of rival males (e.g., mandrills:

author’s observations). This flexibility is likely to underlie

the predominance of behavioral, rather than morphological

ARTs, giving males the possibility to facultatively adjust

to changing conditions. Reversibility implies hormonal

differences during adult life (Moore 1991), and studies

have demonstrated that male ARTs are indeed associated

with hormonal differences (e.g., Wickings and Dixson

1992, Maggioncalda et al. 1999, 2000, Setchell and Dixson

2001a, b).

SELECT ION

The pay-off of the monopolization of reproductive females

by dominant males, and conversely the success of male

ARTs, can be examined by investigating the degree of male

reproductive skew. Cowlishaw and Dunbar (1991, 1992)

have shown that as group size increases, high-ranking males

lose their ability to monopolize access to females, meaning

that parasitic male ARTs are more successful. At the

population level, Alberts et al. (2003) investigated the

relationship between male rank and mating success in yel-

low baboons, using 32 group–years of data. As expected,

dominance rank was an important predictor of male mating

success: males who spent extended periods at high rank

experienced an overall reproductive advantage over males

that did not do so. However, parasitic ARTs were more

successful when there were many adult males in the group,

when group males differed greatly in age, and when the

highest ranking male maintained his rank for only short

periods.

By their very nature, some male mating tactics (e.g.,

mate guarding) are easier to observe than others are (e.g.,

sneak copulations). Thus, although studies of mating

success are useful, paternity determination is necessary to

truly investigate the impact of ARTs on male reproductive

success. In a review of paternity studies in group-living

primates, van Noordwijk and van Schaik (2004) have

recently shown that an increase in the number of adult

males or females in a group is significantly correlated with a

decrease in the percentage paternity concentration in the

top-ranking male (and therefore a corresponding increase in

the success of male parasitic ARTs). As predicted, season-

ality of reproduction also had an effect on the concentration

of paternity in the top-ranking male, independent of the

number of males (van Noordwijk and van Schaik 2004).

A career perspective (van Noordwijk and van Schaik

2001, 2004) and knowledge of life-history pathways are

necessary when considering the costs and benefits of ARTs

(Caro and Bateson 1986). For example, we cannot draw

conclusions concerning the lifetime success of a male from a

1- or 2-year study, when a male’s career may last far longer

and involve periods of low, mid, and high rank, and

accordingly different reproductive tactics and varying pay-

offs. However, particularly little is known concerning the

lifetime reproductive success of males following different

strategies, or potential associated differences in reproduc-

tive lifespan. From the available information, the majority

of ARTs in male primates appear to be “best-of-a-bad-job”

situations, where lower-quality males do the best they can to

achieve at least some reproductive success. However, fre-

quency-dependent pay-offs to reproductive competitors

displaying different ARTs do appear to occur in gelada

(Dunbar 1982, 1984) and may also occur in orang-utans

(Utami et al. 2002).
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15.4 ARTs IN FEMALE PRIMATES

In general, far less is known about the sexual strategies of

female primates than those of males (Setchell and Kappeler

2003), and attention has generally focused on male ARTs, as

in other taxa (Henson and Warner 1997). However, female

primates show ARTs at both pre-mating and mating levels,

although there is as yet no evidence for post-mating ARTs

in female primates.

15.4.1 Pre-mating ARTs in female primates

DISPERSAL DEC IS IONS

Females of most group-living primate species remain in their

natal group to breed (Pusey and Packer 1987, Pope 2000).

However in some species, females may disperse, giving rise to

scope for alternative dispersal decisions based on social

conditions and breeding opportunities. For example, female

red howler monkeys either remain in their natal group to

breed or disperse and form new groups with other dispersing

females (Crockett and Pope 1993, Pope 2000). The latter is

the most common tactic but is more costly, and many dis-

persing females die without reproducing. Dispersers suffer

more injuries, have a nutrient-deficient diet by comparison to

group members, and have delayed age at first breeding (Pope

2000). Dispersal tactics in females of this species depend on

the number of resident reproductive females in a group and

the presence of the mother. Females always disperse where

there are already four or more resident females, and the

mother is always present when maturing females remain

(Crockett and Pope 1993, Pope 2000). As inmales, alternative

female dispersal decisions do not represent ARTs per se, but

they clearly lead to differences in reproduction between

females.

TRANSFER DEC IS IONS

Females of some primate species may transfer from one

group to another during their adult life (Pusey and Packer

1987). Transfer tactics are likely to change with female age

and future reproductive potential (Dunbar 1979) and will

depend on the social situation. For example, females may

emigrate to avoid potentially infanticidal males (Thomas’

langurs, mountain gorillas, western lowland gorillas)

(Table 15.1). Female Thomas’ langurs transfer when the

current resident male is no longer able to protect offspring

from other males, and females are thus more likely to leave a

late-tenure male than a short-tenure male (Steenbeek et al.

2000a). In mountain gorillas, females prefer to transfer into

groups with more than one adult male and fewer females

(Watts 2000), in which females enjoy lower risk of infanti-

cide (Robbins 1995, Watts 2000) and significantly shorter

inter-birth intervals than in single-male groups (Gerard-

Steklis and Steklis 2001). Female western lowland gorilla

transfer tactics are also related to social and group demo-

graphic factors. In this species, females do not have the

option of transferring into multimale groups, which do not

occur, but female immigration rates are negatively related to

group size and emigration rates are positively related to

group size (Stokes et al. 2003).

REPRODUCTIVE SUPPRESS ION

As inmales, ARTs can be expected to evolve in females when

there is intense intrasexual competition and high repro-

ductive skew. A prime example of such conditions occurs in

cooperatively breeding marmosets. High-ranking female

marmosets interrupt the copulations of other females, and

reproductive function is suppressed in subordinate females

(Abbott et al. 1990). Suppression is reversible (Abbott et al.

1998) and some subordinate females do reproduce in the wild

(Nievergelt et al. 2000), although any offspring produced are

likely to be killed (Digby 1995, Lazaro-Perea et al. 2000).

Clearly, the best tactic for an adult female is to be dominant,

but subordination with reproductive suppression may rep-

resent an alternative tactic whereby females avoid wasting

reproductive effort while they wait to obtain a breeding

position.

Social stress, due to harassment or aggression from high-

ranking females, may also act to lower the reproductive

success of low-ranking rivals in groups where multiple

females breed (Dunbar 1980, 1988). This may represent a

tactic by high-ranking females to reduce future competition

for nutritional resources from the offspring of subordinates,

while low-ranking rivals make the best of a bad job.

15.4.2 Mating ARTs in female primates

Like males, females mate both within consortships and

sneakily (Japanese macaques, chimpanzees, mountain gor-

illas, mandrills) (Table 15.1). The mating mode employed

depends on the risk of “punishment” by males (sexual

coercion); females mate surreptitiously with subordinate

or extra-group males, but consort openly with dominant

group males. Other possibilities for mating ARTs in

female primates include mate choice, competition between

females for matings, and the timing of mating behavior.

However, it is not yet clear whether discrete differences
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in reproductive tactics occur between females, and whether

these are adaptive.

MATE CHO ICE

Considerable evidence exists that female primates show

mate choice (see Paul 2002 for a recent review). However,

while the male chosen may differ between females (e.g.,

choice for genetic compatibility: Sauermann et al. 2001), the

rule remains the same (choose the “best” male), thus there

are no known mate-choice ARTs for female primates.

HARASSMENT AND AVO IDANCE

In one-male, multifemale groups, high-ranking females

attempt to prevent low-ranking females from mating

through aggression and harassment (patas monkeys, geladas,

Hanuman langurs) (Table 15.1). This may be because the

sperm of the dominant male is limited (Dewsbury 1982,

Marson et al. 1989, Wedell et al. 2002, Preston et al. 2003), or

because dominant females try to reduce competition of their

own offspring with potential offspring of subordinates by

preventing the latter from reproducing. Dominant females

in multimale, multifemale groups may also aggressively

interrupt matings involving subordinate females (rhesus

macaques: Loy 1971), and the simple presence of dominant

females may inhibit subordinate females from interacting

with males (brown capuchins: Janson 1984). These ARTs

are expressed according to social environment: dominant

females harass subordinates, while low-ranking females

avoid harassment at the cost of reproductive opportunities,

a tactic that represents the “best of a bad job.”

T IMING OF MATING BEHAV IOR

Female primates show situation-dependent flexibility in

mating behavior that may act to reduce the risk of sexually

selected infanticide by nonsire males (Hrdy 1979, Hrdy and

Whitten 1987, Smuts and Smuts 1993, van Schaik et al.

1999). For example, where group takeover by a new male

leads to a high risk of infanticide for infants sired by a

previous male, females that are already pregnant solicit

the new male for mating (“pseudo-estrus”) (Table 15.1),

resulting in paternity confusion and reduction in the risk of

infanticide.

15.4.3 Post-mating ARTs in female primates

Investment in an individual offspring enhances that off-

spring’s chance of survival, while at the same time dimini-

shing a female’s ability to invest in future reproduction by

reducing her fertility or chances of survival (Fisher 1930,

Trivers 1972). Potential post-mating ARTs in female pri-

mates may therefore include facultative adjustment of

investment according to aspects of female condition, such as

age, rank, or body condition (Trivers and Willard 1973) or

of offspring quality, such as the identity of the sire or the

sex of the infant (Qvanstrom and Price 2001). Evidence

exists that female primates invest in infant growth and

survival according to their own age, growth status, rank, and

physical condition (rhesus macaques: Simpson et al. 1981,

Gomendio 1990, Bercovitch et al. 1998; mandrills: Setchell

et al. 2001, 2002; baboons: Altmann 1980, Johnson 2003;

chimpanzees: Pusey et al. 1997). Females may also ter-

minate investment in a developing fetus when a newly

dominant male is likely to commit infanticide. The benefits

from mating with a new dominant male outweigh the costs

of terminating current investment in the offspring of

another male (baboons: Pereira 1983; humans: Forbes 1997;

Hanuman langurs: Lhota et al. 2001). Finally, many studies

have examined whether female primates manipulate birth

sex ratios according to the social environment or adjust their

parental investment according to the sex of an infant.

However, these questions have proved difficult to resolve

(van Schaik andHrdy 1991, Hiraiwa-Hasegawa 1993, Silk et

al. 1993, Brown 2001, Bercovitch 2002, Brown and Silk

2002), and although different sex allocation in offspring

would represent alternative allocation phenotypes, it would

not represent ARTs. The basic female tactic appears to be

the same in all cases: maximize the benefits and minimize

the costs of that investment in each offspring in terms of

reproductive fitness. Female primates do not appear to

employ post-mating ARTs, although the possibility exists

that they may employ post-mating ARTs in terms of

fertilization control by physiological mechanisms (cryptic

female choice: Eberhard 1985, 1996).

15.4.4 Determination, plasticity, and selection

of ARTs in female primates

As with male primates, all ARTs identified for female pri-

mates are influenced by the social conditions in which a

female finds herself. Female ARTs are not fixed and are not

accompanied by alternative morphotypes. Instead they

represent an adaptive response to current conditions and

characteristics of the individual female, which determine

the relative costs of the tactics. Tactics can thus change if

conditions change. The reproductive pay-offs are generally

unequal, and female ARTs represent the “best of a bad job”
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by subordinate females, or females that have fewer resources

to invest in reproduction.

15 .5 INTERACTIONS BETWEEN MALE

AND FEMALE STRATEGIES

Interactions between the sexes play an important role in the

expression and evolution of primate reproductive strategies

(Setchell and Kappeler 2003), and of ARTs in general

(Henson and Warner 1997). Female reproductive strategies

may alter the costs and benefits of male ARTs. For example,

males may compete for access to reproductive females, but

females can increase reproductive skew among males by

showing mate preference for dominant males (orang-utans:

Utami 2000; mandrills: Setchell 2002), creating a situation

that favors the evolution of male ARTs. Alternatively, female

choice for sneak matings with subordinate or extra-group

males may act to reduce the dominant male’s potential to

monopolize females and increase the success of male ARTs

(Soltis et al. 2001). Male strategies may also limit or deter-

mine female strategies. For example, male sexual coercion

may prevent females from mating with preferred males, and

male infanticide will terminate a female’s investment in an

infant. Females therefore adjust their mating tactics accord-

ing to the risk of coercion. The extent to which the strategies

of males or females determine the sire of an infant differs with

circumstance, and differencesmay occur between two studies

of the same species (Soltis et al. 1997a, b, 2001).

15 .6 CONCLUSIONS

This review allows us to draw some general conclusions

concerning primate ARTs. First, a wide diversity of

reproductive strategies and ARTs has evolved to promote

the reproductive success of individual primates. Underlying

this diversity is the bourgeois/parasite paradigm (Taborsky

1994, 1997) and the extent to which individual males are

able to monopolize access to mates and the resources

available to females for investment in infant growth and

survival (Trivers 1972, Emlen and Oring 1977). Perhaps

because the effects of male–male competition can be dra-

matic, intraspecific variation in male mating strategies has

received far more attention than the flexibility of repro-

ductive behavior in female primates. However, females may

also employ ARTs, with important implications for lifetime

reproductive success.

Second, the types of ARTs employed by the two

sexes show both similarities and differences. Pre-mating

ARTs in both males and females involve dispersal and

transfer decisions, involvement in intrasexual competition,

and physiological suppression. However, whereas male–male

competition is generally related to access to females, female–

female competition is more often related to access to other

resources. Both sexes may mate sneakily or with a consort

partner, and both may employ mate-choice tactics. However,

male tactics may involve coercion of females, while females

respond to the risk of sexual coercion by manipulating

their own mating tactics. Finally, post-mating investment

tactics are much more important in females, as females are

responsible for the majority of parental investment in most

primate species, but these do not appear to involve ARTs.

Third, ARTs in primates occur within, as well as

between, individuals. They tend to be limited to behavior,

gonads, and physiology and are rarely associated with dra-

matic alternative morphologies. This is likely due to the

advantages of plasticity and the lower costs of adjustment

according to changes in the characteristics of the individual

(age, ontogenetic stage) and in social conditions (e.g., rank).

Fourth, most ARTs in primates appear to be “best-of-a-

bad-job” phenotypes, whereby inferior individuals, or those

in a suboptimal situation, make the most of any opportunity

available to gain reproductive success.

Fifth, in contrast to some other taxa (Henson and

Warner 1997, Alonzo et al. 2000), and with the exception of

female reproductive suppression in common marmosets

(Abbott et al. 1998), relatively little is known about the life-

history pathways underlying ARTs and the factors that

determine their expression. This is due to the difficulty of

studying long-lived species, and the fact that primates are

not as easy to manipulate experimentally as invertebrates or

fish. However, much remains to be learned from analyses of

the entire careers of wild individuals (e.g., van Noordwijk

and van Schaik 1999, 2001), which would allow us to

determine the relative pay-offs of alternative tactics, the

influence of development on lifetime strategies, and how

ARTs may change over a lifetime (Setchell and Lee 2004).

Finally, male and female reproductive strategies are

intricately linked in primates (Setchell and Kappeler 2003,

van Schaik et al. 2004), and interactions between the sexes

play an important role in the evolution of primate ARTs.
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16 · Communication and the evolution of alternative

reproductive tactics

DAVID M. GONÇALVES, RUI F. OLIVEIRA, AND PETER K. MCGREGOR

CHAPTER SUMMARY

In this chapter, concepts derived from communication

network theory are applied to the understanding of the

evolution of signals in species with alternative reproductive

tactics (ARTs). These species are particularly interesting to

consider from the perspective of communicating in a network

because the signaling and receiving behavior of different

reproductive phenotypes can be expected to be subject to

diverse selection pressures. We begin by briefly introducing

ARTs and communication networks. Then the consequences

of communicating in a network are considered from the

perspective of the several reproductive phenotypes occurring

in species with ARTs, both as signalers and receivers.

Finally, the evolutionary outcome of conflict and cooperation

between these reproductive phenotypes is predicted in an

integrative approach, and new directions are proposed to test

some of the hypotheses derived.

16 .1 INTRODUCTION

Alternative reproductive tactics (ARTs) is the term used to

refer to variation in mating behavior found within a species.

As the topic is the subject of this book, we will only briefly

introduce ARTs in relation to signaling. More detailed

information on ARTs can be found in several chapters in

this book and recent reviews (e.g., Brockmann 2001,

Shuster and Wade 2003).

For simplicity, we have only considered male ARTs.

This choice reflects the facts that male ARTs are more

common than female ARTs (but see Alonzo, Chapter 18,

this volume) and that many more examples of male ARTs

have been described. Nevertheless, the ideas presented here

extend directly to female ARTs. The bias towards fish

examples in this chapter reflects the abundant literature on

fish ARTs.

16.1.1 Bourgeois, sneaker, female-mimicking,

and cooperative males

Males may reproduce by investing primarily in direct access

to, and defense of, reproductive resources (“bourgeois

males”). Other males may access these resources either by a

quick and inconspicuous approach (“sneaker males”), by

mimicking females (“female mimics”) or by cooperating

with bourgeois males (“cooperative males”) (Taborsky

1994, 1997, 1998, 1999).

Sneakers and female mimics are expected to decrease

the bourgeois male’s success. For example, in the beetle

Onthophagus taurus, the bourgeois male’s share of paternity

declines with increasing sneaking pressure (Hunt and

Simmons 2002). Contrarily, cooperative males are subor-

dinates who overall increase the bourgeois male’s repro-

ductive success by investing in female attraction, territory

defense, or parental care. As an example, in the coopera-

tively breeding fish Neolamprologus pulcher, subordinate

males increase the reproductive success of the bourgeois

male by helping with parental duties and territory defense

(Brouwer et al. 2005) and these cooperative males benefit

by siring some of the offspring (Balshine-Earn et al. 1998,

Dierkes et al. 1999). Sharing of reproductive resources is

usually explained by two types of models: optimal skew

models assume that bourgeois males control the access to

reproductive resources and allow cooperative males to

access resources in exchange for their cooperative efforts,

and incomplete control models assume that cooperative

males forcibly gain access to those resources due to

incomplete control by the bourgeois male, thus also repro-

ducing parasitically (e.g., Emlen et al. 1998, Reeve et al.

1998, Johnstone and Cant 1999, Kokko 2003). In both cases,

however, conflict between bourgeois and cooperative males

occurs on the level of access (allowed or forced) to repro-

ductive resources.
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16.2 COMMUNICATION NETWORKS

Signals produced by animals are often detected by more

than one receiver simultaneously. As a result, most animals

communicate in a network with several individuals occur-

ring within communication distance (McGregor 1993,

McGregor and Dabelsteen 1996). However, although con-

flict and cooperation between senders and receivers have

long been recognized as selection pressures shaping the

nature and design of signaling and receiving systems (e.g.,

Dawkins and Krebs 1978, Krebs and Dawkins 1984), only

recently has the role of other parties in a communication

network (e.g., eavesdroppers or audiences; see below) been

considered when studying the evolution of communication

(e.g., Johnstone 2000, 2001).

16.2.1 Eavesdropping

A consequence of animals communicating within a network

is that information produced by a signaler is more widely

available than the signaler–receiver dyad that is usually

considered. An important class of such extra receivers has

been termed “eavesdroppers” (McGregor 1993, McGregor

and Dabelsteen 1996). Recently, Peake (2005) has clarified

the definition of eavesdropping in the context of animal

communication as “the use of information in signals by

individuals other than the primary target.” We will use this

definition throughout. One reason for doing so is that it

specifically avoids the effects of the presence of eavesdrop-

pers on communication, and this is important because

eavesdroppers can confer benefits as well as impose more

obvious costs. Peake (2005) has also made a distinction

between two types of eavesdropping. Interceptive eavesdrop-

ping refers to the use of information contained in a signal

intended (in the evolutionary sense) for another individual,

as, for example, when a bat locates a male frog based on the

calls produced to attract female frogs (Figure 16.1A). Inter-

ceptive eavesdroppers usually use broadcast signals as the

source of information, are usually heterospecifics, and gene-

rally produce a negative or zero pay-off to signalers (Peake

2005). Social eavesdropping refers to the gathering of infor-

mation from signaling interactions between conspecifics in

which the eavesdropper plays no part. For example, in the

fighting fish Betta splendens, males pay more attention to a

pair of interacting than noninteracting males and are more

reluctant to approach and display towards a male that they

have observed winning an interaction than towards a loser,

but there is no such difference in response to males that

have won and lost interactions out of sight of the subject

(Oliveira et al. 1998) (Figure 16.1B). Social eavesdroppers

thus extract and may use detailed information from social

interactions, and this may result in a negative, neutral, or

positive pay-off to signalers (Peake 2005).

(A) Interceptive eavesdropping (B) Social eavesdropping

Figure 16.1 Two distinct types of eavesdropping. (A) In

interceptive eavesdropping information contained in a signal

intended for another animal is used. In the example, frog-eating

bats locate prey by intercepting their mating calls. (B) In social

eavesdropping animals use information gathered during signaling

interactions. For example, eavesdropping males of the fighting fish

Betta splendens are less likely to initiate a fight with a male observed

winning an interaction than with a loser male. (After Peake 2005.)
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16.2.2 Audience effects

During a social interaction, signalers may also adjust their

behavior according to the presence and nature of animals

other than those directly involved in the interaction. This

has been termed the “audience effect,” and it has been

demonstrated in a number of species (e.g., Evans and

Marler 1984, Gyger et al. 1986, Hector et al. 1989, Marler

and Evans 1996, Doutrelant et al. 2001, Matos and

McGregor 2002, Matos et al. 2003, Dzieweczynski et al.

2005; reviewed by McGregor and Peake 2000, Matos and

Schlupp 2005). For example, male fighting fish change the

nature of their aggressive displays during male–male

agonistic interactions depending on the gender of the

audience (Doutrelant et al. 2001, Matos and McGregor

2002, Dzieweczynski et al. 2005). In nature, audiences are

also likely to act as eavesdroppers on most occasions. For

example, during a male–female sexual interaction, the

presence of another female may create an audience effect

(i.e., influence the displays of the sexual pair), and at the

same time, she may be a social eavesdropper (i.e., collect and

use information from the interaction between the pair). For

simplicity, we will assume that all audiences are possible

eavesdroppers and are considered as such by signalers (for a

discussion of the distinction between apparent and evolu-

tionary audiences, see Matos and Schlupp 2005).

16.2.3 Fitness consequences of eavesdropping

The effect of eavesdropping on the general design of sig-

naling and receiving systems will depend on its fitness con-

sequences to both signalers and receivers. It is probably

reasonable to assume that if an animal eavesdrops it has, on

average, benefited from the behavior in the past. It is less

straightforward to make generalizations about the animals

that are eavesdropped upon, particularly those involved in a

signaling interaction where several combinations of fitness

consequences are possible, including different consequences

for each individual. The examples below illustrate the range

of outcomes expected from the occurrence of eavesdropping.

EAVESDROPPERS HAVE F ITNESS COSTS

If eavesdropping is common and has a fitness cost for both

signalers and receivers, eavesdropping pressure should

promote inconspicuous, cheap, and directional signals

(i.e., “conspiratorial whispers”: Dawkins and Krebs 1978,

Maynard Smith 1991, Johnstone and Grafen 1992,

Johnstone 2000). Examples of animals decreasing signal

intensity with increasing eavesdropping pressure are com-

mon: several species of petrels stop producing mating

calls when playback simulates the presence of a predator

(Mougeot and Bretagnolle 2000), and pipefish Sygnathus

typhle decrease courtship display frequency and take longer

to court females with increasing eavesdropping pressure

from predators (Fuller and Berglund 1996).

EAVESDROPPERS HAVE F ITNESS BENEF ITS

If eavesdropping benefits the signaler and is positive or

neutral for receivers, signals should contain features that

enhance information transfer to eavesdroppers. For example,

during sexual interactions females may copy the mate choice

of other females and prefer to associate with males previously

observed in the company of females (e.g., Dugatkin and

Godin 1992). A successfully courting male is likely to gain

fitness benefits (e.g., more matings) if other females eaves-

drop upon its interaction with the primary female. The

primary female may not suffer any cost from eavesdropping

females; indeed, it may even gain benefits as in species where

the probability of nest abandonment by males decreases with

increasing numbers of eggs or young in the nest (e.g.,

Taborsky et al. 1987). There is abundant empirical evidence

that successful males use more conspicuous displays during

sexual interactions than less successful males, but whether

this aims, at least partially, to enhance information transfer to

eavesdropping females is unclear.

EAVESDROPPERS HAVE BOTH F ITNESS COSTS AND

BENEF ITS

Eavesdropping may have opposite fitness outcomes on

interacting individuals. For instance, a proposed function of

long-range copulation calls by females in birds and mam-

mals is to attract not only the pair male but also extra-pair

males in order to promote male–male competition and

possibly gain both direct and genetic benefits (e.g., Cox and

La Boeuf 1977, Birkhead and Møller 1992). The paired

male may pay a cost if eavesdropping occurs (e.g., lost

fertilizations), and females may gain from eavesdropping

(e.g., the eavesdropping male may be of superior quality).

In these cases signals will result from a compromise between

costs and benefits for signalers and receivers. In this

example, paired males may be unresponsive to female sig-

nals above a certain threshold or may punish females

observed signaling to extra-pair males (e.g., Valera et al.

2003). Females should signal at a level where benefits of

extra-pair male attraction compensate the costs of retalia-

tion by the paired male.
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16.3 COMMUNICATION AND ARTS

The adaptive significance of morph-specific traits that are

such distinctive features of ARTs has been thoroughly

investigated, but little attention has been devoted to the role

of conflict and cooperation between signalers, receivers, and

eavesdroppers in shaping the evolution of communication

traits in the context of ARTs. In other words, some of the

differences observed between alternative reproductive

morphs may relate to their different roles in the commu-

nication network environment. For example, sneakers or

female mimics have opposite fitness consequences for

bourgeois males. Therefore, we might expect cooperative

males to signal their tactic to bourgeois males while sneakers

and female mimics should not. Such differences will result

in different selection pressures acting on the signaling and

receiving systems of the various alternative reproductive

phenotypes, leading to differences in their sensory and

receiving systems. In this section, we explore in detail the

influence of intraspecific interactions on the signaling and

receiving behavior of bourgeois males, females, and para-

sitic or cooperative males.

16.3.1 The bourgeois male perspective

S IGNAL ING BEHAV IOR IN RELAT ION TO

EAVESDROPP ING PRESSURE

Bourgeois male sexual signals should attract females while

minimizing the likelihood of sexual parasitism by other

males. These are conflicting interests as signals produced by

bourgeois males for female attraction may be subject to

eavesdropping by other males seeking access to the bour-

geois males’ reproductive resources. Thus, in species with

ARTs, bourgeois male sexual signals generally represent a

trade-off between female attraction and attracting unwanted

male competitors (Table 16.1, Figure 16.2). If eavesdrop-

ping by other males decreases the bourgeois male’s repro-

ductive success, this should promote a decrease in the

conspicuousness of sexual signals produced by the bour-

geois male (e.g., intensity, frequency) as eavesdropping

pressure increases.

Many examples have been described in support of this

prediction, probably because in several species both bour-

geois males and females do not benefit from advertising

mating events to eavesdropping males. One such example is

the Mediterranean wrasse Symphodus ocellatus. In this

species bourgeois males actively defend a nest and court

females while smaller sneaker males stay close to actively

spawning nests and try to achieve parasitic fertilizations of

eggs (Taborsky et al. 1987, Taborsky 1994). The repro-

ductive success of both bourgeois males and females

decreases with increasing parasitic pressure (Alonzo and

Warner 1999, 2000). Field experiments have shown that

bourgeois males dynamically adjust their signaling behavior

according to parasitic pressure. As predicted, when the

number of sneakers in the vicinity of nests was experi-

mentally decreased, a larger number of bourgeois males

courted females (Figure 16.3A), and the reverse was true

when there was an increase in the number of sneakers

(Figure 16.3B) (Alonzo andWarner 1999, 2000; see also van

den Berghe et al. 1989). The male’s unresponsiveness to

females leads to a decrease in the number of sneakers in the

vicinity of the nest that potentially increases the bourgeois

male’s future reproductive success by decreasing parasitic

fertilizations of eggs (Alonzo and Warner 1999, 2000).

Similar results were found for the three-spined stickleback

Gasterosteus aculeatus, where bourgeois males reduce their

courtship rate towards females in the presence of potential

sneakers (Le Comber et al. 2003).

Besides decreasing the conspicuousness, frequency, or

duration of signals in the presence of eavesdroppers,

bourgeois males may also include signaling components

that diminish the probability of eavesdropping. This has

been suggested for an Australian bushcricket of the genus

Caecidia. In this species calling males add a loud chirping

sound, not used in female attraction, to the end of their

female-calling song. Females respond with a short click

soon after the male call. Hammond and Bailey (2003) sug-

gest that the chirping component of the male call masks the

female response so that eavesdropping males are unable to

intercept the female based on her response. The authors also

suggest that the calling male is likely to be able to hear the

female response shortly before or during pauses in the

syllables of the mask while an eavesdropping male will not.

However, bourgeois males will have higher reproductive

success if cooperative males are attracted by their signals

(this is still eavesdropping by Peake’s [2005] definition,

because the primary targets are females). In this scenario,

bourgeois male sexual signals should become more con-

spicuous when the benefits of attracting other males (e.g., an

increase in female attraction) outweigh its costs (e.g., lost

fertilizations: Figure 16.2C). The hypothesis that male sexual

signals directed to females may incorporate conspicuous

features to promote interception by eavesdropping coopera-

tive males has not been investigated. Bourgeois males

may also signal directly to other males in order to promote

their cooperation. For example, in the lek-breeding ruff,
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Philomachus pugnax, females prefer territories with both

territorial and nonterritorial (“satellite”) males, and terri-

torial males actively recruit satellites to their territories

by directing displays toward satellites similar to the ones

performed toward females during courtship sequences

(Box 16.1). Thus, under some conditions, an increase in

female attraction or offspring survival due to the presence of

other males seems to overcome the costs of lost fertilizations.

Table 16.1. A hypothetical example of variation in female and parasitic male attraction in relation to the intensity of a sexual

signal produced by a bourgeois male

Signal

intensity

Number of

females

attracted

Total

number

of eggs laida

Number of

parasitic males

attracted

Total number of

eggs fertilized by

parasitic malesb

Proportion of eggs

fertilized by the

bourgeois male

Total number of

eggs fertilized by

the bourgeois male

I F E ¼ F· 10 P L ¼ (P ·E)/10 M ¼ (E�L)/E S ¼ E�L

1 1 10 1 1 0.9 9

2 2 20 2 4 0.8 16

3 3 30 3 9 0.7 21

4 4 40 4 16 0.6 24

5 5 50 5 25 0.5 25

6 6 60 6 36 0.4 24

7 7 70 7 49 0.3 21

8 8 80 8 64 0.2 16

9 9 90 9 81 0.1 9

a Assuming each female lays 10 eggs.
b Assuming each parasitic male fertilizes 10% of the eggs.

Box 16.1 Lek breeding: the ruff

In the lek-breeding ruff, Philomachus pugnax,

“independent” males defend territories inside leks where

many males aggregate to perform sexual displays towards

females. Nonterritorial “satellite” males move between

territories, displaying in the independents’ courts and

trying to copulate with females when they enter the ter-

ritory (Hogan-Warburg 1966, van Rhijn 1991, Höglund

and Alatalo 1995, Lank et al. 1995, Hugie and Lank 1997).

Independent and satellite alternative strategies are genet-

ically determined, and independents have darker plumage

than satellites (Lank et al. 1995). Breeding plumage is

highly variable between individuals but highly stable

within the same animal (Lank et al. 1995), and territorial

males can presumably individually identify satellite males

by their plumage (Lank and Dale 2001). Larger leks

are preferred by females that seem to be attracted to ter-

ritories with both types of males (van Rhijn 1973, Lank

and Smith 1992, Höglund and Alatalo 1995, Höglund et al.

1993, Widemo and Owens 1995, Widemo 1998). Inde-

pendents try to recruit satellites into their territory by

directing signals to satellites similar to those produced

during courtship sequences (Figure 16.4A). Independent

male’s reproductive success is predicted to be maximum in

intermediate-sized leks, as a decrease in the proportion of

copulations attained by the territorial male in larger

leks offsets the increase in female visits (Widemo and

Owens 1995, 1999) (Figure 16.4B). As lek size increases,

the control of the territorial male over the reproduction

of satellites in its court decreases. Territorial males do

not evict satellites from their territory but try to prevent

them from mating with the female by placing their bill over

the satellite’s head in a “mutual squat” that seems to

prevent satellites from leaving to mate with females

(Hogan-Warburg 1966, van Rhijn 1991, Höglund et al.

1993, Hugie and Lank 1997) (Figure 16.4C). If a satellite

male is nevertheless seen trying to mate with a female, the

territorial male may attack and expel that male from the lek

(Hogan-Warburg 1993).
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Females may also eavesdrop on the bourgeois male

sexual signals. Females have been shown to copy the choice

of other females in order to select males. Males observed by

eavesdropping females being preferred by other females

increase in attractiveness (e.g., Dugatkin and Godin 1992);

males observed being rejected by females decrease in

attractiveness (Witte and Ueding 2003). For example,

females of the sailfin molly Poecilia latipinna prefer males

that they have seen in the presence of other females (e.g.,

Witte and Ryan 2002) and males observed being rejected by

females decrease in attractiveness (Witte and Ueding 2003).

It can thus be predicted that bourgeois males should avoid

having their signals eavesdropped upon by females when

the probability of female rejection is high, but if the prob-

ability of female rejection is low, signals should increase in

conspicuousness in the presence of female eavesdroppers

(Figure 16.5). Bourgeois male sexual signals will therefore

be partially shaped by the fitness consequences that eaves-

dropping imposes on the male, which in turn depends on

the nature of the eavesdroppers.

RECE IV ING BEHAV IOR IN RELAT ION TO

EAVESDROPP ING PRESSURE

Eavesdropping is not only expected to influence signal

production by bourgeois males but also the way bourgeois

males receive and interpret signals. Again, the nature of the

eavesdroppers (i.e., females, parasitic males, or cooperative

males) will impose different selection pressures on bour-

geois males’ receiving systems.

The receiving systems of bourgeois males should be

selected to detect males using parasitic tactics (e.g., sneakers

and female mimics) in order to minimize costs of parasitism.

This is likely to be a difficult task as parasitic males are

expected to evolve behavioral and morphological adapta-

tions that make such detection difficult. Sneaker males use

inconspicuous or darting behavior to avoid detection by

bourgeois males. Female mimics imitate female morphology

and behavior for the same reason. Thus, an evolutionary

arms race between the bourgeois male’s detection and

discriminatory abilities and the parasitic male’s signaling

system and reproductive behavior is expected. In other

words, the occurrence of eavesdropping by parasitic males

in species with ARTs will likely be one of the selection

pressures shaping the nature of sensory and perceptive

systems of bourgeois males.

Bourgeois males’ receiving systems should also be

adjusted to detect cooperative males. In the context of

ARTs, cooperative males usually pay some price to stay
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Figure 16.2 (A) Female attraction may increase with the

intensity of the bourgeois male sexual signals. Parasitic male

attraction may also increase with signal intensity, leading to a

decrease in the proportion of fertilizations achieved by the

bourgeois male. (B) Bourgeois male sexual signaling intensity

should reflect the trade-off between female attraction and mating

opportunities lost to parasitic males. (C) The presence of

cooperative males may increase the bourgeois male fitness, for

example, if the benefits of an increase in female attraction outweigh

the costs of lost fertilizations. In these conditions, sexual signals

produced by the bourgeois male are expected to increase in

conspicuousness. (A) and (B) data from Table 16.1; (C) data from

Table 16.2.
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in the male’s territory and to have privileged access to

reproductive resources (e.g., Martin and Taborsky 1997,

Balshine-Earn et al. 1998, Bergmüller et al. 2005,

Bergmüller and Taborsky 2005). This suggests that bour-

geois males are able to individually recognize cooperative

males and that cooperative males benefit from this recog-

nition (but see Pfeiffer et al. 2005). However, although

individual recognition has been demonstrated in several

taxa (e.g., invertebrates: Karavanich and Atema 1998; fish:

Höjesjö et al. 1998; reptiles: Olsson 1994; birds: Whitfield

1987; mammals: Sayigh et al. 1999), empirical evidence for

direct reciprocity in the context of ARTs is lacking, and

examples of reproductive concessions of bourgeois males to

cooperative males are rare (Clutton-Brock et al. 2001).More

likely, in most of these systems, bourgeois males are unable

fully to control the reproduction of cooperative males that,

once in the territory, may use inconspicuous approaches to

access females. As a consequence, most cooperative males

still reproduce parasitically. Identifying a cooperative male

as such should be an easy task for a bourgeois male as

cooperative males should signal their cooperative nature,

but detecting parasitic events by these cooperative males is

likely to be more difficult. In the ruff, territorial males

adopt a specific behavior that tries to prevent satellite

males from accessing females, and satellite males may be

expelled from the lek if seen mating (Box 16.1). In the

cichlid Neolamprologus pulcher, cooperative males detected

parasitizing fertilizations were expelled from the group by

the breeding pair (Dierkes et al. 1999). Thus, the receiving

systems of bourgeois males should be selected to detect

parasitic events by both cooperative and parasitic males.

Hypothetically, this detection may be easier in the case

of cooperative males because cooperative males need to

advertise their cooperative nature. In many species both

cooperative and truly parasitic males occur, providing a

good model to test this hypothesis. Also, a comparison of

the properties of the bourgeois males’ receiving systems in

populations with different degrees of prevalence of parasitic

males may reveal adaptations to eavesdropping pressure,

but no comparative analyses on this issue in the context of

ARTs have been conducted to date.

Finally, bourgeois males’ receiving systems may also be

tuned to eavesdrop on signals produced by other bourgeois

males. For example, in the cricket frog Acris crepitans, males

may either call to attract females or wait in the proximity of

calling males and try to intercept approaching females

Table 16.2. A hypothetical example of variation in female and cooperative male attraction in relation to the intensity of a sexual

signal produced by a bourgeois male. Cooperative males that intercept the male signal and move to the bourgeois male territory are

assumed to further increase female attraction but also to reproduce parasitically within the territory

Signal

intensity

No. cooperative

males attracted

No. females attracted

by the bourgeois male’s

signal (F 0) þ by the

presence of cooperative

males (F 00)a

Total

number of

eggs laidb

Total number

of eggs fertilized

by cooperative

malesc

Proportion of

eggs fertilized

by the bourgeois

male

Total number

of eggs

fertilized by

the bourgeois

male

I C F 0þF 00 ¼ F E ¼ F· 10 L ¼ (C ·E)/10 M ¼ (E�L)/E S ¼ E�L

1 1 1þ0.1¼1.1 11 1.1 0.9 9.9

2 2 2þ0.4¼2.4 24 4.8 0.8 19.2

3 3 3þ0.9¼3.9 39 11.7 0.7 27.3

4 4 4þ1.6¼5.6 56 22.4 0.6 33.6

5 5 5þ2.5¼7.5 75 37.5 0.5 37.5

6 6 6þ3.6¼9.6 96 57.6 0.4 38.4

7 7 7þ4.9¼11.9 119 83.3 0.3 35.7

8 8 8þ6.4¼14.4 144 115.2 0.2 28.8

9 9 9þ8.1¼17.1 171 153.9 0.1 17.1

a Assuming females are attracted by cooperative males by F 00 ¼ C2/10.
b Assuming each female lays 10 eggs.
c Assuming each cooperative male fertilizes 10% of the eggs.
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(“satellite males”). Small, calling males, presented with

playbacks of low-frequency calls typical of large males, may

stop calling and switch into the satellite tactic within min-

utes (Wagner 1992) (Figure 16.6). The proportion of males

switching into the satellite tactic correlates with the decrease

in the frequency of the call, that is, with an increase in

apparent male size. Thus, bourgeois males may also gain by

increasing the probability of detection of signals from other

bourgeois males in order to adjust their own signal pro-

duction and even to switch between reproductive tactics.

16.3.2 The parasitic and cooperative male

perspectives

S IGNAL ING TO BOURGEOIS MALES AND FEMALES

Cooperative males should signal their cooperative inten-

tions to bourgeois males in order to access reproductive

resources. Accordingly, cooperative males usually look dis-

tinct both from females and from bourgeois males. For

example, satellite males of the ruff have a light plumage

distinct from the darker plumage of territorial males

(Lank and Dale 2001) (Box 16.1). In another example, in

the cooperatively breeding cichlid Pelvicachromis pulcher,

cooperative males have a yellow coloration whereas bourgeois

males have a red coloration (Martin and Taborsky 1997).

Cooperative behavior patterns like nest building or ter-

ritory defense should be performed within visual range of the

bourgeois male because cooperative males not seen helping
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Figure 16.4 In the ruff Philomachus pugnax, territorial males

(dark neck plumage) seem to actively recruit satellite males (light

neck plumage) to their territories (A), displaying the same

courtship displays towards satellites as towards females. The

territorial male’s reproductive success (B) is predicted to be

maximum in medium-sized leks. When a female enters the

territory (C), the male tries to control the satellite by placing its

bill over the satellite’s head and preventing access to the

female. (Adapted from Hugie and Lank 1997, Widemo and

Owens 1999.)
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Figure 16.3 In the ocellated wrasse Symphodus ocellatus,

bourgeois males’ success decreases as the number of sneakers

around the nest increases. (A) Males increase their courtship

displays to females when the number of sneakers is experimentally

decreased and (B) decrease their responsiveness to females when

sneakers are experimentally increased. (Data from Alonzo and

Warner 1999.)
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are often attacked by territorial owners (e.g., Balshine-

Earn et al. 1998). In the cooperatively breeding cichlids

Neolamprologus brichardi and N. pulcher from Lake Tan-

ganyika, helpers compete among themselves for access to

positions closer to the brood chamber and helpers close to the

nest help more (Werner et al. 2003). This investment should

be matched by increased access to reproductive resources,

either through reproductive concessions by the bourgeois

male or forced access, with more efficient cooperators

achieving proportionally higher gains. In these two cichlid

species, individuals who help more spend more time inside

the brood chamber (Werner et al. 2003), potentially having

more fertilization opportunities. However, empirical evi-

dence is lacking that helpers in cooperative species with

ARTs gain reproductive opportunities in relation to their

helping effort. Indeed in P. pulcher dominant helpers gain
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Figure 16.6 Calling males of the cricket frog Acris crepitans may

switch to a satellite tactic when presented with low-frequency

playbacks, typical of large males. More males switch into the

satellite tactic as the frequency of the calls decreases. (Data from

Wagner 1992.)
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Figure 16.5 Males of the sailfinmollyPoecilia latipinna observed by

eavesdropping females mating with other females increase in

attractiveness while rejected males decrease in attractiveness to the

eavesdropping females. The intensity of the bourgeois male sexual

signals is thus likely to depend on the probability of female rejection

(PXrejection). Successful males that are usually not rejected by

females (i.e., PXrejection < 0.5) are expected to produce conspicuous

signals to benefit from female copying. Unsuccessful males (i.e.,

PXrejection > 0.5) should display less conspicuous signals to avoid

having their signals intercepted by eavesdropping females.
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more parasitic fertilizations than subordinate helpers but

their helping rate does not differ (Martin andTaborsky 1997)

and in long-tailed tits Aegithalos caudatus helping does not

relate to shared paternity (Hatchwell et al. 2002). This sug-

gests that, at least in some species, cooperative males access

the bourgeois male’s reproductive resources not by conces-

sions from the bourgeois male but by competing among

themselves for access to the best positions for parasitic fer-

tilizations and escaping the bourgeois male’s control (Hogan-

Warburg 1993, Martin and Taborsky 1997, Werner et al.

2003). Cooperating with bourgeois males may allow them to

stay in the territory (the “pay-to-stay” hypothesis: e.g.,

Kokko et al. 2002, Bergmüller et al. 2005), and once in the

territory competition among cooperative males for access to

parasitic fertilizations occurs, independently of helping

effort. Thus, cooperative males are expected, on the one

hand, to develop signals to facilitate transmission of their

cooperative intentions to bourgeois males and, on the other

hand, to stop signaling and assume sneaking or darting

behavior during parasitic events.

Selection should favor parasitic males with adaptations

that increase their ability to access reproductive resources

without being identified as parasites by bourgeois males and

thus they are not expected to advertise their tactic. Parasitic

males may rely on small size and speed to quickly access

females or nests, or they may mimic females or other bour-

geois males. For example, in the shell-brooding cichlid

Lamprologus callipterus, bourgeois males gather and place

shells at the nest entrance that are used by females to lay eggs.

During spawning events “dwarf” males make use of their

small size (approximately 2.5% the weight of bourgeois

males: Sato 1994, Sato et al. 2004) to dart quickly inside the

shell where a female is spawning and parasitically fertilize

eggs from inside the shell (Sato et al. 2004). Bourgeois males

are too large to enter the shell and evict dwarf males. Thus,

dwarf males’ success depends on an inconspicuous and fast

approach, and both their morphology and behavior are

adapted to avoid detection by the bourgeois male.

Males that mimic females in order to participate in

mating events are particularly interesting to consider

under the framework of communication network theory as

they rely on deception to reproduce. Although qualitative

observations in several species have suggested that female

mimics are indistinguishable from females to the eyes of

bourgeois males (e.g., bluegill sunfish Lepomis macrochirus:

Gross and Charnov 1980, Dominey 1981), only in the

peacock blenny Salaria pavo has this hypothesis been

tested (Gonçalves et al. 2005). Bourgeois males of S. pavo

sequentially presented with females and female-mimicking

males matched for size attacked and courted females and

female mimics equally, suggesting that female mimics

were able to deceive bourgeois males. However, not all

female mimics were equally efficient and larger female

mimics were attacked more and courted less by bourgeois

males (Gonçalves et al. 2005) (Box 16.2). These results may

suggest an evolutionary arms race between the female-

mimicking signaling mechanisms and the bourgeois males’

discrimination systems, with larger female mimics being

more easily discriminated by bourgeois males. More gen-

erally, the occurrence of female mimics in a population is

likely to complicate a bourgeois male’s decision to accept or

reject a courting conspecific into his nest or territory as it

may be a parasitic male instead of a female. Female rejection

by bourgeois males is thus likely to increase with the

frequency of female mimics in the population.

Female mimicry is also interesting to consider under

the scenario of nonindependent mechanisms of choice.

Females may eavesdrop on a male–female interaction and

copy the choice of other females, for example, to decrease

mate-searching costs (e.g., Dugatkin and Godin 1992).

When female mimics occur (assuming they also deceive

females), females may be observing either a female or a

female-like parasitic male courting a bourgeois male. If

females still copy the choice of other females in such a

system, female mimics may signal to males in the presence

of females in order to manipulate female eavesdroppers and

increase the probability that mating events will take place in

that nest. Interestingly, in the peacock blenny female

mimics will perform conspicuous female-like courtship

behavior to a bourgeois male even if no spawning event

is taking place (D. Gonçalves, personal observations).

Whether this is to incite potential eavesdropping females

to spawn remains to be tested. In conclusion, signal

manipulation by female mimics will certainly be a selection

pressure shaping the way other parties communicate in a

network.

RECE IV ING S IGNALS FROM BOURGEO IS MALES AND

FEMALES

Parasitic and cooperative males need to locate potential

reproductive opportunities. In general, this will be achieved

in two steps. First, these males need to locate reproductive

areas with high potential for parasitic reproduction and

should try to gain a privileged position within those

areas. Second, once in reproductive areas these males

need to identify and participate in mating events. Locating
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reproductive areas may not depend on eavesdropping.

Parasitic males may, for example, choose to associate with

males or reproductive sites that have been previously

preferred by females or to follow reproductively active

females until they mate. In the peacock blenny, for instance,

both females and sneakers prefer to associate with a large

Box 16.2 Sexual dimorphism and courtship

Peacock blennies have pronounced sexual dimorphism

with bourgeois males being much larger than females and

having a set of well-developed secondary sexual characters,

such as a conspicuous head crest (Fishelson 1963, Patzner

et al. 1986) (Figure 16.7). In a sex-role-reversed population

in southern Portugal, females court males using a complex

courtship display involving beating the pectoral fins and

opening and closing the mouth in synchrony while dis-

playing a typical nuptial coloration (Almada et al. 1995).

Small males mimic female morphology (Figure 16.7) and

complex courtship behavior in order to approach the nest

of bourgeois males and release sperm during spawning

events (Gonçalves et al. 1996). These sneaker males com-

pete for access to the best spawning locations, and suc-

cessful bourgeois males have more and larger sneakers in

the vicinity of their nests (Gonçalves et al. 2003a).

Sneakers seem to use both independent and non-

independent (i.e., eavesdropping) mechanisms to choose

successful males. When given a choice, sneakers prefer to

associate with larger nesting males (Gonçalves et al. 2003b).

Larger males are more frequently courted by females

(T. Fagundes, D. Gonçalves, and R. F. Oliveira, unpub-

lished data) and have higher reproductive success

(Gonçalves et al. 2002); therefore, by associating with large

males, sneakers are probably increasing their probability of

participating in spawning events. The importance for

S. pavo sneakers of eavesdropping on sexual interactions to

choose successful males was evident in two experiments.

Using a copying paradigm, sneakers were shown to prefer to

associate with bourgeois males previously seen in the com-

pany of females (Gonçalves et al. 2003b), and in a second

experiment sneakers increased their female-like courtship

frequency when observing a female courting a male (R. J.

Matos, D. Gonçalves, R.F. Oliveira, and P.K. McGregor,

unpublished data). Thus, sneakers are probably using the

female’s presence and courtship displays as indicators of

male quality, and this is likely to correlate with potential

opportunities for future parasitic reproduction. It seems

plausible that in other systems with ARTs, parasitic males

increase their reproductive opportunities both by inde-

pendent mechanisms of choice and by eavesdropping on the

choice of females or even of other parasitic males.

In S. pavo, sneakers rely on female mimicry to

reproduce. However, bourgeois males should respond by

developing good discrimination mechanisms and females

by developing a divergent morphology and behavior to

signal to nesting males that they are females and not

sneakers. The efficiency of female mimicry in S. pavo was

tested at two levels: a visual model was constructed to

estimate how similar sneaker color patterns appear to both

females and males and behavioral tests were performed to

assess the bourgeois males’ behavior towards sneakers and

females.

The visual model incorporated visual pigment absorb-

ance and lens transmission data (from White et al. 2005),

reflectance patterns from several body parts of the three

morphs, and ambient light measurements (M. Cummings,

D. Gonçalves, and R.F. Oliveira, unpublished data). The

model estimated that, for bourgeois males, the color pat-

terns of sneakers and females are much more similar than

the color patterns of sneakers and bourgeois males, sug-

gesting that sneakers mimic female colors efficiently. This

idea was further tested in a laboratory experiment. Nesting

males were sequentially presented with a sneaker and a

female matched for size and their aggressive and courtship

behavior recorded. Small female mimics were apparently

able to deceive bourgeois males, as there was no difference

in the amount of courtship and agonistic displays directed

by bourgeois males towards small parasitic males or

matched-for-size females (Gonçalves et al. 2005) (Figure

16.7). However, as body size increased, female mimicry

efficiency apparently decreased and sneakers were attacked

more and courted less by bourgeois males (Gonçalves et al.

2005) (Figure 16.7). An increase in body size may poten-

tially facilitate discrimination by bourgeois males. If this is

the case, a large courting female should be more easily

correctly identified by the bourgeois male than a smaller

one. Larger females were courted more and attacked

less than smaller females, although there are alternative

explanations for this observation (Gonçalves et al. 2005).

These results are likely to reflect the conflicts in S. pavo

derived from the existence of female mimicry. Interest-

ingly, there are differences in the visual sensitivity of

sneakers and bourgeois males of S. pavo (White et al. 2004),

raising the possibility that these relate to the different visual

tasks alternative reproducing males need to perform.

Communication and alternative reproductive tactics 411



male and larger males are more successful in the field

(Gonçalves et al. 2002, 2003b) (Box 16.2). In another

example, male crickets Acheta domesticus show phonotaxis

for male calls, with small males responding more strongly to

playbacks of male calls that are also preferred by females.

These small males avoid contact with the speaker, sug-

gesting they eavesdrop on male signals to identify and

approach calling males, probably to increase the probability

of intercepting females, but avoid direct contact with the

larger calling males (Kiflawi and Gray 2000) (Figure 16.8).

Nevertheless, eavesdropping on sexual signals is prob-

ably also used widely by parasitic males to locate breeding

areas. For instance, sneaker males of P. notatus approach a

speaker playing back a bourgeois male sexual call, sugges-

ting this signal is used to locate nests (Brantley and Bass

1994, McKibben and Bass 1998, Bass andMcKibben 2003).

If eavesdropping males locate breeding areas based on

bourgeois male signals, their receiving systems should be

well tuned to these signals.

Although there are abundant examples of female sensory

systems matching the properties of male calls (e.g., Sisneros

and Bass 2003, Sisneros et al. 2004), evidence that this is

also the case for parasitic and cooperative males is scarce.

Nevertheless, sensory differences between male morphs

have been identified (e.g., White et al. 2004), and this may

relate to the different tasks these males need to accomplish.

Again, cooperative males would be expected to have good

sensory matching to bourgeois male signals as such

mechanisms increase the success of the bourgeois male.

Bourgeois males may signal directly to cooperative males,

as happens in the ruff (van Rhijn 1973, Widemo 1998)

(Box 16.1) or include components that facilitate their

detection by the receiving system of cooperative males.

There are no such advantages to parasitic males; therefore,
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Figure 16.7 In the peacock blenny Salaria pavo, small sneaker

males mimic the female’s morphology and behavior to approach the

nests of bourgeois males. In the field bourgeois males attack and

court small sneakers in the same proportion as small females.

Larger sneakers are more attacked and less courted than larger

females. Results marked * are significant at the 0% level; n.s., not

significant. (Data from Gonçalves et al. 2005.)
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less of a match is expected between the signals of bourgeois

males and the receiving systems of parasitic males.

Once in reproductive areas, both cooperative and parasitic

males will, on most occasions, try to escape control of the

bourgeois male and reproduce parasitically. Eavesdropping

on sexual interactions between males and females seems a

crucial task for these males as fertilization must, on most

occasions, occur during a limited period of time. There is

evidence that eavesdropping males pay more attention to

sexual signals as a function of parasitic opportunities.

For example, in the Mediterranean wrasse the number of

sneakers around a nest increases when the bourgeois male

courts females more frequently and decreases when the

male responsiveness to females decreases (Alonzo and

Warner 1999). In another example, small noncalling males of

the grasshopper Bullacris membracioides do not respond to

playbacks of bourgeois male sexual calls but move towards a

speaker playing back a female response call (Donelson and

van Staaden 2005). This suggests that these parasitic males

are trying to locate and intercept females based on their

sexual response calls (Donelson and van Staaden 2005), and

the neurophysiology of their auditory system well is adjusted

to this task (van Staaden et al. 2003). Thus, eavesdropping on

sexual signals seems to be ubiquitous in species with ARTs

and crucial for the success of both cooperative and parasitic

males. Undoubtedly eavesdropping will influence the design

of parasitic and cooperative males’ receiving systems.

16.3.3 The female perspective

S IGNAL ING TO BOURGEO IS , COOPERAT IVE , AND

PARAS IT IC MALES

Potentially, females may gain, lose, or suffer no effect by

mating with eavesdropping males. The direction of these

effects will influence female signaling behavior. Although

females are the choosier sex and their sexual signals are

less elaborated than in males (except in sex-role-reversed

species), females also need to signal their reproductive

condition to males and to compete for access to high-quality

males. Thus, female signals are also subject to eavesdrop-

ping. Whether females will promote or avoid eavesdropping

depends on the fitness consequences for the female.

When females benefit from being fertilized by both

bourgeois and satellite or parasitic males, they should

actively seek multiple-male reproductive situations. For

instance, in bluegill sunfish females allow parasitic males to

participate in spawning (Gross 1991), in the ruff females

seem to prefer to mate in courts co-occupied by satellite and

territorial males (Lank and Smith 1992), and in the blue-

head wrasse smaller females seek group spawning (Warner

1987, 1990). However, it is unclear in these examples if

females actively promote aggregations of males by, for

example, signaling both towards bourgeois and parasitic

males. Sex-role-reversed species with male ARTs offer a

good opportunity to test female preference for distinct male

morphs as female courtship behavior is more conspicuous

than in species with standard sex roles. In the poly-

gynandrous dunnock Prunella modularis, females solicit

copulations equally from dominant alphamales that attempt

to guard females and from subordinate beta males (Davies

et al. 1996). Females increase their solicitation rates towards

males who had fewer opportunities to mate (Figure 16.9),
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Figure 16.8 In house crickets Acheta domesticus, small males (A)

show phonotaxis to playback calls of other males preferred by

females and (B) avoid contact with the speaker. The results suggest

that small males may eavesdrop on calling males’ sexual signals to

adopt a satellite tactic and intercept females. (Data fromKiflawi and

Gray 2000.)
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and males invest in parental care in proportion to mating

success (Hartley and Davies 1994, Davies et al. 1996). Thus,

females seem to be maximizing their own reproductive

success by manipulating, through sexual signaling, the

proportion of shared mating and thus of parental help with

alpha and beta males.

In another example, females of the European bitterling

fish Rhodeus sericeus increase the frequency of conspicuous

behavior patterns in the presence of sneaker males prior to

spawning, and the participation of sneakers in spawning

increases the fertilization success of the eggs (Smith and

Reichard 2005). Thus, when females have a net gain by

having some of their eggs fertilized by parasitic males, they

are expected either to signal directly to these males or to

include conspicuous components in their signals to bour-

geois males in order to increase the probability of signal

interception by eavesdropping parasitic males.

Several alternative explanations have been proposed to

explain why females are expected to mate with males of

both morphs (e.g., production of offspring from both

morphs at the evolutionarily stable strategy frequency if the

reproductive strategy is heritable: Henson andWarner 1997,

Hugie and Lank 1997, Alonzo and Warner 2000), but a

discussion of the reproductive advantages of this and other

female mating tactics is beyond the scope of this chapter.

In other species females have been shown to prefer to

mate as a pair with bourgeois males. Several hypotheses

have been advanced to explain why females may prefer to

mate with bourgeois males; these include gaining both

direct benefits (e.g., better paternal care of the eggs) and

indirect benefits (e.g., more fit offspring). This seems to be

the case in the Mediterranean wrasse S. ocellatus, where

females apparently choose sneaker-free opportunities to

spawn (van den Berghe et al. 1989, Alonzo and Warner

2000). In this species, when sneakers are experimentally

removed, females increase their spawning rate fourfold,

and the nest success may increase threefold (van den Berghe

et al. 1989, Alonzo and Warner 2000). In these systems,

females should avoid parasitic males, and female signals

directed to bourgeois males are expected to be conspira-

torial. When female mimics occur and impose costs on

females, an evolutionary arms race is expected: females

should signal to bourgeois males that they are females and

parasitic males should counteract with improved female

mimicry. This may lead to the evolution of more complex

female displays or behavior that are increasingly difficult to

mimic. As an example, in the sex-role-reversed population

of the peacock blenny described above, females produce a

complex courtship display that sneakers imitate. Small

sneakers are better at deceiving bourgeois males, presum-

ably because an increase in target area facilitates discrim-

ination (Gonçalves et al. 2005) (Box 16.2). These results are

likely to reflect an evolutionary arms race where females try

to advertise their sex to bourgeois males, female mimics try

to deceive bourgeois males, and bourgeois males try to

discriminate females from female mimics.

In species where females would prefer to mate with

parasitic rather than bourgeois males, female signals should

be conspiratorial and directed to parasitic males. In some

species females may gain genetic benefits from mating with

parasitic males. For example, both in bluegill sunfish and in

the Atlantic salmon Salmo salar fry from eggs fertilized by

sneakers grow faster when compared with fry from eggs

fertilized by bourgeois males (Garant et al. 2002, Neff

2004). In coho salmon Oncorhynchus kisutch, there is some

evidence that females prefer to mate with parasitic males

and only mate with larger bourgeois males to avoid the costs

of coercion (Watters 2005). Thus, the traditional view that

females, when given a choice, prefer to mate with bourgeois

rather than parasitic males may prove incorrect for some

species. In the context of communication networks, this

means another level needs to be considered, with possible

cooperation during sexual interactions between females and

parasitic males and conflict between bourgeois males and

both females and parasitic males.
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Figure 16.9 In polygynandrous dunnocks Prunella modularis,

female solicitation rates towards alpha and beta males do not

differ and decline with access time gained by the male. (After

Davies et al. 1996.)
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RECE IV ING S IGNALS FROM BOURGEO IS ,

COOPERATIVE , AND PARAS IT IC MALES

Since selection favors females that maximize their long-

term reproductive success in mate-choice decisions, females

should be tuned to male signals and selected to evaluate

male quality from the properties of the signal. For instance,

female gray treefrogs Hyla versicolor prefer male calls of

longer duration (Klump and Gerhardt 1987), and the pro-

geny of “long-callers” are more fit, thus providing females

with indirect fitness benefits (Welch et al. 1998). In species

with ARTs, cooperative and parasitic males eavesdrop on

male–female interactions; therefore, a female’s decision to

respond to appropriate bourgeois male signals should

incorporate the reproductive consequences for her of mat-

ing with these eavesdropping males. Females’ receiving

systems should thus be tuned not only for the detection and

evaluation of bourgeois males’ signals but also for the

detection of potential eavesdropping males. Again, identi-

fication of cooperative males should be easier than detection

of parasitic males as the former usually have distinctive

traits to signal their cooperative nature. Discrimination of

parasitic males by females’ receiving systems should also be

facilitated when females gain from their presence. In this

scenario, females and parasitic males may signal to each

other in order to increase the probability of mating, and

bourgeois males may eavesdrop on this interaction, redu-

cing the conspicuousness of the signal. This hypothesis

raises again the interesting possibility that the receiving

systems of reproductive morphs within the same population

may differ according to their position in the communication

network. In this example, females may be better tuned to

parasitic male signals than bourgeois males.

In species where females pay a fitness cost by mating

with parasitic males, their receiving system should also be

selected to identify these males in order to avoid parasitic

fertilizations. In this scenario, however, parasitic males are

expected to counteract with strategies that decrease their

detection by females.

In both situations, females are expected to gain an

advantage by discriminating parasitic or cooperative males

from bourgeois males. In the first case, discrimination would

allow females to select multiple male mating scenarios or to

choose parasitic males, and in the second case it would allow

females to avoid these males. Female discrimination of

alternative morphs seems evident in many species. Female

swordtails Xiphophorus nigrensis, for example, clearly avoid

small males, preferring to mate with larger courting males

(for a review see Ryan and Rosenthal 2001). Parasitic males

may counteract, reproducing by forced copulations (e.g.,

swordtails), fast access to the female (e.g., ruff), or female

mimicry (e.g., peacock blenny). It is unclear if female mimics

are also able to deceive females.

16 .4 INTEGRATIVE APPROACH AND

FUTURE DIRECTIONS

Game-theoretical models have shown that eavesdropping

will influence the way animals communicate (e.g., Johnstone

2000, 2001). Species with ARTs are no exception and, as

explained in the previous section, the properties of signaling

and receiving systems of bourgeois males, females, parasitic

and cooperative males will be influenced by the complex

communication network in which animals live. Functional

approaches to the study of animal communication in these

species will thus need to consider the costs and benefits

imposed by eavesdropping on each member of a communi-

cation network.

Alternative morphs play different roles in their com-

munication network, and thus different evolutionary pres-

sures act on their signaling and receiving systems. The often

dramatic difference in traits between males reproducing

using alternative tactics is an obvious consequence of these

pressures. The hypothesis that alternative morphs also

show differences in their receiving and signaling systems in

relation to their particular mode of reproduction has been

less explored. For instance, while bourgeois males need to

detect females, parasitic males may reproduce by inter-

cepting bourgeois males’ signals. Differences in the sensory

and receiving apparatus of alternative morphotypes relating

to the distinct roles they play in the communication network

are likely to be widespread.

Surprisingly, although research has revealed a plasticity

in signal production in relation to eavesdropping pressure, as

shown by some of the above examples, a demonstration

that eavesdropping influences the evolution of signals in

species with ARTs is still lacking. For this, inter- and

intraspecific comparative approaches may prove particularly

successful, as has been the case in other communication

systems. For example, John Endler’s work with guppies

Poecilia reticulata has demonstrated that the male courtship

coloration correlates negatively with predation pressure

(Endler 1977, 1978, 1980). Furthermore, in populations

with stronger predation pressure, male guppies show a lower

frequency of sigmoid displays towards females and a higher

frequency of forced copulation attempts, presumably because

sigmoid displays are more conspicuous to predators relying
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on interceptive eavesdropping (Luyten and Liley 1985,

Endler 1987, Magurran and Seghers 1990). Similar com-

parative approaches could be carried out in species with

ARTs where the degree of eavesdropping pressure varies

between populations. For example, in the peacock blenny

several populations with ARTs have been described. In

two populations, a scarcity of nest sites leading to a strong

male–male competition for nests is likely to explain the

presence of sneakers (Ruchon et al. 1995, Gonçalves et al.

1996). In other populations, nest-site availability is higher

(e.g., in the Adriatic) and the frequency of sneakers in the

population is lower ( J. Saraiva and R.F. Oliveira, unpub-

lished data). Qualitative observations suggest that in this

population male courtship signals are more conspicuous,

although it is unclear if this is a consequence of a lower

eavesdropping pressure ( J. Saraiva and R.F. Oliveira,

unpublished data).

Interspecific comparative analyses on the signaling

properties of species with ARTs under different eaves-

dropping pressure may also prove rewarding. By including

species with and without ARTs while controlling for

phylogeny, one could test whether the properties of signals

would change in a predictable way with eavesdropping

pressure. For example, when eavesdroppers impose a cost

on bourgeois males, one of the predictions would be that

bourgeois male sexual signals should include shorter-range

components when eavesdropping pressures increase. When

female mimics occur, the rate of female rejection by bour-

geois males may increase with the frequency of female

mimics in the population.

Finally, understanding the output of the complex

interaction between and within the sexes in species with

ARTs is only likely to be possible with a combination of

experimental and observational work aided by mathematical

models. A full understanding of animal communication in

these systems will necessarily include measuring the fitness

consequences of signal production and reception for bour-

geois males, females, parasitic and cooperative males and

combining these results in holistic models.
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Birkhead, T. R. and Möller, A. P. 1992. Sperm Competition in

Birds: Evolutionary Causes and Consequences. London:

Academic Press.

Brantley, R.K. and Bass, A.H. 1994. Alternative male

spawning tactics and acoustic signals in the plainfin

midshipman fish Porichthys notatus Girard (Teleostei,

Batrachoididae). Ethology 96, 213–232.

Brockmann, H. J. 2001. The evolution of alternative

strategies and tactics. Advances in the Study of Behavior 30,

1–51.

Brouwer, L., Heg, D., and Taborsky, M. 2005. Experimental

evidence for helper effects in a cooperatively breeding

cichlid. Behavioral Ecology 16, 667–673.

Clutton-Brock, T.H., Brotherton, P. N.M., Russell, A. F.,

et al. 2001. Cooperation, control, and concession in meerkat

groups. Science 291, 478–481.
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White, E.M., Gonçalves, D.M., Partridge, J. C., and

Oliveira, R. F. 2004. Vision and visual variation in the

peacock blenny. Journal of Fish Biology 65, 227–250.

Whitfield, D. P. 1987. Plumage variability, status signaling

and individual recognition in avian flocks. Trends in Ecology

and Evolution 2, 13–18.
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17 · Alternative mating tactics and mate choice for

good genes or good care

BRYAN NEFF

CHAPTER SUMMARY

Many mating systems are characterized by male alternative

life histories that utilize different mating tactics to repro-

duce. Bourgeois males attempt to monopolize mating access

to females, and in fish, many of these males provide sole

parental care to the developing young. Parasitic males use

behavior patterns such as sneaking to steal fertilizations

from bourgeois males. Modeling has shown that when

bourgeois males provide higher genetic benefits – i.e., alleles

leading to increased condition and higher fitness of their

offspring – than parasitic males, females maximize both

indirect and direct (parental care) benefits by mating

exclusively with bourgeois males. However, when parasitic

males have higher genetic benefits than bourgeois males,

females must trade off genetic quality of their offspring with

reduced parental care. Here I develop a model to examine

such trade-offs and show that as the relative genetic benefits

of parasitic versus bourgeois males increase or as the fitness

benefit of parental care decreases, females maximize their

fitness by having a greater proportion of their offspring

sired by parasitic males. The optimal breeding situation,

which maximizes individual fitness, differs for females,

parasitic males, and bourgeois males and this should lead to

sexual conflict. I test the model with data from bluegill

sunfish (Lepomis macrochirus), where parasitic males may

provide greater genetic benefits to females than bourgeois

males. I show that high-quality females, as measured by

three phenotypic measures, spawn in nests that have higher

bourgeois male paternity and their offspring subsequently

receive greater parental care. Assuming high-quality

females are in better control of mating than low-quality

females, these data suggest that the latter are in greater

conflict with parasitic males.

17 .1 INTRODUCTION

Given the enormous diversity of reproductive behavior

observed in nature, there remains much to be learned about

the complex social interactions and decisions made by indi-

viduals during mate choice and parental care (reviewed by

Andersson 1994, Godin 1997, Henson and Warner 1997,

Birkhead and Møller 1998). Many mating systems are com-

plicated by having discrete life histories within the sexes that

utilize alternative mating tactics (reviewed by Gross 1984,

1996, Taborsky 1998). These discrete life histories usually

take the form of a precociously maturing male that adopts a

parasitic mating tactic and a late-maturing male that adopts a

monopolizing or “bourgeois” tactic and often provides sole

parental care for the young (Taborsky 1994, 1997).

It has been proposed that alternative life histories within

the sexes commonly evolve as a conditional strategy,

whereby (usually) a male may develop into either tactic

based on its condition or state (Dominey 1984, Gross 1996).

Thus, life history is a plastic trait whereby a developing

male can express either the parasitic or bourgeois pheno-

type. The conditional strategy predicts that the highest-

quality males within a population – those with the highest

condition or state – will adopt the tactic with the greater

fitness benefit (Gross 1996). Because condition can have a

genetic component through additive genetic variance (Rowe

andHoule 1996, Blanckenhorn andHosken 2003), there can

be a predisposition (i.e., inheritance) of the life histories.

This in turn should lead to one life history having higher

fitness. Nevertheless, modeling shows that the alternative

life histories can be evolutionarily stable (Repka and Gross

1995, Gross and Repka 1998).

When there is a difference in the genetic benefits

provided by the alternative male life histories, females may
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face a decision between choosing a mate for indirect benefits

(“good genes”) versus direct benefits such as parental care.

Consider a mating system where bourgeois males provide

sole parental care for the young and parasitic males steal

fertilizations from bourgeois males. Cuckoldry by parasitic

males will often lead to reduced care to the offspring from

the bourgeois male (Trivers 1972, Westneat and Sherman

1993, Dixon et al. 1994, Neff 2003a). When bourgeois males

provide greater genetic benefits than parasitic males, both

bourgeois males and females should share a common

interest in avoiding mating with parasitic males. In this case,

a female will maximize both direct and indirect benefits by

mating exclusively with bourgeois males. However, when

parasitic males provide greater genetic benefits than bour-

geois males, a trade-off arises that can lead to a conflict

between the interests of females and the interests of the

care-providing bourgeois males. Thus, mate choice and

parental care can be complicated by intersexual conflict

(Alonzo and Warner 2000a , b). Alonzo (Chapter 18) dis-

cusses the importance of sexual conflict for understanding

the evolution and maintenance of alternative mating tactics.

In this chapter, I focus on the effects of genetic benefits and

parental care on mating dynamics.

Most previous models of female mate choice in the

context of alternative mating tactics have assumed that there

is no difference in genetic benefits provided by the alter-

natives (e.g., Henson andWarner 1997, Alonzo andWarner

2000b). Generally, these models confirm that when parasitic

spawning reduces the probability of bourgeois males pro-

viding care, females should avoid parasitic males. However,

sneak copulations by parasitic males can circumvent female

choice, or females may even tolerate parasitic spawning

when they occur in nests that are expected to receive a high

degree of parental care for some other reason, such as per-

haps a large brood size (e.g., Alonzo and Warner 2000a).

Two models have examined the effect of variation in

genetic benefits among males employing alternative mating

tactics on female mate choice. Based on the mating system

of the side-blotched lizard Uta stansburiana, Alonzo and

Sinervo (2001) show that it may be adaptive for females to

adjust their mating preference based on the relative fre-

quency of males of different life histories. The model

assumes that the life histories are heritable and have equal

fitness at equilibrium, but are negatively frequency

dependent. Thus, the genetic benefits provided by a male

are context-dependent; i.e., they depend on the frequency

of his life history within the population. The model shows

that females should assess this frequency as a basis of

their mating preference. However, the model does not

specifically address differences in direct benefits provided by

the males such as parental care. Shellman-Reeve and Reeve

(2000) develop a model based on skew theory that trades off

paternal genetic benefits and care. Females form pair bonds

with social mates but may solicit copulations from extra-pair

mates. Paternal care is dichotomous with social mates either

providing full care or not. The results show that infidelity will

be higher when a female’s potential extra-pair mate provides

greater genetic benefits than her social mate and when the

value of paternal care is relatively low.

In this chapter, I develop a model of mate choice based on

the parasitic and bourgeois life histories that are characteristic

of many mating systems. The model assumes that parasitic

males provide greater genetic benefits than bourgeois males,

but only bourgeois males provide direct benefits in the form

of parental care. I examine the effects of genetic benefits

and parental care on the optimal trade-off for females during

mate choice. I also examine the optimal mating decisions of

bourgeois and parasitic males and use these predictions to

discuss sexual conflict. Finally, I present data from my

research on bluegill sunfish Lepomis macrochirus that show

that high-quality females may select nests with preferred

rates of cuckoldry, but once in a nest, they may have less

control over who actually sires their offspring.

17 .2 GENETIC BENEFITS AND

PARASITIC LIFE HISTORY

Only a few studies have examined the genetic quality of

offspring sired by males from alternative life histories. In

Atlantic salmon Salmo salar, Garant and colleagues (2002)

show that offspring of parasitic males grow faster and may

have higher survivorship during the endogenous feeding

period than the offspring from the larger anadromous

(bourgeois) males. Because growth rate is an important

component of survivorship in fish, these data suggest that

parasitic males may provide greater genetic benefits (also see

Hutchings and Jones 1998, Garant et al. 2003). In bluegill

sunfish, comparison of maternal half-siblings sired in vitro

similarly showed that offspring of parasitic males grow

faster and to a larger size than offspring of parental males

while feeding endogenously on their yolk sac (Neff 2004a).

The size advantage of parasitic offspring was estimated

to significantly increase survivorship because it reduces

susceptibility to predation by Hydra canadensis, a major

predator of bluegill fry (Elliott et al. 1997). However, it is

unclear if the genetic differences in growth persist during
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the exogenous feeding stage or if environmental effects are

more important. For example, Gross (1982) found no dif-

ference in growth rate between (mature) cuckolders and

parentals based on back calculations from scale samples (but

see discussion in Neff 2004a).

Conversely, in the side-blotched lizard, it has been

shown that genetic benefits are dependent on the frequency

of the morph (Sinervo and Lively 1996), and therefore

parasitic males provide greater genetic benefits only when

they are relatively rare. In the dung beetle Onthophagus

taurus, data suggest that parasitic males provide fewer

genetic benefits because they appear to have lower fitness

than the bourgeois morphs and females are less likely to

invest in parasitic offspring (Hunt and Simmons 2001,

Kotiaho et al. 2003; also see Sheldon 2000). Similarly in the

scorpionfly Panorpa vulgaris, bourgeois males, which pro-

duce a nutrient gift for females, produced sons that had

higher fitness, suggesting that these males provide greater

genetic benefits than the parasitic males, which do not

produce a gift (Sauer et al. 1998). In most other systems, the

alternative life histories are presumed to have equal fitness

and therefore no difference in genetic benefits has been

inferred (e.g., Shuster and Wade 1991, Ryan et al. 1992,

Lank et al. 1995).

17 .3 AN OPTIMIZATION MODEL FOR

FEMALE CHOICE

Here I develop a model of female choice when the quality of

genes (indirect benefit) trade off with the quality of care

(direct benefit). Because a female cannot maximize both

indirect and direct benefits, she must optimize them to

maximize her fitness. The model considers two mating tac-

tics/life histories. The first is a “bourgeois” tactic in which

males defend breeding sites and provide sole parental care.

The second is a “parasitic” tactic in which males steal fer-

tilizations from bourgeois males but provide no care for the

young. The model makes the following four assumptions:

(1) A bourgeois male’s parental investment increases with

his paternity (Trivers 1972, Westneat and Sherman

1993).

(2) Offspring survivorship increases with increased parental

investment but with diminishing returns (Whittingham

et al. 1992).

(3) Parasitic males provide greater genetic benefits that

confer higher survivorship to their offspring than

bourgeois males (e.g., Garant et al. 2002, Neff 2004a).

(4) The benefits from parental care and the benefits from

genetic quality are independent.

The model does not consider variation in quality within

a mating tactic. The effect of such variation on female mate

choice has been addressed elsewhere (e.g., Kirkpatrick

1985). Instead I model the mean quality of the two mating

tactics and focus on the trade-off between the direct benefits

from parental care and the indirect benefits from good

genes. I also do not specifically consider variation in off-

spring number, but instead focus on the proportion of

offspring fertilized by males from the two tactics. I use the

term “paternity” to refer to these proportions. In a given

brood, the paternity of the bourgeois male plus the paternity

of all genetically contributing parasitic males totals 100%.

A female is thus faced with optimizing the paternity of the

bourgeois male (or analogously optimizing the paternity of

the parasitic males) to maximize her fitness.

Along the x-axis, bourgeois male paternity is plotted

across the values of 0 to 1 (Figure 17.1). A paternity of 0

represents a nest with all parasitic offspring and a paternity of

1 represents a nest with all bourgeois offspring. The y-axis

plots both the fitness benefits from parental care (Cp) and

paternal genetic benefits (Gp). These benefits are modeled as

an increase in survivorship and have equivalent units. The

subscript p in the functions denotes the paternity of the

bourgeois male. The benefit from parental care increases with

paternity with diminishing returns (assumptions 1 and 2),

while the benefit from genes decreases with paternity

(assumption 3). This latter function is linear because the

genetic quality of a female’s offspring depends only on the

proportion that are fertilized by males from each tactic.

The genetic benefits provided by bourgeois males is

defined by Gp at p¼ 1 because this represents a brood sired

entirely by the bourgeois male. Conversely, the genetic

benefits provided by parasitic males is defined byGp at p¼ 0

because this represents a brood sired entirely by parasitic

males. Thus, the slope of Gp represents the genetic benefits

provided by parasitic males relative to bourgeois males – the

steeper the slope the greater the difference in genetic

benefits between the two mating tactics.

A female’s fitness (fWp) is calculated from the product of

the two benefit curves

f Wp ¼ Cp · Gp; ð17:1Þ
which is maximized when

d f Wp

dp
¼ 0; ð17:2Þ
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where d represents the derivative of fWp with respect to the

bourgeois male’s paternity p (dp). When Eq. (17.2) has no

solution for 0 � p � 1, Wp is maximized at either p ¼ 0

(when dfWp/dp < 0) or p ¼ 1 (when dfWp/dp > 0).

For simplicity I have considered Cp and Gp as inde-

pendent functions (assumption 4). A more complex model

could consider interactions between the benefits from genes

and parental care. For example, a specific “good gene”

might be more valuable (as measured by its effect on sur-

vivorship) when the offspring receives low rather than high

levels of care.

To demonstrate the properties of the model, I initially

define two specific functions for Cp and Gp:

Cp ¼ 1þ ffiffiffi
p

p
; ð17:3Þ

Gp ¼ 1:5� 0:5p: ð17:4Þ
From these equations the optimal value of p that maximizes

female fitness is 0.52; i.e., when 52% of the brood is fer-

tilized by the bourgeois male and 48% is fertilized by

parasitic males (Figure 17.1A). Next, to examine the effect

of the relative importance of direct and indirect benefits, I

adjusted the slope of the genetic benefits curve so that it was

less steep:

Gp ¼ 1:3� 0:3p: ð17:5Þ
In comparison to Eq. (17.4), this equation serves to reduce

the indirect benefit of mating with a parasitic male. Conse-

quently, the optimum p shifts to the right to a value of 0.84

(Figure 17.1A). In this case, females should be less willing to

yield paternity to parasitic males. Incidentally, whenGp is flat

(no difference in genetic benefits between the life histories) or

positive (bourgeois males provide greater genetic benefits

than parasitic males), the optimum p is always 1.

Similar results are obtained when the importance of care

is increased by increasing the slope of the care curve so that

it is steeper:

Cp ¼ 0:5þ 1:5
ffiffiffi
p

p
: ð17:6Þ

Combining Eq. (17.6) with the original genetic benefits

curve in Eq. (17.4) yields an optimum paternity of p ¼ 0.80

(a shift to the right from the previous optimum of p¼ 0.52)

(Figure 17.1B).

17.3.1 Sexual conflict over paternity

What is the optimum paternity from the perspective of each

male mating tactic? First we must define the fitness of each

male type. For a bourgeois male, fitness is defined by

bWp ¼ p ·Cp · Gp¼1; ð17:7Þ
where b denotes bourgeois male and Gp¼ 1 denotes

the fitness benefit from the genes of bourgeois males.
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Figure 17.1 The trade-off between the fitness females gain from

genetic benefits (Gp) and parental care (Cp) of their bourgeois

male partners. The number in parentheses beside each curve

denotes the equation in the text that the curve is based on. (A) As

the difference in genetic benefits between the life histories decreases

(Gp(4)!Gp(5)), the optimum breeding situation for females (fWp)

shifts to higher bourgeois male paternity (p1
*!p2

*: 0.52!0.84).

(B) As the importance of parental care to offspring survivorship

increases (Cp(3)!Cp(6)), the optimum breeding situation for females

(fWp) shifts to higher bourgeois male paternity (p1
*!p2

*:

0.52! 0.80).
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When Cp is an increasing function (i.e., its derivative is

always positive for 0 � p � 1) Eq. (17.7) will be maximized

at p¼ 1. When there is a single parasitic male spawning in a

nest, his optimum fitness is defined by

sWp ¼ ð1� pÞ · Cp · Gp¼0; ð17:8Þ
where s denotes parasitic male (s is used instead of p to avoid

confusion with paternity) and Gp¼0 denotes the fitness

benefit from the genes of parasitic males.

Unlike the fitness function for bourgeois males, parasitic

males typically have an intermediate optimum such that

0 < p < 1. This is because although a parasitic male may

seem to increase his fitness as he fertilizes a greater pro-

portion of the brood (decreasing values of p), he pays a

direct cost in terms of the reduced care that his offspring

receive. Returning to Eqs. (17.3) and (17.4), for example, a

parasitic male maximizes his fitness at p ¼ 0.11; i.e., when

the bourgeois male fertilizes 11% and he fertilizes 89% of

the brood. Based on these same two equations, I previously

showed that the optimum p from the perspective of the

female is 0.52 and bourgeois males is 1. Thus, females,

bourgeois males, and parasitic males have different optima,

which will lead to sexual conflict (Figure 17.2).

How might this conflict be resolved? Suppose that we

have a population where females have complete control of

mating. In this case, 52% of the brood will be fertilized by the

bourgeois male and 48%will be fertilized by a parasitic male.

However, males should be selected to circumvent such

female control. A bourgeois male might try to manipulate a

female through, for example, monopolization, in an attempt

to shift p towards his optimum of 100% paternity. Con-

versely, a parasitic male might use behavior patterns such as

sneaking to access females or to exclude other parasitic males

to shift p in the opposite direction towards his optimum of

p ¼ 0.11 (11% bourgeois male paternity and 89% parasitic

male paternity). All else being equal, the marginal value of

circumventing female choice for bourgeois and parasitic

males can be calculated from the derivative of their respective

fitness functions (Eqs. 17.7 and 17.8) evaluated at a given

value of p. At the female’s optimum, these derivatives are

equal in magnitude for both male mating tactics. Thus, the

equilibrium p will depend on, in part, the relative cost for

each male to manipulate the breeding situation as well as the

female’s ability to resist such manipulation and exercise her

own control. The cost for the female may differ between the

two male types. For example, if bourgeois males are much

Figure 17.2 Fitness functions of females (fWp), bourgeois males

(bWp), and parasitic males (sWp) given the relationships between

bourgeois male paternity and genetic benefits (Gp) or parental care

(Cp). The number in parentheses beside each curve denotes the

equation in the text that the curve is based on. The optimum

bourgeois male paternity for females is fp*¼ 0.52, for bourgeois

males it is bp*¼ 1, and for parasitic males it is sp*¼ 0.11. These

differences will lead to sexual conflict.
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larger than females, a female may pay a high cost to resisting

manipulation by the bourgeois male (e.g., when the

manipulation is physical in nature).

The equilibrium p will also depend on the marginal value

of resistance for the female. For example, in Figure 17.2, the

female has more to lose by succumbing to manipulation by

parasitic males than bourgeois males: her fitness curve is

“steeper” to the left of her optimum as compared to the right

(i.e., the unsigned derivative of her fitness function is greater

to the left than the right of her optimum). Thus, in this

example, all else being equal, there is stronger selection for

females to resist, or counter, manipulation from parasitic

males than manipulation from bourgeois males.

17 .4 AN EMPIRICAL INVESTIGATION

IN BLUEGILL SUNFISH

17.4.1 Parentage analysis

The natural history of bluegill is described in Box 17.1 In

relation to the model, bluegill cuckolders (both sneakers and

satellites) are the parasitic males and bluegill parentals are

the bourgeois males. A bluegill colony was carefully selected

at my study site in Lake Opinicon. Details of the colony

and fish are published elsewhere (Neff 2001, Neff and

Gross 2001). Briefly, a large enclosure was constructed to

ensure that all spawning individuals could be collected. The

colony occupied about 15% of the enclosure and all natural

Box 17.1 Bluegill sunfish (Lepomis macrochirus) natural

history

Male bluegill are characterized by a discrete poly-

morphism in life histories termed “parental” and

“cuckolder” (Gross 1982, 1991; also see Dominey 1980).

In Lake Opinicon (Ontario, Canada), parentals mature at

about age 7 years (Figure 17.3) and compete to construct

nests in densely packed colonies. Nesting parentals court

and spawn with multiple females (sequentially) and pro-

vide sole parental care for the developing eggs and fry in

their nests (Gross 1982). By contrast, cuckolders do not

build nests of their own or care for their offspring.

Cuckolders mature precociously and steal fertilizations in

the nests of parentals through two tactics: “sneakers” (age

2–3 years) hide behind plants and debris near the nest

edge, but are visible after darting into the nest during

female egg releases; “satellites” (age 4–5 years) are about

the size of mature females (age 4–8 years) and by

expressing female color and behavior are able to lead

parentals into misidentifying them as a second female in

the nest (Gross 1982, Neff and Gross 2001). Cuckolders

are superior sperm competitors to parentals, fertilizing

nearly 80% of the eggs released in a single dip – females

release batches of about 30 eggs in distinctive actions

called “dips” – when they are successful at intruding into

a nest (Fu et al. 2001). Cuckolders appear to die before

the age of mature parentals and do not become parentals

themselves (Gross and Charnov 1980, Gross 1982).

During spawning, parentals readily detect and attempt

to chase sneakers out of their nests but are relatively

unsuccessful at detecting satellites. During the egg phase

of care, parentals use the frequency of sneaker intrusions,

but not the frequency of satellite intrusions, to assess their

paternity and allocate care (Neff and Gross 2001, Neff

2003a, b). Specifically, parentals that are heavily cuck-

olded by sneakers are less willing to defend their nest

from brood predators, fan their eggs less, and are more

likely to cannibalize some of the brood. Once the eggs

hatch, parentals can use an olfactory cue to assess cuck-

oldry by both sneakers and satellites (Neff and Sherman

2005). At this point parentals that are heavily cuckolded

by either sneakers or satellites provide less care for the

young. Thus, cuckoldry by sneakers has a greater impact

on the overall care level received by the brood than

cuckoldry by satellites.

Cuckolders may provide greater genetic benefits (i.e.,

good genes) than parentals. I found by using experiments

of split, in vitro fertilization that cuckolder offspring were

larger (standard length) and had greater eye area than

parental offspring at the end of the endogenous feeding

period (Neff 2004a). Because each female’s eggs were split

in half and fertilized by both a parental and a cuckolder,

these differences could not be attributed to either yolk

quality or other maternal effects. Similar results were

found in the field, in which nests with a greater propor-

tion of cuckolder offspring had larger fry at swim-up (i.e.,

at the end of the endogenous feeding period) than nests

that contained mostly parental offspring. Growth rate is

an important component of survivorship in fish, and the

increased growth shown by cuckolder offspring was

estimated to confer an estimated threefold survivorship

advantage through reduced predation by Hydra cana-

densis, a major predator of bluegill fry (Elliott et al. 1997;

also see Lister and Neff 2006). The long-term effects of

this early differential in growth rate, however, are not yet

known. It is possible that the increased growth of parasitic

offspring has negative fitness consequences later in life.
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behaviors appeared to occur. At the end of the care period,

microsatellite genetic markers were used to assign the

paternity and maternity of each spawning individual (see

Neff 2001). The parentage models identified the proportion

of young fertilized by each putative parent. For the current

analysis, this was done for 38 nests collected from the col-

ony. Thus, I was able to track which nests each female

spawned in and then calculate the proportion of the young

in that nest sired by the tending parental and all sneakers

and satellites. When females spawned in multiple nests,

I averaged the paternity of each male type (i.e., parentals,

sneakers, and satellites) across the nests weighted by the

proportion of the female’s total eggs spawned that were in

each nest:

pat ¼
Xmati · brood sizei · patiPðmati · brood sizeiÞ ; ð17:9Þ

where pat on the left side of the equation represents the

mean paternity of one of the types of males, and in the

ith nest, mati is the maternity of the female, brood sizei is

the number of offspring, and pati is the paternity of either

all sneakers, all satellites, or the nest-tending parental.

Both summations are over all broods that the female

spawned in. The number of offspring in a nest was esti-

mated based on the dry weight of all the fry collected from

the nest. Offspring were not counted because there can

be tens of thousands in a nest, which impedes accurate

counting.

I also applied a variation of the two-sex parentage

model (Neff et al. 2000) to each female with each sneaker

male or each satellite male across the colony as a whole.

This analysis included offspring from an additional nest

of a bluegill–pumpkinseed hybrid parental male that

spawned in the colony (see Neff 2001). Because of the high

resolving power of the combined 11 loci to assign offspring

to parent pairs, the two-sex parentage model is nearly

equivalent to a straight exclusion approach (see Fiumera

et al. 2002). In the analysis, each offspring was weighted

by the brood size of the nest from which it was obtained.

This was done because, although approximately equiva-

lent numbers of offspring were sampled from each nest for

the parentage analysis, the total number of fry in each nest

varied across the colony.

17.4.2 Parental care

The level of parental care in each nest was quantified using

two measures (see Neff and Gross 2001). First, brood

defense was quantified by presenting a live brood predator

(pumpkinseed sunfish, Lepomis gibbosus) in a clear bag at the

edge of each parental’s nest. A trial consisted of presenting

the predator for 30 seconds, removing it for 30 seconds, and

then presenting the predator for another 30 seconds. An

index of the parental’s willingness to defend his brood was

later calculated from the equation:

brood defense ¼ 1 ·LDþ 2 ·OFþ 3·Bi; ð17:10Þ
where LD, OF, and Bi are the total number of lateral dis-

plays, opercular flares, and bites performed by the parental

during the trial. The coefficients were selected to reflect the

relative intensity of the parental’s reaction and the potential

for personal injury. Brood defense was tested twice: once

during the egg stage (the day after spawning) and once

during the fry stage (the day after eggs hatched). The two

scores were summed to provide a single index of defense.

Figure 17.3 Scheme of the alternative life histories in bluegill

sunfish. Numbers represent age in years and shaded areas denote

sexual maturation.
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Second, fanning rate was calculated from three 5-minute

observations taken on each of the 3 days that the eggs were

present before hatching. The overall rate was calculated as

the number of fanning motions observed per minute of

observation based on all three periods. To construct a single

index of parental care, brood defense and fanning rate

were each standardized using z-scores and then summed.

This combined index places an equal weighting on the two

measures of parental care.

17.4.3 Female quality

A total of 45 females were collected from within the

enclosure. One of these females was omitted from the cur-

rent analysis because she was believed to be a bluegill–

pumpkinseed hybrid. For the remaining 44 females, four

phenotypic measures were assessed: standard length,

Fulton’s condition factor, active parasite load, and fluctu-

ating asymmetry (FA). Fulton’s condition factor was

measured as body weight divided by the cube of standard

length. Fulton’s condition factor reflects the mobile lipid

content and hence the energy reserves of a fish (Sutton et al.

2000, Neff and Cargnelli 2004). Active parasite load was

based on the total weight (expressed relative to the host’s

weight) of five active parasites (i.e., parasites that feed on its

host) obtained during complete dissections: Dactylogyrus

sp., Ergasilus caeruleus, Proteocephalus sp., Spinitectus sp.,

and Leptorhynchoides sp. (Neff and Cargnelli 2004; also see

Muzzall and Peebles 1998). Fluctuating asymmetry was

calculated from 11 bilateral traits consisting of the number

of pectoral fin rays, length of longest pectoral fin ray,

number of pelvic fin rays, length of longest pelvic fin

ray, number of teeth (left and right side of upper palette),

number of gill rakers (four sets), dry weight of black oper-

cular flap extension, and dry weight of otiliths. All traits

were symmetrically distributed about a mode of (nearly)

perfect symmetry. Each trait was first standardized (using

z-scores) and then the standardized values were summed to

provide an index of total FA (Leung et al. 2000).

An index of female quality was constructed by com-

bining Fulton’s condition factor, parasite load, and FA.

This was accomplished by z-scoring each measure and then

subtracting parasite load and fluctuating asymmetry from

the condition factor. The z-score places an equal weighting

on each measure in the overall index. The final index was

again z-scored so that zero represented a female of average

quality and lower (negative) values represented females of

lower quality, while higher (positive) values represented

females of higher quality. Female length, which highly

correlates with age, was analyzed separately from the

quality index.

17.4.4 Female mate choice

On average, females spawned in 4.8 nests (median ¼ 4;

range ¼ 1 – 9). Female length and quality were not cor-

related (r¼ 0.16, P¼ 0.29, n¼ 44) and neither measure was

correlated with the number of nests a female spawned in

or the average brood size (P > 0.43 for each). Higher-

quality females spawned in nests that had higher parental

paternity (r ¼ 0.54, P < 0.001, n ¼ 44) (Figure 17.4A) and

lower sneaker paternity (r ¼ �0.53, P < 0.001, n ¼ 44)

(Figure 17.4B) and satellite paternity (r¼�0.43, P¼ 0.004,

n¼ 44) (Figure 17.4C). There was a positive trend between

female quality and the average proportion of cuckoldry

performed by satellites within each nest they spawned in

(r ¼ 0.30, P ¼ 0.050, n ¼ 44). However, the relationship

may have been driven by a few extreme data points

because a nonparametric analysis indicated no association

(Spearman’s r ¼ 0.16, P ¼ 0.31, n ¼ 44). Female length

was not correlated with any of the three paternity measures

or the proportion of cuckoldry performed by satellites

(P > 0.24 for each).

Across the entire colony, there was no relationship

between female quality or length and the proportion of the

females’ offspring fertilized by parentals, sneakers, or sat-

ellites (P > 0.12 for each). Higher-quality females did not

appear to have a greater proportion of their cuckolded

offspring fertilized by satellite males (r ¼ 0.10, P ¼ 0.54,

n ¼ 44), but female length was negatively correlated with

this proportion (r ¼ �0.30, P ¼ 0.047, n ¼ 44). However,

this latter relationship is not significant when adjusted for

multiple comparisons (corrected a ¼ 0.05/3 ¼ 0.017).

There was a positive relationship between female quality

and combined index of parental care that their offspring

received (r¼ 0.34, P¼ 0.024, n¼ 44; corrected a¼ 0.05/2

¼ 0.025) (Figure 17.5). There was no relationship between

female length and parental care (r¼ 0.23, P¼ 0.14, n¼ 44).

Finally, there was no apparent relationship between female

quality and the average length or quality of the parental

males they spawned with or between female length and

the average parental male length (P> 0.24 for each). There

was, however, a positive relationship between female

length and the average quality of the parental males they

spawned with (r ¼ 0.55, P < 0.001, n ¼ 44; corrected

a¼ 0.05/2 ¼ 0.025).
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17.5 DISCUSSION

When parasitic males provide greater genetic benefits than

bourgeois males, the optimization model makes two general

predictions. First, as the difference in genetic benefits

between the two life histories increases, all else being equal,

a female’s optimum breeding situation will shift towards

higher parasitic male paternity. This was demonstrated in

the model by increasing the slope of the genetic benefits

curve while holding the parental care benefit curve constant.

Conversely, as parental care becomes increasingly import-

ant to survivorship of the young, a female’s optimum

breeding situation will shift towards higher bourgeois male

paternity. Similar predictions have been made by a cost–

benefit model developed by Shellman-Reeve and Reeve

(2000) that treats paternal care as a dichotomous variable

(i.e., a bourgeois male either provides care or does not).

Second, the optimum paternity from the perspectives of

females, parasitic males, and bourgeois males typically dif-

fers, leading to sexual conflict. The resolution of this con-

flict will depend on the relative costs and benefits to

parasitic and bourgeois males for manipulation of females as

well as the costs and benefits to females for resisting or

counteracting the manipulation.

Bluegill sunfish provide an interesting preliminary test

of the model. In bluegill, the parasitic males are the cuck-

olders and they use two age-dependent tactics to steal
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Figure 17.4 The relationship between bluegill (Lepomis

macrochirus) female quality and the average (A) parental paternity,

(B) sneaker paternity, or (C) satellite paternity in the nests they

spawned. Paternity is presented as a proportion and female quality

is based on three phenotypic measures comprising parasite load,

fluctuating asymmetry, and body condition (see text).
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Figure 17.5 The relationship between female quality and the mean

parental care received by their offspring. Parental care is based on

two standardized indices comprising fanning rate and brood

defense, and female quality is based on three phenotypic measures

comprising parasite load, fluctuating asymmetry, and body

condition (see text).
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fertilizations from parentals (the bourgeois males). When

young, cuckolders use a sneaking tactic, but they are visible

to parentals as they dart into the nest. Parentals adjust their

parental care behavior based on the number of sneakers that

are near their nests during spawning; if there are too many

sneakers they may even abandon the nest completely

(Neff and Gross 2001, Neff 2003a). When older, cuckolders

use a satellite tactic whereby they mimic females. During

the egg phase of care, parentals actually increase their

level of care when they spawn with more satellites, sug-

gesting that parentals perceive satellites as second females in

their nest and hence as an increase to their reproductive

success (Neff and Gross 2001). Once the eggs hatch, the

deception of satellites is revealed, likely through olfactory

cues used for kin recognition (Neff and Sherman 2003,

2005; also see Brown and Brown 1996), and parentals

adjust their care behavior based on the new information of

paternity. Nevertheless, because cuckoldry by satellites goes

undetected during the egg phase of care – the most ener-

getically demanding portion of the care period (Coleman

and Fischer 1991) – satellites have a lower impact on overall

care relative to cuckoldry by sneakers.

Cuckoldry by satellites may further have a lower impact

on parental care because of the effect that past investment

has on the expected future fitness of parentals. Sargent and

Gross (1993) developed a model that showed that larger

past investment during parental care reduces an individual’s

future reproductive success and consequently increases the

relative value of a current brood. Furthermore, because older

young are often more likely to survive to maturity, the pre-

sent value of the brood should also increase with its age

(Sargent and Gross 1993). Thus, both increasing present

value of a brood and decreasing future expectations select for

greater parental investment with a brood’s age. Their model

thereby provided a resolution for the so-called “Concorde

fallacy” (also see Dawkins and Brockmann 1980).

Coleman and colleagues (1985) tested this theory in

bluegill by manipulating past investment in nesting par-

entals by experimentally reducing brood sizes either early or

late in the care period. They showed that males that had

made large past investment (late brood reduction) were

more willing to invest in their brood as compared to males

that had made only small past investment (early brood

reduction). Thus, in addition to the direct positive effect

that cuckoldry by satellites has during the egg phase of care

presumably due to successful deception of parentals, it

should have a lower impact on parental care than cuckoldry

by sneakers because of its delayed detection and hence the

increased past investment parentals make under the

pretense of higher paternity. Consequently, a female would

maximize her fitness by having all her cuckolded young

sired by satellites versus sneakers.

Here, I found that higher-quality females, as measured by

Fulton’s condition factor, parasite load, and symmetry,

spawned in nests that had lower overall rates of cuckoldry,

but proportionately more of the cuckoldry may have been

performed by satellites. The offspring of these females sub-

sequently received more parental care. This increased care

appeared to relate directly to the parental male’s paternity

because there was no relationship between female quality and

parental male length or quality, although there was a positive

relationship between female length and parental male quality.

This result suggests that high-quality females are avoiding

nests with higher cuckoldry rates and particularly may be

avoiding nests that are especially susceptible to cuckoldry by

sneakers. Similar results have been reported for the Medi-

terranean wrasse Symphodus ocellatus, where females prefer

nests with fewer sneaker males (Alonzo and Warner 2000a

and references within). The bluegill results thus provide

some support for the predictions of the model.

Across the entire bluegill colony, however, high-quality

females did not appear to spawn a greater proportion of

their eggs with satellites than lower-quality females, as

might have been expected from the model. No doubt

females, high quality or otherwise, are not in complete

control of mating. For example, the cryptic behavior of

sneaker males is one mechanism that these individuals use

to circumvent female control (as well as parental male

control). Instead, a high-quality female may be able to select

a good breeding situation – for example, a nest that is likely

to receive a desired level of cuckoldry or proportionately

more cuckoldry by satellites – but once she enters the nest,

she may have less control over which males actually sire her

eggs. Assuming that high-quality females are in better

control of mating than low-quality females, the increased

parental care that the former females’ offspring receive

should outweigh their reduced (paternal) genetic quality.

This could be tested directly by examining the fitness of

eggs spawned by low- versus high-quality females. Such

data would provide a valuable test of the model and of the

state of sexual conflict in bluegill.

17 .6 FUTURE RESEARCH

There are several avenues for future research. First, the

difference in genetic benefits provided by the life histories
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needs further empirical investigation. There are only a few

studies to my knowledge that have addressed this issue (e.g.,

Garant et al. 2002, Kotiaho et al. 2003, Neff 2004a; also see

Welch et al. 1998, Barber and Arnott 2000, Sheldon et al.

2003). If there is in fact a difference in the genetic benefits

provided by the life histories that leads to a difference in

fitness of the life histories, then the underlying evolutionary

mechanism cannot be a genetic polymorphism (i.e., alter-

native strategies). Instead the mechanism likely would be a

conditional strategy. Genetic benefits also can include

“compatible genes” such as those involved in the immune

response (e.g., major histocompatibilty complex; for an

example, see Roberts and Gosling 2003; for reviews see

Edwards and Hedrick 1998, Tregenza and Wedell 2000,

Mays and Hill 2004, Neff and Pitcher 2005). In bluegill it is

likely that females also are seeking compatible genes for

their offspring (Neff 2004b). Thus, female choice for gen-

etic benefits may be more complex than just choice for a

male from one life history or the other.

Second, the model makes explicit predictions about both

intra- and intersexual conflict as it relates to the relative

paternities of parasitic and bourgeois males. For example,

in bluegill, conflict between females and sneakers should

increase as sneaker paternity increases in a nest. Females

should be dynamic in their mating behavior as information

on paternity changes. When the parental’s paternity is high,

she should form coalitions with cuckolders, possibly by

facilitating access to the nest by aiding in the deception of a

satellite or even shielding a sneaker from the parental.When

the parental’s paternity is low, a female should instead form

a coalition with the parental, preventing additional cuck-

oldry, or even leave the nest to find another, more optimal

nest to spawn in. Indeed, bluegill females spawned in

an average of four to five nests, which may reflect such

decision-making. Understanding sexual conflict between

females, parasitic males, and bourgeois males should also

help us to understand the evolution of the alternative life

histories (see Chapter 18).

Third, the model could be expanded to include inter-

actions between genetic benefits and parental care (Gp and

Cp) that are likely to occur. For example, genetic benefits

from a cuckolder may be more valuable (with respect to

fitness) in a harsh environment – i.e., at lower levels of

parental care (for an example of such an environmental

effect see Welch 2004). Differences in egg number also

could be modeled as opposed to only the proportion of a

brood fertilized by each male type. When brood size

increases with cuckoldry, bourgeois males may, in fact,

tolerate some level of cuckoldry, particularly when parental

care is shareable (see Shellman-Reeve and Reeve 2000).

Such tolerant behavior may be similar to “incentives,”

which have been modeled in reproductive skew theory

(e.g., Reeve and Keller 2001). Within-tactic conflict could

be considered: the model could be expanded to examine

the effects of multiple parasitic males spawning in each

nest. While the general predictions for females and bour-

geois males would not change (i.e., their optima are not

dependent on the number of parasitic males per se), the total

cuckoldry within a nest likely would exceed the optimum of

any one of the parasitic males.

Finally, calculating specific benefit curves for genetic

benefits and parental care from empirical data would pro-

vide explicit predictions as to the optimal breeding situation

for females and males. Comparing observed values to the

predictions would provide insight into the evolutionary

state of sexual conflict – who is winning the evolutionary

arms race between the sexes (Arnqvist and Rowe 2002)?

Such data could provide insight into current thinking about

sexual conflict (Chapman et al. 2003).
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18 · Conflict between the sexes and alternative reproductive

tactics within a sex

SUZANNE H. ALONZO

CHAPTER SUMMARY

Many examples of male alternative reproductive strategies

have been identified and studied in detail and mechanisms

that can allow the maintenance of alternatives have been

identified. However, very little research has considered

the role of intersexual interactions in the evolution of alter-

native reproductive tactics (ARTs). In this chapter, I first

examine how alternative reproductive tactics within a sex can

lead to conflict between the sexes as well as how conflict

between the sexes may influence the evolution of alternative

reproductive tactics within a sex. I then describe a few

empirical examples of species with alternative reproductive

tactics where interactions within and between the sexes have

been studied. These examples illustrate that a more complete

understanding of the evolution and expression of alternatives

can be gained by thinking about interactions within and

between the sexes concurrently. I also discuss female alter-

native reproductive tactics and describe a few empirical

examples. I then suggest future empirical and theoretical

directions needed for a co-evolutionary understanding of the

evolution of alternative reproductive behavior patterns in

both males and females.

18 .1 INTRODUCTION

The chapters in this book are a testament to how much we

know about the evolution, expression, and diversity of

alternative reproductive tactics (ARTs). A number of classic

examples of alternatives within a population are now well

studied and understood (e.g., Dominey 1980, Gross and

Charnov 1980, Gross 1982, Lank and Smith 1987, Shuster

1989, Gross 1991, Shuster andWade 1991, Lank et al. 1995,

Widemo and Owens 1995, Sinervo and Lively 1996,

Shuster and Sassaman 1997, Widemo 1998, Sinervo et al.

2000). Many examples of male ARTs are believed to result

from competition among males for access to mates or

reproductive resources. Yet, even when conflict between

males leads to the evolution of ARTs (such as the coexist-

ence of territorial and sneaker males), male fitness (and

hence the evolution of male reproductive tactics) will be

affected by female choice among males. This chapter

focuses on how interactions between the sexes are affected

by and affect the evolution of ARTs within a sex.

In general, the evolution of male and female repro-

ductive behavior patterns is concurrently influenced by

natural and sexual selection (Darwin 1871, Andersson

1994). Natural selection exists when there is individual

variation in survival or fecundity (or fertility in males).

In contrast, sexual selection is the result of differential

mating success due to the complex interplay between

competition within a sex and interactions between the

sexes (Bateman 1948, Trivers 1972, Kirkpatrick 1982,

Clutton-Brock and Parker 1992, Andersson 1994, Henson

and Warner 1997, Alonzo and Warner 2000b, c). Both

cooperation and conflict can be the outcome of interac-

tions between the sexes. Although cooperation within and

among the sexes does occur, conflict between the sexes is

more common and arises when the fitness of one sex is

not maximized by the behavior of the opposite sex (e.g.,

Trivers 1972, Parker 1979, Hammerstein and Parker 1987,

Rowe et al. 1994, Arnqvist and Rowe 2002, Chapman et al.

2003, Eberhard and Cordero 2003, Houston et al. 2005).

For example, conflict between the sexes often exists over

parental care where individuals of both sexes would usu-

ally have greater fitness if individuals of the opposite sex

invested more energy in care. It is also common for conflict

to arise between the sexes over mating. For example,

female choice among males and male mate guarding can

generate conflict between the sexes. The inclusion of

sexual conflict into our understanding of male and female

reproductive tactics has greatly improved our ability
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to understand the evolution of reproductive behavior

patterns such as female mate choice and parental care (e.g.,

Hammerstein and Parker 1987, Brockmann and Grafen

1989, Davies 1989, Veiga 1990, Ahnesjo et al. 1992, Part

et al. 1992, Oring et al. 1993, Rowe et al. 1994, Gwynne

and Snedden 1995,Warner et al. 1995a, Gray 1996, Alonzo

and Warner 1999, 2000b, Hardling 1999, Arnqvist and

Rowe 2002, Smith et al. 2002, Wedell et al. 2002). How-

ever, the importance of interactions between the sexes to

understanding alternative reproductive tactics within a sex

is not generally recognized (but see Henson and Warner

1997, Hugie and Lank 1997, Alonzo and Warner 2000b, c,

Alonzo and Sinervo 2001, Luttbeg 2004, Reichard et al.

2005), even though male and female fitness, and thus also

presumably male and female reproductive strategies, will

be influenced by interactions within and between the sexes

simultaneously (Figure 18.1).

18 .2 ALTERNATIVE REPRODUCTIVE

TACTICS MAY LEAD TO

CONFLICT BETWEEN

THE SEXES

As described above, conflict between the sexes often arises

over mating and parental care. One common pattern is the

coexistence of territorial males and other nonterritorial

tactics such as sneaking copulations (Taborsky 1994, 1997).

Although these alternatives are often believed to arise due to

male competition, sneaking tactics may also circumvent

female choice if females prefer territorial males (e.g., Cade

1980, Austad 1984, Gross 1984, Forsyth and Montgomerie

1987, Taborsky 1994, Lank et al. 1995). In this case, conflict

between females and sneakermales will exist. Inmany species

of fish with alternative reproductive tactics, nonterritorial

males do not provide parental care (van den Berghe 1990,

Taborsky 1994, 1997, Warner et al. 1995b). For example, in

Symphodus tinca, parental care is facultative with territorial

males providing care while nonterritorial males do not (van

den Berghe 1990). Females prefer to spawn with territorial

males. However, the amount of time females will search for a

territory depends on individual experience and time in the

reproductive season (Warner et al. 1995b). Because offspring

survival and hence female fitness is higher in this species

when males provide care, conflict between females and

nonterritorial males will exist (Warner et al. 1995b). In other

related species, differences between territorial and sneaker

males in sperm production and fertilization rates have been

found that may lead to conflict between the sexes if lowered

fertilization rates lead to lower female fitness (Warner et al.

1995a, Warner 1997, Alonzo and Warner 2000a, Petersen

et al. 2001).

In general, any differences between male alternatives that

affect female fitness have the potential to generate conflict

between the sexes. Similarly, any female discrimination

Competition
(or cooperation)
among males

Competition
(or cooperation)
among femalesMate choice

Remating
Parental care

Male
fitness

Female
fitness

Fertilization
Male/ site quality
Parental care

Figure 18.1 Both male and female fitness (and thus the behavior

patterns that are expected to evolve) are affected simultaneously by

interactions within and between the sexes. For example, the

outcome of competition among males will determine the costs and

benefits of female mate choice and remating frequency. However,

female choice and mating strategies will concurrently affect the

costs and benefits of competition among males and thus influence

the evolution of interactions among males.
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between males based on tactic will lead to conflict between

males and females over mating. When would we expect

female choice among male tactics to evolve? If a female’s

expected fitness is the same when she mates with either

male tactic, then no choice by females among male tactics

would be expected. This could occur when negative fre-

quency-dependent selection due to male competition leads to

both tactics having equal expectedmale fitness at equilibrium

or when condition-dependent tactics have no heritable dif-

ferences. If males do not have any direct effect on female

survival or future fecundity, then in these cases females

would not be expected to choose between male tactics.

In contrast, if the male tactic has any differential effect on

female fitness, such as on female survival or condition in the

future, then we would expect to observe conflict between the

sexes over the existence of male alternative reproductive

tactics, and female choice among male alternative repro-

ductive tactics would be expected to evolve. Sexual conflict

may be common when male alternative behavior patterns

depend on male condition, such as size, age, or energy

reserves. These factors will often have a direct effect on

female current reproductive success by affecting male par-

ental care, sperm production, territorial defense, or provi-

sioning of females by males. Furthermore, male condition

may also be correlated with genes that affect the fitness of a

female’s offspring. Thus condition-dependent tactics may

commonly lead to conflict between the sexes over mating,

parental care, provisioning, or other male behavior patterns

that differ among male alternative reproductive tactics. In

general, we can expect that male alternative reproductive

tactics will usually generate conflict between the sexes (and

often female choice amongmale tactics) except in cases where

the male tactic has no effect on the current or future repro-

ductive success of the female.

18 .3 INTERACTIONS BETWEEN THE

SEXES CAN AFFECT

ALTERNATIVE REPRODUCTIVE

TACTICS

The previous section illustrates that the existence of male

alternative reproductive behavior patterns can not only lead

to conflict between the sexes over mating but can also drive

the evolution of female mate choice whenever male alterna-

tives differentially affect female fitness. Furthermore, if male

tactics affect female fitness, they may drive the evolution of

female reproductive strategies other than female mate choice.

The question then arises, how will female behavior and mate

choice affect the evolution of male alternative reproductive

behavior patterns? First of all, female choice among males

may generate fitness patterns that lead to the evolution of

male alternative reproductive tactics. For example, female

choice for larger or older males may lead to condition-

dependent male reproductive success, which has been shown

to allow the evolution of discrete variation in reproductive

behavior (Henson and Warner 1997, Alonzo and Warner

2000c). Similarly, if female choice among males is negatively

frequency dependent (e.g., females choose novel males),

female behavior could lead to the evolution of male

alternative reproductive behavior patterns. Furthermore,

variation among females in mate choice, for example as a

function of female age, condition, or location, could allow

male variation in reproductive tactics as well (Henson and

Warner 1997, Alonzo and Warner 2000c, Coleman et al.

2004). As described above, the potential exists for female

choice to generate patterns of fitness that allow the stable

coexistence of male alternative reproductive tactics, but there

has been very little research empirically or theoretically

examining whether female choice actually generates condi-

tions that allow the evolution ofmale alternative reproductive

tactics.

Female choice has been shown to suppress the coexist-

ence of male alternatives even in cases where male compe-

tition alone would lead to the evolution of alternatives

(Henson and Warner 1997, Alonzo and Warner 2000c).

Models that examine male alternatives and female choice

simultaneously have shown that the inclusion of female

choice alters the conditions for the coexistence of male

alternatives (Table 18.1). When frequency- or condition-

dependent success in competition among males exists,

female choice among male alternatives is predicted to alter

the frequency of male alternatives or even to suppress their

coexistence (Figure 18.2). Even if female control over

mating is weak, the stable frequency of the less preferred

male tactic would still be expected to be lower than pre-

dicted by male competition alone (Henson and Warner

1997, Alonzo andWarner 2000c) (Figure 18.2). It is difficult

to study whether female choice has blocked the evolution of

alternatives since there are many reasons that a species may

not exhibit discrete variation in reproductive tactics. It

would be interesting to know, for example, if nonterritorial

male alternative tactics are less common in species with

internal fertilization or in species in which forced copula-

tions are not possible. It would also be interesting to
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Table 18.1. A summary of how the consideration of female mate choice can affect the predicted expression and coexistence of male

alternative reproductive tactics

Scenario Ignoring female choice Considering choice

Static frequency dependence Alternatives co-occur and are stable

at the frequency where the negative

frequency-dependent male fitness

curves cross

Male alternatives only occur if females show no

preference between male alternatives

Dynamic frequency dependence

(females trade off survival and

mating success)

Same as above Male alternatives occur when female preference

is time dependent, or if females show no

preference between male alternatives

Dynamic energy dependence Alternatives co-occur and males

switch between behaviors when

energy reserves are high

Female preference can suppress the occurrence

of the energetically costly alternative, but not

the low-energy alternative

Dynamic frequency dependence

and size dependence

Alternatives co-occur and males

switch between behaviors when

large

Female preference can suppress the

occurrence of the large-size alternative, but not

the small-size alternative

Female condition dependence Male alternatives not predicted Female variation in choice acts as a mechanism

for maintaining male alternatives

Source: From Alonzo and Warner (2000c), with permission.

(A) No female preference

F
itn

es
s

(B) Females prefer male behavior B

Frequency of male behavior A

Figure 18.2 Female preference can influence predictions for

male alternative reproductive patterns. For example,

frequency-dependent fitness due to competition among males can

maintain alternatives within a sex. Solid and dashed lines

represent the fitness of two alternative behaviors A and B

respectively as a function of the frequency of behavior A.

(A) In the absence of female choice between male alternatives, the

stable frequency of behavior A is predicted where the two

lines cross. (B) If females prefer male behavior B,

predictions can change dramatically and in this case is

predicted to suppress the occurrence of male behavior A

despite the existence of negative frequency dependence due

to male competition. (Adapted from Henson and

Warner 1997.)
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examine female mate choice in species that do not exhibit

male alternative tactics yet have the patterns of male com-

petition that would argue for the evolution of male alter-

natives.

18 .4 EMPIRICAL EXAMPLES OF

INTERACTIONS BETWEEN THE

SEXES AND ALTERNATIVE

REPRODUCTIVE TACTICS

Although few studies have addressed how interactions

between the sexes influence alternatives within a sex, the

research that exists is promising. Empirical examples exist

in which interactions between the sexes are known to affect

the fitness of tactics within a sex (e.g., Crespi 1988, van den

Berghe et al. 1989, Davies 1992, Henson and Warner

1997, Hugie and Lank 1997, Hunt and Simmons 2000,

Jones et al. 2001, Badyaev and Hill 2002, Garant et al.

2002). As described above, it has also been shown that

alternatives within a sex can lead to conflict between the

sexes (e.g., Davies 1992, Eadie and Fryxell 1992, Hattori

and Yamamura 1995, Henson and Warner 1997, Hunt and

Simmons 2000, Sinervo and Zamudio 2001, Badyaev and

Hill 2002, Candolin and Reynolds 2002b). Finally, species

exist where alternatives occur in both sexes within a species

and interactions within and between the sexes affect the

fitness of alternatives within each sex (e.g., Reillo and Wise

1988, Davies 1992, Hattori and Yamamura 1995, Hunt

and Simmons 2000, Sinervo et al. 2000, Sinervo and

Zamudio 2001, Caillaud et al. 2002, Pienaar and Greeff

2003). Rather than attempt an exhaustive review of sexual

conflict and alternative reproductive behavior patterns,

I focus on describing four species where alternative repro-

ductive behavior patterns exist and interactions between the

sexes are known to affect individual fitness.

18.4.1 Male alternative reproductive tactics lead

to conflict between the sexes in the

European bitterling (Rhodeus sericeus)

In this species of fish, some males defend territories that

contain a number of freshwater mussels where females

spawn. Other males are not territorial and steal fertilizations

on another male’s territory (Reynolds et al. 1997). A female

oviposits her eggs into the gills of a mussel while males release

sperm into the inhalant siphon of the mussel to fertilize the

female’s eggs. Sperm competition occurs between territorial

and nonterritorial males within the mussel (Candolin and

Reynolds 2002a, b, Smith et al. 2002, 2003, Reichard et al.

2004a). Males increase their ejaculation rates (Candolin and

Reynolds 2002a, Smith et al. 2003) and aggression rates

toward rival males in the presence of sperm competition

(Smith et al. 2003). The fitness of male alternative tactics

is also density dependent in this species (Reichard et al.

2004b). The embryos develop in the gills of the mussel over a

period of weeks (Smith et al. 2001). Females are attracted to

territories based on territorial male traits (Candolin and

Reynolds 2001, Smith et al. 2002, Reichard et al. 2005), but

females inspect mussels directly to choose oviposition sites

(Candolin and Reynolds 2001). Females prefer to spawn in

species of mussels that lead to higher offspring survival

(Smith et al. 2000, Mills and Reynolds 2002, Reichard et al.

2005). Females also prefer mussels with fewer embryos

already in the mussel and offspring survival within mussels is

negatively density dependent (Smith et al. 2000). In general,

males are less likely to lead a female to mussels with a high

number of embryos (Smith et al. 2003), but they will try to

lead females to mussels with lower expected embryo survival

if the risk of sperm competition from an intruding sneaker

male is lower at those mussels (Smith et al. 2002, 2003)

(Figure 18.3).

Sexual conflict occurs within and between the sexes in

this species: territorial and nonterritorial males are always

in conflict over sperm competition while females may be in

conflict with other females over mussel use if high-quality

mussels are limiting (Smith et al. 2000). In this example, if

good mussel sites are limiting, conflict between the sexes will

occur over spawning rate and oviposition site (Smith et al.

2002, Reichard et al. 2005). Thus, to understand patterns of

fitness, reproductive behavior patterns, and the evolution of

alternative reproductive behavior patterns in this species, it is

necessary to consider interactions within and between the

sexes. Female choice among territorial males may depend on

the frequency of nonterritorial males and number of eggs in

each mussel on a territory. Furthermore, the fitness of male

alternatives will be affected by sperm competition and by

female choice among males and among mussels within a

territory. The exact role of intersexual selection in the evo-

lution of male alternatives is not yet understood in this spe-

cies. It would be very interesting to know if fertilization rates

and female fitness are affected by nonterritorial males. In

this species, understanding the evolution and maintenance

of male behavior patterns requires considering how female

behavior affects male fitness.
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18.4.2 In a Mediterranean wrasse, Symphodus

ocellatus, conflict between the sexes may

allow the stable coexistence of male

alternative reproductive behavior

patterns.

In this species of fish, multiple male alternative repro-

ductive tactics exist (Taborsky et al. 1987, Alonzo et al.

2000). Large males defend nest sites where all of the

spawning in the species occurs (Lejeune 1985). Females

visit these sites and spawn with territorial males. These

males provide parental care defending and aerating the eggs

until they hatch 3–5 days later (Lejeune 1985, Taborsky

et al. 1987). Small males in the population, called sneakers,

steal fertilizations and do not court females, defend sites, or

provide care (Soljan 1930, Lejeune 1985, Taborsky et al.

1987). Males of intermediate size, called satellites, court

females and are allowed closer to the nest by the nesting

male but also steal fertilizations (Taborsky et al. 1987).

Multiple life-history pathways appear to exist (Alonzo et al.

2000). Territorial males tend to be older than sneakers and

have higher early growth rates than sneakers. Males may be

satellites either as 1- or 2-year-olds while sneakers tend to be

1 year old. Females appear to prefer mating with territorial

males and, although often joined by sneaker males, will only

spawn in the presence of a territorial male (author’s personal

observation). Nesting males compete with other nesting

males for access to females and nest sites; sneakers compete

for access to spawning females. Although satellites are

tolerated by territorial males more than sneakers (Taborsky

et al. 1987), they are still in conflict with nesting males over

spawning rates and with females over mating. Females and

nesting males are in conflict over male desertion of the nest

which tends to occur at nests with low spawning rates

(Taborsky et al. 1987, Alonzo and Warner 2000b). Thus,

females exhibit a strong preference for nests with high

mating rates but attempt to avoid spawning with sneakers

(van den Berghe et al. 1989, Alonzo and Warner 1999,

2000b). However, nests with high mating rates attract

sneakers and satellites, and thus sperm competition and

sneaker spawning is higher at nests where females prefer to

mate (Lejeune 1985, Alonzo and Warner 1999, 2000b). In

this species, conflict occurs within and between the sexes

and each of these interactions affects the fitness of indi-

viduals who follow different tactics such as female choice or

male alternatives (Figure 18.4). Female behavior influences

the fitness of male alternative behavior patterns, but it is

conflict between females and territorial males over parental

care that may allow sneaker males to exist since females

avoid spawning with sneaker males if possible (Alonzo and

Warner 1999, 2000b, Alonzo et al. 2000). This means that an

understanding of male alternative reproductive tactics

requires the consideration of multiple interactions within

and between the sexes.

18.4.3 Male and female alternatives drive

conflict within and between the sexes in

the dunnock, Prunella modularis

Alternative reproductive tactics are facultative in bothmales

and females of this species of bird (Davies 1986, 1992,

Davies and Houston 1986, Davies and Hatchwell 1992,

Sozou and Houston 1994, Davies and Hartley 1996, Davies

et al. 1996, Langmore and Davies 1997, Langmore et al.

2002) (Figure 18.5). Individuals may mate monogamously,
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European bitterling, Rhodeus serviceus. (From A. C. Wheeler   
(1969) The Fishes of the British Isles and North-west Europe.
East Lansing: Michigan State University Press.)
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rival sperm
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rival sperm
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5

Figure 18.3 In the European bitterling, territorial males are less

likely to lead females to spawning sites with sneaker (rival) male

sperm. This may cause females to spawn in lower-quality mussels

since male leading and female spawning are strongly associated.

Mean lead rate per hour (±1 SE) is shown. (From Smith et al. 2002,

with permission.)
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polyandrously, polygynously, and polygynandrously where

both male and female behavior determines the mating pat-

tern. On average, female fitness is highest when mated to

two males and lowest when sharing male care with multiple

females and only one male (Hatchwell and Davies 1990,

Davies and Hatchwell 1992). Similarly, male fitness is

reduced by sharing paternity with other males and highest

when mating alone with multiple females (Davies 1986,

Davies and Houston 1986, Hatchwell and Davies 1990,

1992, Davies et al. 1992). When multiple males mate with a

single female, they are either dominant (alpha males) or

subordinate (beta males) (Davies 1992). Although alpha

males attempt to guard females, female behavior allows

males following the beta strategy to mate. The female elicits

copulations with males following the beta strategy and

evades the mate-guarding tactics of the alpha male. This

behavior increases female fitness because males following

the beta strategy invest in parental care in proportion

to their mating success with the female (Davies and

Houston 1986, Davies 1992, Hartley and Davies 1994,

Davies et al. 1996). Conflict also exists between females in

this species. Females compete for male parental investment

and the amount of conflict between females depends on the

number of males and females in the mating group (Davies

and Hatchwell 1992, Hartley and Davies 1994, Langmore

andDavies 1997, Langmore et al. 2002). Conflict within and

between the sexes occurs in this species and affects the

behavior patterns and fitness of males and females. Focusing

on male competition alone would not explain how beta

males obtain mating success. Instead, in order to explain the

observed patterns of male fitness as a function of tactic, it is

necessary to understand that female fitness is increased

by mating with multiple males (because males provide

parental care).

18.4.4 Interactions within and between the

sexes allow the coexistence of male and

female alternative reproductive morphs

in the side-blotched lizard, Uta

stansburiana

In this species (Figure 18.6), male and female throat color

morphs exist that are due to genetic differences (Sinervo

and Lively 1996, Sinervo et al. 2000): three male color

morphs coexist that differ in their territorial behavior,

mating success, and aggression. Orange males are aggressive

and defend larger territories with high mating rates. Blue

Ocellated wrasse, Symphodus ocellatus. (From Whitehead PJP,  
Bauchot ML,Hureau JC, Nielson J, Tortonese E. (1984) Fishes of 
the North-Eastern Atlantic and the Mediterranean. Paris: Unesco.)

Females

Female choice Nest desertion

Nesting malesSneaker

SneakingCompetition
for mates

Competition
for mates

Figure 18.4 Many conflicts within and between the sexes occur

simultaneously in Symphodus ocellatus. Females are in conflict

with sneakers over sneaking and with nesting males over mating

as well as over desertion of the nest by the nesting male. Sneakers

are in competition with other sneakers to fertilize eggs and in

conflict with nesting males over sneaking. Nesting males are in

competition with other nesting males for access to nest sites and

mates. All of these interactions simultaneously affect male and

female fitness and behavior.

DUNNOCK

Figure 18.5 Dunnock, Prunella modularis. (From F.O. Morris

[1891] A History of British Birds, 3rd edn. London: John C.

Nimmo.)
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males are territorial but less aggressive and defend smaller

territories. Yellowmales sneak copulations on the territories

of orange and blues males. However, orange males are more

susceptible to parasitism by yellow males. Thus, orange

males do well when competing with blue males, but do less

well when yellow and other orange males are common.

Similarly, yellow males do better when orange males are

common and blue males do best when in competition with

yellow males. Thus, male mating success is negatively fre-

quency dependent and both male reproductive success and

the frequency of each of the male morphs have been

observed to cycle over time.

Although initial research focused solely on the existence

of male alternative reproductive tactics (Sinervo and Lively

1996), variation in female throat color has now been found to

be associated with discrete variation in female reproductive

behavior (Sinervo et al. 2000, 2001, Sinervo and Zamudio

2001, Svensson et al. 2002, Comendant et al. 2003). Through

careful consideration of female clutch size, egg size, and

behavior, Sinervo et al. (2000) found that two discrete female

morphs exist. Yellow females produce few small eggs; orange

females produce many smaller eggs. When population

density is high, the offspring of yellow females have an

advantage because large eggs lead to greater offspring sur-

vival at high density. When population density is low, orange

females have greater reproductive success because they

produce more offspring. In this annual species, when the

population density is high in one year, offspring survival is

low causing the population to crash in the next year. How-

ever, since orange females produce many eggs and have a

fitness advantage at low population density, the population

increases again to a high density in the following year. Since

yellow females do well in a high-density year while orange

females do well in the following low-density year, the fitness

and frequency of female morphs oscillate with population

density in a 2-year cycle (Sinervo et al. 2000).

In this species, competition for mates occurs among

males, and females compete for territories and through their

offspring. Thus intrasexual competition affects fitness

within each sex (Sinervo and Lively 1996, Sinervo 1998,

1999, Zamudio and Sinervo 2000, Sinervo and Zamudio

2001). However, females have been shown to differ in their

mate choice patterns and a female’s tactic affects the per-

formance of her male offspring as well. Females also appear

to have some control over which male fertilizes their eggs

(Calsbeek and Sinervo 2002). Thus, patterns of female

choice and maternal effects that differ between female

morphs also affect the fitness of male morphs (Sinervo 1998,

Alonzo and Sinervo 2001). The assumption that male

competition alone determines male mating success fails to

explain observed patterns of male fitness because female

mate choice and maternal effects also influence the fitness of

male tactics. In fact, models examining only male compe-

tition and assuming no effect of females on male mating

success could not recreate the observed changes in the

frequency of male morphs through time (Alonzo and

Sinervo 2001). In contrast, models with incomplete female

control over mating were able to predict the observed cycles

(Alonzo and Sinervo 2001). In this species, both male and

female alternative reproductive tactics exist where the fit-

ness of each tactic depends on interactions within and

between the sexes in a very complex way. It is not known to

what extent competition within a sex and interactions

between the sexes affect individual fitness and further

studies are needed to determine the relative importance of

intra- and intersexual interactions on the fitness and coex-

istence of male and female alternative reproductive patterns.

However, this species clearly demonstrates that both males

and females can exhibit alternative reproductive tactics

within one species, that female competition can maintain

discrete variation in female reproductive behavior, and that

the fitness of male alternative reproductive tactics can

depend simultaneously on male competition and female

mate-choice behavior.

18.4.5 Future directions for empirical research

The excellent research on these four species illustrates that

we can gain a better understanding of alternative repro-

ductive tactics and the factors determining their fitness by

thinking about the concurrent effect of interactions within

a sex and conflict (or cooperation) between the sexes.

However, few if any studies have expressly examined the

relative importance of inter- and intrasexual interactions or

SIDE-BLOTCHED

Figure 18.6 Side-blotched lizard, Uta stansturiana. (From

R.C. Stebbins [1985] Western Reptiles and Amphibians. Boston,

MA: Houghton Mifflin.)
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considered how the co-evolution of male and female

behavior patterns may alter the evolution of alternative

reproductive tactics. The empirical patterns to date simply

argue for the potential of this approach. How female choice

patterns change as a result of changes in male competition or

the frequency of male alternative tactics remains an inter-

esting question. Although the effect of the frequency of

male alternatives on male fitness is sometimes examined

empirically, I am aware of no studies that have determined

whether female fitness or behavior is dependent on the

frequency of male tactics. It is possible that changes in the

interactions between males may have indirect effects on

female fitness and thus have cascading effects on female

choice and the fitness of male alternatives.

18 .5 FEMALE ALTERNATIVE

REPRODUCTIVE TACTICS

As some of the empirical examples described above illustrate,

female alternative reproductive behavior patterns do exist.

Although it is not known if alternative reproductive tactics

are less common in females than in males, they are certainly

less well studied than variation in male reproductive beh-

avior. It is possible that female alternatives, like many female

reproductive strategies, are simply less easily detected than

their male counterparts. For example, the female alternative

reproductive tactics in the side-blotched lizard were found

only after years of research on the male alternative repro-

ductive behavior patterns in this species, despite the fact that

females exhibit discrete variation in throat color. Yet, the

females of this species clearly exhibit discrete variation in

reproductive tactics similar to the classic examples of ARTs

inmales. Although variation in female life-history patterns or

reproductive allocation will be common, it is possible that

this variation among females in reproductive behavior may

more often be continuous than discrete. However, the same

mechanisms hypothesized to allow the stable coexistence of

alternatives in males could allow their coexistence in females.

When will females experience negative frequency-dependent

selection or condition-dependent fitness? Will they experi-

ence it as often as males, especially given that male compe-

tition is more commonly observed than direct competition

among females? The kind of competition that leads to

negative frequency-dependent selection in male fitness will

probably be uncommon in females. However, if we define

ARTs as discrete variation in reproductive tactics, I expect

that female alternatives due to condition-dependent fitness

will be relatively common, but recognizing discrete variation

in mate choice, egg size, provisioning behavior, or other

typical female behavior patterns may be more difficult than

recognizing the presence or absence of male courtship dis-

plays or territorial behavior. Although females may not

exhibit the same kind of direct competition for mates and

resources as often as we observe it in males, female compe-

tition for resources, mates, and sites is not uncommon.

Furthermore, even when females do not compete directly,

their offspring will compete with the offspring of other

females which can indirectly generate frequency-dependent

and condition-dependent reproductive success in females

just as we observe in males due to male competition.

To determine whether alternative reproductive tactics

are less common in females than in males, we need more

empirical research that is expressly focused on describing

and understanding individual variation in female repro-

duction. At present, we do not have sufficient research on

female alternative tactics to know if female alternative

reproductive behavior patterns are common in the wild. We

also need theory that is focused on understanding the spe-

cific conditions that will allow the evolution of discrete

variation in female reproductive tactics. In general, how-

ever, examples of classic alternative reproductive tactics in

females are known and indicate that female alternative

reproductive behavior patterns represent an interesting and

promising area of research.

For example, in a variety of damselfly species (Odonata),

female morphs are observed that differ in their color

patterns and reproductive behavior (Forbes 1994 , Forbes

et al. 1997, Cordero et al. 1998, Andres and Rivera 2001,

Sherratt 2001, Van Gossum et al. 2001, Andres et al. 2002,

Svensson et al. 2005). Usually, some females resemble males

of the same species (androchromes) while the others

(gynochromes) exhibit more classic female color patterns. It

has been hypothesized that females may “mimic” male color

patterns in order to avoid harassment by males (Forbes

1994, Forbes et al. 1997, Cordero et al. 1998, Sherratt 2001,

Van Gossum et al. 2001, Andres et al. 2002). Consequently,

these damselfly species may represent an example of conflict

between the sexes over mating that leads to alternative

reproductive patterns in females. In one species of dam-

selfly, Ischnura elegans, three female morphs exist. Two

color morphs are drab while the other morph is blue and

resembles males. Although the three morphs appear to have

similar survival, they differ in their mating frequencies

in the wild with gynochromes mating more often than

androchrome females (Cordero et al. 1998). Androchrome

females may have lower mating opportunities but also

Conflict between the sexes 443



experience reduced mating costs (Cordero et al. 1998).

Harassment of females also appears to depend on the

frequency of female color morphs and population density

(Van Gossum et al. 2001, Andres et al. 2002, Svensson et al.

2005). It has also been argued that males may simply prefer

the most common female morph leading to positive fre-

quency-dependent harassment of females and thus negative

frequency-dependent fitness of female color morphs (Van

Gossum et al. 1999, 2001, Svensson et al. 2005). Further

empirical research examining multiple variables simultan-

eously is needed to determine what mechanisms allow the

coexistence of these alternative female morphs.

Another example of discrete variation in female repro-

ductive behavior is intraspecific brood parasitism (Eadie and

Fryxell 1992, Nee andMay 1992, Lyon 1993, Johnston 1994,

Eadie and Lyon 1998, Ahlund and Andersson 2001). How-

ever, unlike in Odonata, this pattern of variation tends to be

age or context specific in expression (Sorenson 1991, Ahlund

and Andersson 2001). For example, in the American coot

Fulica americana, conspecific brood parasitism is common

and generates conflict between females (Lyon 1993). Some

females (called floaters) do not have their own nests and only

lay eggs parasitically. Other females lay eggs parasitically

before laying in their own nests (Lyon 1993, 1998, 2003a).

Females lay smaller clutches of their own eggs when para-

sitized and parasitism causes deviations from the optimal

clutch size (Lyon 1998, 2003b). Brood parasites tend to be

older and have higher fecundity than females that do not lay

eggs parasitically (Lyon 2003a). There is currently no evi-

dence for conflict between the sexes over this strategy and

males do not appear to mate with parasitizing females or

father the parasitic eggs in their own nest (Lyon et al. 2002),

although it may occur in other species.

More subtle examples of female alternatives also exist in

the form of context-dependent female choice (e.g., Sih and

Krupa 1992, Alonzo and Sinervo 2001, Qvarnstrom 2001)

and state-dependent reproductive patterns (e.g., Stearns

1992, Ruppell and Heinze 1999, Roff 2002). For example, as

observed in dunnocks, discrete context-dependent mating

patterns (e.g., monogamy, polygyny, polyandry, and even

polygynandry) coexist within a population. In other species,

females exhibit age-dependent variation in reproductive

behavior by helping at the nest when young and becoming

independent breeders later in life (e.g., Komdeur 1994,

1996, Komdeur et al. 1997). Female copying of the mate

choice decisions of other females often depends on female

age and experience leading to a state-dependent expression

of the reproductive tactic (e.g., Dugatkin and Godin 1992,

Goldschmidt et al. 1993, Brooks 1998,Westneat et al. 2000).

Sex ratio allocation has also been observed to depend on

female age and condition (e.g., Komdeur 1996, Svensson

and Nilsson 1996, Komdeur et al. 1997, Kojola 1998, Kruuk

et al. 1999, Pen et al. 1999, Bourke 2001, Albrecht and

Johnson 2002, Pienaar and Greeff 2003). Finally, maternal

effects often vary among and within individuals and can

cause discrete variation in offspring phenotypes (Sinervo

1998, Gil et al. 1999, Hunt and Simmons 2000, Badyaev

et al. 2002, Calsbeek and Sinervo 2002). For example, in

the dung beetle Onthophagus taurus, alternative male

phenotypes coexist: horned males are large, territorial, and

aggressive; hornless males are small and sneak copulations

(Moczek and Emlen 2000, Tomkins and Simmons 2000,

Hunt and Simmons 2001). This appears to be a classic

example of condition-dependent male alternative repro-

ductive tactics (Hunt and Simmons 2001). The horned

strategy has greater fitness when males are large, but males

do better adopting the hornless sneaker male tactic when

small. However, it has also been shown that differences

in female provisioning of offspring leads to the variation in

male size that generates the phenotypic polymorphism in

males (Hunt and Simmons 2000, 2001). Hence, this classic

example of male alternative reproductive tactics is actually

driven by variation in female provisioning behavior that

generates the necessary variation in male size for the male

alternatives to be expressed.

These examples clearly illustrate that discrete varia-

tion in female reproductive tactics exists in a variety of

forms. Female alternatives may not be the same as male

alternative reproductive tactics, and they may not be

driven predominantly by direct competition among females.

However, these examples clearly represent female alterna-

tive reproductive tactics arising because of condition- or

context-dependent reproductive success in females.

18 .6 MOVING FORWARD IN OUR

UNDERSTANDING OF

ALTERNATIVE REPRODUCTIVE

TACTICS

Considering co-evolution between males and females is

one important way in which we can advance our under-

standing of male and female alternative reproductive tactics.

Although it is now generally recognized that negative

frequency-dependent selection and condition-dependent

fitness can allow the stable coexistence of alternative

reproductive tactics, we do not have general predictions
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regarding how co-evolution between the sexes will affect the

evolution of variation within a sex. Neither female choice

nor male behavior will be static even though they are treated

this way in most models of alternative reproductive strat-

egies. Instead, reproductive tactics in each sex are the out-

come of interactions within and between the sexes. It is

clear, however, that female choice has the potential to either

suppress or allow the stable coexistence of male alternatives

(Alonzo and Warner 2000c, Alonzo and Sinervo 2001)

(Figure 18.2, Table 18.1). Furthermore, it is also possible

that variation in reproductive tactics in one sex may allow

the evolution of alternative tactics in the other sex (Alonzo

and Warner 2000c, Alonzo and Sinervo 2001) (Figure 18.2,

Table 18.1). More empirical examples are needed where

male and female fitness and behavior are well studied within

one species so that we can determine how female choice

among tactics affects male alternatives and how the exist-

ence of male alternatives affects the evolution of female mate

choice and other reproductive strategies. We also need co-

evolutionary theory based on genetic models examining the

evolution of male behavior and female choice concurrently.

Finally, further empirical and theoretical research on female

alternative reproductive tactics will lead to a greater

understanding of female behavior and the evolution and

expression of alternative reproductive tactics in general.
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19 · Cooperative breeding as an alternative reproductive tactic

WALTER D. KOENIG AND JANIS L. DICKINSON

CHAPTER SUMMARY

Cooperative breeding, in which more than a pair of

individuals cooperates to produce young, is found in a small

proportion of birds, mammals, and fishes. Cooperative

breeding encompasses a variety of alternative tactics. Some

of these, such as mate sharing by males and joint nesting

by females, explicitly concern reproduction, while others,

such as cooperative courtship and helping at the nest by

nonbreeders, involve activities leading to indirect repro-

duction through kin. In addition to these behavior patterns,

cooperative breeding systems less commonly exhibit tradi-

tional alternative reproductive tactics (ARTs), including

sneaking by males and parasitic egg laying by females. In

virtually all cases, cooperative breeding behavior is condi-

tional, facultative, and potentially frequency dependent, at

least within groups. However, few attempts have been made

to understand the expression or diversity of reproductive

tactics observed in cooperative breeding systems using the

theoretical framework provided by ART theory. Viewing

alternatives as ARTs may help to clarify the selective forces

that promote helping at the nest and mate sharing and help

to explain the infrequent occurrence of parasitic repro-

ductive behavior patterns in cooperative breeders.

19 .1 INTRODUCTION

Cooperative breeding is a phenomenon in which more than a

pair of individuals shares the tasks of producing young in a

single nest or litter. It is known to occur in about 3% of birds

andmammals (Brown 1987, Arnold andOwens 1998, Russell

2004), as well as some fishes (Taborsky 1994, 2001), but

may be considerably more frequent given that the mating

systems of many species remain to be determined (Cockburn

2003). We will restrict our discussion to these vertebrate

taxa. However, cooperative breeding can be considered a

continuum culminating in eusociality (Sherman et al. 1995)

suggesting that the ideas we discuss might also be applicable

to social bees and wasps (Strassman et al. 1994, Crespi and

Yanega 1995, Sherman et al. 1995, Brockmann 1997).

Cooperative breeding is complex and includes a diversity

of behavior, even when restricted to vertebrates. Most

commonly, it involves one or more offspring that remainwith

their parents as “helpers at the nest.” Such helpers typically

feed young but do not participate in direct reproduction due

to a combination of incest avoidance (Koenig et al. 1998,

Koenig and Haydock 2004) and social dominance (Keller

and Reeve 1994). Instead, they generally gain kin-selected,

inclusive fitness benefits by helping to raise younger siblings

(Dickinson 2004b, Dickinson and Hatchwell 2004). In these

cases helping is clearly an alternative behavioral tactic, but

since helpers are not actually reproducing, it is debatable

whether one can consider this behavior an alternative

reproductive tactic, unless behavior enhancing indirect fitness

is included in this category. In other species, however,

helpers exhibit behavior patterns that lead to successful

breeding, sometimes coincident with helping, including

parasitizing reproduction by dominants within their home

group (when incest can be avoided) and engaging in extra-

group mating attempts outside their home group (Double

and Cockburn 2003, Cockburn 2004). In such cases helpers

are clearly engaging in alternative reproductive tactics

(ARTs), of which helping at the nest may be considered part

of the overall strategy. Here we take the approach that it is

worthwhile to examine helping at the nest in the context of

traditional ART approaches, even when personal reproduc-

tion is not part of the tactic. Our rationale for this is, in part,

because of our belief that the fitness consequences of ARTs,

like other social behavior patterns, should be measured in

terms of both direct and indirect benefits.

Beyond standard helping at the nest, there are a variety

of mating systems that can be considered under the rubric of

cooperative breeding. To the extent that these alternative

Alternative Reproductive Tactics, ed. Rui F. Oliveira, Michael Taborsky, and H. Jane Brockmann. Published by Cambridge University Press.

ª Cambridge University Press 2008.
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mating systems co-occur with alternatives within the same

population, they clearly fit the definition of an ART. These

include mate sharing (or cobreeding) by males and joint

nesting (or true communal nesting) by females (Faaborg and

Patterson 1981, Hartley and Davies 1994, Vehrencamp and

Quinn 2004). They also include cooperative courtship, a

behavior found in a few avian taxa including manakins

(family Pipridae) (McDonald 1989, McDonald and Potts

1994), and the wild turkey Meleagris gallapavo (Watts and

Stokes 1971, Krakauer 2005). Although the latter phe-

nomenon does not extend to raising young, these behavior

patterns all unambiguously involve reproduction, can entail

considerable intrasexual conflict, and are often highly

variable within a population – some individuals may share

mates or display cooperatively while others may not.

Despite the plethora of reproductive alternatives found

in cooperative breeders, this phenomenon has rarely been

discussed within the context of ART theory. Here we do

this with the goal of focusing attention on questions that are

generally overlooked with more traditional approaches.

19 .2 “HELPING AT THE NEST”

AS AN ART

The extremes of behavior among helpers at the nest are

represented by the superb fairy-wren Malurus cyaneus in

Australia and the acorn woodpecker Melanerpes formicivorus

in California. In the superb fairy-wren virtually all males,

regardless of status within their home groups, attempt to

engage in extra-group matings with the result that a majority

of successful fertilizations are extra-group in origin (Brooker

et al. 1990, Mulder et al. 1994, Dunn and Cockburn 1999,

Double and Cockburn 2003). In such a case, the very concept

of a “helper” is ambiguous to the extent that virtually all

males end up feeding young to which they are not related

(Dunn et al. 1995). In contrast, in acorn woodpeckers, no

extra-group mating occurs and incest avoidance generally

constrains helpers from attempting to reproduce within their

home group (Koenig et al. 1998, 1999, Koenig and Haydock

2004). Helpers in this case are nonbreeders, but their

behavior generates indirect fitness benefits that are clearly an

alternative to breeding independently (Dickinson 2004b,

Dickinson and Hatchwell 2004).

19.2.1 Fitness consequences of helping by

nonbreeders

By definition, nonbreeding helpers do not achieve fitness

benefits through direct reproduction. Such helpers are most

frequently offspring of the breeders, and are often known or

presumed to be refraining from reproduction because of

incest avoidance (Koenig and Haydock 2004). Such species

constitute the most common type of cooperative breeding

system. Nonbreeding helpers are often primarily males, but

in some cooperative species, they can be either males or

females, and in a few, including the Seychelles warbler

Acrocephalus sechellensis (Komdeur 1994, 1996), white-

throated magpie-jay Calocitta formosa (Innes and Johnston

1996), and American crow Corvus brachyrhynchos (Caffrey

1992), helpers are mostly or exclusively female.

A good example of a species with nonbreeding helpers of

both sexes is the Florida scrub-jay Aphelocoma coerulescens.

This well-studied species lives in year-round territories and

is socially and genetically monogamous (Quinn et al. 1999).

About half of the groups consist of a breeding pair only, while

the other half have one to eight nonbreeding helpers, both

males and females that are generally offspring of the breeding

pair (Woolfenden and Fitzpatrick 1984). Helpers have been

demonstrated experimentally to increase the productivity of

groups, primarily by decreasing predation on nestlings and

increasing fledgling survival (Mumme 1992). Helpers thus

gain indirect fitness benefits by aiding in the reproduction of

relatives. They potentially achieve other fitness benefits as

well, including an increased probability of inheriting part of

their natal territory (Woolfenden and Fitzpatrick 1986).

It is clear that the fitness benefits of being a Florida

scrub-jay breeder far outweigh those of being a helper.

Emlen (1978), for example, estimated that the annual

inclusive fitness achieved by a helper was 0.16 offspring

equivalents (OEs) compared to a minimum of 0.51 offspring

produced by independent pairs. Similar conclusions have

been reached in other species with offspring that remain as

nonbreeding helpers, even though details of the mating

systems differ. For example, in the western bluebird Sialia

mexicana, a species with occasional male helpers in which

extra-pair matings are relatively common (Dickinson and

Akre 1998), the estimated annual inclusive fitness of sons

that help was only 0.41 OEs compared to 3.02 OEs for sons

that breed (Dickinson 2004a). Helping at the nest can thus

be considered an example of an alternative behavioral (if not

reproductive) tactic in which the fitness pay-off of one

alternative is clearly inferior to the other. Faced with such

inequalities, it is unsurprising that helping in these species

is generally considered a default strategy pursued by indi-

viduals that are unable to attain breeding status and that

helpers are usually believed to be making the best of a bad

job (Dickinson and Hatchwell 2004).
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19.2.2 Conditionality and plasticity

Like many, if not most, alternative tactics, helping is a

conditional strategy (Gross 1996). This does not imply the

lack of a genetic component to the expression of cooperative

breeding. Although such data are rare, there is evidence in

pinyon jaysGymnorhinus cyanocephalus that helping tends to

occur in certain lineages (Marzluff and Balda 1990), and a

similar genetic basis most likely forms the foundation for

helping in other cooperative breeders. However, there is no

evidence from any cooperative breeding species that the

tactics expressed represent underlying genetic differences

among individuals (Austad 1984).

Helping is typically age related, with individuals helping

when young and switching as they become older or as the

opportunity arises. However, individuals do sometimes

switch back and forth between the two strategies, depending

on ecological factors and on their own individual success

at breeding. For example, all helpers in long-tailed tits

Aegithalos caudatus and many in Galápagos mockingbirds

Nesomimus parvulus, western bluebirds, and white-fronted

bee-eatersMerops bullockoides are failed breeders that return

home after their own nests have failed to help at the nest

of their parent or other close relative. Other Galápagos

mockingbirds help after fledging a successful nest of their

own, and some western bluebird sons do so while simul-

taneously breeding themselves (Curry and Grant 1990,

Emlen 1990, Dickinson et al. 1996, Dickinson and Akre

1998, Hatchwell et al. 2001). Such examples are of interest

because they clearly illustrate ways in which helping is an

alternative behavioral tactic that can be employed whether

or not helpers are engaged in personal reproduction.

The facultative nature of most helping behavior is

clearly demonstrated by its plasticity, facilitated by a lack of

clear morphological or even substantive physiological dif-

ferences between helpers and breeders apart from a correl-

ation between status and age. The plastic nature of helping

and cooperative breeding even appears to hold across popu-

lations, a finding recently demonstrated in carrion crows

Corvus corone, where at least some offspring transplanted

from a noncooperatively breeding population in Switzerland

to a cooperatively breeding population in Spain delayed

dispersal and became helpers (Baglione et al. 2002).

Most work studying potential physiological differences

between helpers and breeders has been endocrinological. In

red-cockaded woodpeckers Picoides borealis, for example,

where young males commonly help their parents, there are

no differences in plasma testosterone (T) levels between

male breeders and helpers, with T levels peaking during

the copulation period (Khan et al. 2001). This could be

indicative of the possibility that helpers are pursuing some

other ART and potentially mating outside their home

group. If so, however, they appear never to be successful,

as pairs are genetically monogamous (Haig et al. 1994).

In the cases in which reproductive hormones have been

found to be lower in helpers compared to breeders, differ-

ences can often be attributed to dominance rather than to

reproductive incompetence or physiological differences

between breeders and helpers. For example, in superb fairy-

wrens, T levels are higher in dominants than subordinates

but there are no intrinsic differences between breeders

and helpers, as levels in helpers are similar to levels in

breeders from groups without helpers (Peters et al. 2001).

Rather than distinguishing helpers, such differences are

more plausibly consistent with the “challenge hypothesis”

(Wingfield et al. 1990), which suggests that the challenges

dominant males experience as they interact aggressively

with same-sex group members cause the observed elevated

T levels. A similar idea was proposed by Reyer et al. (1986)

to explain the differences in T levels found between helper

pied kingfishers Ceryl rudis that are related to the breeders

and thus, because of incest avoidance, not competing with

dominants for matings, and those that are unrelated and

thus potential reproductive rivals.

In summary, hormonal differences distinguishing

helpers have been observed in some cases, but these are

generally believed to be a consequence of behavioral dif-

ferences rather than a cause of those differences. In short,

helpers do not appear to differ from breeders endocrino-

logically in ways that present a substantive block to potential

reproduction (Schoech et al. 2004).

19.2.3 Frequency dependence

As with many ARTs, helping at the nest is generally fre-

quency dependent. Frequency dependence can be examined

on at least three levels. First, the incidence of helping is in

many cases density dependent with higher frequencies of

helping in denser populations (Koenig and Mumme 1987,

Emlen 1991) or, alternatively, in years when a particular

population is larger (Woolfenden and Fitzpatrick 1984,

Koenig andMumme 1987). This suggests that the ecological

factors resulting in helping behavior are sensitive to popu-

lation density; that is, as population density increases, there

are fewer breeding opportunities and a greater proportion

of the population settles for helping. An unambiguous
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example is provided by the experiments in which groups of

the cooperatively breeding Seychelles warbler were trans-

planted to an uninhabited island where, at low density and in

the sudden absence of competition, all birds bred inde-

pendently and helping did not occur (Komdeur 1992).

Second is frequency dependence of helping within a

population. Unfortunately, since the incidence of non-

breeding helpers is almost always density dependent, it is

difficult to quantify the potential effect of frequency on the

fitness of helpers independent of population density. For

the most part, however, there is no reason to expect that the

fitness benefits of helping are affected by its frequency in the

population as a whole, except to the extent that helpers are

potentially pursuing direct reproductive tactics leading to

extra-pair fertilizations (see below). Instead, in most cases

the occurrence of this behavior reflects variation in indi-

vidual quality combined with spatial and temporal variation

in the ecological conditions that affect the ability of indi-

viduals to pursue the superior behavioral alternative of

independent reproduction (Brockmann 2001, Dickinson

and Hatchwell 2004).

The third way that frequency dependence of helping can

be examined is within social groups. In particular, the fit-

ness benefits of helping are typically inversely related to its

frequency within a group. For example, in Florida scrub-

jays, annual fledgling production is greater among groups

containing at least one helper compared to pairs, but there

are no differences in success among groups with one helper

compared to those with more than one helper (Woolfenden

and Fitzpatrick 1984, 1990). Consequently, virtually all the

fitness benefits to be gained by helping are accrued by the

first helper. Additional helpers beyond the first usually

confer little or no benefit to group survival and reproduc-

tion, although variations exist, such as in the stripe-backed

wren Campylorhynchus nuchalis, where it takes two helpers

for a group to outperform groups with no helpers, but

additional helpers beyond two confer little or no apparent

benefit (Rabenold 1990).

Frequency dependence within groups provides a sound

basis for considering the phenomenon of cooperative

breeding using a modeling approach similar to that applied

to many ARTs. Consider first how fitness is related to fre-

quency, or number, of helpers. At low frequency (e.g., a

single helper), the indirect fitness benefits of helping are

fairly high, although not nearly as great as the benefits of

breeding (Figure 19.1A). However, with few, if any, add-

itional indirect fitness benefits gained by additional helpers,

their fitness decreases more or less inversely with their

frequency once it surpasses a single helper. At some point

(Shf), the fitness curve crosses that of leaving the group and

becoming a floater. At that point, individuals faced with the

alternative of staying to help or leaving the group should opt

for the latter, even when no breeding opportunity is avail-

able. If a breeding opportunity is available, breeding is

always the superior strategy.

(A)

Breeders

Helpers
Floaters

Frequency (number) of helpers

Competitiveness

F
itn

es
s Shf

Floater

1st helper

2nd helper

3rd helper
S1S2S3

(B)

Figure 19.1 A simple model viewing helping-at-the-nest as an

ART. (A) Fitness of breeders, helpers, and floaters as a function of

helper frequency. The fitness of floaters is independent of helping

frequency, while breeders gain fitness with up to one helper, but

additional helpers provide little or no fitness benefit. Helpers gain

inclusive fitness benefits that decline as they are divided among

an increased frequency (number) of helpers. (B) Fitness of helpers

and floaters as a function of condition (competitive ability). Helping

is assumed to be the best strategy for young, uncompetitive

individuals, while the potential advantages to floating increase as

individuals get older and more competitive. However, the major

benefits of helping are achieved by the first helper, while additional

helpers achieve little fitness regardless of their competitive ability.

Consequently, the (nþ 1)th potential helper should switch to

become a floater sooner and at a younger age than the nth helper.
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Second, consider how condition, as it relates to

competitiveness, might affect the propensity for an indi-

vidual to gain an independent breeding position rather than

become the nth helper in their home group (Figure 19.1B).

Highly competitive individuals, which are older or in good

condition, will be better off leaving the group and floating.

Less competitive individuals, however, will achieve higher

fitness by remaining as a helper, with the switch point for

the sole helper in a group at S1. Because of the frequency-

dependent fitness benefits of helping, however, individuals

should only remain as successive helpers in a group if they

are of even poorer competitive ability, switching at the ever-

lower point Sn to become the nth helper in the group.

To the extent that this kind of model accurately reflects

the relationship between condition and the fitness pay-offs

of breeding versus helping, it should be possible to predict

the tactic pursued by offspring based not just on the

external spatial and temporal factors influencing availability

of breeding opportunities, but also on the basis of individual

quality, condition, or (suitably modified) other factors that

may influence fitness of nondispersing offspring. Kokko and

Ekman (2002), for example, explored a formal version of

such a model tailored to the biology of the Siberian jay

Perisoreus infaustus, a species in which offspring stay at home

but do not help. Based on the model, they were able to

successfully fit observed group sizes in this species and

confirm the importance to offspring of using the natal ter-

ritory as a “safe haven” while waiting for breeding oppor-

tunities. In species with helpers, the benefits of staying

home and helping may include the importance of family

group living and family-owned resources outside the

breeding season, which would not show up in an analysis of

breeding effects (Dickinson and McGowan 2005).

In general, however, applying this sort of model to

predict individual behavior in cooperative breeders will be

difficult, both because of the problems of measuring con-

dition independent of age and because of the many ways that

the fitness consequences of the decisions made by different

individuals can influence the fitness of others. Most obvi-

ously, the decision by an individual to remain as a second

helper influences the fitness of all other individuals,

including that of the first helper. There are potentially other

less obvious effects as well. For example, helpers in a few

species, such as acorn woodpeckers, form coalitions whose

members are more competitive in obtaining reproductive

opportunities than individuals are by themselves (Hannon

et al. 1985). This functionally increases the competitiveness

of multiple helpers and decreases the switch point for

helping beyond the first (S2, S3, etc.). Consequently, one

would predict that groups are unlikely to contain multiple

helpers unless the helpers are of such poor quality that they

are unable to form competitive coalitions. Coalition for-

mation is also found in other contexts, most notably among

male African lions (Bygott et al. 1979), which are similarly

more competitive for gaining control of female prides than

singletons.

A third potential factor affecting the fitness pay-offs is

the frequency of extra-pair paternity. In the cooperatively

breeding western bluebird, extra-pair fertilizations are fairly

common, with 19% of the offspring in 45% of the nests

sired by males other than the social mate (Dickinson and

Akre 1998). Young males sometimes breed and help sim-

ultaneously, moving between their own nest and that of

their parents, which is often next door. The fitness benefits

of these alternatives are dependent, in part, on the incidence

of extra-pair paternity in both the helper’s own nest and the

nest of his parents where he may potentially help. How

these factors interact to influence the effort birds should

devote to the behavioral alternatives of breeding versus

helping was explored by Dickinson et al. (1996), who cal-

culated that birds should, under most circumstances, only

help if they have less than complete confidence of paternity

at their own nests (Figure 19.2). Such factors are also likely

to play a role in the behavior of other species in which extra-

group parentage is common, such as the Australian fairy-

wrens (Dunn et al. 1995, Dunn and Cockburn 1996, Double

and Cockburn 2003).

19.2.4 Within-group reproduction by helpers

In many cooperative breeders, individuals that would

otherwise be nonbreeding helpers can “inherit” and become

breeders in their home group. In most, although not all

cases, inheritance is constrained by incest avoidance and

thus only occurs after the breeder of the opposite sex,

usually the parent, has died and been replaced by a new,

unrelated individual (Koenig and Haydock 2004). Examples

include superb fairy-wrens (Dunn et al. 1995), stripe-

backed wrens (Rabenold et al. 1990, Piper and Slater

1993), acorn woodpeckers (Koenig et al. 1998, Koenig

et al. 1999), dwarf mongooses Helogale parvula (Rood

1990), meerkats Suricata suricatta (O’Riain et al. 2000),

and Damaraland mole-rats Cryptomys damarensis (Bennett

et al. 1996, Cooney and Bennett 2000). In some cases,

inheritance of breeding status is one way in which same-sex

individuals form breeding coalitions that compete for and
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subsequently share breeding opportunities. In acorn

woodpeckers, for example, offspring of either sex may

become a cobreeder within a group through inheritance,

cooperative dispersal with same-sex siblings, or by joining a

same-sex relative (usually a sibling) that previously dis-

persed to another group (Koenig et al. 1998).

Fishes exhibit an even greater diversity of tactics leading

to within-group reproduction (Taborsky 1994, 2001).

Besides territorial inheritance when dominant breeders are

removed (Balshine-Earn et al. 1998), small males of some

species exhibit traditional “satellite” or “sneaker” behavior,

living adjacent to a dominant “bourgeois” male and para-

sitizing his reproductive effort without being explicitly

tolerated. In others, satellite males are accepted, at least to

some extent, by the dominant male (Taborsky et al. 1987,

Martin and Taborsky 1997, Oliveira et al. 2002). In most of

these cases, kinship appears to be low between the dominant

and satellite males, and thus when the latter are tolerated, it

is presumably because of the reciprocal fitness benefits

they offer to dominants. A well-studied example is that of

the cichlid Neolamprologus brichardi in which young often

remain on their natal territory long after their parents have

died and eventually become reproductively mature helpers

sharing the territory with a dominant, unrelated pair of

breeders (Taborsky 1984, 1985). Such helpers act furtively

and sneak fertilizations from the dominant male, success-

fully gaining direct reproduction and protection against

predation in apparent exchange for increasing the prod-

uctivity of the group (Taborsky 2001).

Although the origins of these ARTs differ among taxa,

they are all mechanisms by which helpers share reproduc-

tion within a social unit. Such cobreeding (also known as

joint nesting when it involves females nesting together) is

discussed in greater detail in Section 19.3.

19.2.5 Extra-pair and extra-group reproduction

by males

In a few species, nonbreeding helpers within their home

group also pursue strategies potentially leading to extra-pair

matings with individuals outside their home group. Helpers

in these species are unambiguously pursuing the traditional

ART of attempting to circumvent reproductive monop-

olization by dominants through sneaking, while simultan-

eously engaging in the less common ART of helping at the

nest where they gain indirect fitness benefits.

In the plural-breeding Mexican jay Aphelocoma

ultramarina, groups consist of multiple pairs of birds that

build nests independently along with offspring from prior

breeding attempts that remain as potential helpers within

the group (Brown and Brown 1990). With both retention of

young and dispersal among social groups, kinship rela-

tionships within groups are complex and ever changing.

Pairs build nests independently, but unpaired males pursue

paired females within groups and account for a high pro-

portion (40%) of overall parentage through extra-pair

matings (Li and Brown 2000). These unpaired males are

more likely to care for nestlings if they have sired young in
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Figure 19.2 Estimates of the fitness benefits potentially gained by a

male western bluebird that has the choice of helping at his own nest

or helping at his father’s nest as a function of the proportion of

young the bird sires in his own nest (Ps) and the proportion of

young his father sired at his nest (y-axis, Pf). Note that if the son

sires no offspring in his own nest then he should always help at his

father’s nest, regardless of the latter’s share of paternity, while if

the son can expect to sire all offspring in his own nest he should

not help even if his father achieves 100% paternity. (From

Dickinson et al. 1996, with permission of Oxford University Press.)
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the brood, suggesting that females engage in extra-pair

matings primarily to gain additional paternal care (Li and

Brown 2002).

A second example is that of the Australian fairy-wrens

(genus Malurus). In the particularly well-studied superb

fairy-wren, for example, social groups are variable but fre-

quently consist of a social pair along with one or more

subordinate male offspring. However, in contrast to other

helper systems, extra-group matings are not just common,

but constitute the majority of fertilizations, with over 65%

of the offspring sired by males outside the social unit

(Brooker et al. 1990, Mulder et al. 1994). Given this situ-

ation, all birds in the population, including dominant males,

dominant females, and subordinate (“helper”) males, can be

considered to be at least potentially pursuing the ART of

mating outside their social group. Extra-pair fertilizations

appear to take place primarily before dawn when females

foray into other territories seeking out older, high-quality

males that molt earlier and remain in breeding plumage

longer (Dunn and Cockburn 1999, Green et al. 2000).

Meanwhile, younger, unrelated males that are not likely

to achieve extra-pair matings appear to provide paternal

care in return for some reproductive access to their social

mates (Dunn and Cockburn 1996, Cockburn et al. 2003).

However, males helping at nests of dominant males do gain

extra-group matings, apparently by acting as satellites and

copulating with females that visit the dominant male during

predawn forays (Double and Cockburn 2000, 2003).

This extraordinary system appears to entail at least four

partly overlapping ARTs that are primarily condition

dependent, but also influenced, in part, by group compos-

ition (Box 19.1). First is the “stud” ART of being highly

attractive to extra-group females and achieving many extra-

group matings. This tactic is only available to older, high-

quality males that are able to molt early (Peters 2000, Peters

et al. 2000). Second is the “steady” territorial tactic of

achieving within-pair matings with a social mate. In contrast

to most other species, this appears to be a “best-of-a-bad-

job” alternative pursued by males that are younger and

otherwise unattractive to foraying females. Third is para-

sitizing stud males, a tactic that can be successfully pursued

by subordinate helpers fortunate enough to be in a social

group with an old, highly attractive dominant male. Fourth

is the tactic of gaining kin-selected indirect fitness benefits

by helping raise related offspring, an ART pursued by

younger males that are living in a social unit with their

mothers and otherwise unable to achieve extra-group mat-

ings. Determining the fitness costs and benefits of these

options, together with the points at which birds would be

expected to switch from one tactic to another, is clearly a

challenge.

19.2.6 Intraspecific brood parasitism

by females

In some cooperative breeding systems, such as those found

in rails (Rallidae), females engage in ARTs as diverse as

those used by male superb fairy-wrens. Three species

have been studied in detail (common moorhen Gallinula

Box 19.1 Superb fairy-wrens

Male superb fairy-wrens, a spectacularly plumaged,

small (<14 cm in length) species common in eastern

Australia (Figure 19.3), exhibit one of the most complex

sets of alternative reproductive tactics of any known

male vertebrate (Dunn and Cockburn 1996, 1999,

Cockburn et al. 2003). Particularly attractive males are

able to hold territories while simultaneously obtaining

considerable fitness by means of extra-group matings.

Other males, unsuccessful at such extracurricular

courtship, maintain territories and gain direct fitness by

mating with their social mates. Unattractive territorial

males and young males still living with their mother may

end up as helpers raising what in the former case are

unrelated offspring. However, sometimes such males

may act as satellites mating parasitically with females

drawn to their group due of the presence of a particu-

larly attractive dominant male (Table 19.1).

Figure 19.3 Superb fairy-wren, Malurus cyancus. (Photograph

ª 2005 Ros Runciman and Yeranda Images, used with

permission.)
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chloropus, pukeko Porphyrio porphyrio, and Tasmanian

native hen Gallinula mortierii), the most complex of which

appears to be the common moorhen (Box 19.2). In addition

to joint nesting (see Section 19.3), over 25% of breeding

females of this species parasitize a neighbor’s nest. The

majority of these females lay eggs either before initiating

their own nest or following predation. However, at least

some females are nonterritorial floaters that attempt to

circumvent the reproductive monopolies of territorial

females by parasitism (McRae 1998). Once they have started

laying eggs in their own nests, parasitized females generally

accept foreign eggs (McRae 1995). Although the reasons for

host tolerance are not entirely clear, quasi-parasitism, in

which the parasitic female mates with the host’s mate, is not

involved. However, hosts are often genetic relatives and

thus kin selection may play a role (McRae and Burke 1996).

Commonmoorhens also lay eggs communally and young

birds often remain in their natal group, sometimes as non-

breeding helpers, but more commonly and extraordinarily,

as incestuous cobreeders committing father–daughter incest

and laying eggs jointly with their mother (McRae 1996).

Thus, female ARTs in this system include (1) being a

nonbreeding helper, presumably gaining indirect fitness

benefits by helping to raise younger siblings; (2) becoming a

floater and laying eggs parasitically in the nests of other

females; (3) mating incestuously in the natal group and

laying eggs jointly with the mother; (4) becoming a dom-

inant territorial female in laying eggs in a group; and (5)

laying eggs parasitically in another female’s nest while being

a breeder in a territorial group.

Of these tactics, helping by nonbreeders (1), joint

nesting (3, although not necessarily incestuously), and

being a dominant breeder (4) have also been reported in

pukeko (Craig and Jamieson 1990, Jamieson et al. 1994,

Table 19.1. Summary of male ARTs in superb fairy-wrens

Stud Steady Parasite Helper

Characteristics Attractive

territorial dominants

Nonattractive

territorial dominants

Territorial

subordinates

Offspring

Offspring of breeder female? No No No Yes

Obtains within-group matings? Yes Yes Sometimes No

Obtains extra-group matings? Yes No Yes No

Acts as satellite? No No Yes No

Acts as helper? No No Yes Yes

Primary fitness gains Direct Direct Indirect Indirect

Box 19.2 The common moorhen

Female common moorhens, a rail found throughout

much of the Americas as well as Europe, Asia, Africa,

and Australasia, are the analog of male superb fairy-

wrens in terms of exhibiting a wide range of alternative

reproductive tactics (McRae 1996, 1998) (Figure 19.4).

Some females remain in their natal group as subordin-

ates and act as nonbreeding helpers, others become

nonterritorial floaters that lay eggs parasitically in other

females’ nests, while still others remain in their natal

group as subordinates nesting jointly with their mother

and breeding incestuously with their father (Table 19.2).

Dominant, territorial females lay eggs in their own

group and in addition sometimes lay eggs parasitically in

the nests of other females.

Figure 19.4 Common moorhen, Gallinula chloropus.

(Photograph ª 2005 Richard Ditch, used with permission.)
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Lambert et al. 1994, Jamieson 1997) and Tasmanian native

hens (Goldizen et al. 1998, 2000). Intraspecific brood

parasitism in these species has not been confirmed, but it

would not be surprising if it were eventually found. The

perspective of ARTs can help define the data required to

sort out the conditional and ecological factors that influence

the range and choice of tactics observed within these

populations.

19.2.7 Additional considerations

Helping at the nest is a diverse phenomenon encompassing

a variety of highly plastic, potentially condition-dependent

tactics yielding either indirect fitness benefits, direct

reproductive success, or both. In most cases where helpers

gain only indirect fitness benefits but do not breed or

achieve direct reproduction within their social groups, they

are cooperating with the dominant resource holder. In cases

where helpers parasitize the reproductive effort of dominant

males (such as in the fishNeolamprologus pulcher), mate with

paired females (as in the Mexican jay), or parasitize the

attractiveness of dominant stud males (as in the superb

fairy-wren), the satellites or helpers are sneaking in order

to evade the monopoly on reproduction that dominant

resource-holding males would otherwise achieve.

In these latter cases, helpers use unambiguous subor-

dinate ARTs to achieve some degree of reproduction,

although their fitness outcome is lower than that of older,

resource-holding, dominant males. However, these cases

grade into those where subordinates appear to cooperate with

dominants to achieve some measure of direct reproduction.

This continuum is most clearly shown by cooperatively

breeding fishes, where subordinate, satellite males vary from

those that parasitize dominant bourgeois males that exclude

the satellites from their territories whenever possible to

those that apparently cooperate with and are tolerated by

bourgeois males despite achieving some measure of paternity

(Taborsky 2001). These cases are discussed further below,

where we focus explicitly on mate sharing and reproductive

sharing in cooperative breeders.

19 .3 COOPERATIVE POLYGAMY AND

MATE SHARING AS ARTS

As discussed above, helpers in some cooperative breeding

systems inherit and achieve direct reproduction within

their home group, often sharing breeding status and mates

with older breeders of the same sex. In others, however,

individuals form same-sex coalitions that compete for

reproduction with other such coalitions to obtain breeding

positions and then, once they succeed, compete among

themselves for reproduction. Coalitions may only compete

for matings, as in several species of manakins (genus

Chiroxiphia) (Foster 1981, McDonald and Potts 1994) and

wild turkeys (Watts and Stokes 1971, Krakauer 2005). More

commonly, coalitions eventually share reproduction once a

breeding opportunity is achieved. Such coalitions may be

composed of related individuals, as in acorn woodpeckers

(Koenig et al. 1984) and Tasmanian native hen (Maynard

Smith and Ridpath 1972), unrelated individuals, as in

dunnocks Prunella modularis (Davies 1992), the alpine

accentor Prunella collaris (Davies et al. 1995, Nakamura

1998a, b), Arabian babblers Turdoides squamiceps (Lundy et

al. 1998), and white-winged choughs Corcorax mela-

norhamphos (Heinsohn et al. 2000); or a mixture of related or

unrelated males, as in African lions (Packer et al. 1991,

2001). With few exceptions, these systems are facultative

and result in variation in actual reproductive access within

groups. Diversity among female mate-sharing systems is as

great as among male systems.

The evolution of mate sharing is not well understood.

However, most systems in which mate sharing is typically

among relatives also have nonbreeding helpers, suggesting

that factors similar to, and perhaps more intense than, the

Table 19.2. Summary of female ARTs in common moorhens

Dominant Incestuous Floaters Helper

Characteristics Territorial Subordinate offspring Nonterritorial Offspring

Lays eggs in home nest? Yes Yes – No

Lays parasitic eggs in other nests? Yes No Yes No

Acts as helper? No No No Yes

Primary fitness gains Direct Direct/indirect Direct Indirect
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kinds of constraints promoting helping at the nest lead

ultimately to mate sharing and cooperative polygamy

(Dickinson and Hatchwell 2004). In contrast, species in

which cobreeders are typically unrelated generally do not

have helpers, thus suggesting an alternative route to the

evolution of such systems, most likely sexual conflict

(Davies 1992).

19.3.1 Male mate-sharing systems

Mate sharing (cobreeding) by males, or cooperative poly-

andry, is much less common than helping at the nest (Brown

1987). However, several variations of cooperative polyandry

are found in vertebrates. In acorn woodpeckers, for

example, breeding coalitions of males are formed either by

inheritance of breeding status by helpers following the

death and replacement of related female breeders in a group

or by brothers forming coalitions that compete for repro-

ductive vacancies together (Hannon et al. 1985). In both

cases, cobreeders subsequently compete with each other for

paternity (Haydock and Koenig 2002, 2003). Currently, it is

unclear to what extent reproduction is monopolized by only

one of the cobreeder males. Although one male usually

fathers most or all the young in a particular brood, paternity

of offspring within broods appears to be an all-or-nothing

affair, and it is possible that cobreeding males have an equal

probability of fathering any particular offspring. Similar

coalitions of brothers or other kin are found in several other

species including the Tasmanian native hen (Maynard

Smith and Ridpath 1972), human villages of the Ladakh in

Himalayan Tibet (Crook and Osmaston 1994), and the

cichlid Neolamprologus multifasciatus (Taborsky 2001).

Determining the precise fitness consequences of mate

sharing in these systems requires extensive molecular ana-

lyses, which are mostly still in their early stages. However,

analyses thus far indicate that, as with nonbreeding helpers,

there may be fitness benefits for relatively small cobreeding

coalitions but not for those as large as are found in the

population. For example, there are clear fitness advantages

to cobreeding male acorn woodpecker duos over singletons

due to both increased survivorship and higher reproductive

success (Koenig andMumme 1987). However, there appear

to be no per capita fitness benefits to breeding coalitions of

more than two males, which are nonetheless fairly common,

with nearly 20% of groups containing three to as many as

seven cobreeder males.

A second, very different form of cooperative polyandry

is found in the dunnock (Davies 1992). The two sexes

defend territories independently in this species. Females

frequently defend a territory that overlaps the territories of

more than onemale, which may subsequently coalesce into a

cobreeding coalition. In addition, males are sometimes

unable to maintain exclusive control over their territory,

which is then invaded by a second or even third male to

form a polyandrous or polygynandrous breeding group.

Mate-sharing males are unrelated and provide paternal care

to nests in relation to their degree of copulatory access to a

particular female.

This latter case illustrates a relatively frequent situa-

tion, also found in the alpine accentor (Hartley et al.

1995), Smith’s longspurCalcarius pictus (Briskie et al. 1998),

Galápagos hawk Buteo galapagoensis (Faaborg et al. 1995),

Eclectus parrot Eclectus roratus (Heinsohn and Legge

2003), among others (Stacey 1982), in which the benefit to

females mating with more than one male appears to be the

potential for inducing additional males to provide paternal

care to their offspring. To the extent this is true, they

provide excellent examples of the importance of sexual

conflict in ARTs (Henson and Warner 1997, Alonzo and

Warner 2000). Specifically, they are examples in which one

sex, in this case females, is apparently able to manipulate the

behavior of the other (males), and males, in most cases, only

feed young or otherwise provide paternal care to offspring

that have been parented by known relatives (as in the vast

majority of nonbreeding helpers at the nest) or to young that

they had some chance of siring.

Closely related to mate sharing is the phenomenon of

cooperative courtship, in which two to several males per-

form a coordinated song and dance to attract females.

Cooperative courtship occurs in wild turkeys in North

America (Watts and Stokes 1971, Krakauer 2005) and

several species of manakins (genus Chiroxiphia) in Central

and South America (Foster 1981, McDonald and Potts

1994) and is also known from various families of fishes

including suckers (family Catostomidae), in which spawn-

ing occurs in trios of two male partners pressing against the

flanks on either side of the female (Page and Johnston 1990,

Taborsky 1994). Females in the avian species strongly

prefer to mate with sets of males engaged in the elaborate

courtship displays afforded by two or sometimes even more

males displaying together, thus forcing males into coali-

tions. The fitness consequences of cooperative courtship

have yet to be studied in fishes, but in the bird examples,

the dominant male within a coalition appears to gain the

vast majority of copulations in at least two species – the

wild turkey (Krakauer 2005) and long-tailed manakin
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Chiroxiphia linearis (McDonald and Potts 1994). In

contrast, subordinate males appear to gain fitness benefits

via completely different means in these two species: in wild

turkeys, subordinates are closely related to dominants and

achieve fitness indirectly through kinship, whereas in the

long-tailed manakin, males are unrelated and instead benefit

by potentially inheriting the dominant’s status following the

latter’s death.

19.3.2 Female mate-sharing systems

Even less common than male mate sharing are systems in

which females nest cooperatively in the same social unit.

However, the diversity of such systems is at least as great as

that of male mate sharing and can include both joint-nesting

species, in which females to some extent produce and raise

young together, and plural-breeding species, in which

females breed separately but in the same social unit. Both

phenomena are invariably facultative. Joint nesting may

either lead to cooperative polygyny, in which more than one

female shares a male, or cooperative polygynandry, in which

multiple females share multiple males.

Among birds, joint nesting is known to occur regularly

in ratites (the ostrich Struthio camelus, greater rhea Rhea

americana, and emu Dromaius novaehollandiae), the magpie

goose Anseranas semipalmata, several species of swamphens

(see Section 19.6 ), the acorn woodpecker, all four species of

anis (subfamily Crotophaginae), the Taiwan yuhina Yuhina

brunneiceps, and the Seychelles warbler (Richardson et al.

2002), as well as rarely in several other cooperatively

breeding species (Vehrencamp 2000, Vehrencamp and

Quinn 2004).

In the ostrich, males defend large territories and form a

pair bond with a single “major” hen that lays eggs in the

male’s nest and subsequently shares incubation and fledg-

ling care with the male (Hurxthal 1979, Bertram 1992). In

addition, however, major hens may lay eggs parasitically in

the nests of other females (Kimwele and Graves 2003),

while groups of “minor” hens that are not associated with a

particular male visit multiple nests where they mate and are

allowed to lay eggs without contributing to subsequent

parental care (Hurxthal 1979, Bertram 1992). Major hens

are to some extent able to discriminate among eggs in their

nest and favor their own over those laid by other females,

but patterns of parentage are complex, with the territorial

male siring about 70% of incubated eggs laid by the major

hen and about one-third of the eggs laid by minor hens

(Kimwele and Graves 2003). Thus, female ARTs in this

system include (1) being a major hen, bonding with a male,

and laying eggs in his nest; (2) being a major hen and laying

eggs parasitically in another male’s nest; (3) being a lone

minor female, mating and laying eggs quasi-parasitically in

the nests of several males; and (4) forming a coalition with a

group of minor females that mate and lay eggs in the nests of

several males. Molecular studies quantifying the fitness

consequences of these various tactics have only begun to be

performed (Kimwele and Graves 2003).

Female common moorhens, discussed in Box 19.2, also

pursue a comparable set of ARTs, including intraspecific

brood parasitism and joint nesting, the latter usually

between a mother and her daughter (McRae 1996). Nest

parasitism has also been detected in several other joint-

nesting species, including the groove-billed ani Crotophaga

sulcirostris (Vehrencamp et al. 1986) and smooth-billed ani

Crotophaga ani (Loflin 1983). In others, however, nest

parasitism is rare, if it occurs at all. In acorn woodpeckers,

for example, joint nesting between close relatives, either

sisters or a mother and daughter, occurs in about 20% of

nests (Koenig andMumme 1987). All mating in this species

appears to be within the group, and no cases of intraspecific

brood parasitism have been detected (Dickinson et al. 1995,

Haydock et al. 2001).

Joint nesting in acorn woodpeckers usually involves only

two females, but even so, competition is considerable and

females regularly destroy eggs laid by their cobreeders prior

to laying their own (Mumme et al. 1983, Koenig et al. 1995),

a process that results in equally divided maternity between

incubated eggs (Haydock and Koenig 2002). Estimates of

lifetime fitness nonetheless do not generate a net benefit for

joint nesting over solitary breeding, and thus the existence

of joint nesting appears to be a result of other correlated

factors such as the increased competitive ability of coalitions

in acquiring and defending high-quality breeding territories

(Koenig and Mumme 1987).

Among social mammals, plural breeding by females

occurs to at least some extent in a variety of species (Lewis

and Pusey 1997, Russell 2004), depending on the degree to

which there is a clear dominance hierarchy with the dom-

inant female able to suppress reproduction by subordinates

(Creel and Waser 1997). In meerkats, for example, groups

contain a single dominant female, usually the oldest and

heaviest in the group, who mothers about 80% of the litters.

Subordinate females, who are reproductively capable and

produce the remaining litters, are able to do so only when

the dominant’s capacity for control is reduced, such as

immediately after a new female succeeds to the dominant
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position and when subordinates are older and particularly

competitive (Clutton-Brock et al. 2001). In contrast, in

African lions, related females form prides within which all

individuals breed, communally caring for their young in

crèches during lactation (Lewis and Pusey 1997). Repro-

ductive suppression usually does not occur, except when

group size and competition for food is particularly high

(Packer et al. 2001).

As usual, analogous examples of communal brood care

occur in fishes, where several species of cichlids have

been observed communally caring for eggs or young. In

Neolamprologus multifasciatus, for example, two or even three

female group members may contribute to the communal

brood offspring (Taborsky 2001) (Box 19.3). Joint-nesting

females are apparently relatives, so kin selection may be

important along with group benefits such as increased sur-

vival and sharing of the costs of nest building. In general,

however, cases of communal brood care in fishes appear to be

rare, presumably because the benefits of leaving care com-

pletely to alloparents is likely to outweigh the costs of

increased predation on one’s young from desertion and not

helping (Taborsky 1994).

19 .4 EXPLAINING THE DIVERSITY

19.4.1 Reproductive skew

Currently the most common means of approaching the

diversity of mate-sharing and joint-nesting systems is

reproductive skew theory, a predictive framework based on

inclusive fitness theory specifically geared to understanding

how reproduction is partitioned among potential breeders.

Although models vary, optimal, or concessions, models

assume that there is a dominant breeder that controls the

distribution of reproduction among same-sex individuals

within groups and goes on to determine the share of the

group’s reproductive output that must be achieved by

the subordinate in order to make it worthwhile for him

(or her) to remain in the group rather than breed on his

(or her) own. Factors explicitly included as potentially

influencing this decision include the relative reproductive

advantages of groups, the relatedness of cobreeders, and

the difficulty of obtaining an independent reproductive

position elsewhere in the population (Vehrencamp 1983a, b,

Keller and Reeve 1994, Johnstone 2000, Magrath et al.

2004).

The idea of optimal skew models is that, depending on

the particular set of ecological conditions, it is in the best

interests of the dominant to concede some reproduction to

subordinates in order to keep the latter from leaving the

group. Both dominants and subordinates are assumed to

interact with each other to result in fitness pay-offs for both

individuals that are greater together than if the subordinate

leaves the group or the dominant evicts him (or her). Thus,

the basis for these models is transactional in that they

postulate that dominants limit their own share of repro-

duction (or concede some measure of reproduction to

subordinates) in return for stable cooperation by the sub-

ordinate (Keller and Reeve 1994).

Whether this kind of model represents the social rela-

tionships among cobreeders within cooperative breed-

ing groups and thus accurately predicts reproductive

Box 19.3 Cichlid fishes

African cichlid fishes exhibit virtually the entire range of

alternative tactics found in cooperatively breeding birds

and mammals, including both helping at the nest and

cobreeding (Taborsky 1994, 2001). In Neolamprologus

brichardi, for example, male offspring often remain in

their natal groups as nonbreeding helpers but may

become sneakers attempting to parasitize the dominant

male after the death and replacement of their parents by

an unrelated pair. Such individuals gain direct repro-

duction and protection against predation in apparent

exchange for increasing the productivity of the group. In

Neolamprologus multifasciatus (Figure 19.5), a small

species that nests in snail shells, both males and females

form cobreeding coalitions of siblings, suggesting the

importance of kin-selected benefits.

Figure 19.5 Cichlid fish Neolamprologus multifasciatus.

(Photograph ª 2005 Sam Borstein, used with permission.)
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partitioning is currently an issue of considerable interest

and debate (Johnstone 2000,Magrath et al. 2004). However,

despite some evidence supporting the ability of optimal

skew theory to predict patterns of reproduction in several

vertebrates, including pukeko (Jamieson 1997) and African

lions (Packer et al. 1990), examples from birds, mammals,

and fishes suggest that many such systems do not meet the

assumptions nor match the predictions of optimal skew

theory (Clutton-Brock et al. 2001, Haydock and Koenig

2003, Skubic et al. 2004).

In the polygynandrous acorn woodpecker (Haydock and

Koenig 2002, 2003) joint-nesting females divide maternity

among broods more equally than would be expected by

chance, whereas paternity within broods of mate-sharing

males is highly skewed toward one male. Given demo-

graphic differences between the sexes, this contrast is

generally consistent with optimal skew theory. However,

other features of this system are not. Joint-nesting females,

for example, are close relatives and endure sufficient con-

straints to independent reproduction that they are predicted

to exhibit considerable reproductive skew. This is not the

case, apparently, because egg destruction by joint-nesting

females eliminates the possibility of one of the females

maintaining control over clutch composition. As for males,

although a single male dominates paternity within each

brood, the identity of the male often switches from one

brood to the next, and there appears to be no character that

allows a priori prediction of which male will dominate

paternity within a group. These observations suggest that

dominants may have, at best, limited control over repro-

ductive partitioning within groups and that other factors,

most notably sexual conflict, are probably playing an

important role in determining the patterns of reproductive

skew found in this species.

A well-investigated mammalian example is that of

meerkats (Clutton-Brock et al. 2001). As discussed in

Section 19.3.2, subordinate females are sometimes able to

reproduce. Subordinate reproduction does not appear to be

affected either by the subordinate’s relatedness to the dom-

inant or by factors such as group size that in turn correlate

with the benefits of group living. Furthermore, the prob-

ability of subordinate females leaving the group is not

influenced by whether they breed or not. These results

generally contradict predictions of optimal skew theory, again

supporting the hypothesis that dominant females have

limited control over reproductive partitioning and that sub-

ordinates breed whenever dominants, for whatever reason,

are unable to stop them.

19.4.2 ARTs as an alternative theoretical

framework

Given the limited success of optimal skew theory in pre-

dicting patterns of reproductive partitioning in vertebrates, it

is clearly time to consider alternative approaches. ART the-

ory is particularly promising in that it explicitly focuses on

differences in competitive ability and readily accommodates

the particular factors that may be important in a specific

system. Consider the meerkats. In contrast to the short-

comings of optimal skew theory, a traditional ART approach

might examine the fitness benefits of subordinate reproduc-

tion versus helping as a function of the difference in com-

petitive abilities between dominant and subordinate breeders,

including factors such as condition and age (Figure 19.6).

Although the fitness benefits of helping and breeding will

both increase as the condition of the subordinate increases,

benefits of breeding increase faster than benefits of helping.

With appropriate data including all relevant variables, it

should be possible to predict where the switch point between

the alternative tactics (Shb) should occur.

An example of such an analysis is that of the cichlid fish

Neolamprologus pulcher, in which large helpers may either

postpone reproduction and invest in cooperative allopar-

ental care or attempt to parasitize matings by the territorial

dominant male (Taborsky 1984, 1985). In contrast to birds

and mammals, indeterminate growth in fishes means that

the costs and benefits of parasitism change as the helper

Help

Breed

High Low

Condition of dominant – condition of subordinate

Shb

F
itn

es
s

Figure 19.6 A simple graphical model viewing the alternatives of

helping versus breeding in a subordinate female meerkat as a

function of the difference in condition between the dominant and

subordinate. The fitness benefits of breeding increase faster than

those of helping, leading to a switch point (Shb) determining at what

point subordinates should attempt to circumvent the dominant’s

reproductive monopoly and reproduce.
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grows, and it is therefore critical to consider the alternatives

available to a helper compared to its future fitness expect-

ations at each step of its life history. In an attempt to

incorporate such life-history and behavioral variables

potentially affecting the optimal reproductive strategy of

subordinates, Skubic et al. (2004) used a dynamic pro-

gramming model to predict the conditions when helpers

should parasitize male dominants. Their results identify

several factors that should be important to this decision,

including the expulsion risk incurred by parasitism, the

relatedness of the subordinate to the dominant, and the

fraction of the total reproductive output of the group

the subordinate can expect to parasitize.

Although it is difficult to compare the results of their

model to what would be predicted from using optimal skew

theory, the dynamic programming approach, which views

parasitism and helping as ARTs and seeks to predict when

switching should occur relative to body size, affords more

flexibility by allowing an unlimited number of factors to

be considered in determining the expected outcome. This

avoids the most limiting features of skew theory, including

its focus on a rigid set of ecological factors and, at least as

traditionally envisioned, neglect of issues such as mate

choice and intersexual conflict.

Sexual conflict is a particularly critical omission in the

reproductive skew literature since it is known to play an

important role both in the determination of the fitness

consequences of ARTs (Henson and Warner 1997) and

in the evolution of mating systems of cooperative breeders

in general (Cockburn 2004). For example, sexual conflict

is considered to be key to understanding the variable

mating system of the dunnock as a consequence of differing

mating optima for males and females (Davies 1991, 1992).

For males, the increased production of young in coopera-

tively polyandrous groups does not compensate for shared

paternity, and thus monogamy yields higher fitness than

cooperative polyandry. This is in conflict with the interests

of females for whom additional paternal care means higher

reproductive success for polyandrous trios. Meanwhile, the

combined output of two females exceeds that of one, and

thus polygyny is more profitable for males than monogamy.

As females experience a fitness loss by sharing a male, their

interests are again in conflict with those of males. These

inequalities are influenced by environmental quality, lead-

ing to complex predictions of the mating mode that are

nonetheless readily accommodated by a traditional ART

approach (Figure 19.7). Such conflicts are not considered by

traditional optimal skew models.

19 .5 CONCLUSION

Cooperative breeding is a diverse phenomenon and

understanding it is likely to be most successful if a variety of

theoretical approaches are employed. Both helping at the

nest and mate sharing, the two most characteristic patterns

of cooperative breeders, are almost always facultative and

highly plastic, and thus analyzing this behavior as ARTs

can offer a new perspective into their diversity and occur-

rence. An ART approach is particularly useful in resolv-

ing several unanswered questions regarding cooperative

breeding, including the tactics pursued by potential helpers

in groups where the frequency of helping is already above

Figure 19.7 A graphical illustration of sexual conflict in the

dunnock. (A) Female fitness is greatest when she gains the paternal

care of two males (polyandry), less when she has the undivided care

of a single male (monogamy), and least when she shares paternal

care of a single male with a second female (polygyny). The

differences among these options are present regardless of the

quality of the environment, but the importance of paternal care is

greater in poor environments. (B) Male fitness vis-à-vis the mating

mode is the opposite of females in good environments, with males

benefiting most by polygyny (which is twice the fitness of a

polygynous female) and least by polyandry (which is one-half the

female polyandry curve). However, additional male paternal care

becomes important in poor environments, leading to potential

switch points where first monogamy and then polyandry is most

beneficial to males. (From Davies 1991, with permission of

Blackwell Scientific Publications.)
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the level at which helpers provide additional fitness benefits,

the behavior of cobreeders in species where sexual conflict is

important, and the factors influencing choices in species

where multiple reproductive tactics are available, including

helping at the nest, parasitizing the reproductive efforts of

others, breeding singly, and sharing breeding status.

Viewing these alternatives as ARTs, rather than using

approaches that limit the factors that are presumed to affect

behavioral choices, may provide new insights or, at the

very least, help clarify the selective forces promoting the

diversity of behavior exhibited by cooperative breeders.
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20 · Integrating mechanisms and function: prospects

for future research

H. JANE BROCKMANN, RUI F. OLIVEIRA, AND MICHAEL TABORSKY

CHAPTER SUMMARY

In this chapter we pull together the common threads of the

other chapters of this book. In doing this we identify a

number of issues that need further research. Rather than

repeating what has been said before, we identify the features

that stand out because they are unexplained, previously

unrecognized or just neglected. We argue that to under-

stand alternative reproductive tactics (ARTs) we must use

an approach that integrates the study of mechanisms and

evolution.

20 .1 WHAT IS NEXT IN THE STUDY

OF ARTS?

Continuous variation in reproductive characters (behavior,

morphology, physiology) is found in all species but the real

puzzle comes in understanding the special cases in which

variation is discontinuous and thus constitutes consistent,

discretely different ways of achieving reproduction for

animals within one population. If one phenotype were just a

little less successful than the other, then we would expect it

to be eliminated from the population over time by natural

selection. It is for this reason that the maintenance of ARTs

is an evolutionary puzzle. ARTs are also a puzzle to gen-

eticists, physiologists, and developmental biologists who

must explain how one genetic and developmental program

can result in two different phenotypic outcomes. Our chief

challenge is to draw together the genetic, developmental,

behavioral, and physiological views of ARTs to understand

the evolution of the mechanisms that we see as alternative

phenotypes.

20.1.1 Categories of ARTs

Discontinuities in behavioral, morphological, or physio-

logical traits can be difficult to detect (Eberhard and

Gutiérrez 1991, Emlen 1996, Kotiaho and Tomkins 2001,

Rowland and Qualls 2005, Rowland et al. 2005, Tomkins

et al. 2005), but many clear examples are illustrated in

the chapters of this book. In some cases authors describe

continuous variation by the extremes and this has made

it difficult to be sure whether particular cases are true

ARTs or not. For example, singing to attract mates in male

crickets may be highly variable with some individuals

singing much of the night whereas others utter only a chirp

or two, a continuous pattern in which the two ends of the

continuum may be described as singing and nonsinging

male behavior. Certainly the development, mechanisms,

and maintenance of such variation is intriguing, but the

processes involved are likely to be different from those

acting on two (or more) discretely different kinds of males,

singers and nonsingers described by a bimodal distribution

(e.g., threshold mechanisms, disruptive selection). Often,

suites of behavioral, morphological, and physiological traits

are correlated with alternative phenotypes and it may be

that some of these traits are discontinuous whereas others

are continuous, but as long as the reproductive functions are

discrete, then they are ARTs.

The study of ARTs has been hampered by typological

thinking about mating systems that ignores significant and

consistent variation. Parasitic tactics were often considered

to be mistakes or desperate maneuvers by animals with no

hope of achieving success. The result is that one of the most

important unresolved issues for the study of ARTs is that

many are poorly or incompletely described. Good descrip-

tions are crucial to our ability to study the phenomenon. For

example, some of the best-studied ARTs turn out to have

three phenotypes (Chapters 9, 10, and 12), Differences

between these phenotypes in social interactions (such as

territoriality or aggressiveness), mating, and life-history

patterns can result in cyclical dynamics such as rock–paper–

scissors (Sinervo and Calsbeek 2006).
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ARTs have been categorized in a number of different

ways. As discussed in Chapter 1, “tactics” and “strategies”

are not easily distinguished and imply a dichotomy between

genetic and nongenetic control that is not useful (e.g., nature

vs. nurture; see Section 20.3), so we do not support this

distinction and refer instead to all cases as tactics. Tactics are

governed by evolved decision-making rules, whatever the

underlying mechanism. Many authors also distinguish ARTs

that are associated with a genetic polymorphism from those

that are conditional (i.e., influenced by individual status,

condition, age, or environmental conditions). We now know

that environmental conditions often affect the expression of

genetic polymorphisms (Chapters 10 and 12), that thresholds

of genetically based tactic expression may vary even within

populations (Chapters 5, 8, and 10), and that genetic differ-

ences may affect the expression of condition-dependent

tactics (Chapter 5). Therefore, the distinction between gen-

etic polymorphism and conditional tactic does not seem

useful. Rather, we consider gene–environment interactions

to be of paramount importance in understanding repro-

ductive tactics. Well-adapted animals are expected to switch

from one tactic to another so that fitness is maximized, i.e.,

they should always be making the best of their situation.

With ARTs individuals allocate resources to either one or the

other (mutually exclusive) way of achieving the same func-

tional end (reproductive tactic) using evolved decision-

making rules (i.e., the tactics are adaptations). We suggest

that ARTs should be categorized in the same way as other

alternative allocation phenotypes such as sex allocation

(Figure 1.1; Chapter 2) (Henson and Warner 19 97 , Taborsky

1998, Brockmann 2001) and alternative life histories (West-

Eberhard 2003). When this is done, theory developed for

other alternative allocation problems (e.g., sex allocation,

alternative life histories) can be readily applied to ARTs.

In a remarkable convergence of views, those studying

ARTs primarily from an evolutionary perspective (e.g.,

Taborsky 1998 , Brockmann 2001 ; Chapter 1) and those

studying the underlying mechanisms of ARTs (Chapters 6

and 7; Moore et al. 1998 ) have arrived at the same system

for classifying ARTs (Figure 1.2). Both approaches view

ARTs as either fixed or plastic during the life of an indi-

vidual and among the plastic tactics, as either irreversible

switches that occur at a particular age, condition, or under

particular environmental situations, or fully reversible

through the adult life of an individual. Fixed ARTs are

thought to be due to organizational effects whereas plastic

ARTs involve activational processes during the adult life

of the individual. In many cases fixed ARTs are known to

involve a switch mechanism (Chapters 5, 6, 7, 8, and 10)

during the development of the individual (e.g., horned

beetles: Chapter 5), so the differences between the

two processes may be a matter of developmental timing

rather than a fundamental differences in underlying pro-

cesses. Nonetheless, identifying these patterns has allowed

both evolutionary and mechanistic studies to begin to

identify the factors controlling the expression and evolution

of ARTs.

The ARTs literature has emphasized males but cases of

female ARTs are scattered among most taxonomic groups.

Female ARTs include brood parasitism (Chapters 8 and

12); tactics to avoid male coercion (Chapters 8 and 18);

reproductive dominance and suppression (Chapters 8, 14,

and 15); alternative colony-founding tactics (Chapter 8)

and cobreeding (Chapter 19); monandry and polyandry

(Chapters 12 and 19); differences in fecundity or investment

in eggs (Chapters 2 and 12); and consistent differences

among females in preferences for males (Chapters 13, 17,

and 18). As with males, female ARTs can be expected to

evolve under conditions of intense intrasexual or social

competition and high reproductive skew. Since females are

generally thought to be under less intense sexual selection

than males, it is not surprising that female ARTs are less

common. Of course, it is also possible that female ARTs,

like female sexual behaviors generally, are simply less easily

observed than male ARTs. Certainly, condition-dependent

and frequency-dependent fitness effects can occur in

females so it is important to search for female ARTs more

explicitly if we hope to understand the evolution of repro-

ductive behavior.

20.1.2 Crossing fitness curves and beyond: the

importance of modeling

ARTs are found across a wide range of taxonomic groups

and across different stages of the reproductive process.

ARTs occur most often in the context of intrasexual

selection when (a) there are reproductive opportunities for

those individuals that opt out of costly or high-risk male–

male interactions to seek mating opportunities under less

competitive circumstances (e.g., fighting vs. dispersing

males); or when (b) parasitizing of costly male investment

(e.g., bourgeois vs. parasitic males) can result in fitness

gains, and (c) patterns arising in response to intersexual

selection are much less common but include female choice

for direct benefits (e.g., useless nuptial gifts) and mate

conflict (e.g., noncourtship and forced copulation). ARTs
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may also evolve when mating opportunities arise because

females are found in different habitats that require different

male adaptations. For example, unmated female fig wasps

(Chapter 8) can be found both inside and outside the natal

fig; males that remain inside must fight for access to females

so they develop enlarged heads and mandibles and have

reduced wings whereas males that leave the natal fig must

fly and they do not have to fight for females so they have

normal mandibles and wings. In all cases the model of

crossing fitness curves has been used to understand the

maintenance of alternative tactics (figures in various chap-

ters). This simplistic model says little more than that

individuals switch from one tactic to the other under the

conditions that maximize their fitness or that population-

wide frequencies of alternative tactics converge on the ESS.

Even this simple model, however, is rarely tested experi-

mentally. It should be possible, for example, to change the

proportions of the tactics in a population and predict a

change in their fitness. It should also be possible to change

the pay-offs to the tactics and thereby predict a change in

their frequencies. Such experimental approaches are

required to determine whether our view of the evolution of

ARTs is supported.

Better models are needed for understanding ARTs.

Current theory is generally based on fixed rather than

dynamic fitness functions. New models need to incorporate

differences in individual condition and status and the

mechanisms and decision rules by which tactics are

switched, as well as frequency and density dependence (and

their interactions) (Chapter 4). Such models will require

dynamic gamemodeling as well as measures of physiological

condition and the benefits that accrue to alternative tactics.

The dynamics of between-sex interactions are as important

to understand as the dynamics of within-sex interactions.

For this reason both male and female tactics and male–

female conflict need to be incorporated into modeling

efforts (Chapter 18). Models predict that females should

adjust their mating decisions to males of different tactics

depending on their condition and the relative fitness gains

associated with direct vs. indirect benefits. Multilevel games

will be important when female choice affects the pay-offs to

males choosing among ARTs and when the frequency of

male tactics affects the pay-offs to females in their choice

among reproductive tactics. Furthermore, the success

of alternative phenotypes often depends on spatial and

temporal dynamics. In some well-studied cases (e.g.,

Chapters 12 and 13), fitness is affected by the number of,

distance from, and morph of neighbors, as well as habitat

characteristics and seasonal patterns. Recent modeling

efforts (Formica et al. 2004, Hamilton et al. 2006, Koseki

and Fleming 2006, Vercken et al. 2007) show that the fre-

quency and coexistence of ARTs are shaped by such spatial

and temporal dynamics. Modeling of complex systems like

ARTs is crucial because it reveals hidden assumptions and

often results in counterintuitive predictions.

20.1.3 Equality of fitness?

As Darwin (1871) observed, when two differing male forms

are found in the same population at the same time, both must

have “certain special, but nearly equal advantages from their

differently shaped organs.” This general expectation for

equality of fitness and evolutionary stability for alternative

phenotypes has been supported in a number of cases where

mixed evolutionarily stable states (ESSs) and frequency

dependence are involved (e.g., Chapters 9, 10, and 12).

However, many studies have demonstrated that alternative

phenotypes are maintained in populations without equal

fitness. It is generally agreed that the majority of these ARTs

are conditional on environmental, social, or individual status

(e.g., Chapters 8, 11, 14, and 15). When each individual

follows a conditional tactic that maximizes its fitness, equal

success among the tactics is unlikely (Chapter 2; Repka and

Gross 1995). There are studies, however, in which differ-

ences in success between morphs are almost certainly

attributable to the fact that it is very difficult to measure the

reproductive success of both tactics with equal reliability. In

general the sedentary, monopolizing, and higher-variance or

bourgeois tactic has been found to have higher fitness than

the dispersing, sneaker, lower-variance or parasitic tactic,

which is also the tactic whose fitness would be most difficult

to measure. In particular, the success of all males must be

counted including those that disperse, those that die before

reproducing, and those that never inseminate any females

(Chapter 9). This almost certainly means that some studies

have prematurely claimed unequal fitness between tactics

(Shuster and Wade 2003).

Many of the assumptions we have made in the past

about costs and benefits of alternative tactics are being

challenged. Most studies have assumed that females would

not choose to mate with parasitic males if given the option

and indeed there is experimental evidence for this in some

species (Alonzo and Warner 2000, Gonçalves et al. 2005).

However, in several recent studies, females have been

shown to mate polyandrously both with the faster-growing

parasitic males, thereby increasing their indirect benefits,
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and with parental males, thereby increasing their direct

benefits (Chapter 17; Neff 2004 ). In still other species

females apparently mate preferentially with parasitic males

to increase genetic benefits but also with aggressive, mon-

opolizer males to reduce the costs of male coercion (Watters

2005). Such female preferences may help to explain the

frequency of “cuckoldry” in many ARTs systems and the

apparent tolerance that some bourgeois males show toward

satellite or parasitic males.

20.1.4 Competition and cooperation in ARTs

Although most male ARTs have been viewed as highly

competitive, there is increasing evidence that cooperation

can be an adaptive competitive tactic (Taborsky 2001).

If females copy the mate choice decisions of other females

or if females actively prefer multiple males (for example,

to ensure fertilization of all the females’ eggs), then a

bourgeois male may gain from the presence of satellite males

(Chapters 10 and 13). Cooperative behavior offered by

reproductive parasites to bourgeois competitors may reduce

the costs of competition for both parties, or provide

incentives to the bourgeois male to be more tolerant of the

parasite’s presence. In some species males can increase their

success by allowing particular males (e.g. dull yearlings or

males of the same morph) to occupy adjacent territories

(Chapters 12 and 13) or by forming alliances with other

males (Chapters 14, 15, and 19). The pay-offs to competi-

tive interactions are likely to be dynamic and the degree of

reproductive skew variable, ranging from competitive to

neutral to more beneficial for one party or the other. The

spatial and temporal dynamics of reproductive pay-offs will

be influenced by individual status, social conditions,

and frequency dependence, which means that extensive

modeling of these systems will be required.

20.1.5 Evolution of tactic frequencies and the

importance of frequency dependence

Models with crossing fitness curves predict the stable

frequency of alternative morphs in the population. Con-

siderable theory exists for the evolution of sex ratios

(stable frequencies of two sexes in a population: Charnov

1982, Hardy 2002), but there is little information on the

population-wide frequency of other alternative phenotypes

(Chapter 2). When alternative tactics are frequency

dependent then they should evolve like sex ratios. Factors

such as the relative costs of producing the two morphs

(cost ratios) and the relative reproductive values of the two

morphs should affect equilibrium morph ratios as they do

sex ratios. To add another level of complexity, combinations

of conditional and pure or “mixed strategies” (e.g., gyno-

dioecy) are well-known sex-allocation patterns (Chapter 2)

and models suggest that such combinations should also

occur in ARTs (Hazel et al. 2004, Plaistow et al. 2004).

Trimorphic ARTs are also frequency dependent, often with

rock–paper–scissors intransitivities that result in cyclical

patterns of morph frequencies (Sinervo and Calsbeek 2006).

However, not all ARTs are frequency dependent; in some

cases ARTs evolve in niches in which some fitness can be

achieved. In these cases morph ratios should reflect the

relative frequencies of the two niches in the environment

(Chapter 2).

Both frequency dependence and density dependence

can maintain alternative phenotypes in a population. Fre-

quency and density dependence often interact in complex

ways (Chapter 19). For example, in the damselfly Ischnura

ramburi, one female morph mimics males thus avoiding

costly matings, but since males learn to recognize male

mimics, the system shows negative frequency dependence

(the rarer morph is more successful; Chapter 8). However,

the mating cost to females (male mimics) is incurred only at

high densities, so the intensity of frequency-dependent

selection in this system changes with density (Brockmann

2001, Sirot et al. 2003). This means that population-level

differences in demographic structure (e.g., density and

operational sex ratio) can affect the social context for mating

and influence the direction of sexual selection at different

temporal and spatial scales (Chapter 11).

Although generally regarded as important for the

maintenance of ARTs (and for maintaining other poly-

morphisms), few studies have evaluated frequency

dependence experimentally (Conover and van Voorhees

1990, Hori 1993, Basolo 1994, Roff 1996, Giraldeau and

Livoreil 1998, Olendorf et al. 2006). If frequencies of a

morph are manipulated then changes should occur in the

reproductive success of the manipulated and alternative

morphs and predicted population-wide adjustments in

frequencies should follow.

20.1.6 Information is important

Those studying ARTs often stress the importance of

knowing the environmental information available to the

individual and the value of that information in affecting the

expression of alternative tactics. For example, when little
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information is available about the association between

behavior and fitness, then mixed strategies are favored

(Brockmann 2001). Environmental predictability is often

mentioned as a selective pressure favoring alternative tactics

but few studies have examined the ability of individuals to

detect and evaluate this variable and to act on the basis of

such information. Clearly, the amount and nature of the

information available to individuals and the benefits and

costs associated with gathering and responding to this

information will influence the evolution of ARTs (Leimar et

al. 2006).

ARTs are also shaped by the communication networks in

which they occur. The presence of eavesdroppers such as

social competitors and predators will affect the evolution of

signals associated with reproductive tactics (Chapter 16).

For example, bourgeois males reduce their courtship sig-

naling behavior when the reproductive success of both

females and bourgeois males declines with increasing num-

bers of parasitic males (Alonzo and Warner 1999). Selection

will favor females that either thwart or encourage eaves-

dropping by parasitic males depending on whether females

lose or gain fitness from mating with these individuals.

Some ARTs depend on misinformation. For example,

male damselflies apparently cannot distinguish male mimics

from males (Sherratt 2001) and male peacock blennies

cannot distinguish female mimics from females (Gonçalves

et al. 2005). Such mimicry systems depend on morph-

specific costs and benefits as well as on an underlying

mechanism for mate recognition. If, for example, mating is

costly to females and males learn to recognize females then

rare morphs will always have an advantage, a frequency-

dependent effect that will maintain variation in female

traits (Fincke et al. 2005). A quantitative, decision-theory

approach (Dall et al. 2005) to analyzing the information

available to individuals is needed to understand both the

evolution of and mechanisms underlying ARTs.

20.1.7 Understanding trade-offs

The evolution of alternative tactics is grounded in the

notion of trade-offs: allocating resources in one direction will

reduce alternative possibilities. For example, dispersing

males reduce the costs of fighting or maintaining territories

but they do not attract females, they are exposed to increased

levels of sperm competition, and they may have a shorter

lifespan. Animals that need wings for flight must expend

resources on developing flight muscles, resources that then

cannot be used for other activities such as producing eggs.

This intuitive concept of trade-offs as direct competition

for limited resources among different body functions has

been examined in studies of wing-dimorphic crickets. The

greater ovarian growth and reduced lipid biosynthesis of the

wingless morph relative to the winged morph was found to

result from the differential allocation of internal reserves to

the two traits (Zera and Harshman 2001). Knowledge of

the underlying basis for trade-offs will help evolutionary

biologists understand the likely evolutionary trajectory for

ARTs and assist physiologists in understanding the devel-

opmental expression of ARTs (Emlen 2001, Emlen et al.

2005, Simmons and Emlen 2006).

20.1.8 Origin and evolution of ARTs

ARTs are found more commonly in some groups than in

others (e.g., Chapters 8 and 11). To some degree this bias

results from differences between taxonomic groups in their

depth of study, but clearly this is not the only explanation.

ARTs occur most commonly in groups with intense

sexual selection; where there are large investments by males

or females; when males have the ability to monopolize

some mating opportunities; and when opportunities exist

to partially fertilize clutches of polyandrous females

(Chapters 2, 8, and 11). ARTs can magnify intrasexual

variance in reproductive success and may lead to more

intense sexual selection on some male tactics than on others.

ARTs seem particularly common among fishes

(Chapter 10). The factors that may influence the frequent

evolution of ARTs in fishes include the presence of inde-

terminate growth, which results in large size differences

among males; external fertilization, which selects for

large quantities of sperm and the opportunity for sperm

competition; and the frequency of parental care, a high-

investment tactic that can be exploited by other males. One

tentative conclusion about the phylogeny of male ARTs

(as described for three groups of fishes) is that although

ARTs arise repeatedly during the course of evolution, they

are found only at the tips of branches (Chapter 3). This

means that ARTs rarely become permanent features of

deeper clades. This is not surprising since the frequency of

ARTs is so responsive to environmental and social condi-

tions, which means that one of the morphs can easily go

extinct (Chapter 3). However, once ARTs have evolved and

there is a developmental uncoupling of dimorphic struc-

tures and behavior, then the alternative tactics may evolve at

least partially independently (Chapter 5; West-Eberhard

2003).
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20.1.9 Integrating mechanisms with evolution

One important remaining challenge for the study of ARTs

is to understand how the mechanisms that cause variants to

arise are favored by selection. When we say that ARTs have

evolved in a lineage, we mean that a developmental process

has caused a change in the phenotype of some individuals in

that lineage. That process is likely affected by genetic,

physiological, and environmental factors. There are two

established mechanisms that will produce dimorphism, a

threshold mechanism and a change in the scaling of the

power relationships among traits (Chapters 5, 6, 9, and 10).

When differences in phenotype are due to heritable dif-

ferences in the underlying mechanism and when these

differences result in fitness differences then selection on the

mechanisms will occur. When disruptive selection is com-

bined with heritable developmental threshold mechanisms,

then genetic correlations between tactics will be minimized

by partially uncoupling gene expression of the alternative

tactics permitting them to evolve along independent tra-

jectories. This mechanistic model for the evolution of ARTs

needs to be verified andmany questions remain.What genes

are involved in these threshold mechanisms and are there

patterns or homologies for the genes affecting ARTs?

How does the genetic architecture of ARTs change as

tactics evolve and are there common patterns or underlying

constraints in this process? Are there constraints on the

underlying mechanisms that affect the kinds of options that

are available as ARTs or that make some ARTs more

common than others (e.g., the frequency of sexual mimicry

would suggest that this is the case)? A fully integrative

approach is needed to answer these questions, an approach

that unites mechanistic studies with evolutionary modeling

and empirical tests.

20 .2 WHAT DOES THE STUDY

OF ARTS TELL US ABOUT OTHER

BIOLOGICAL PROBLEMS?

ARTs provide a valuable tool for understanding biology,

from genes through development and physiology to

behavior and morphology. The reviews in this book have

demonstrated that ARTs are common among organisms

and that alternative phenotypic pathways have evolved

multiple times (Chapters 3 and 5; Emlen et al. 2005). This

means that ARTs provide a rich pallet from which to

investigate a number of important biological questions.

ARTs are also part of a much larger category of alternative

allocation phenotypes that covers a wide diversity of animal

adaptations (Chapter 2). Just as the study of sex alloca-

tion or game theory can improve our understanding of

ARTs, the study of ARTs can provide insights into the

mechanisms, evolution and maintenance of variation in

populations.

20.2.1 The control, origin, and evolution of

complex phenotypes (suites of characters)

From amechanistic perspective, one of the most remarkable

(and valuable) features of ARTs is that there is a dissociation

between the control and expression of ARTs (Chapter 7,

Figure 7.1). Most animals show clear differences in

morphology, physiology, and behavior between males and

females. But in species with alternative tactics one sex may

look and act like the opposite sex. For example in the

damselfly Ischnura ramburi, females of one morph (andro-

morphs) are physically and behaviorally similar to males,

and they are often treated like males (Chapter 8; Robertson

1985, Sirot et al. 2003). In many fish species such as bluegill

sunfish and peacock blennies, parasitic males mimic females

in appearance and behavior and thereby escape bourgeois

male aggression (Chapter 10; Dominey 1980, Gonç alves

et al. 1996, 2005; see Taborsky 1994 for review). This

decoupling of the expression of behavioral and morpho-

logical male traits (i.e., secondary sexual characters) from

gametogenesis offers unique opportunities to study the

proximate mechanisms of reproduction (Moore 1991,

Moore et al. 1998, Oliveira et al. 2005, Oliveira 2006).

Causal mechanisms underlying individual variation in

reproduction can be studied much better in species with

ARTs, since within-sex variation in reproductive traits is

not confounded by the effects of gender.

The expression of alternative reproductive tactics is

often a function of behavioral plasticity (Gross 1996),

which is primarily triggered by structural reorganiza-

tion (for slow and long-lasting changes) and biochemical

switching (involving neuromodulators such as catechol-

amines, which allows faster and reversible changes: Zupanc

and Lamprecht 2000). Both mechanisms usually depend

on organizational and activational effects of hormones

(Arnold and Breedlove 1985, Moore 1991, Moore et al.

1998, Oliveira 2006). In vertebrates sex steroids, gluco-

corticoids, and neuropeptides are major candidates for the

differentiation and maintenance of ARTs (Chapter 7;

Brantley et al. 1993, Nelson 2005). Because similar regula-

tory mechanisms are involved in the development and
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differentiation of sex (Crews 1998, Crews et al. 1998, Devlin

and Nagahama 2002, Godwin and Crews 2002, Oliveira

2005, Vigers et al. 2005), the study of proximate mechan-

isms underlying ARTs has important general implications.

In both cases developmental processes need to be con-

sidered to understand how factors taking effect early in

ontogeny can shape consistent individual variation within

and between sexes (see Crews and Groothuis 2005).

Understanding the proximate mechanisms underlying the

regulation of ARTs might also help to explain other prob-

lems such as alternative life-history patterns (Turner and

Grosse 1980,Meyer 1987, Lu and Bernatchez 1999, Jonsson

and Jonsson 2001, Kurdziel and Knowles 2002) or the mode

of action and importance of threshold mechanisms (Chapter

5; West-Eberhard 1989, Roff 1996, Zera and Denno 1997,

Hartfelder and Emlen 2005).

20.2.2 The proximate causes of ARTs and

functional genomics

ARTs offer a unique opportunity to study the physiological

mechanisms and the genetic architecture underlying the

decoupling of traits that are usually present in concordance,

since in the parasitic tactic a mosaic of both male and female

traits may be present instead of a constellation of gender-

specific traits (e.g., species with parasitic males that mimic

females in which the maturation of the male gonad is

decoupled from the expression of male secondary sex

characters and male sexual behavior). Therefore, ARTs

provide insight into the proximate mechanisms linking male

and female phenotypes under conditions that are not

pathological.

Neuroendocrinological studies have shown that dif-

ferent neuropeptides (e.g., GnRH, AVT) and steroids are

operating either independently or in concert to coordinate

the expression of a suite of characters, characteristic of a

giv e n tactic (see Ch apters 6 and 7 ). These studies hav e also

demonstrated that the decoupling of different male traits

in parasitic males may be achieved either by differences in

hormone levels or by varying the local microenvironments

in the different target tissues, due to differential expres-

sion of receptors or to differential levels of activity of

catabolic enzymes that modulate the availability of the

active hormone to specific targets (e.g., 11-b-hydroxilase
and 11-b-HSD that metabolize T into KT). These are key

steps in the expression of male secondary sex characters,

spermatogenesis, and the modulation of the expression

of reproductive behavior in male teleosts (Oliveira 2006).

For example, in the protogynous wrasse Halichoeres

trimaculatus, which has ARTs, the relative levels of brain

steroid receptors vary between alternative reproductive

phenotypes, with levels of androgen receptor transcripts

being significantly higher in the brain of terminal-phase

males than in initial-phase males, whereas no other sig-

nificant differences in gene expression were observed

either for androgen or for estrogen receptors in the gonads

or for estrogen receptors both in the brain and in the

gonads (Kim et al. 2002). Thus, by varying the expression

of androgen receptors in specific tissues (brain vs. gonad),

terminal-phase males can both increase their sensitivity to

circulating androgen levels in specific targets (the brain),

and at the same time decouple the effects of androgens

in different target tissues by varying androgen receptor

densities, so that unwanted effects of androgens can be

avoided. This mechanism hypothetically makes it possible

to activate the expression of an androgen-dependent

reproductive behavior in bourgeois males without having

the associated costs of increasing spermatogenesis or the

expression of a sex character, since the androgen action can

be independently modulated at each compartment (brain

vs. gonad vs. morphological secondary sex character).

Studies focusing on target tissues are thus a major avenue

for future research in this area.

One emerging approach when studying target tissues has

been the use of functional genomics tools that are now

becoming more accessible. DNA microarrays allow the

monitoring of large sets of genes (thousands) in key tissues

(brain, gonads, somatic ornaments), hence making it pos-

sible to identify genes and regulatory networks which are

consistently up- or downregulated between alternative sex

types. Genes that are differentially expressed in alternative

morphs are potential candidates to be involved in the

expression of the alternative tactics (Hofmann 2003). Since

ARTs involve differences in the expression of reproductive

behavior between alternative phenotypes, this approach has

concentrated on comparing the brain gene expression pro-

files between morphs. In the Atlantic salmon Salmo salar,

gene expression profiles were compared between sneaker

males and immature juveniles (of the same age) that rep-

resent alternative life histories (Aubin-Horth et al. 2005).

The immature males will later migrate and then return to

the breeding grounds where they will reproduce as bour-

geois males. Fifteen percent of the genes included in the

array (ca. 3000) were expressed differentially between the

sneaker and the juvenile immature males (Aubin-Horth

et al. 2005). In sneaker males most of the upregulated genes
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are involved in reproduction and related processes (e.g.,

gonadotrophins, growth hormone, prolactin, and POMC

genes) whereas in immature males upregulated genes are

associated with somatic growth (e.g., genes involved in

transcription regulation and protein synthesis, folding,

and maturation). This reflects at the cellular level the classic

life-history trade-off between reproduction and growth,

illustrated by these two alternative phenotypes. Another set

of genes upregulated in sneakers are involved in neural

plasticity (e.g., genes coding for synaptic function and for

cell-adhesion glycoproteins that have been implicated in

memory formation) and in neural signaling (e.g., genes

coding for nitric oxide synthesis, a neurotransmitter

involved in the regulation of neuropeptide action). This

difference has been interpreted as suggesting that the

expression of the sneaker tactic is more demanding at the

cognitive level (Aubin-Horth et al. 2005). Therefore, a

functional genomics approach may not only allow the con-

firmation of expected differences in the profiles of gene

expression of specific target tissues between alternative

phenotypes, but it may also reveal differences in gene

expression between morphs in otherwise unsuspected bio-

logical processes (e.g., neural plasticity).

20.2.3 Behavioral syndromes

Ethologists have long realized that there is often consistent

behavioral variation between individuals of a species (Bagg

1916, Lorenz 1935, Tinbergen 1951, van Oortmerssen

1971, Huntingford 1976, Benus et al. 1987, Clark and

Ehlinger 1987, Riechert and Hedrick 1993, Verbeek et al.

1994). Interestingly, a broader systematic study of the

mechanisms underlying such individual variation has

begun only recently, but with all the more vigor (e.g., van

Oortmerssen and Bakker 1981, Ehlinger and Wilson 1988,

Benus et al. 1991, Hessing et al. 1994, Dingemanse

et al. 2002, van Oers et al. 2004, 2005, Both et al. 2005,

Kralj-Fiser et al. 2007; reviews in Wilson 1998, Koolhaas

et al. 1999, Gosling 2001, Sih et al. 2004a, b, Groothuis and

Carere 2005). The consistent tendency of individuals to

behave in a certain way, either in a particular behavioral

context (e.g., in resource competition) or across contexts

(e.g., in exploration, predator avoidance, and dominance

interactions) has been referred to as an animal’s coping

style, behavioral type, profile, or tendency, or – in analogy to

a term used in human psychology – “personality” (Gosling

and John 1999, Kolhaas et al. 1999, Carere and Eens 2005,

Groothuis and Carere 2005). Suites of correlated behaviors

have been called behavioral syndromes (Sih 2004a, b),

which refers to a property of a population of individuals

denoting a correlation between rank-order differences of

individuals through time or across situations (Bell 2007).

The study of ARTs and behavioral syndromes has much

in common. Variation in behavior, regardless of whether it

is discontinuous or continuous, is strongly influenced by

developmental processes (Caro and Bateson 1986, Meaney

2001, Stamps 2003); it is heritable (Benus et al. 1991,

Sinervo and Zamudio 2001, Drent et al. 2003); it depends

on the abiotic, biotic, and social environments (Emlen 1997,

Benus and Henkelmann 1998, Groothuis and Carere 2005);

and it has profound fitness consequences (Shuster 1989,

Ryan et al. 1992, Dingemanse and Reale 2005), which affect

populations and thereby have important ecological and

evolutionary implications (Gross 1991, Bolnick et al. 2003,

Sih et al. 2004a). The most significant difference between

alternative allocation phenotypes (AAP) such as ARTs and

behavioral syndromes (BS) seems to be the form of the trait

distributions. AAP are characterized by discontinuous or

bimodal/multimodal phenotype distributions (Chapters 1

and 2), whereas BS usually show a continuous, unimodal

distribution (Wilson et al. 1994). In both cases, it is of

paramount interest to understand the ultimate and proxi-

mate mechanisms causing and maintaining behavioral

variation within populations.

Students of ARTs can learn from BS research that

individual differences in behavior can represent limited

plasticity. If behavioral tendencies “carry over” between

different contexts due to the make-up of an organism,

“optimal” responses to particular problems might not be

expected (Sih et al. 2004b). Imagine a benefit exists in a

population for high aggression levels in competition for

food resources. Individuals thereby selected to be very

aggressive may not be able to overcome such tendencies in

the reproductive context. In other words, they may be

predisposed to perform a bourgeois reproductive tactic,

even if a parasitic tactic may provide higher rewards. The

important message here is that correlations among traits can

act as evolutionary constraints (Duckworth 2006). We may

not find the expected optimal behavior because correlated

responses to selection on nontarget traits can depend on

genetic correlations (Lande and Arnold 1983, Roff and

Fairbairn 1993). Traits may evolve together as packages. It

would be worth studying also in the context of ARTs, which

behaviors are correlated across which contexts, how stable

these correlations are, and which evolutionary processes and

physiological mechanisms might be responsible for the
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existence of such correlations. This is an addition to the

12 pertinent questions asked in Chapter 1 to aim at a

comprehensive understanding of the evolution of ARTs.

In return, research onBSmay benefit from the knowledge

of principles developed in the long history of AAP studies

(Brockmann 2001). The theory developed to explain sex

allocation, alternative life histories, and ARTs may yield

adequate approaches and methods to resolve questions of

the coexistence of alternative coping styles (Chapter 2).

Conceptual understanding and empirical results have accu-

mulated in the research of ARTs (Chapter 1) that may

significantly further the comprehension of BS, at least by

turning the focus towards the most urgent questions. The

majority of the 12 questions asked in Chapter 1 are also

relevant for the study of BS. For example, it seems presently

unclear to what extent behavioral types such as shyness or

boldness are flexible (or reversible) over a lifetime (Wilson

et al. 1993, Coleman andWilson 1998, Frost et al. 2007). Are

threshold mechanisms and developmental switches involved

in the generation of diverging behavioral profiles (Groothuis

and Carere 2005), and if so, to what degree are these switches

and threshold mechanisms subject to natural selection (Roff

1998)? The integrative approach to the study of ARTs

(Chapters 2, 5, 7, 8, 9, 10, 12, and 15) may be particularly

valuable for BS research, because both physiological and

evolutionary mechanisms must be considered for a compre-

hensive understanding of individual variation in behavior

(Koolhaas et al. 1999, Oliveira et al. 2005).

The study of behavioral syndromes still suffers from a

lack of quantitative information in most natural systems

(Sih et al. 2004b). A crucial question in BS research is the

nature of phenotype distributions. Is the distribution of shy

and bold, proactive and reactive, sedentary and roaming

behavioral types indeed continuous and unimodal as is

usually assumed or is there sometimes evidence for

underlying disruptive selection processes? Surprisingly,

this question is hitherto largely neglected in the study of BS

(Sih et al. 2004a, b, Bell 2007). If disruptive selection is

involved, concepts developed in the study of AAP could be

applied. If instead BS are characterized by uniform distri-

butions, the persistence of systematic individual differences

in behavior despite apparent absence of disruptive selection

needs to be explained. What is the importance of density-

and frequency-dependent selection under these conditions

(Dall et al. 2004, Wilson et al. 1994)? Why is behavioral

plasticity hampered (DeWitt et al. 1998, West-Eberhard

2003)? To what extent is state dependence involved in the

expression of behavioral phenotypes (Dall et al. 2004)? This

is where the study of ARTs and BS can effectively

complement one another.

20.2.4 The role of ARTs in speciation

Intraspecific alternative adaptations predispose populations

to speciation because they represent fitness trade-offs under

natural selection (West-Eberhard 2003). When divergence

in the form of alternative phenotypes has developed, par-

ticular variants may be fixed in certain subpopulations due

to assortative mating, environmentally mediated change in

expression, or frequency-dependent selection. Examples

include (1) socially parasitic inquiline ants that reproduce by

laying eggs in the colonies of other ant species; there

is evidence that these ants have evolved by sympatric spe-

ciation due to parallel size-related alternatives in the

two sexes (Buschinger 1986; see Buschinger 1990, Bourke

and Franks 1991, West-Eberhard 2003 for review). (2) In

pacific sockeye salmon Oncorhynchus nerka, some indivi-

duals do not migrate to sea but stay in the rivers where they

were born to reproduce earlier than the anadromous con-

specifics (Thorpe 1989). In the male sex, this usually

involves parasitic sneaking behavior. In some populations,

the marked size difference between stationary and migra-

tory individuals of both sexes apparently leads to assortative

mating by size (Foote 1988, Foote and Larkin 1988),

which creates genetic divergence between the anadromous

sockeye and nonmigratory kokanee forms (see Foote

and Larkin 1988 for references). The ultimate cause for

assortative mating in systems with extensive, discontinuous

size variation may be the benefit of mating among mates

with a similar, precocious life-history type. (3) Lizards

have been suggested to nicely demonstrate the importance

of secondary sexual signals for the evolution of intrapopu-

lation divergence and sympatric speciation (Lande 1982,

West-Eberhard 1983). In lizards with intraspecific and

intrasexual color polymorphisms and alternative mating

behaviors, frequency-dependent selection in combination

with assortative mating between like-types and reduced

hybrid fitness may further genetic diversification and spe-

ciation (Hochberg et al. 2003, Sinervo and Calsbeek 2006).

When assortative mating is not linked to resource compe-

tition, genetic drift may break the linkage equilibrium

between the trait responsible for mate selection and the

respective ecological traits (Dieckmann and Doebeli 1999),

hence leading to reproductive isolation between ecologic-

ally diverging subpopulations. (4) Color polymorphisms

and negatively frequency-dependent selection that might
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be associated also with alternative mating behaviors may

cause speciation in the rapidly radiating Lake Victoria

cichlids (Seehausen and Schluter 2004). Male–male com-

petition and aggression focused on like-types generates

negative assortment of nuptial color patterns among

habitats. Whether and to what extent alternative mating

behaviors may be involved in this diversification process is

yet unclear.

In species with male ARTs, reproductive parasites or

“sneakers” may participate in fertilization attempts of other

species (Crapon de Caprona 1986, Taborsky 1994, Jansson

and Ost 1997, Wirtz 1999) or forcefully copulate with het-

erospecific females (Seymour 1990, Russell et al. 2006).

This causes hybridization, a speciation mechanism that is

often underrated (Mallet 2007). It may be particularly

important in lineages with rapid adaptive radiation such

as the cichlids of the Great African Lakes (Salzburger

et al. 2002, Seehausen 2004). Interspecific fertilization by

reproductive parasites is probably a frequent phenomenon

because it is inherently “cheap,” i.e., reproductive parasites

only contribute sperm and do not invest in secondary

sexual characters, courtship, nest building, and brood care

(Taborsky 1994). This is one likely cause of unidirectional

hybridization, which is apparently more frequent than

reciprocal hybridization (Wirtz 1999). Phylogenetic ana-

lyses of ARTs in fishes suggest that they are distributed near

the tips of the phylogenetic trees (Chapter 3), which might

indicate a functional link between speciation and the

evolution of alternative mating tactics.

ARTs may result from divergent reproductive niches

due to habitat differences or when same-sex competitors

show bimodal or multimodal trait distributions caused by

natural selection (Chapter 2; Denno 1994, Skú lason and

Smith 1995, Pigeon et al. 1997, Danforth and Desjardins

1999, Jonsson and Jonsson 2001). Trophic morph diver-

gence, for example, may strongly affect reproductive

options and thereby relate to the mating tactics used, such as

in Arctic charr (Jonsson and Jonsson 2001, Snorrason and

Skúlason 2004). This may drive speciation by disruptive

selection under conditions of at least minimum ecological

contact between the diverging lines (Smith and Skúlason

1996), whereby reproductive isolation may evolve surpris-

ingly quickly (Hendry et al. 2000). When gene flow becomes

severely restricted, further morph specialization may ensue,

which finally gives rise to new species (Snorrason and

Skúlason 2004). This is a promising area for future research

into evolutionary mechanisms underlying speciation on the

basis of intraspecific morph divergence.

20 .3 BROADER IMPLICATIONS OF

ARTS

The study of ARTs can contribute much to our under-

standing of fundamental issues in biology (as discussed

above), but it can also contribute to our understanding of

applied problems. In this section we address a few of these

topics.

20.3.1 ARTs in conservation

Conservation is a growing field of knowledge in which the

maintenance of biodiversity is a key goal. In conservation

the species is the commonly used unit of biodiversity and

intraspecific variations are usually overlooked (but see

Bolnick et al. 2003). However, intraspecific variation rep-

resents an important component of ecologically functional

diversity within a species and this translates into adaptive

genetic variation of the population and hence its evolu-

tionary potential. This means that polyphenisms including

ARTs are a valuable part of biological diversity and should

be considered in conservation actions. For example, the

occurrence of sneaker males in the peacock blenny Salaria

pavo is limited to lagoon populations in southern France and

in southern Portugal (Ruchon et al. 1995, Gonçalves et al.

1996). Apparently, the scarcity of nest sites in the near-

shore lagoon environments poses a constraint on male

reproductive rate in this crevice-nesting species and the

operational sex ratios become female biased ( J. Saraiva and

R.F. Oliveira, unpublished data). This leads to a sex-role

reversal in courtship behavior, with females taking the

leading role in courtship in the lagoon population (Almada

et al. 1995). ARTs are also present among males in these

populations, with younger and smaller males mimicking

female courtship behavior in order to gain access to nests

during spawning episodes (Gonçalves et al. 1996). Hence,

although this species is common in rocky shores in the

Mediterranean Sea and in adjacent areas from northern

Morocco to the Bay of Biscay (Zander 1986), the lagoon

populations deserve a special conservation status for the

intraspecific variation they exhibit.

The occurrence of intraspecific diversity should be

preserved not only because of their intrinsic interest as

unique biological phenomena, but also because such local

adaptation adds to the species genetic assets and flexibility

and thus can contribute to the evolutionary potential and

long-term survival of the species (Buchholz and Clemmons

1997). This is illustrated by our discussion of the potential
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role of ARTs in speciation. But species with ARTs may also

maintain greater intraspecific genetic diversity than popu-

lations without such variation. For example, alternative

dispersal tactics, which are often associated with ARTs

(Chapters 2 and 8), will influence genetic variation and

population viability as well as the effectiveness of release

programs (Thomas et al. 2000). One problem in the con-

servation of highly sexually selected species, which are some

of our most spectacular species, is that genetic diversity and

the effective size of the breeding population is constrained

by the presence of a few highly preferred males (Parker and

Waite 1997). However, when ARTs are present, genetic

variance is more likely to be maintained and inbreeding

problems reduced.

The presence of ARTs should be considered whenever

human intervention is planned. For example, an effort to

increase the number of nest sites for rare cavity-nesting

birds by placing nest-boxes in the environment at high

densities had an unanticipated result, an increase in

intraspecific brood parasitism (Eadie et al. 1998). This

facultative, female reproductive tactic turned out to be

density dependent and an increase in nesting sites ended up

decreasing population growth. ARTs should also be con-

sidered in resource exploitation, since harvesting may lead

to the selective removal of one of the reproductive morphs.

For example, because bourgeois males are larger than

parasitic males, and because harvest activities are usually

directed towards the largest individuals in the population,

bourgeois males are more likely to be removed. The effects

of selective removal of specific morphs on population per-

sistence and genetic diversity are still poorly understood.

However, it can be predicted that the removal of larger

individuals may influence life-history decisions leading to a

reduction in size at sexual maturity and concomitantly to a

reduction in female fecundity (assuming size-dependent

fecundity) (Vincent and Sadovy 1998). Also, the differential

removal of males in a population may lead to sperm limi-

tation and consequently to a reduction in female fecundity

with an impact on population persistence (e.g., male biased

capture in ungulates: Ginsberg and Milner-Gulland 1994).

Knowledge of ARTs has already influenced manage-

ment decisions. In the United States, sunfishes (Lepomis

spp.) are an important resource for sport fishing and some

species of sunfish exhibit ARTs consisting of three male

types: nest-guarding parental males, female-mimicking

satellite males, and sneaker males that dart into the nests

of parental males during spawning to release sperm (Gross

1982). The fishery disproportionately removes parental

males both because they are larger and because they are

site-attached to their nests making them easier to target.

As a consequence the unguarded eggs and larvae of cap-

tured parental males are cannibalized by other individuals,

thus reducing the survival of the young. To control the

impact of this selective removal, fisheries management

policies were revised and the frequency of alternative

males in the population is being controlled (M. Gross,

personal communication, in Vincent and Sadovy 1998).

Similarly, increased fishing pressure on the large, anad-

romous, hooknose male salmon may end up increasing the

proportion of the less desired, small jacks in the popula-

tion (Gross 1991b).

20.3.2 ARTs in pest management

The occurrence of alternative reproductive phenotypes can

play a key role in the effectiveness of pest management

strategies, since variants can be maintained or selectively

targeted by specific pest management practices. Red

imported fire ants Solenopsis invicta introduced into the

United States from South America in the 1930s and 1940s

rapidly became a pest in southern states because of their

negative economic impact. They produce large nest mounds

that may damage agricultural equipment or even promote

the collapse of road sections by removing the soil under the

asphalt; they inflict significant damage to agricultural crops

(e.g., soybeans, eggplant, corn, etc.) and livestock; and they

have a painful sting that may be dangerous to sensitized

people that develop an allergic reaction to their venom.

Different pest management methods have been developed

to control the populations of the red imported fire ant,

including pesticides and biological control agents. Recently

a microsporidian pathogen (Thelohania solenopsae) with a

high prevalence rate that may reduce or even kill colonies

has been detected in the US populations of fire ants,

thus having a potential role as a biological control agent

(Williams et al. 2003). SinceT. solenopsae can be transmitted

by the introduction of infected broods into a colony, the

degree of inter-colony brood transfer is a key factor for its

spread. In fire ants two types of social organization are

commonly present: monogyny, in which a single egg-laying

queen is present per colony, and polygyny, in which mul-

tiple queens are present per colony (Ross and Keller 1995).

These two ethotypes also differ in their social behavior:

polygyne colonies exchange workers, food, brood and

mated females, whereas monogyne colonies are very terri-

torial (Tschinkel 1998). Therefore, the social structure
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of the colonies is expected to moderate the infection by

T. solenopsae. As predicted, polygyne colonies have a

much higher prevalence of this infection in the field (Oi

et al. 2004, Fuxa et al. 2005) and a longer persistence and

faster spread of infections started in the laboratory than

monogyne colonies (Oi 2006, Preston et al. 2007). There-

fore, by affecting the dynamics of the microsporidium

infection, the multiple social forms of these fire ant popu-

lations play a key role when considering the potential of this

pathogen as a biological agent in pest management.

20.3.3 ARTs in medicine

Medical research is mainly focused on explaining how the

body systems work and why some people are more vul-

nerable to a particular disease than others. The proximate

mechanisms of disease vulnerability are commonly seen as

resulting from evolutionary “defects” and random pro-

cesses. More recently, the role of evolutionary constraints

and host–parasite co-evolution have also been implicated in

evolutionary approaches to the study of disease (Nesse and

Williams 1998). The study of ARTs provides a different

conceptual framework that promotes the view that genetic

variants are likely to represent evolved alternative adapta-

tions for different environments instead of the classic view

as malfunctioning phenotypes. This ARTs view of adaptive

variation is relevant to understanding the evolution of host–

parasite interactions, the evolution of and spread of disease

organisms, and antibiotic resistance.

20.3.4 ARTs in evolutionary psychology

The study of ARTs may help to explain the evolution of

apparently nonadaptive human characters such as homo-

sexuality. Same-sex sexual behavior is present in a large

number of species from different vertebrate taxa, and it is

commonly associated with ARTs (Bagemihl 1999). In

humans sexual orientation shows marked sex differences:

male homosexuality presents a somewhat bimodal distri-

bution, whereas female homosexuality displays a more

continuous distribution, from strictly heterosexual to

strictly homosexual individuals (LeVay 1996). Therefore,

the distribution of male homosexuality in humans resembles

the discrete distribution of ARTs. However, despite dis-

playing a similar pattern to same-sex sexuality in animals

(e.g., female mimicry in males in order to get access to

breeding females), human homosexuality does not share

the same functional explanation. On the contrary, male

homosexual behavior is an evolutionary paradox since it is

associated with decreased direct reproduction and other

hypotheses, such as kin selection, also fail to account for its

maintenance in the population (Bobrow and Bailey 2001).

This paradox is further stressed by the prevalence of

homosexuality in different cultures and by the fact that at

least part of the variation in sexual orientation has a genetic

basis (see Bailey et al. 2000 and references therein).

Thus, by providing the theoretical basis and the meth-

odologies for the study of discrete, within-sex variation in

sexual behavior, the study of ARTs may also contribute to

the rigorous study of the complexities of human social

behavior.

20.3.5 ARTs in education and the public

understanding of science

Finally, we would like to finish the last chapter of this book

by drawing attention to the fact that ARTs are an excellent

topic for popular science films and books since they provide

strong narratives that may increase the impact of science

communication (Dingwall and Aldridge 2006). In this

respect it is worth mentioning that one of the first scientific

studies of ARTs was published by Desmond Morris

(Morris 1952), one of the most active popular-science

writers today. Moreover, since the boom in popular-science

publishing during the 1990s, ARTs are being portrayed in

many wildlife films and documentaries and featured in

popular books (e.g., Judson 2002, Crump 2005). These

popular accounts of ARTs communicate to the public

both fascinating biology and important biological concepts,

such as the role of evolution in maintaining variation in

populations.

We hope that in the near future ARTs can be further

used in conveying to the general public one of the basic

advances in biology in the last few decades that two levels

of explanation are needed for the full understanding of

any biological trait: (1) an evolutionary explanation

regarding its function; and (2) a proximate explanation for

how it works. These two levels should not be taught sep-

arately since they complement one another; the teaching of

this emerging corollary of modern biology to the general

public will be a challenge that represents “integration” at

still a higher level.
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unpredictable food resource, 368

environmental cues, 232, 233, 244

environmental grain, 232, 233

EPC (see extra-pair copulation)

ephemeral resources, 191

equal pay-offs (see fitness)

ESS (see evolutionarily stable strategy)

estradiol, 121

estrogen, 338

evolutionarily stable state (ESS), 26, 268,

343, 344, 369, 473

equilibrium frequencies, 268, 422, 474

evolutionarily stable strategy (ESS), 42,

228, 231, 349, 351, 374, 414, 421

evolutionary dead end, 333

evolutionary instability, 56, 58--59

evolutionary psychology, 482

exaggerated trait (see sexual selection)

exaptation vs. adaptation, 10

explosive breeding (see mating systems)

extinction, 333

extra-group mating, 451, 452

extra-pair copulation (EPC) (see also sexual

conflict), 346, 350, 352, 375, 403,

422

extra-pair, extra-group reproduction,

456--457

extra-pair fertilization, 454, 455

mating, 452

paternity, 455

family selection, 242

farming out, 274

female alternative reproductive tactics, 35,

135, 194, 197, 198, 274--276,
336--337, 343, 442, 443--444

alternative preferences, 337

based on egg size, 443

based on female competition, 443

based on mate choice, 443

based on offspring competition, 443

based on provisioning, 443

brood parasitism, 59, 197, 202, 274, 344,

346, 348, 349, 350, 444, 457--459,

461, 481

coalitions, 461

darting, 320

evolution of, 443, 472

expression of, 387--389
expulsion risk by, 464

fecundity, 481

friendships, 383

interrupting females, 320

lay-and-leave females, 320

lay-and-stay females, 320

macrogynes/microgynes, 197

major hens (ostrich), 461

male mimicry, 32, 188, 202, 443, 475

minor hens (ostrich), 461

monogynous/polygynous, 189

nest parasitism, 461

nest-site selection, 320

parasitic tactic, 440, 441, 444, 457

parental care, 320

queen dimorphism, 197

female choice/preference, 35, 191, 194,

202, 263, 270, 272--274, 278, 307,

314, 320, 337, 343, 344, 350,

351--352, 385, 388, 406, 413, 414,

415, 422, 435, 437, 442, 473

active, 332

among male tactics, 437

and the evolution of ARTs, 438

circumvention of, 422

context-dependent, 444

cryptic female choice, 196, 324, 332, 337

cuckoldry and rates of, 430

for genetic benefits, 431

for high mate rate, 440

for larger males, 437

for novel males, 437

for older males, 437

for parental care, 440

for sneakers, 440

frequency dependent, 437

of parasitic males, 415

optimization model for, 423

solicitation rates, 413

female control over mating, 437

female copying, 406, 410, 411, 444

female distribution or dispersion, 367--368,

375

female investment, 196, 208, 388, 423, 444

decisions, 192

egg guarding, 338

egg retention, 336, 338

egg sac deposition, 318

yolk provisioning, 336

female life-history patterns, 443

female mimicry (by males) (see also tactics),

25, 57, 65, 118, 135, 152, 157,

187, 225--226, 253, 310, 313--318,

322, 333, 333, 334, 343, 345, 350,

401, 410, 411, 415, 426, 430, 475

experimental tests of, 411

frequency of, 416

signaling mechanisms, 410

female polymorphism (see polymorphism)

female quality, 273

index of, 428, 430

rank, 385

female, nulliparous, 385

female-- female competition (see sexual

selection, intrasexual)

fertilization, external, 251, 252, 301, 318

fertilization insurance, 300

fertilization mode, 251--253, 276

fertilization success, 301

fighter and scrambler (see tactics)

fisheries management policies, 481

fitness curves, 9, 30, 29--32, 42, 374, 454,

473, 474

fitness of tactics (see also good genes, pay-

offs), 10, 59, 68, 70, 76, 207--208,

228, 231, 239, 244, 271, 277, 278,

344, 346, 348, 350, 351, 352, 386,

451, 452, 473

at equilibrium, 422

average, 224

condition-dependent, 9, 442, 444, 472

direct and indirect, 366, 452, 473

direct benefits, 278, 350, 351, 403, 414,

421, 423, 452

equal, 10, 29--32, 42, 58, 64, 301, 315,
322, 324, 363, 367--369, 374, 383,

388, 423, 473--474

female, 443

frequency-dependent, 472
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fitness of tactics (cont.)

inclusive, 380

indirect, 415, 452, 460

indirect benefits, 135, 350, 351, 380, 382,

414, 415, 421, 423, 452

kin-selected, 457

lifetime, 367

measurement problems, 473

multiple phenotypes, 29--32
spawning rate, 414

unequal, 10, 29, 57, 64, 357--367,

367--369, 452

variance in, 32, 224, 230--231, 301, 332,
335--336, 350, 362, 374

fitness sets, 233

fixed strategy/fixed tactic, 6, 12, 27, 64, 86,

109, 120, 138, 231, 262, 263, 313,

374, 472

co-occurrence of fixed and flexible

tactics, 264

mechanism, 86, 132, 138, 152

plastic vs. fixed tactics, 64

flexibility of phenotypes or tactics (see

phenotypic plasticity)

flightless and flight-capable (see tactics)

fluctuating asymmetry, 428

flutamide, 156

foam nest, 307

forced copulation (see sexual conflict)

forceps, 202

foundress associations (see social insects)

frequency dependence, 177, 188, 192, 197,

208, 423, 474

frequency of tactics/morphs, 34, 39, 244,

268, 416, 474

condition dependence, 27, 42

conflict over, 40--41

cost ratios, 27, 40

differential costs, 27, 40

evolution of, 42

harassment, 444

information, effect of, 41

maternal inheritance, 40

maternal investment, 40

mating success, 441

modeling, 473

morph ratios, 268, 422, 474

overlapping generations, effect of, 41

reproductive value, effect of differences

in, 41--42
reproductive success, 443

specialization on morphs, effect of, 41

split ratios, effect of, 41

frequency-dependent selection, 7, 9, 10, 30,

32, 65, 66, 68, 69, 70, 208, 228, 237,

242, 266, 268, 276, 333, 343, 344,

348, 349, 352, 361, 366, 367, 374,

386, 422, 437, 443, 444, 453--455,

472, 479

choice of tactics, 36

condition-dependent rule and, 37

density dependence and, 32, 34, 40, 68,

69, 74, 453

life histories of, 36

morph ratio, 29, 32, 34, 40

sex ratio, 27, 39, 41, 42

test of, 474

Fulton’s condition factor, 428

functional genomics, 162, 277, 477--478

game theory (see also dynamic modeling),

224, 228, 231, 415

age-structure effects, 71

dynamic game, 65

dynamic vs. static, 71, 72

evolutionary game theory, 3, 228, 338

hawk/dove game, 74

models, 65

multilevel, 75

rock-- paper-- scissors, 471

state-independent, 74

static, 71

three-player games, 74

gauntlet behavior, 303, 306, 323

GC (see glucocorticoids)

gene dosage, 136

gene expression, 86, 88, 162

genes

aristaless 97

aromatase gene CYP 19A1, 160

decapentaplegic, 96

distal-less, 97

limb-patterning, 97

OBY locus, 334

wingless, 96

genetic architecture, 12, 39, 187, 228,

231--238, 239, 243, 478
genetic benefits (see good genes)

genetic compatibility, 388

genetic correlations (see also correlated

traits), 39, 333, 478

genetic covariance, 7

genetic drift, 479

genetic modifier, 348

genetic polymorphism (see polymorphism)

genetic quality, 274, 300

genetic variation, 65, 92, 228, 237, 243, 369,

421, 480

genetic vs. environmental influence, 3, 10,

154, 472

genital forceps, 195

genotype · environment interactions, 64,

65, 233, 266, 472

gentes, 344

gestation, 338

ghost of past selective pressures, 72, 74

gin traps, 196

glia cells, 121, 137

glucocorticoids (GC), 138, 158--161,
159--160

androgen interactions, 160

effects of social status on GC levels, 158

effects of social support on GC levels,

158

permissive actions of, 159

receptor, 159

stress effects of, 158--161
winner-- loser effects on GC levels, 158

gnathopods, 241

GnRH (see gonadotropin-releasing

hormone)

gonads, innervation of, 158

allocation, 157

maturation, 132, 135

receptors, density of, 158

size index (GSI), 157

steroid testosterone, 334

gonadotropin-releasing hormone (GnRH),

113--116, 125, 139

dimorphisms and, 116, 116

gonad mass/body mass ratio and, 116

gonadal size and, 113

preoptic area phenotypes (POA) and,

116

steroidogenesis, 113

gonochorism, 254

good genes, 272, 350, 403, 421, 422, 423,

426, 431

graded call intensities, model of, 71, 75--79
graded signaling, 75--79

greenbeard effect, 335

group breeding/spawning (see multiple

mating)

group selection, 335

groups (see social groups)

growth factor, 96

growth hormone, 380

gynochromes (see polymorphism, color)

gynodioecy (see sex change)

habitat quality, 265

harassment (see sexual conflict)

harems (see mating systems)

harvest practices, 481

helping (see coalitions, social groups), 271,

382, 408, 444, 461

breeding vs. helping, 453--455

cobreeding direct benefits, 456

competition among helpers, 408

condition-dependent effects, 455

decisions, evolution of, 455
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decisions by others, effect of, 455

differences between, 453

dominance, 409

extra-group mating, 456--457

extra-pair paternity, effect of, 455

failed breeders, 453

helpers at the nest, 451, 452, 453

hormonal differences between, 453

inheritance of territory, 455

nonbreeding, 452

numbers of helpers, 454--455

sneak fertilizations, 456

subordinate, 271, 409

herding (see tactics)

heritability, 92, 94, 203, 228, 241, 301, 374,

421, 453

hermaphroditism, 38, 160, 225--226, 240,

242, 254

heterogamety, male and female, 151

heterogeneous environment, 33, 34

heterozygous advantage, 348

hilltopping, 191

home range size, 364

homology, 59

homosexuality, 482

honest advertisement, 71--74

indicator of quality, 362

hormone-dependent traits, 10, 386

hormones (see also relative plasticity

hypothesis), 10--12, 374

activational effects of, 12, 138, 476

as endocrine mediators, 135

as facilitators, 164

associated with ARTs, 140

effect of manipulations, 154

levels of, 132, 477

manipulations of, 138, 153--156

organizational effects of, 12, 138, 153,

374, 476

peptidergic, 113

plastic hormonal regulation, 334

probabilistic approach to effects, 164

receptors, 11, 88, 89, 92, 94, 135, 477

sensitive period, 12, 138

sensitivity to, 161, 163

signal, 87, 91, 93

social environment effects on levels, 163,

164

horn dimorphism, (see dung beetle)

HSD (see hydroxysteroid dehydrogenase)

hula display, 318

hybridization, 322, 480

11b-hydroxysteroid deydrogenase (HSD),

1--3, 160, 161

hypothalamus, 139, 158

hypothalamus-- pituitary-- gonadal (HPG)

axis, 132, 139, 158, 159

ideal free distribution, 198

immunocompetence, 162, 163, 350

immunocytochemical methods, 116

in situ hybridization histochemistry, 116

in vitro fertilization, 426

inbreeding, 135, 337, 480

avoidance, 451, 452, 453, 455

incentives (see reproductive skew)

inciting females, 363

inclusive fitness, 380

benefits, kin-selected, 451

theory, 462

incomplete control (see reproductive skew)

incubation temperatures, 338

indeterminate growth, 38, 262, 475

indirect benefits (see fitness)

indirect gamete transfer, 309

individual recognition, 407

infanticide, 263, 382, 383, 385, 387, 388,

389

information, 86, 402, 474--475

importance of, 37, 41, 87

mechanism of, 86, 87

transfer, 403

inheritance status, 460

inquiline ants, socially parasitic, 479

insulin signaling pathway, 97

interception, 306

internal fertilization, 253, 301, 309, 318,

351

interrenal glands, 160

intrasexual competition (see sexual

selection)

intersexual competition (see sexual

selection)

intrasexual conflict (see sexual conflict)

intrasexual dimorphism (see polymorphism,

dimorphism)

intrasexual polymorphism, (see

polymorphism)

intraspecific brood mixing, 275

intrauterine positions, 135

investment, female (see female investment)

investment, male

ejaculate investment, 273

ejaculation rates, 439

irreversible alternatives (see fixed tactics)

isotocin, 113

Jack-of-all-harems, 232

JH (see juvenile hormone)

joint nesting (see social groups)

juvenile hormone (JH), 36, 87, 93

condition-sensitive effect, 88

esterase, 90

interactions with ecdysone

polyethism, role in, 91

variation in, 91

11-ketotestosterone (KT), 157, 160, 277

KT:T ratio, 157

kidnapping, 275

kin selection, 335, 380, 462

benefits, kin-selected, 451

theory, 135, 462

KT (see ketotestosterone)

labile traits, 57, 198

lateral display, 318

lekking behavior (see mating systems)

leukocyte count, 163

leydig cells, 136, 161

LH (see luteinizing hormone)

life histories, multiple, 440

optimal breeding, 431

theory, 64, 270

life-history tactics (see also polymorphism,

trade-offs), 25, 35, 198, 332, 336,

389, 421

direct and delayed development, 35

dispersal tactics, 480

female, 443

frequency dependence and, 36

inheritance of, 421, 422

interbirth intervals, 387

investment, 194

prolonged breeders, 322

reproductive allocation, 443

strategies, 346, 348

survival rates, 352

trade-offs, 162

lifespan, 233, 243, 366

limbic system, 111

linkage, genetic, 38

equilibrium, 479

local adaptations, 266, 480

luteinizing hormone (LH), 380

lymphocytes, 163

macrogynes, 197

male choice, 404, 410

male mimicry (see female alternative

reproductive tactics)

male quality variation, 274

male-- female conflict ( see sexual conflict)

male investment

ejaculate investment, 273

ejaculation rates, 439

male-- male competition ( see sexual

selection)

male-- male courtship, 410

marginals ( see tactics, types of )

mate acquisition, 301, 302--306, 343

mate locating, 188

mate search and assessment costs, 350
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mate choice (see female choice, male

choice)

mate conflict (see sexual conflict)

mate guarding, 196--197, 251, 317, 352,

362, 363, 380, 383, 435, 441

post-copulatory, 364

post-copulatory choice mechanisms, 196

pre-copulatory, 239, 243

tending, 363, 364

mate recognition, 475

maternal effects, 36, 40, 442, 444

mitochondrial DNA, 344

maternal half-siblings, 422

mating balls, 306, 315

mating niche (see reproductive niche)

mating precedence, 324

mating systems (see also consortships,

cooperation)

evolution of, 71, 202

explosive breeding, 193, 306, 307, 308,

313, 317, 318, 322

female mate-sharing systems, 461--462

group mating (see social groups)

harem-defense polygyny, 263, 335, 368,

382--383

lek mating system, 190, 344, 346,

361--362, 405

monogamy, 332, 350, 362

monogyny, 481

polyandry, 319, 336, 337, 460, 475

polygynandry, 319, 413, 460, 461

polygyny, 189, 332, 461, 481

resource defense polygyny, 335,

357--361, 367

social mates, 422

spatial distribution of females, 375

medicine, 482

memory formation, 162

meta-analysis, 158

metamorphosis, 313

microarrays, 162, 477

microgynes, 197

microsatellite genetic markers, 427

midwifing, 319

mimicry (see also female alternative

reproduction tactics, female

mimicry, male mimicry), 475

mineralocorticoid, 159

mixed maternity, 274

mixed strategies, 37, 475

information and, 37

modeling (see also dynamic modeling),

472--473
design of models, 63, 74--75

spatial and temporal dynamics, 473

molecular data, 53, 54

molting, 243

monogamy (see mating systems)

monomorphic vs. polymorphic genotypes,

6--10, 231

monophyletic groups, 53

monopolization, 301, 319

monotremes, 136

morphs, 109

differences, 198, 255, 411, 412, 413, 415

divergence, 255, 404--408
frequencies or ratios (see frequency of

morphs)

morph-limited traits, 39

Müllerian ducts, 136

multimale or multiple mating or spawning,

119, 243, 272, 275, 306--308,

318, 323, 336, 337, 366, 413, 415,

441

multiple paternity, 255, 318, 324, 364, 414

multiple phenotypes

evolution of, 29

fitness of, 29--32

musth, 363

mutualism, 4

nature vs. nurture (see also genetic vs.

environmental influence), 3, 10,

154, 472

neighborhood, 300

nest-site holders, 319, 408

neural structural reorganization, 12, 137

apoptosis, 137

circuits, 12

dendritic structure of neurons, 137

fixed tactics, 138

neurogenesis, 137

neuromodulators, 12

organizational effects of hormones (see

hormones)

pacemaker circuit, 110

plasticity, 162

sensitive periods, 138

sequential tactics, 138

synaptogenesis, 137

neuroendocrinological studies, 112

traits, 125

neuroestrogens, 125

neuropeptides, 112, 113, 137, 138, 477

expression and social status, 119

interaction with neurosteroids, 124

neurosteroids, 120--125, 477

critical period, 123

environmental sex determination, 124

estradiol, 121

interaction with neuropeptides, 124

protandry, 123

sex differentiation, 122

testosterone, 121

thermosensitivity in gene expression,

123

niche specialization (see also reproductive

niches), 4--5, 34

nomadic strategies (see tactics, types of )

nongenetic phenotypes, 85, 92

noradrenaline, 125

norm of reaction, 7, 64, 85, 228, 241

notal organs, 196

odonata, 191, 443

offspring dumping, 274

ontogenetic conflict, 337

operational sex ratio (OSR), 32, 59, 198,

243, 302, 303, 313--318, 321, 324,

338, 364, 368

female-biased, 321

male-biased, 302, 321

opportunistic strategy, 306, 317, 318

tactic choice, 262

optimization,

intermediate optimum, 425

model for female choice, 431

of mate choice, 274, 422, 431

optimal breeding, 431

optimal paternity, 429

optimal phenotype, 233

optimization model predictions, 429

trade-offs, 422

organizational effects of hormones (see

hormones)

OSR (see operational sex ratio)

paedomorphosis, facultative, 309--321
parallel evolution (see alternative

reproductive tactics, evolution of )

parasite load, 428

parasitic tactic (see tactics, types of )

parasitism, quasi-, 457, 461

parental care (see also female investment),

152, 254, 271, 272, 273, 336, 346,

349, 385, 413, 421, 422, 428, 435,

440, 441, 475

allocation, 426

benefits from, 423

biparental, 275

brood defense, 427

brood reduction, 430

crèches, 462

index of, 428

paternal, 275, 300, 385, 456, 460

paternal investment, 254, 430

present value of brood, 430

shareable, 431

parr (see tactics, types of )

parthogenesis, 136, 338--339

paternity, 315, 385, 423
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analysis, 307, 324, 426, 441

assessment by olfactory cue, 426

confusion, 388

determination of, 386

optimum, 429

pay-offs (see also fitness, dynamic

modeling)

density-dependent, 65, 68, 69

dynamic optimization, 65

frequency-dependent, 65, 69

future reproductive success, 66, 76

game theoretic, 65

immediate, 66

individual, 66

state-dependent, 65

temporally dependent, 65

pay-to-stay hypothesis (see reproductive

skew)

pelagic spawning, 251

peripheral mating tactic (see tactics,

types of )

pest management, 481--482

phally polymorphism (see polymorphism)

phenotypes

complex, evolution of, 476--477

“fixed” pure, 231

genetically monomorphic “conditional,”

231

mosaics, 135

optimal, 233

“sensitive,” 233

specialization, 233

“tolerant,” 233

phenotypic engineering, 12

phenotypic gambit, 3, 65

phenotypic plasticity, 5--6, 10, 12, 27,

37--38, 85, 87--89, 202, 237, 243,

321

behavioral, 476

developmental response mechanism,

87--89, 243

evolution of, 5--6, 37--38, 89--91, 132,
138, 152, 374, 388, 479

neural and endocrine mechanisms,

137--156

patterns of, 25--27
reproductive and social, 125

phenotypic tolerance, 231

pheromones (see signaling behavior)

philopatry, 271, 380, 387

phylogenetic analysis

amphibians, 300

applied to alternative reproductive

tactics, 202

basis for, 52

bias or inertia, 60, 150, 352

character mapping, 54

conclusions from, 55

data independence, 53

data problems, 55--56

DNA sequence data, 54

fishes, 55--60
inference, 54

informatic tools, 54

mapping traits into, 54

methods, 52--54
molecular data, 53

objectives of, 52

patterns, 55

questions for, 60

shared derived traits, 53

statistical tools, 54

uses in behavioral studies, 54

pirates (see tactics, types of )

pituitary gland, 112, 139

plasticity (see phenotypic plasticity,

relative plasticity hypothesis)

pleiotropic effects, 10, 38, 98

plumage dimorphism, polymorphism (see

polymorphism)

POA (see preoptic area)

policing (see reproductive skew)

polyandry (see mating systems)

polyethism, 89, 91, 203

polygenic inheritance, 232, 235

polygynandry (see mating systems)

polygyny (see mating systems)

polymorphism

color, 191, 198, 208, 334, 350,

443, 479

dispersal, 33--34, 36, 39, 380

dispersive morph, 153

dwarf males, 263, 410

female, 241

genetic, 6--10, 36, 37, 64, 65, 71, 116,

157, 191, 198, 202, 204, 208, 231,

233, 238--240, 241, 242, 244, 262,

263, 268, 276, 301, 324, 334, 344,

346, 347, 348, 350, 356, 366--367,

374, 386, 426, 431, 441, 453, 472

guarding, 189

horn dimorphism, 194, 366, 444

intrasexual dimorphism, 157, 254, 415

intrasexual polymorphisms, 157

mandible dimorphism, 192

monomorphic vs. polymorphic

genotypes, 6--10, 231
phally, 37

phenotypic, 232

plumage dimorphism, 346

plumage maturation, 346

plumage polymorphism, 348

scurred horus, 366

sensory system, 415

trimorphic tactics 306, 474

polyphenism, 89, 224, 233, 238, 239

predawn forays, 457

preoptic area (POA) (see also arginine

vasotocin, gonadotropin-releasing

hormone), 110

anterior hypothalamus, 111

anterior parvocellular nucleus, 113

AVT-like peptides, 113

catecholamines, 111, 112

glucocorticoid receptors, 120

limbic system, 111

magnocellular nucleus, 113

monoamines, 111

multiple peptides, 112

neuropeptides, 111

posterior parvocellular nucleus, 113

serotonin, 111

steroid hormones, 112

suprachiasmatic nucleus, 113

progesterone, 152, 334

protandrous hermaphrodite, 225--226

protogynous fishes, 123

pseudocopulatory behavior, 338

pseudo-estrus, 376, 388

pseudofemale behavior (see sexual

mimicry)

punishment (see reproductive skew)

pure strategy, 27, 231

quantitative traits, 243

quasi-monogamy, 319

quasi-parasitisum, 457, 461

reaction norm, 7, 64, 85, 228, 241

receiving system (see sensory system)

reciprocal competitive inhibition, 160

reciprocity, 4, 277

recognition, 335

of genotypes, 337

of mates, 475

recurrent evolution, 59

5a-reductase, 136
relatedness or kinship, 271, 275, 324, 365,

464

relative plasticity hypothesis, 137--156, 163
reproductive trade-offs (see life-history

tactics)

reproductive allocation (see life-history

tactics)

reproductive competition (see sexual

selection)

reproductive investment (see life-history

tactics)

reproductive isolation (see speciation)

reproductive modes, 322

reproductive niches, 4--5, 207, 230, 231,
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268, 473, 480

reproductive parasitism (see tactics,

types of )

reproductive season (see breeding season)

reproductive skew, 135, 270--272, 364, 366,
375, 382, 385, 386, 387, 389, 401,

405, 407, 409, 410, 462--463,

472

concessions, 407, 408

incentives, 431

incomplete control, 463

maternity skew, 463

optimal skew models, 462

paternity skew, 463

pay-to-stay hypothesis, 410

policing, 405, 407

punishment, 383, 387, 403

retaliation, 403

side payment tactics, 374

theory, 272, 401, 422, 431, 463

reproductive success (see fitness)

reproductive suppression, 159, 376, 383,

387, 389, 461

reproductive value, 39, 41--42, 65, 66, 70
resource defense polygyny (see mating

systems)

resource distribution, 367--368

reversible alternatives/phenotypes (see

phenotypic plasticity)

risk, 335

of predation, 322

rock-- paper-- scissors, 471

roving (see tactics, types of )

rut, 363

salamanders, 309--321

satellite (see tactics, types of )

saturated habitat, 382

scaling, 476

SBG (see steroid-binding globulins)

scramble competition, 251, 306, 319

seasonal effect, 192, 344

secondary loss (in evolution), 56

secondary males (see tactics, types of )

secondary sex characters, 132, 157, 161,

313, 380, 383, 411, 479

exaggerated, 162

secondary transfer, 382

semelparity, 265

sensitive period, 88, 95

adaptiveness, 88

convergence, 88

divergence, 88

hormones, 12

mechanism, 88, 153

timing shifts, 88

sensory system, 404, 406

assessment of paternity, 426

cue type, 89

difference between morphs, 412

differences in sensitivity in males, 411

discrimination, 406, 410

egg recognition, 461

evolution of, 87, 89--90, 413, 415

female, 412

of alternative morphs, 415

of parasitic males, 415

receptors, 87, 89--90, 406, 415

sensitivity shift, 89
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