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ABSTRACT 

The evolutionary processes of sexual selection are investigated in this 

study by developing a new model for the evolution of epigamic traits and 

examining the effects of male-male competition, female choice and filial 

cannibalism in a field population of the Cortez damselfish (Stegastes 

rectifraenum ). 

10 

Two general processes have been proposed to explain the evolution of 

epigamic traits (i.e. secondary sexual characteristics that evolve in response to 

mate choice). The good genes process maintains that epigamic traits may be 

used to assess the genetic quality of potential mates. The Fisherian process 

maintains that these traits can evolve without any effect beyond conferring sexual 

attractiveness to the bearer. A third process leading to the evolution of 

epigamic traits is presented here: the good parent process. Epigamic traits 

arise through this process by clarifying the differences in non-heritable parental 

quality among potential mates. The good parent process is validated by a 

haploid population genetic model, which further suggests that increases in the 

frequency of good fathers in the population and phenotypic plasticity of the trait 

enhance the evolution of a good parent trait. Species in which this process 

should be active can be identified, and data from natural populations can falsify 

or support the hypothesis that the good parent process dominated in the 
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evolution of a particular epigamic trait. The three processes of epigamic trait 

evolution are not mutually exclusive. They may all occur in nature with different 

frequencies and intensities. 

The relative strengths of female choice and male-male competition were 

studied in S. rectifraenum by direct observation of male and female reproductive 

behavior, and through field experiments. Male body size was found to be the 

single most important correlate of male reproductive success. This result is 

consistent with findings in many other fishes. Males were removed from their 

territories to determine the extent to which the vacant territories were valued by 

other local males. All of the territories were quickly recolonized by new males 

and sites that initially showed the highest reproductive success continued to be 

the most successful when new residents were present. A second experiment 

involved standardizing nests in 30 territories. Under these conditions male body 

size was no longer correlated with reproductive success, indicating that females 

are strongly influenced by variance in natural nest sites. Consequently, male

male competition over territories containing high quality nest sites, in 

combination with female choice of those sites, generates the observed correlation 

between male body size and reproductive success. 

Partial clutch filial cannibalism by male S. rectifraenum was also studied 

by blending direct behavioural observations with experimental manipulation. 

Experimental, custodial males were fed eggs, controls remained unfed, both 



12 

groups were dissected on the next day to determine the number of eggs in their 

stomachs. Fed males had significantly fewer eggs in their guts, indicating that 

they indeed feed on the eggs they guard, rather than take them incidently during 

nest maintenance activities. A second egg feeding experiment showed that male 

behaviour and reproductive success are little effected by filial cannibalism; thus it 

is hypothesized that the energy gained by this behaviour is channelled primarily 

into growth and survival. 
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CHAPTER 1 

INTRODUCTORY SYNTHESIS 

Progress in evolutionary biology has been more constrained by the 

difficulty of examining evolutionary processes in nature than by a lack of 

theoretical development or well-designed laboratory investigations. The study of 

sexual selection, in particular, has generated much controversy for two reasons: 

(1) most field studies have only been able to describe the apparent occurrence 

of sexual selection, without addressing the importance of the selective forces to 

the organism; (2) the large body of theoretical literature has developed a 

momentum of its own, resulting in many untested and untestable hypotheses. 

The intent of this dissertation is to take a new approach to one aspect of sexual 

selection theory, and to examine the operation of sexual selection in a field 

population of the Cortez damselfish (Stegastes rectifraenum) through carefully 

designed manipulations and behavioral observation. 

It has long been recognized that traits associated with courtship (i.e., 

epigamic traits) can evolve as a result of non-random mate choice (Darwin 

1871). These traits often confer a mating advantage at the expense of viability 

or fertility. The numerous models that have been proposed to explain the 

evolution of such traits describe two general processes (see Borgia 1987): (1) 



14 

the Fisherian process (Fisher 1930; Arnold 1987), in which the advantages of 

mate choice primarily result from the production of 'sexy sons' and 'choosy 

daughters'; (2) the good genes process (Zahavi 1975; Pomiankowski 1988), in 

which a female can improve the viability or fertility of her sons and daughters by 

choosing a mate with 'good genes'. 

I believe that the debate over the above-mentioned processes has caused 

theoretical biologists to overlook a third mechanism for the evolution of 

epigamic characters: the good parent process. In this process epigamic traits 

evolve to advertise the non-heritable component of parental quality. Thus, the 

good parent process links female assessment of male parental quality to the 

evolution of epigamic traits. Wallace (1891, 1901) recognized that such a 

mechanism was plausible, but he had no way to rigorously consider the effects of 

inheritance. Some field biologists studying reproductive behavior have pointed 

out that 'it is probable that only models that incorporate such [non-heritable] 

variation can provide successful explanations of sexual selection' (Alatalo & 

Lundberg 1986). Non-heritable variance in male parental quality can be created 

in many ways. For example, the ability of a male to feed or defend his young 

may be affected by his own hunger or some forms of injury. It is important to 

note that the good parent process is different from traditional Darwinian sexual 

selection (Darwin 1871) in that females are not necessarily attracted by a male 

bearing the good parent trait. A trait that evolves via the good parent process 
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only enhances the attractiveness of high quality males. 

I developed a haploid population genetic model of the good parent 

process that assessed the range of conditions under which an allele producing a 

good parent trait will successfully invade a population (Chapter 2). The 

equations could not be solved analytically, so changes in allele frequency were 

simulated on a computer. The simulations demonstrated that the evolution of 

the epigamic trait is dependent on a trade-off between the benefit that male 

parental care confers on offspring and the viability cost of the trait. Not 

surprisingly, the viability cost of the epigamic trait hindered the evolution of the 

trait. Fixation of the allele became more likely when the frequency of good 

fathers was increased, when low-quality males were allowed to reduce their 

expression of the allele (i.e., to express the trait conditionally), and when the 

allele more effectively revealed male parental quality to females. Thus, the 

results of the computer simulations indicate the potential of the good parent 

process. 

The empirical portion of this dissertation is focused on reproductive 

behavior in the Cortez damselfish (Stegastes rectifraenum, Pomacentridae). This 

species was well suited for this study for several reasons. First, while S. 

rectifraenum has been the subject of only a few published papers, there is a vast 

literature on the ecology and reproductive behavior of other pomacentrids. 

Second, S. rectifraenum is sufficiently abundant, large and conspicuous to allow 
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thorough behavioral observations. Third, it is a feisty species that does not shy 

away from divers. Finally, it is territorial and individuals are recognizable by 

variation in natural markings. The ecology of S. rectifraenum, a Gulf of 

California endemic, is typical of demersal pomacentrids. Adult males and 

females maintain exclusive feeding territories throughout the year and population 

densities often approach one adult/m2
• S. rectifraenum cultivates a diverse algal 

garden that is vigorously defended against conspecifics and other herbivorous 

species (Montgomery 1980; Thresher 1980). Male territories also include a nest 

site where the male receives and cares for his brood. 

The two fundamental components of sexual selection were investigated in 

a field population of S. rectifraenum in Bahia San Carlos, Sonora, Mexico 

(Chapter 3). These components are mate choice, which is usually exercised 

primarily by females, and intrasexual competition for access to mates, which is 

typically most intense among males. The relative importance of these two 

mechanisms as evolutionary forces is poorly understood. However, theoretical 

considerations suggest that female choice should dominate when female mobility 

is high, breeding is not restricted to a brief, explosive period, and females are 

capable of rejecting males despite their persistent efforts (West Eberhard et a1. 

1987). It was appropriate to test this hypothesis in S. rectifraenum, because this 

species clearly meets all of these criteria. 



The approach I took was to first determine the correlates of male 

reproductive success in an unmanipulated population. The effects of male

male 

competition and female choice in determining this correlational structure were 

then assessed by experimentally isolating these processes in the field. 
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Many studies have shown that larger males usually have a mating 

advantage in fish species with male parental care. Indeed, I found this to hold 

true for S. rectifraenum. The results of focal observations indicated that male 

body size was significantly positively correlated with male reproductive success, 

whereas behavioral traits, such as aggressiveness and courtship vigor, were not. 

The relationship between body size and reproductive success could result from 

either female choice of large males or male-male competition acting in concert 

with female site choice. 

In this study, male-male competition for high quality sites was assessed by 

removing successful males, observing recolonization of the territories, and 

recording the behavior and reproductive success of new residents. The removals 

were repeated at the same sites following these observations, as a replication of 

the experiment. This design allowed analysis of behavior and male reproductive 

success at 11 sites guarded by 33 different residents. New male residents 

invariably established ownership of the vacant territories within one day and they 

all appeared damaged from fighting over the sites. Furthermore, territories that 
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initially contained the most reproductively successful males were also most 

successful for each group of new residents. These results provided strong 

support for the notion that the males compete fiercely over high quality 

territories, but the question remained as to whether the females chose where to 

mate based on the quality of the site or the quality of the resident male. 

I assessed the intensity of sexual selection generated by female mate 

choice by standardizing the most important aspect of male territory quality and 

then comparing patterns of male reproductive success with the patterns from an 

unmanipulated population. I had deduced that the nest is the aspect of a male's 

territory that most directly affects offspring viability. Therefore, male nest sites 

were standardized by distributing 30 clay flower pots on a reef to be used as 

nests. Several features of the territories surrounding the pots were measured, 

along with the standard behavioral observations of residents,' to determine the 

characteristics of males that might influence female choice when the single most 

important feature of spawning site quality (to females) is invariant. 

The most important result of this experiment was that the relationship 

between male body size and reproductive success disappeared when nest sites 

were identical. Other factors emerged as correlates of male reproductive 

success, such as some physical features of the territories, and the presence of a 

clutch deposited the day before. Nevertheless, this suggests that the single most 

important correlation with male reproductive success (body size) is produced 
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indirectly by female choice of nest site quality in combination with male-male 

competition for high quality territories. This conclusion runs contrary to the 

hypothesis based on the commonly held views expressed by West Eberhard et aI. 

(1987) that female choice should dominate in systems such as that exhibited by 

S. rectifraenum. I suspect that a broader view of the relative effects of male

male competition and female choice is necessary, one that incorporates 

information about the mating system and not just the nature of individual 

interactions between males and females. For example, the mating system of S. 

rectifraenum is best characterized as resource defense polygyny (Orians 1969), in 

which males defend a resource of value to females (in this case the nest). 

Under these conditions, females should make mating decisions based on 

whichever factor most strongly affects the fitness of her offspring. This factor 

may be male quality in some systems and resource quality in others. 

Early observations of custodial male S. rectifraenum revealed that they 

frequently took bites from the clutches they guarded. Although the function of 

this type of behavior (i.e., filial cannibalism) is unclear, an increasing number of 

studies have documented this behavior in fishes (e.g. Rohwer, 1978; DeMartini 

1987; Marconato & Bisazza 1988). Two distinct forms of filial cannibalism are 

recognized: whole clutch cannibalism and partial clutch cannibalism. The 

distinction is made because fishes generally exhibit shareable parental care 

(Perrone and Zaret, 1979; Wittenberger 1979) in which the cost of caring for 
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offspring does not vary with the number of offspring in the nest. Consequently, 

whole clutch cannibalism represents a termination of parental care, whereas 

partial clutch cannibalism does not reduce the parental cost paid by the custodial 

parent. Both forms of filial cannibalism occur in the Cortez dams elfish (Hoelzer 

1988; Petersen and Marchetti 1989). The function of whole clutch cannibalism 

in this species appears to be consistent with the hypothesis that this behavior 

represents adaptive abandonment and subsequent consumption of the clutch. 

Chapter 4 focuses on the adaptive consequences of partial clutch filial 

cannibalism by male S. rectifraenum. 

After the regular occurrence of partial clutch filial cannibalism was 

established through the analysis of gut contents (Hoelzer 1988), it remained 

ambiguous whether the eggs were consumed as food or eaten incidentally during 

normal nest maintenance activities. The goal of this study was to establish 

whether foraging is indeed a function of partial clutch filial cannibalism in ~ 

rectifraenum, whether it provides males with appreciable energetic benefits, and 

whether feeding on embryos effects behavior and subsequent reproductive 

success. 

An experimental approach was used to examine whether custodial males 

would respond to enrichment of their food supply, in the form of eggs from 

other S. rectifraenum nests, by reducing the rate at which they fed on their own 

brood. If eggs are cannibalized to acquire energy, then the rate of filial 



cannibalism should decrease when the food supply is enriched, because the 

potential energy gain from cannibalism would have a diminished value to a 

satiated male. On the other hand, if eggs are only taken inadvertently during 

nest maintenance, then the rate of filial cannibalism should be unaffected by 

feeding because the necessity for nest maintenance would not be influenced by 

the manipulation. 

21 

The group fed eggs had significantly fewer cannibalized eggs in their 

stomachs than the controls, supporting the hypothesis that males use the eggs as 

a food source. The stomach contents of control animals indicated that the 

average male parent consumes about 5.0% of an average-sized clutch, while 

rearing the remainder of the embryos to hatching. Assuming S. rectifraenum 

eggs are similar in energetic content to those of other fishes that have been 

examined, this would represent about 13% of a male's total caloric intake. 

As Rohwer (1978) pointed out, a custodial parent should eat some of it's 

offspring when the energy gained from cannibalism can be converted into future 

reproductive success at a sufficiently high rate to offset the consequent loss of 

immediate reproductive success. To more directly evaluate the effect of filial 

cannibalism on male vigor and future reproductive success another experiment 

was performed. Repeated focal observations were conducted on eight pairs of 

experimental (egg-fed) and control subjects. The frequency of bites taken on 

the nest surface, aggressive behaviors, algal feeding rate, courtship activity, and 
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the size and age of clutches in the nest were recorded. Feeding eggs to males 

reduced the rate at which the males fed on algae and on their own clutches, as 

expected. No effect was detected on aggressive behavior. Courtship behavior 

was marginally affected, with only one aspect of courtship increasing in response 

to feeding. Reproductive success was similarly unaffected. Thus, S. 

rectifraenum does not appear to gain a short-term mating advantage through 

partial clutch filial cannibalism. It seems that the energy gained through this 

behavior is probably channeled into growth and survival. 

The regular occurrence of filial cannibalism by custodial males should 

affect female mate choice in a way that minimizes the reproductive losses 

suffered by females. One tactic utilized by females of several fish species is to 

mate with already mated males, thus preventing or diluting the effects of 

paternal cannibalism (Rohwer 1978; Unger & Sargent 1988). S. rectifraenum 

females also behave in this manner, as demonstrated in the earlier study. 

Most hypotheses concerning the evolution of male parental care assume 

that parental investment carries a net cost in terms of growth or survival (e.g., 

Gross and Sargent 1985). This trade-off may be distinctly altered in a breeding 

system such as that exhibited by S. rectifraenum, in which the opportunity to 

provide paternal care may carry little or no viability cost. Clearly, male parental 

care would be far more likely to evolve under these circumstances. The 

potentially widespread occurrence of partial clutch filial cannibalism among fishes 
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provides a new hypothesis for the prevalence of male parental care in this group 

(Breder and Rosen 1966; Blumer 1979, 1982). The extremely high fecundity of 

most fishes may make partial clutch filial cannibalism economically feasible for 

paternal males, thus decreasing the cost and facilitating the evolution of male 

parental care. 

In conclusion, each of the three major thrusts of this dissertation offers a 

new view of evolutionary processes operating on reproductive behavior. The 

good parent process is a newly conceived model for the evolution of epigamic 

traits that should lead to fruitful new approaches to field research. Male-male 

competition was found to dominate female choice in a natural population of the 

Cortez damselfish, when commonly held views on sexual selection yield the 

contrary hypothesis. Finally, the use of partial clutch filial cannibalism as a 

foraging strategy by custodial male Cortez damselfish indicates that this behavior 

may have played an important role in the evolution of paternal care in fishes. 
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CHAPTER 2 

THE GOOD PARENT PROCESS OF SEXUAL SELECTION 

It has long been recognized that traits associated with courtship can 

evolve as a result of mate choice (Darwin 1871). Males generally display these 

epigamic characteristics, whereas females are usually unadorned and choosy 

(although, in a broad sense, theories of epigamic trait evolution could apply 

equally well to males or females). The traits may be conspicuous morphological 

or chemical features, brilliant colour patterns, behavioural displays, or some 

combination of the above. In many cases it is evident that natural selection on 

viability or fertility (where the term fertility, as used in this paper, excludes any 

effects of attractiveness) could not have produced these traits. Thus the traits 

confer a mating advantage at the expense of viability or fertility. 

:{he numerous models that have been proposed to explain the evolution 

of epigamic traits fall under two general categories (see Borgia 1987). The 

Fisherian process (Fisher 1930) is stilI being modelled by contemporary 

population geneticists (e.g. O'Donald 1980; Lande 1981; Arnold 1983). This 

model allows for an initial variance in the heritable quality of potential mates 

with respect to viability or fertility, but the advantages of female mate choice are 

quickly reduced to the production of sexy sons and choosy daughters. Fisherian 



25 

exaggeration of an epigamic trait may ultimately reduce the adaptive fit of the 

population to its environment. The second general process, the good genes 

process, grew out of Zahavi's handicap principle (1975) and has been elaborated 

by others as well (e.g. Hamilton & Zuk 1982; Kodric-Brown & Brown 1984; Nur 

& Hasson 1984; Andersson 1986; Pomiankowski 1987, 1988). These models 

suggest that, when there is additive genetic variance for fitness among males, a 

female can improve the viability or fertility of her sons and daughters by 

choosing a mate with 'good genes'. Epigamic traits evolve because they are 

correlated with the genetic quality of a potential mate. This mechanism 

increases the level of adaptation in the population. 

A third mechanism for the evolution of epigamic characters is proposed 

here: the good parent process. In this process epigamic traits evolve to 

advertise the non-heritable component of parental quality. That is, when 

paternal care influences the viability or fertility of offspring, males can be 

selected to honestly communicate to females the quality or quantity of care they 

are likely to provide her progeny (see Thornhill 1976). Thus the phenotypes of 

her offspring will be directly improved. Motro (1982) modelled the situation 

where an epigamic trait evolves because it reveals a heritable component of 

male parental quality. This represents a special case of the good genes process. 

Recent reviews of sexual selection theory make no mention of any models 

describing the evolution of epigamic traits that indicate non-heritable quality in 
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general, or non-heritable parental quality specifically (Arnold 1987; Heisler et al. 

1987; Kirkpatrick 1987a; but see Heywood, in press). This void in sexual 

selection theory was pointed out by Alatalo & Lundberg (1986) who noted 'it is 

probable that only models that incorporate such [non-heritable] variation can 

provide successful explanations of sexual selection.' 

THE GOOD PARENT PROCESS: THEORETICAL CONSIDERATIONS 

This model is based on two fundamental assumptions: (1) Male parental 

investment is important for the successful rearing of offspring in the population, 

(2) There is non-heritable variance in paternal quality as measured by the 

influence of male parental investment on the product of mean offspring viability 

and fertility. Offspring are defined here as fertilized eggs. Heritable variance in 

paternal quality may exist as well (e.g. Sakal uk & Smith 1988), but it will not be 

considered in this model in order to keep the good parent process distinct from 

the good genes process. To the degree that assessed 'quality' of any sort is 

heritable, it may be possible to establish a correlation between high quality and 

elaboration of the epigamic trait, thus favouring the evolution of the epigamic 

trait (e.g. see Andersson 1986; Pomiankowski 1987). 

The distribution of male parental quality within a population could 

assume many forms (it is not necessarily continuous), and mean offspring fitness 
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must be positively correlated with male parental quality. Any female that can 

distinguish between high and low quality males will have a fitness advantage 

because she will yield more offspring, or more vigorous offspring, than other 

females (i.e. the fitness benefits are direct: Kirkpatrick 1987b). Male parental 

ability is generally regarded as relevant to female mate choice in species with 

male parental care (see Trivers 1972; Thornhill 1976; Alexander & Borgia 1979; 

Halliday 1983; Maynard Smith 1985). The good parent process links female 

assessment of male parental quality to the evolution of epigamic traits. 

Non-heritable variance in male parental quality can be created by a 

variety of individual-environment interactions. For example, the ability of a male 

to feed or defend his young may be affected by his own hunger or some forms 

of injury; some males may use the habitat more efficiently than others as a 

result of learning; or earlier parental experience may improve the interactions 

between a male and his offspring. Other factors relevant to male parental 

quality, such as age and size, may change for an individual over time, 

notwithstanding environmental influence. 

To most clearly demonstrate the concepts of the good parent process, I 

will assume that good parent signals are not susceptible to cheating. The 

successful evolution of cheaters should be checked by the process of deception 

divergence (Weldon & Burghardt 1984) in which non-cheaters evolve traits that 

distinguish them from cheaters. A low frequency of cheaters may be maintained 
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in the population under certain conditions, but for the purposes of this paper, 

the assumption that signals are always honest will serve to more clearly 

demonstrate the concepts of the good parent process. Similar assumptions 

about the honesty of signals have been used in explanations for the brilliant 

plumage of some male birds. Hamilton & Zuk (1982) argued that a high 

parasite load would cause decreased vigour, and thus reduce the brightness of 

colourful feathers (see also Wallace 1891). It is an implicit assumption of the 

parasite model that males can not produce bright, colourful plumage that is 

unresponsive to parasite load. The association between vigour and the brilliance 

of plumage would also allow females to use brightly coloured feathers as 

markers of potential male parental quality in some species. 

The advantage to females of choosing mates on the basis of male 

parental quality depends critically on females' accuracy and precision in making 

such assessments; however, any time one individual assesses another there is 

some probability of error. An inaccurate or imprecise assessment will result in 

an inappropriate response. In addition, the costs of mate choice in a particular 

system must be overcome by the realized benefits (Parker 1983). Once mate 

choice for male parental quality exists in the population, those females that 

choose among males with a trait that enhances the accuracy or precision of 

assessment (Fig. 1) will gain additional fitness. This will be true as long as there 

is no correlation between males that express the trait and low male parental 
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Figure 1. The effects of increasing the precision or accuracy of a good parent 

sign'at. The quality of a male's parental investment is plotted against the 

probability that a given female will assess his quality at each point along the x-

axis. (a) Initially, female's assessment of males D and E (!1 and !1, 

respectively) are different from the true states (D t and E t) and the probability 

distributions of states for each male from the point of view of the female are 

broad. (b) An increase in precision allows a female to more clearly distinguish 

between D and E by reducing the width of the probability distributions. (c) An 

increase in accuracy brings the assessed states closer to the true states. 
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quality. Given heritable variation in the epigamic trait, the development of the 

male trait will increase. Additional modification of the epigamic trait makes 

even more apparent the true differences between males will further increase the 

benefits of female choice. Hence an evolutionary positive feedback between 

female choice and the epigamic trait may refine the communication system of 

pair formation. 

The result of environmental influences on the non-heritable component of 

male parental quality is that the quality of a male relative to other males in the 

population can vary over the span his life. Assuming males fertilize the greatest 

possible number of eggs during a lifetime, it would be advantageous for the 

males to have those eggs temporally distributed through female mate choice in a 

way that maximizes the influence of peak parental quality periods. Fathering 

more offspring during periods of high parental quality at the expense of an 

equivalent number of offspring during periods of low parental quality would 

result in an increased number of descendants for the male because more 

offspring will survive to maturity or the surviving offspring will be more vigorous. 

Therefore, it is in a male's best interest to highlight peak periods, even though 

this may expose periods of relatively low parental quality. This should be true 

for every male regardless of the range of parental quality he covers during his 

lifetime. This is not to argue that low quality males benefit by revealing their 

poor status; rather, given that they are likely to be identified as low quality 
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males, they would gain from communicating to females when they are at their 

best. As the evolution of this trait progresses, some males may suffer a net loss 

in the number of offspring fathered due to generally low parental quality and 

improved female discrimination. 

The scale of temporal variability in male parental quality relative to the 

duration of paternal care is important in this process. If male parental quality 

changes rapidly relative to the length of the paternal care period, a female will 

not be able to predict the actual investment of a male from his apparent 

parental quality at the time of mate choice. Under these conditions a trait 

advertising the quality of a male's parental investment should not evolve because 

it would have a low degree of predictability. On the other hand, if the paternal 

care period is short relative to fluctuations in male parental quality, then male 

parental quality would be relevant to female mate choice. 

The evolutionary sequence of events described by this model is summarized 

in Fig. 2. This scenario is consistent with commonly held views through the 

second stage (see above). Thus the critical step occurs between stages two and 

three. A population genetic model illustrating the mechanism of this transition 

is presented below. Note that because the variance in male parental quality that 

is relevant to this model is strictly non-heritable, it does not decrease over 

evolutionary time. Female choice and the epigamic character are heritable as 

long as there exists additive genetic variance for these traits. Furthermore, the 
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Figure 2. The sequence of evolutionary events described by the good parent 

process. The scenario is driven by the interaction between female choice and 
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the diagram. 
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expression of the epigamic trait is modified by the state of the male's parenting 

ability, thus signalling parental quality. The trait clarifies quality differences that 

exist among individuals in a similar fashion to the 'revealing handicap' described 

by Pomiankowski (1987) and the 'amplifiers' of Hasson (in press). The process 

results in the evolution of a new male trait, or the exaggeration of an existing 

trait, through sexual selection. If the trait is costly, then males must find an 

optimal solution that balances the costs and benefits of bearing the trait (Nur & 

Hasson 1984). 

A POPULATION GENETIC MODEL 

A mathematical approach to theoretical concepts generally requires 

simplifying assumptions that restrict or distort the original concepts, and this 

model is no exception. To evaluate the verbal logic presented above, a haploid 

population genetic model is developed that assesses the range of conditions 

under which an allele for an epigamic trait that clarifies the non-heritable 

parental quality of males will successfully invade a population. 

It will be assumed that female choice is based, in part, on male parental 

quality prior to the origin of the allele for the epigamic trait (E). Furthermore, 

female preferences are represented by a point, not a function, and thus do not 

evolve in this model. This is a conservative approach to modelling the evolution 
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of a Good Parent trait for two reasons. First, a correlation cannot develop 

between alleles for female choice and the epigamic trait. This eliminates the 

effect of a Fisherian process acting in the model. Second, as described earlier, 

the benefits of female choice would increase as the frequency of the epigamic 

trait increases. 

Male parental quality is dichotomized such that a male exists in one of 

two states: he is either a good father or a bad father. Because an individual 

cannot change state in this model, the possibility of optimally distributing 

fertilizations over time (see above) is not considered. The state probability for a 

son is determined by the frequency of good fathers in the population (G), which 

is assumed to be constant, and is independent of the state of his male parent. 

(For example, some critical experience away from the parents during ontogeny 

may cause males to become good fathers.) Females do not express the 

epigamic trait, and the sex ratio is assumed to be 1:1 at birth. The mean 

viability of individuals in the population, without the influence of male parental 

care or the epigamic trait, is standardized to unity (Table 1). Viability is also 

the currency for the cost of the epigamic trait in this model. The relative 

viability of a male fully expressing the trait is reduced by the quantity (1). The 

relative viability of offspring of both sexes is enhanced by having a good father 
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Table 1. Fitness parameters for the different male morphs in the Good Parent 
model. 

Female preference Viability adjustment to 
the: 
Male morph weighting factor male offspring 

Good fathers: 
with the trait (GE) w -1 +£! 
without the trait (Ge) ! none +g 

Bad fathers: 
without the trait (Be) ~ none none 
with the trait (BE) Z; -1 none 



by the amount (!!). Thus, when £1=0 there is no difference in the parental 

quality of males in the population. Female parental quality is assumed not to 

vary. 
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Each male expresses one of four phenotypes: good father with the 

epigamic trait (GE), good father without the trait (Ge), bad father without the 

trait (Be), bad father with the trait (BE). Male mating success is assumed to be 

affected only by female mate choice and each of the four types of males is 

expected to achieve a different number of matings (Table 1). Variance in the 

number of mates acquired by males in this model is functionally equivalent to 

variance in the fecundity of females mated by different males in a monogamous 

breeding system. Females prefer to mate with good fathers, but occasionally 

make assessment errors. The epigamic trait improves the accuracy of 

assessment (by definition) so that in the presence of the trait the reproductive 

success of good fathers is improved, and that of bad fathers is diminished. 

Female preference weighting factors for GE, Ge, Be and BE males are defined 

by the parameters w, ~, ~, and ~, respectively (where ~>~>~"i). Thus the ratio 

between any two of these factors yields the relative mating success of the adult 

males from those two categories. 
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Computer Simulations 

An analytical solution to the model is not presented because of the 

complex relationships between the female preference weighting factors, the 

frequency of non-heritable quality, trait cost, and the importance of male 

parenting. Instead, the results of computer simulations are described in which 

the array of variables is systematically manipulated. The gene pool is 

reconstructed sequentially for adult males and females after sexual selection, for 

the zygotes in the next generation, and for adult males and females after 

viability selection in the next generation (see Appendix). The frequency of the 

E allele among adult males and adult females is initially assigned the value 

0.001. The recursion equations are resolved for consecutive generations until the 

E allele becomes fixed (i.e. E>0.9999) or extinct (i.e. E<O.OOOl). The values of 

w, x, ~, and z; are set to 8, 6, 4, and 2, respectively, as standards for analytical 

purposes. 

The simulations indicate that a good parent trait can spread over a wide 

range of parameter values (Fig. 3, Fig. 4). The primary mechanism responsible 

for epigamic evolution in this model is the temporary correlation established 

between parental quality and the epigamic trait in the gene pool following sexual 

selection in each generation. The strength of the correlation is determined by 

the female preference weighting factors. This correlation is lost in·· ,he zygotes 

because male parental quality is not heritable. However, the correlation is 
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Figure 3. The viability cost of the epigamic trait (1) is plotted against the 

viability benefit of having a good father (g) illustrating the importance of signal 

reliability. Each line represents a threshold above which the epigamic trait 

increases in frequency and below which it decreases. The lines on a single 

graph describe threshold conditions for different frequencies of good fathers in 

the population (G). The mating frequencies for the four types of males (~, ~, ~, 

and 2;) are listed for each graph. Fig. 3b shows conditions for the evolution of a 

good parent trait that more clearly reveals the quality of males compared to Fig. 

3a. 
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Figure 4. Fig. 4a illustrates the same standard conditions shown in Fig. 3a. The 

values for expected. mating frequencies of the four types of males (w, ~, ~, and 

g) are shown with each graph along with the frequency of good fathers in the 

population (G). The effects of two forms of phenotypic plasticity on the 

evolution of a good parent trait are explored in Fig.'s 4b-e. Only the mating 

cost associated with expression of the epigamic trait is diminished as the value of 

g increases in Fig.'s 4b and 4c. Both the viability cost and mating cost decrease 

with an increased g in Fig.'s 4d and 4e. 
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forged anew following sexual selection in each generation. 

The first simulation demonstrates that the evolution of the epigamic trait 

is dependent on a linear trade-off between the benefit that male parental care 

confers on offspring (.€!) and the viability cost of the trait (1) (Fig. 3). The lines 

selVe to divide up parameter space; above the lines the E allele goes to fixation, 

and them below the E allele goes extinct. The values of .€! and ! are allowed to 

vary over the plausible range 0.0 to 1.0, but they could theoretically take on 

values greater than 1.0. Not surprisingly, the viability cost of the epigamic trait 

hinders the evolution of the trait. Fixation of the E allele becomes more likely, 

in a non-linear fashion, as the frequency of good fathers (G) increases (Fig. 3), 

because most males receive a benefit from the E allele when G is large, and the 

converse is true when G is small. Furthermore, if the degree to which male 

parental quality is revealed by the trait is improved by symmetrically adjusting 

the values of w and ~ relative to the values of 2& and ~, the probability of E 

allele fixation increases due to a decrease in the slope of threshold lines and 

movement of those lines to the right along the 1-axis. Adjusting the female 

preference weighting factors between simulations is not analogous to modelling 

the evolution of female choice. Rather, these factors reflect the effect of the 

epigamic trait on female assessment of male quality. Thus, the results presented 

in Fig.s 3a and 3b suggest that 'honesty' is an important factor in the good 

parent process. 
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Phenotypic plasticity of epigamic trait expression would potentially allow 

low quality males to avoid revealing their quality (Zahavi 1977; Nur & Hasson 

1984; Andersson 1986; Pomiankowski 1988). In the simplified world of this 

model, phenotypic plasticity would be analogous to an epigamic trait that 

revealed high quality more clearly than low quality. The consequences of such 

conditional expression for the evolution of a good parent trait is examined here 

by increasing the value of z; while maintaining the values of ~ ~, and ~ (Fig. 4). 

Reducing only the mating disadvantage caused by the E allele in a bad father 

allows the E allele to become fixed at lower values of G (Fig. 4a,b,c). If the 

viability cost is reduced by an amount equivalent to the reduction of the mating 

cost (i.e. (y-z)/(w-x» the effect is much more dramatic, and the slopes of the 

threshold lines are slightly reduced. In fact, as the mating and viability costs of 

bearing the E allele is reduced to zero for low quality males, the threshold lines 

representing small G values pass over those representing higher G values, 

indicating that under these conditions trait evolution is more likely when the 

frequency of good fathers is low (Fig. 4e). This occurs because, when the cost 

of the E allele to low quality males is extremely small, the mean fitness of males 

with the E allele relative to males without the E allele is greater at small G 

values. 
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DISTINGUISHING BE'IWEEN PROCESSES OF EPIGAMIC EVOLUTION 

The three general models of sexual selection discussed here are not 

mutually exclusive. Some epigamic traits may have evolved via each of the 

mechanisms, and it is possible for two or three of the mechanisms to have 

independently influenced the evolution of a single epigamic trait. It is of interest 

to evolutionary biologists and ethologists to determine which mechanism( s) 

operates most commonly or has the greatest influence on the evolution of 

epigamic traits. Many authors have observed that, for species with paternal 

care, the father's material contribution to offspring may surpass in importance 

the genetic contribution from the female's perspective (e.g. Trivers 1972; Grant 

& Colgan 1983; Halliday 1983; Parker 1983; Duncan & Bird 1989). This 

suggests that the good parent process may occur more commonly than the good 

genes process when males make material contributions to offspring. To date, 

however, assessing the relative strengths of alternative sexual selection processes 

has proven difficult (see Bradbury & Andersson 1987). 

Recently, a few empirical investigations have been conducted that attempt 

to distinguish between the operation of the Fisherian process and the good 

genes process for particular traits (Boake 1986; Watt et al. 1986; Woodward 

1986). Such investigations are difficult to design and carry out due to the nature 

of, and the confusion over, the diagnostic features of the two processes. In 
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contrast, a good parent trait is relatively easy to identify through empirical 

investigation. Studies of behavioural courtship displays are most likely to 

produce support for this model because behaviour can change more quickly in 

response to a transient change in parental quality than can morphology. Below, 

I suggest three approaches that allow discrimination of good parent traits from 

epigamic traits that have not been influenced primarily by the good parent 

process. 

The Effect of Female Mate Choice on the Offspring 

The relationship between female choice of males with an extreme 

expression of the male trait and the effect of this choice on the offspring differs 

among the three processes. The Fisherian process results in reduced viability or 

fertility of sons, due to the cost of the epigamic trait, but makes no prediction 

concerning effects on daughters. Female choice must produce a positive genetic 

effect on the viability or fertility of both sons and daughters for the good genes 

process to work. The good parent process relies on a positive phenotypic effect 

of female choice on the viability or fertility of sons and daughters as a result of 

increased male parental investment. 
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Environmental Sensitivity and Temporal Variance in the Signal 

Predictions can also be made regarding the effect of experience on 

expression of a courtship signal (i.e. environmental sensitivity). The Fisherian 

process provides no mechanism for meaningful environmental sensitivity in an 

epigamic trait. That is, there is no reason for the temporal variance of the 

signal within a particular male to provide a female with functional mate choice 

information. The good genes process can result in two possible types of signals. 

(1) The signal will be resistant to any environmental influence because temporal 

variability in the signal reduces the accuracy and precision of the information it 

provides. This occurs because genetic quality is determined at conception and 

does not vary during a lifetime. (2) The honesty of the signal may be 

maintained by its sensitivity to environmental factors related to important genetic 

components of viability or fertility (Kodric-Brown & Brown 1984). This is most 

effective when every male a female encounters is exposed to the same relevant 

environmental circumstances at the same time, and the relevant factors do not 

fluctuate much over time. If these conditions are not met, a female's assessment 

of male genetic quality would be subject to great error. A good parent trait 

should be sensitive to environmental factors related to non-genetic parental 

quality. These environmental factors, and thus the expression of the signal, can 

vary over a temporal scale as short as the male parental investment period and 

still provide valuable information for female mate choice. Because of the 



potential for condition-dependent expression of sexually selected traits, it is 

clearly critical to identify the factors responsible for creating this phenotypic 

variance during empirical investigations (Nur & Hasson 1984; Andersson 1986; 

Zeh & Zeh 1988). 

Courtship Signals in Polygynous Species 
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The good parent process can also be distinguished from the other two 

processes in polygamous species that exhibit non-shareable male parental 

investment (Wittenberger 1979). When the investment a male can give to the 

offspring of each of his mates is diminished with increasing numbers of female 

mates, females sacrifice some male parental investment when they choose a 

mated male over an unmated male (Orians 1969). H a good parent signal 

evolves in such a system, it should decrease in intensity as the male has less 

parental investment to offer the offspring of an additional mate. It is also likely 

that the degree of expression of the trait would reflect the average amount of 

parental investment the male provides the offspring of each of his females. If 

the signal reflects the total amount of care a male provides regardless of the 

number of mates he has, a prospective female would have to discount the signal 

by the number of females present. This seems very unlikely because the costs 

and probability of error associated with the assessment of matedness would 

decrease the value of the signal for female choice. Thus the signal should be 
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diminished each time a male takes on an additional mate if the trait evolved via 

the good parent process. In contrast, traits evolved via the Fisherian process or 

the good genes process would be unaffected by the number of mates, and those 

males with the greatest expression of the trait should have the most mates. 

Therefore, those males with the inost intense signal would provide the least 

parental investment per female. 

The analyses described above could produce ambiguous results when the 

evolution of the trait, or complex signal, under investigation was strongly 

influenced by two or three of the proposed mechanisms. Only when one of the 

models describes the dominant mode of evolution will the results be clear. 

PossmLE EXAMPLES OF GOOD PARENT TRAITS 

Courtship Feeding in Sea Birds 

Courtship feeding of females by males is common during pair bond 

formation in monogamous sea birds in the family Laridae. Detailed 

investigations of this behaviour in the herring gull, Lams argentatus (Niebuhr 

1981) and the common tern, Sterna hirundo (Wiggins & Morris 1986) reveal 

that courtship feeding is a reliable indicator of male parental quality. Courtship 

feeding rate by male herring gulls is positively correlated with the time males 

spent incubating, the time males spent in the territory during the chick stage, 
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and the frequency of chick feeding by males. There is also a positive correlation 

between courtship feeding rate and chick feeding rate in common terns. It is 

critical to demonstrate that females tend to reject males that are poor courtship 

feeders to strengthen the interpretation of courtship feeding as a good parent 

signal. To date the evidence is suggestive, but not conclusive. Female common 

terns leave their mates earlier if they are fed at a low rate (Nisbet 1973). In 

the red-billed gull, Larus novaehollandiae scopulinus, females tend to remate 

with the same male at a higher rate when fed frequently (Tasker & Mills 1981). 

Courtship feeding by males in these species may be a good parent signal, 

assuming a sufficient amount of the variance in male parental quality is 

non-heritable. Paternal care is crucial for the successful rearing of a brood and 

there is high variance in breeding success. Furthermore, there likely to be little 

advantage in male cheating because a male's reproductive success for the season 

depends primarily on the survivorship and vigour of the brood produced by him 

and his mate. His options are limited by the monogamous breeding system. 

The best a male can do is to get a mate, presumably by frequent courtship 

feeding, and care for the young. 

Courtship Singing by Male Stonechats 

Another avian courtship behaviour that exemplifies many of the 

characteristics of a good parent trait is courtship singing by the male stone chat 
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(Saxicola torquata). Greig-Smith (1982) showed that female stonechats mate 

preferentially with males that would make good fathers by choosing those that 

produce courtship song at a high rate. The time a male spends singing is 

constrained by foraging demands in this species; thus, males that spend more 

time singing are either very efficient foragers, or their territories are rich in 

resources. Consequently, males that sing at a high rate also assumed a greater 

share of parental care duties, such as feeding and defense of nestlings, relative 

to their female mates. Like the example of courtship feeding in sea birds, 

additional evidence is required to conclusively demonstrate that courtship song in 

stonechats evolved as a good parent signal. For example, females may choose 

mates on the basis of some criteria that are correlated with song rate, such as 

territory quality. 

DISCUSSION 

The good parent process is a mechanism for the evolution of epigamic 

traits that is distinct from the Fisherian process and the good genes process. In 

the good parent process, direct selection on females to discriminate among 

males on the basis of male parental quality leads to the evolution of a trait that 

provides females with honest (accurate and precise) information regarding the 

non-heritable component of parental quality in a potential mate. Wallace (1891, 
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1901) recognized the potential of such a mechanism, but he had no way to 

rigorously consider the effects of inheritance. The good parent process is also 

different from Darwinian sexual selection (Darwin 1971), because females are 

not necessarily attracted by a good parent trait. A trait that evolves via the 

good parent process only enhances the attractiveness of high quality males. 

The existence of a good parent trait produces benefits for both males and 

females because it allows females to mate with males that will be the best 

fathers, and mating will occur more often when the male is best able to provide 

resources to the offspring. The population genetic model presented above 
I 

indicates that increasing frequencies of good fathers in the population, and 

phenotypic plasticity in epigamic trait expression, enhance the evolution of the 

trait. Interestingly, at extreme levels of phenotypic plasticity (i.e. when low 

quality males can avoid nearly all costs associated with the trait) the evolution of 

a good parent trait is more strongly favored when good fathers are relatively 

rare. The mechanism primarily responsible for the evolution of epigamic traits 

in the model is a temporary correlation that develops each generation fonowing 

the stage of sexual selection between male parental quality and the allele for the 

epigamic trait. 

An idea that is superficiaUy similar to the good parent process was 

proposed by Weatherhead & Robertson (1979; also see Burley 1986, 1988). 

They submitted that an epigamic trait may evolve that decreases the paternal 
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quality of any male bearing the trait if the trait is perceived as 'sexy' by females. 

Thus, the trait would indicate low male parental quality. Females would benefit 

from the production of sexy sons despite their own decreased fecundity and the 

poor paternal abilities of their sons. A haploid population genetic model failed 

to validate the logic of this hypothesis (Kirkpatrick 1985), although a diploid 

population genetic model showed that such a trait could evolve under certain 

conditions (Curtsinger & Heisler 1988). Burley (1988) has garnered some 

empirical evidence in support of the sexy son hypothesis (a.k.a., the differential

allocation hypothesis); however, the relevance of these results to the evolution of 

epigamic traits remains unclear because the traits she studied were created 

during the investigation and not evolved in nature. In contrast to the sexy son 

hypothesis, as pointed out with respect to Darwinian sexual selection in general, 

the good parent theory describes the evolution of epigamic traits that reveal 

parental quality and are not necessarily perceived as sexy by females. 

The good parent process also bears some resemblance to the handicap 

principle (Zahavi 1975) because good parent traits honestly signal quality to 

prospective mates. However, the handicap mechanism for maintaining reliability 

(i.e. signal honesty is maintained due to signal cost) is not invoked here. If the 

reliability of a particular good parent trait is diminished at low trait cost (1), 

then an optimal level of trait cost would be expected to exist due to the trade

off between cost and reliability. This would probably result in V-shaped 
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functions, rather than linear relationships between ~ and! in Fig.s 3 and 4. 

Recent use of the term 'Zahavi handicap' has referred to traits that produce a 

greater viability cost in low quality individuals than in high quality individuals 

(Pomiankowski 1988; Heywood, in press). In the model presented here all 

males bearing the epigamic trait suffer equal viability costs. Heywood (in press) 

has modelled the evolution of Zahavi handicaps, and condition-dependent 

handicaps, that reflect non-heritable parental quality. These handicaps increased 

in frequency until fixation over a wide range of parameter values. However, 

Heywood's results are not directly comparable to the results presented here 

because his model includes some fundamentally different assumptions (e.g. a 

male's parental quality and his viability quality are positively correlated). 

The validity of one process of epigamic trait evolution does not imply that 

any other potential process is wrong or less important. Further theoretical and 

empirical observations, such as those suggested above, that examine the roles of 

the Fisherian process, the good genes process and the good parent process in a 

variety of circumstances are required before we can appreciate the relative 

importance of each process in natural systems. 
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CHAPTER 3 

MALE-MALE COMPETITION AND FEMALE CHOICE 

IN THE CORTEZ DAMSELFISH (STEGASTES RECTIFRAENUM) 

The two fundamental components of sexual selection, male-male 

competition and female mate choice (Darwin 1871), are often confounded in 

studies of natural populations. Thus the relative importance of these two 

mechanisms as evolutionary forces is poorly understood. In fact, until recently 

there was little solid evidence for the occurrence of female mate choice in 

nature (Halliday 1984). This is in part because while behavioral interference 

between males attempting to mate is often conspicuous, comparison of potential 

mates by females leading to "informed" mate choice is more subtle and difficult 

to demonstrate. However, theoretical considerations suggest that female choice 

should dominate when: 1) female mobility is high; 2) breeding is not restricted 

to a brief, explosive period; and 3) females are capable of rejecting males 

despite their persistent efforts (West Eberhard et al. 1987). Otherwise, males 

are able to take control over their own mating success by coercing females 

and/or directly restricting the mating opportunities of other males, and male

male competition should overshadow female choice. One must separate the 

effects of male-male competition and female choice experimentally, under 



otherwise natural conditions, to weigh the relative selective forces of these two 

processes. In this study the roles of male-male competition and female choice 

are investigated in a population of the Cortez dams elfish (Stegastes 

rectifraenurn) in the Gulf of California (Bahia San Carlos, Sonora, Mexico). 
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The ecology of S. rectifraenurn, a Gulf of California endemic, is typical of 

demersal pomacentrids (Thresher 1984). Adult males and females maintain 

exclusive feeding territories throughout the year and population densities often 

approach one adult/m2 (Thresher 1980; personal observation). The rocky 

substrate provides cracks and crevices for avoiding predators, and the surface on 

which the algal food resource grows. S. rectifraenum cultivates a diverse algal 

garden that is vigorously defended against conspecifics and other herbivorous 

species (Montgomery 1980; Thresher 1980). Male territories also include a nest 

site, cleared of invertebrates and foliose algae by the resident, where the male 

receives and cares for his brood. The nest sites are extremely variable, ranging 

from cylindrical urchin holes in the sides of boulders, to narrow crevices between 

boulders, to the undersides of cobbles. 

Studies have shown that, in fish species with male parental care, larger 

males usually have a mating advantage (e.g., Perrone 1978; Downhower & 

Brown 1980; Schmale 1981; Cole 1982; Yanagisawa 1982; Noonan 1983; 

Berglund et al. 1986; Breitburg 1987; Goto 1987; Bisazza & Marconato 1988; 

DeMartini 1988; Dupuis & Keenleyside 1988; Hastings 1988a,b). The 



relationship between size and mating success could result from either male

male 
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competition acting in concert with female site choice, or female choice of males 

directly. Because larger individuals generally win physical contests (Wilson 1975; 

Huntingford & Turner 1987), large males can colonize and defend high-quality 

spawning sites, relegating smaller individuals to lower quality sites, and females 

might prefer them for this reason. Alternatively, females might prefer to mate 

with larger males for several other reasons: they may have demonstrated their 

superior genotypes by feeding efficiently or surviving a long time (Kodric-Brown 

& Brown 1984); they might make better fathers (Trivers 1972); body size might 

be correlated with some other trait that enhances mate quality; or body size 

might be an essentially arbitrary character preferred by females (Arnold 1983). 

Two recent studies on fishes have attempted to dissociate the effects of 

male-male competition from female choice. Laboratory manipulations showed 

that both aspects of sexual selection independently contributed to the enhanced 

reproductive success of large males in the river bullhead (Cottus gobio L.) 

(Bisazza & Marconato 1988); however, the demonstration of preferences under 

such controlled conditions does not address the issue of the relative importance 

of male-male competition and female choice in nature. Field studies showed 

that female choice of nest sites and male-male competition dominated in the 

sand goby (Pomatoschistus minutus Pallas) (Lindstrom 1988), although this study 



controlled for the effects of variance in site quality statistically rather than 

experimentally. 
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The objectives of the current study were two-fold: 1) to describe the 

reproductive behavior of S. rectifraenum so that an hypothesis could be drawn 

concerning the relative selective forces generated by the two forms of sexual 

selection; 2) to test the hypothesis by measuring the relative strengths of these 

forces in the field. Male-male competition for high-quality sites was assessed by 

removing successful males and following recolonization and the reproductive 

success of new residents. Sexual selection generated by female mate choice was 

assessed by comparing patterns of male reproductive success in the 

unmanipulated population with patterns found when site quality was 

standardized. 

REPRODUCTIVE BEHAVIOUR OF THE CORTEZ DAMSELFISH 

Methods 

The reproductive behaviour of S. rectifraenum was studied during more 

than 250 hours of underwater focal observation. Subjects in the unmanipulated 

male population (see below) were recognized individually by tagging: 

monofilament was threaded through the dorsal musculature and variously colored 

glass beads were attached laterally. Naturally occurring variation in the positions 



56 

of light-colored scales that stood out against the uniformly brown background 

were used for individual recognition during experimental manipulations of males 

and focal observations of females. 

The mating behaviour of female S. rectifraenum was investigated in two 

ways. 1) Ten-min focal period observations (FP's) (Altmann 1974) of 10 females 

were made every other day, beginning at dawn, from July 7-30, 1987. Time 

budget data were collected on behavioural responses to male courtship, 

spawning, territorial defense, and feeding. 2) The reef was scanned for females 

soliciting male courtship (see below). A scanning period was terminated after 20 

min if no sightings were made, and a new scanning period was begun following 

each sighting. Visibility typically extended four to eight meters. Once sighted, a 

soliciting female was followed and the number and kinds of interactions with 

courting males were recorded until the focal female returned to her home 

territory, or she was lost. 

Male courtship behavior and the determinants of male RS were 

characterized during focal observations of an unmanipulated group of 14 

reproductively active males that were tagged and measured (standard length). 

Tagging involved threading monofilament through the dorsal musculature and 

affixing variously colored glass beads on both sides of the fish. The subjects 

appeared to recover from the tagging procedure within about one min and 

subsequently behaved in a natural manner. Thirteen 10-min FP's were 
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conducted on each male from June 25 to July 20, 1985. The frequencies of 

conspecific chases, heterospecific chases, and several courtspJp behaviors were 

recorded. The durations of courtship behaviors that normally lasted more than 

a few seconds were also recorded. Finally, the RS achieved by the subjects 

during the 27-day study was assessed by estimating the number of eggs deposited 

in the nests. This was done by measuring the length and width of clutches 

present during a FP, determining clutch area by assuming an elliptical shape, 

and later converting clutch area to egg number by mUltiplying by mean egg 

density (182±43 eggs/cm2
: n=84 one cm2 quadrats). The embryos were 

categorized into three developmental stages indicating ages one-two days, two

four days, and four-five days (see Chapter 4). 

Results 

During mating, which occurs from May through October in the Central 

Gulf, a female deposits a monolayer of sticky eggs on a rock surface previously 

prepared by the male. The resident male then releases sperm over the eggs and 

provides all of the parental care over the following four to five days until 

hatching. Males continue to court, and can remate, while guarding a clutch. 

A female S. rectifraenum solicits male courtship by leaving her territory 

and swimming slowly over the reef, across numerous conspecific territories, with 

her pelvic fins extended. S. rectifraenum territories are generally contiguous, 
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and cover one-two m2, on reefs in Bahia San Carlos. The female forays last 

87±133 seconds (mean±SD, n=13), and a female is directly courted (i.e., 

receives solicited circling; see below) by several (3.5±4.1, n=13) males during a 

foray. The female may enter one or more male's nests only to continue the 

foray after a few seconds without spawning. Female forays, as well as male 

courtship and actual spawning, are most frequent during the first hour of 

daylight, although these behaviors have been observed at all times of the day. 

Females commonly leave their territories to cluster with conspecifics (Thresher 

1980) during this period, as well. They participated in 1.3±1.8 clusters per 10-

minute FP (n=140), and participation lasted 29.7±32.0 seconds (n=177). Focal 

females received 62 unsolicited circlings and 4 solicited circlings during the 140 

FP's. 

Female S. rectifraenum can spawn as frequently as every four days, and 

an average clutch contains close to 20,000 eggs (see Chapter 4). During these 

spawnings, and others observed in different contexts, the females repeatedly 

commuted between their own territories and their mates' territories; a mean 

distance of 3.7±0.5 m (n=7). They were never observed to spawn with more 

than one male, even though they were generally courted as they moved between 

territories. In contrast, up to three presumed females have been observed 

spawning in the same nest simultaneously. The average time spent laying eggs 

in the males' nests was 68.6±38.8 seconds (n=24) before the females swam 



home. Spawning females spent 53.0±64.7 seconds (n=26) in their home 

territories between visits to the males' nests. Females have been observed 

spawning for up to one hour (personal observation). 
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Male courtship involves several behaviours, typical of demersal 

pomacentrids (Thresher 1984), that increase their conspicuousness. The most 

common feature of courtship is dipping, in which a male rises about one meter 

above the bottom and performs repeated U-shaped dips toward the bottom. A 

chirping or grunting sound is emitted during each dip (see Myrberg et al. 1986 

for a discussion of the significance of courtship sounds in pomacentrids). On 

rare occasions the males also take on a specific courtship coloration that 

brightens, and provides pattern and contrast. When a prospective female 

approaches the territory of a courting male, he often swims toward her, circles 

her rapidly and swims directly into his prepared nest site. This is termed 

"solicited circling" because it is initiated by the approach of the female. A male 

may also occasionally leave his territory on "display trips" to court a female in 

her territory. H a female is circled during such a trip it is called "unsolicited 

circling", because the interaction is initiated by the male. Males travel up to 20 

meters away from their home territories during a display trip, and have never 

been observed to court more than one female per trip (n=431). Sneak 

spawning has never been observed in this sexually monomorphic species. 

However, it is possible that some males may mimic female spawning behavior, 
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join with a laying female, and release sperm over a clutch in the nest of another 

male. Such a deception would have fooled the observer as well as the territory 

owner. 

Interestingly, guarding males regularly eat about 5% of their viable 

offspring (Chapter 4), and occasionally consume entire clutches (Chapter 4; 

Petersen & Marchetti 1989). The embryos represent a very rich food source 

relative to their natural algal diet; thus, consuming a few offspring may permit 

greater reproductive success in the future. 

The results of focal observations indicated that only male body size was 

significantly positively correlated with male the number of eggs they acquired 

(P=O.OOl; Table 2), explaining over 50% of the variance (Table 2, Table 3, Fig. 

5). The frequency of unsolicited circling showed a significant negative 

correlation (P=0.04) with RS. The frequencies of heterospecific chases and 

dipping also emerged as significant positive correlates of male RS in a stepwise 

multiple regression (P<0.05; Table 3). However, comparing the behavior of 

males when they were and were not guarding eggs shows that guarding increased 

heterospecific chase rate (sign test; P<0.03). Additionally, in the absence of a 

clutch, higher heterospecific chase rates were not correlated with future 

spawning success (Spearman's rank correlation; P> >0.25). This suggests that 

the association between heterospecific chase rate and male RS revealed by the 

stepwise multiple regression is probably artifactuaI. 



Table 2. Correlates of male reproductive success in a natural population. 

MALE CHARACTER 

Standard Length 

Net Duration of: 
Courtship Coloration 
Display Trips 

Frequency of: 
Conspecific Chases 
Heterospecific Chases 

lFeeding Bites 
Dipping 
Display Trips 

lSolicited Circling 
lUnsolicited Circling 

N 

14 

14 
14 

14 
14 
11 
14 
14 
11 
11 

PEARSON'S r 

0.722 

-0.334 
0.319 

-0.019 
0.443 

-0.133 
-0.148 
0.319 

-0.327 
-0.551 

P= 

0.001* 

0.125 
0.136 

0.475 
0.057 
0.352 
0.314 
0.136 
0.168 
0.040* 

!Data from the unmanipulated males in the serial removal experiment (i.e., 
Group I). 
*P<0.05 
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Table 3. Interactive stepwise multiple regression of all variables measured on 
the unmanipulated population of male S. rectifraenum against male reproductive 
success (n=14). Only variables significantly correlated (i.e., P<0.05) with male 
reproductive success are shown. 

Variable 

Standard Length 

Total Number of 
Heterospecific Chases 

Total Number of Dips 

r Added 

0.645 

0.372 

0.188 

Partial 
F-Value 

73.9 

39.4 

19.9 

Regression 
Coefficient 

0.92 

0.74 

0.56 
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Figure 5. Male body size versus male reproductive success for 14 males from an 

unmanipulated population (dashes line, Pearson's r=O.722) and 10 males from a 

population in which nest site quality was standardized (solid line, Pearson's 

r=O.094). Bootstrapping the points on this graph shows that the regression lines 

have different slopes with a 94% probability. 
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MALE REMOVAL EXPERIMENT 

Methods 

The strength of male-male competition and the importance of site quality 

as a determinant of male reproductive success were investigated by conducting 

serial removals of males on 11 sites from June 28 to Aug. 7, 1986. The 

evaluation of three groups of males was necessary because the initial group had 

been resident on these sites for an undetermined length of time, whereas the 

second and third groups were resident for equivalently short periods. The 

territories of males found guarding eggs were selected as focal sites. In addition 

to the data described above, the frequency of algal feeding bites and two 

additional courtship behaviors (solicited circling and unsolicited circling; see 

description of male courtship above) were also recorded. Focal observations 

were conducted on the initial residents (Group I) every other day for a total of 

five FP's per resident. Group I males were then removed, measured, and 

dissected to verify their gender. New individuals were allowed to recolonize the 

sites and data were collected in the same manner on the new residents after a 

five-day period allowing the new territorial neighborhood to stabilize (Group II: 

6 FP's/resident). Group II residents were then removed, and the process 

repeated for a third group (Group III: 8 FP's/resident). Data were collected on 

Group III residents beginning 2 days after removal of Group II because the five-



day acclimation period allotted earlier was deemed unnecessary. This design 

provided analysis of the behaviour and male RS of 11 sites guarded by 33 

different residents. 

Results 
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Ownership of the vacant territories was resolved in all cases by the 

following day, and the physical damage sustained by the new residents (tattered 

fin membranes, missing scales, etc.) suggested that the territories were vigorously 

contested. Nine, eleven and eight residents from Groups I, II and III, 

respectively, were captured and surgically sexed following the observation 

periods. The five residents that were not captured could also be unambiguously 

identified as males by their courtship and paternal behaviours. Thus, the 

removal of reproductively active males from their territories always resulted in 

recolonization by other males (n=22). The mean body size of Group III 

residents was significantly less than those of Groups I and II (sign test; P=O.031, 

n=5, and P=O.008, n=7, respectively), but the differences between Groups I and 

II were not significant (sign test; P>O.OS, n=8) (Fig. 6). Nevertheless, the sizes 

of new residents indicated that each had abandoned a territory to move to the 

newly vacated site because there was no floating population in this size range 

(personal observation). The RS of new residents was dramatically reduced 

compared to the original residents (Fig. 6), and compared to the relatively 
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Figure 6. Male reproductive success versus site identity for three groups of 

residents: Group I = original residents; Group II = residents that replaced 

Group I after removal; Group III = residents that replaced Group II after 

removal. The 11 sites are ranked according to the RS of Group I residents. 



undisturbed spawning of other local males (personal observation), despite the 

active courtship of new residents within a few days of securing the territories. 

Finally, the territories in which residents received the highest RS before 

removals continued to be the sites of greatest RS when new residents were in 

place. 

STANDARDIZED NEST EXPERIMENT 

Methods 
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I deduced that the nest is the primary aspect of a male's territory that 

directly affects offspring viability, because newly hatched larvae leave the 

territory immediately upon hatching. I therefore standardized the quality of the 

nests to determine whether female choice was directly affected by male quality. 

Thirty circular clay flower pots (depth=19 cm; open end diameter=20 cm; base 

diameter= 11 cm) were laid on their sides in a 50-meter swath along a straight 

shoreline at two to four meters depth without regard to the locations of males 

or pre-existing territorial borders. They were all oriented in the same direction 

to control for the effects of tidal currents. When a male resident continued to 

use his traditional nest despite the presence of a pot the original nest was filled 

in with rubble one-two weeks prior to the start of data collection. Five-min FP's 

were conducted on the residents in territories containing the pots every other 
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day. Individuals using the flower pots on the last day of the experiment were 

collected, measured, weighed, and sexed ~Y disse.ction. The area of clutches in 

each pot was recorded daily from July 2-29, 1987 by tracing the perimeter of the 

clutches with a pencil onto a sheet of frosted acetate. The area of each clutch 

was later determined using a digitizer, and the area was converted into number 

of eggs as described above. The temporal pattern of appearance of new 

clutches in nests was examined to test whether egg-guarding enhanced the 

probability of a male acquiring another clutch. 

Several physical aspects of the territories surrounding the pots were also 

measured, because these may serve as cues for female choice or important 

features of territory quality apart from its reproductive function. The perimeter 

of territories were determined by observing the movements of residents, and 

borders were marked with small white pebbles. The length and width of the 

territories were then measured with a meter stick, as well as with a chain that 

conformed to the substrate, because it is unclear whether straight line distance 

or distance that follows the bottom contours would be more relevant to the fish. 

Two-dimensional territory size was determined by calculating area (assuming an 

elliptical shape) using the meter stick measurements. Surface area was 

estimated by calculating area using the chain measurements. Rugosity, a 

measure of substrate complexity, was calculated by dividing chain area by flat 

area. The percent cover of foliose algae, live coral, other predominant, living, 
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encrusting invertebrates, sand, and bare rock was measured by recording the 

substrate type that occurred under every fifth chain link. The biomass of algae 

that accumulated on the external surface of the flower pots was also recorded 

on a subjective scale (l=no algae; 2=moderate development; 3=lush growth). 

Results 

Flower pots proved to be very attractive to males. Twenty-three of 24 

residents collected at the end of the experiment were males and, with only a 

couple of exceptions, previously-used nests within the flower-pot territories were 

neglected in favor of the artificial nests. In contrast with the observations on 

unmanipulated males, many residents never guarded eggs and there was some 

turnover in territorial ownership. However, the unmanipulated males were 

selected for study after they were observed guarding embryos, whereas the 

individuals that defended flower pots were an unrestricted sample of the local 

population. Thirteen of the flower pots were guarded by more than one 

individual during the observation period, and nine of these changed residents 

more than twice. Only data from the subset of reproductively successful males 

(n=14) are directly comparable to the data from the natural population in which 

only successful males were observed. 

Standardizing nest sites substantially changed the factors associated with 

male reproductive success. No significant correlations were found between the 
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number of eggs acquired by male residents and any of the measured behavioural 

or morphological characters, including body size, for the subset of successful 

males (Table 4). When all residents were considered, the frequencies of several 

display traits were correlated with male RS (Table 4). This difference occurred 

because the residents that didn't court never guarded eggs. Some correlations 

also occurred between aspects of territory quality and male RS (Table 4). Food 

density and shelter availability (as measured by rugosity) were positively 

associated with the likelihood of achieving some reproductive success. 

Temporary residents that initiated and lost ownership of a particular 

territory during the observation period were much less successful than 

permanent residents at rearing clutches (Fisher's exact test; P<0.0002). Six of 

nine clutches guarded by temporary residents disappeared prior to hatching. 

Four of these failed clutches disappeared coincident with a turnover in territory 

ownership. Clutches were never maintained or guarded when custodial males 

were supplanted as a strategy to attract females. In contrast, only one of 30 

clutches disappeared when guarded by permanent residents. 

Guarding a new clutch of eggs clearly increased the probability of 

acquiring an additional clutch (Fig. 7). With only a single exception, when a 

new clutch appeared in an empty nest it was followed by the appearance of a 

second clutch on the next day. In one instance new clutches appeared on three 
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Table 4. Correlates of male reproductive success when nest site quality has 
been standardized, for all flower pot residents and for the subset of successful 
males. 

SUCCESSFUL MALES ALL RESIDENTS 

Male Character N Pearson's r P= N Pearson's r P= 

Standard Length 10 0.094 0.402 23 0.128 0.282 
Wet weight 10 0.300 0.207 23 0.236 0.141 
Frequency of: 

Conspecific Chases 14 -0.025 0.467 53 -0.163 0.123 
Heterospecific Chases 14 0.075 0.402 53 -0.046 0.3'12 
Dipping 14 0.010 0.487 53 0.406 0.001* 
Display Trips 14 0.117 0.348 53 -0.049 0.364 
Solicited Circling 14 -0.076 0.400 53 0.257 0.031* 
Unsolicited Circling 14 0.383 0.091 53 0.472 0.000* 

Territory Factor 

Territory Area 14 0.580 0.014* 53 -0.138 0.163 
Rugosity 14 -0.246 0.202 53 0.322 0.009* 
Percent Cover of: 

Foliose Algae 14 -0.232 0.218 53 0.252 0.034* 
Live Coral 14 -0.301 0.152 53 -0.317 0.010* 
Other Invertebrates 14 -0.607 0.010* 53 -0.169 0.113 
Sand 14 0.511 0.030* 53 -0.078 0.291 
Bare Rock 14 0.534 0.024* 53 -0.028 0.421 

* P < 0.05 
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consecutive days. Consequently, the chance of acquiring a new clutch was 

significantly enhanced when only one-day-old eggs were present in four of five 

individuals for whom sample sizes were sufficient for comparison (Fisher's exact 

test; P<O.05). Lumping the data from all males would tend to bias the results 

in favor of temporal clustering of clutches because few males were very 

successful while many never guarded eggs; nevertheless, examining the lumped 

data set reveals that the presence of three or four-day-old eggs reduces the 

chance of acquiring a new clutch (Fisher's exact test; P=O.03). No effect of the 

presence of two-day-old eggs was detected. 

DISCUSSION 

The San Carlos population of S. rectifraenum exhibits the conditions under 

which female choice is expected to provide a stronger selective force than male

male competition. Females are mobile and interact with many males in a 

spatially stable territorial system; thus females have the opportunity to gather 

information and compare potential mates. The mating decisions of females are 

also not restricted by a shortage of available mates, because the spawning season 

lasts for six months and females do not spawn synchronously in a local 

population. Finally, females can, and frequently do, reject courting males. I 

tested the hypothesis that female choice should dominate male-male competition 
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in such a system by: 1) examining the correlates of male RS in an 

unmanipulated population to determine which male characters were under the 

strongest sexual selection; 2) experimentally removing successful males and 

observing the recolonization and subsequent RS attained on those territories to 

assess the intensity of male-male competition and the importance of site quality 

in the system; and 3) experimentally eliminating an important aspect of male 

territory quality by standardizing nest sites to determine how this would affect 

the RS of males judged as high-quality based on the results from the 

unmanipulated population. 

In the unmanipulated population large males had a decided mating 

advantage, while other aspects of the male's phenotype that were measured had 

relatively little effect on male RS. However, this relationship could be a 

consequence of either form of sexual selection. Large males would tend to 

dominate in male-male aggressive interactions, or they may be more attractive to 

females. The frequency of heterospecific chases was positively related to male 

RS when the effects of body size were controlled statistically, and the frequency 

of courtship dipping was positively correlated to male RS when both body size 

and heterospecific chase rate were controlled. Earlier work on pomacentrids 

indicated that females may use heterospecific chase rate as a cue in mate choice 

because males that aggressively defend their territories from intruders may 

provide better protection to the eggs (Barash 1980). However, the relationship 
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between these factors is due, at least in part, to an increase in chase rate after 

mating in the population studied here. No evidence was found to support a 

causal influence of chase rate on male RS. This brings into question the validity 

of statistically controlling for heterospecific chase rate, and the resulting 

correlation between frequency of dipping and male RS. 

The results of the male removal experiment clearly indicate that male

male competition is intense in this population of S. rectifraenum. Group II and 

III residents chose to abandon their territories and sustain physical damage to 

establish ownership of newly vacated territories that had previously served as 

successful spawning sites, indicating that high quality territories are in limited 

supply for males. These males made this choice despite apparent avoidance of 

new residents by prospective females. Mate rejection of new residents by 

females makes sense in light of the poor parental performance of temporary 

residents observed in the standardized nest experiment. Most importantly, the 

territories with the most successful males continued to receive the most eggs 

after repeated removals of residents, indicating the importance of site quality to 

males, and perhaps to females. The fighting that occurs among males over 

vacant high quality sites would likely create a correlation between male body size 

and site quality; thus the large male mating advantage could result from a 

female preference for either large males or high quality sites. 
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The standardized nest experiment was designed to test between these 

hypotheses. If females prefer to mate with large males, then standardizing nests 

would have little effect on the relationship observed between male body size and 

RS in the unmanipulated population. Instead, the large male mating advantage 

disappeared under these conditions (Fig. 5), indicating that direct female 

preference for large males is not an important factor affecting male fitness. 

Rather, these results suggest that variation in natural nest sites leads to the 

correlation observed between male body size and RS. The strength of the body 

size-RS relationship in the unmanipulated population indicates the importance of 

nest site quality to females. DeMartini (1988) obtained a similar result when 

examining the effect of male body size on RS for plainfin midshipman 

(Porichthys notatus) using the undersides of natural rocks or artificial concrete 

slabs as nests. The data on P. notatus and S. rectifraenum do not demonstrate 

the absence of mating preferences based on male body size, because not all 

features of the males and their territories could be controlled or measured. 

However, if such a preference does exist, its effect on male fitness is subordinate 

to effects resulting from natural variance in nest quality and other factors 

possibly related to territory quality. Recent laboratory choice experiments with 

fishes have also found that expression of female choice for large males can be 

influenced by conflicts with other factors affecting female choice (Bisazza & 

Marconato 1988; Hastings 1988b). 
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The correlations found between male RS and ecologically important 

aspects of the territory, such as resource abundance and shelter availability, 

imply that male quality may be important to females because these aspects of 

the territory are unlikely to affect offspring fitness. Territory quality may be 

used as a cue of male quality or, if some aspect of male quality other than those 

measured in this study is preferred by females, male quality may be correlated 

with territory quality. It also appears that a different set of territory 

characteristics, less clearly related to ecological quality, are related to becoming 

reproductively active in the first place (Table 4). 

The results of the standardized nest experiment clearly demonstrate that 

the probability of acquiring an additional clutch increases when a one-day-old 

clutch is present; however, the primary effect of female choice for nests 

containing eggs would be to enhance the level of sexual selection that already 

exists in the population by increasing the degree of polygyny, rather than altering 

the form of selection. Although the form of sexual selection acting on males 

may be altered slightly favoring some new mating tactics, such as egg raiding 

(Rohwer 1978), the influence of other independent factors that govern which 

males receive clutches in the absence of other eggs is augmented. 

Several other studies on fishes exhibiting paternal care have shown 

females to prefer spawning with males already guarding eggs (e.g., Ridley & 

Rechten 1981; Constanz 1985; Marconato & Bisazza 1986; Unger & Sargent 
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1988; Petersen & Marchetti 1989; Petersen In Press). Females may benefit from 

such a tactic for two reasons. First, the amount of shareable parental care 

invested by fathers is expected to be correlated with the reproductive value of 

his brood (Sargent & Gross 1986; Sargent 1988); thus, a female may be able to 

secure greater paternal investment for her clutch by combining her eggs with 

those of another female in a single nest. Indeed, male S. rectifraenum appear 

to consume small single clutches rather than invest the parental care necessary 

to rear them (Petersen & Marchetti 1989). Second, if cannibalism is an 

important source of mortality to the eggs, then a female can reduce the 

probability that any egg cannibalized out of a nest is her's by mixing her eggs 

with others in a nest (Rohwer 1978). Hoelzer (1988) demonstrated the regular 

occurrence of partial clutch filial cannibalism in S. rectifraenum (see also 

Chapter 4). In this study the attractiveness of the nest to females also appeared 

to diminish with the age of clutches, so that the presence of late-stage eggs 

inhibited laying. This is consistent with the observation that late stage eggs are 

distasteful to the normally cannibalistic S. rectifraenum males (Chapter 4), 

because males guarding late-stage eggs might be particularly prone to eat fresh 

eggs. 

There is an important caveat when interpreting data suggesting a role for 

the presence of eggs in a nest on female choice. First, it is possible that two 

apparently separate clutches were the products of a single female. If females 
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occasionally lay part of a clutch on one day and the remainder on the next day, 

then the two apparent clutches may not represent independent mate choice 

events. Such a behavior could explain the pattern of clutch appearance 

observed in this study and possibly others. 

In conclusion, contrary to the expectations described above, sexual 

selection from male-male competition is stronger than from female choice in the 

San Carlos population of S. rectifraenum. The same pattern of sexual selection 

was found to occur in the sand goby (Lindstrom 1988). Females should base 

their mate choices on variable factors that most strongly influence their fitnesses. 

Indeed, female S. rectifraenum appear to be influenced by some aspect( s) of 

male quality (e.g., residence time), the presence of fresh eggs already in the 

nest, and several features of the males' territories. However, the females are 

most strongly influenced by nest site quality, perhaps because the characteristics 

of natural nests are highly variable in Bahia San Carlos and the physical 

structure of the nest can be directly determined by inspection. These criteria of 

female choice set the stage for male-male competition to flourish. Future 

research in fishes with similar social systems is essential to ascertain the 

generality of these results. 



CHAPTER 4 

THE ECOLOGY AND EVOLUTION OF PARTIAL CLUTCH 

CANNIBALISM BY PATERNAL CORTEZ DAMSELFISH 
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The occurrence of infanticide and other forms of cannibalism has now 

been documented for a large number of invertebrate (Polis, 1981, 1984) and 

vertebrate (Hausfater and Hrdy, 1984) taxa. This should not be surprising, 

because cannibalism can serve important functions, such as providing nutrition, 

reducing competition for one's self or one's offspring (Hrdy, 1979), altering the 

sex ratio of a group (Charnov, 1984), and improving short-term reproductive 

opportunities (Chapman and Hausfater, 1979; Packer and Pusey, 1984). Of 

course, as cannibalism becomes an increasingly important form of predation, 

selection would favor counter-strategies in potential victims. For example, if 

infanticide becomes more common we might expect parents to increase parental 

care. In contrast, the adaptive value of cannibalism becomes less clear when an 

adult organism consumes its own offspring (i.e., exhibits filial cannibalism); 

nevertheless, this behavior has also been documented in several taxa (Polis, 

1981), especially fishes (Rohwer, 1978; Loiselle, 1983; Dominey and Blumer, 

1984; Ochi, 1985; DeMartini, 1987; Mrowka, 1987; Hoelzer, 1988; Marconato 

and Bisazza, 1988; Petersen and Marchetti, 1989). The ecological and 



evolutionary causes of filial cannibalism remain unclear. 

Two distinct forms of filial cannibalism have been documented in fishes: 

whole clutch cannibalism (Assem, 1967; Dominey, 1981; Ochi, 1985; Foster, 

81 

1987; Mrowka, 1987; Petersen and Marchetti, 1989), and partial clutch 

cannibalism (Rohwer, 1978; Salfert and Moodie, 1985; Whorisky and Fitzgerald, 

1985; DeMartini, 1987; Hoelzer, 1988). The distinction is made because fishes 

generally exhibit shareable parental care (Perrone and Zaret, 1979; Wittenberger 

1979) in which the cost of caring for offspring does not vary with the number of 

offspring in the nest. Consequently, whole clutch cannibalism represents a 

termination of parental care, whereas partial clutch cannibalism does not reduce 

the cost of parenting paid by the custodial individual. 

Rohwer (1978) provided a model for the evolution of partial clutch 

cannibalism. The basic trade-off in this model is the sacrifice of a few embryos 

(i.e., current reproductive success) for an augmentation of future reproductive 

success. Rohwer related this model specifically to species in which males pass 

through brood cycles, and in which the normal food resource is not available in 

the breeding territory. In these species the duration of a brood cycle, and 

therefore the number of clutches guarded, is constrained by the physical 

condition of the parent. The male parent is expected to consume some of the 

embryos he guards as his condition deteriorates so that he can maintain his 

territory and father an additional clutch. Eventually reproduction is interrupted, 
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and the territory abandoned, so that the individual can forage elsewhere rather 

than consume more embryos. Indeed, the motivation for the model was the 

observation that custodial male sticklebacks commonly consumed some embryos 

toward the end of a cycle (van Iersel, 1953). 

The present study focuses on the occurrence of partial clutch filial 

cannibalism by male Cortez dams elfish (Stegastes rectifraenum). S. rectifraenum 

differs from sticklebacks in several fundamental respects. Male and female S. 

rectifraenum maintain feeding territories throughout the year (Thomson et aI., 

1979; Montgomery, 1980; Thresher, 1980); consequently, unlike sticklebacks, a 

male is free to feed on his regular algal food source while guarding the nest. In 

contrast with species that don't feed in their breeding territories, the foraging 

potential of a male S. rectifraenum would decrease should he abandon his 

territory without competing for and taking up residence in another territory with 

a superior algal garden. Another distinction between this system and that of 

sticklebacks is that male S. rectifraenum are apparently not subject to cuckoldry 

(personal observation). The goals of this study were to establish whether energy 

acquisition is indeed a function of partial clutch filial cannibalism in a species 

that is not restricted from normal foraging while guarding a clutch, whether it 

provides custodial males with appreciable energetic benefits, and whether feeding 

on embryos affects behavior and subsequent reproductive success. 
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Both forms of filial cannibalism have been reported to occur in S. 

rectifraenum (Hoelzer 1988; Petersen and Marchetti 1989). Whole clutch 

cannibalism in this species appears to occur when the reproductive value of the 

clutch is so low that it is outweighed by the costs of parental care (Petersen and 

Marchetti 1989). The male eats the embryos rather than abandoning the clutch 

to be eaten by others. Custodial males tend to eat whole clutches when the 

clutches are small and young. The occurrence of partial clutch filial cannibalism 

has been previously established in this species through two lines of evidence 

(Hoelzer, 1988). First, custodial males commonly have embryos in their 

stomachs during the day, even though they pass through the stomach in under 

three hours, whereas non-custodial males and females rarely consume embryos. 

Second, the eggs found in the stomachs of custodial males are the same age as 

those being guarded. Partial clutch cannibalism by custodial male S. 

rectifraenum is not the result of removing diseased or unfertilized eggs, because 

consumed embryos show no signs of infection or developmental irregularities 

when examined under a dissecting microscope. Still, because removing debris 

and potentially harmful plants or animals from the area of the clutch is a 

normal part of nest upkeep, it has been unclear whether the eggs are consumed 

for their energetic value or eaten incidentally during regular nest maintenance 

activities (Hoelzer, 1988). 
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The data presented in this paper represent part of an investigation of S. 

rectifraenurn reproductive behavior in Bahia San Carlos, Sonora, Mexico 

conducted from 1983 to 1987. Data were collected over about 500 hours 

underwater, of which about 250 hours involved focal individual observations, 

using snorkeling and SCUBA gear during the summer months when 

reproduction is at its peak (Thomson et al., 1979; Thresher, 1984). 

THE CHARACTERIZATION OF CLUTCHES 

The very high fecundity of many fishes makes it impractical to count the 

number of offspring produced from a mating. Consequently, male reproductive 

success is often quantified by tallying the number of matings observed or the 

number of clutches guarded. The clutches of S. rectifraenum are characterized 

by their sizes and egg densities in this study to avoid potential complications 

arising from the differences among clutches. 

Methods 

Spawning behavior and egg deposition were directly observed on more 

than 50 occasions. The reproductive behavior of both males and females was 

also studied in detail by repeatedly observing focal individuals over many days 

(see Chapter 3). 
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The density of eggs within clutches was estimated by carefully examining 

clutches laid in artificial nests in the field. Clay roofing tiles were placed by the 

natural nests of reproductively active males. The tiles were readily accepted by 

the males, and were used as spawning substrates by females. Tiles containing 

clutches of varying ages were brought into the lab for inspection. Transects 

orthogonal to the long axis of the clutch were established, four cm apart, along 

the length of a clutch. A one cm2 quadrat was then placed at a random 

position along each transect. The number of eggs in a quadrat was counted 

using a dissecting microscope. In this way a mean egg density was established 

for each clutch, and each clutch was considered an independent sample when 

comparing egg densities across different developmental stages. 

The age of a clutch could be estimated by visual inspection (Hoelzer, 

1988; Petersen and Marchetti, 1989), so clutches were assigned to three age 

classes: white eggs were assigned to stage 1 (1-2 days old); stage 2 eggs were 

grey (2-4 days old); and the reflective silver eyes of the embryos could be seen 

during stage 3 (4-5 days old). 

The shape of most clutches closely approximated an ellipse, unless the 

topographical features of the nest surface, or the presence of another clutch, 

forced accommodation by the laying female. Therefore, clutch area was 

estimated by measuring the longest diameter and the orthogonal diameter, and 

solving the following equation: 



A = (LxW)1f/4 

where A=area, L=length, and W=width. 

Results 

Female S. rectifraenum deposit a monolayer of eggs in the male's nest. 
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As the female moves over the rock surface, a swath of eggs, two to three eggs 

wide, is laid down. Many passes are made over the surface, producing a final 

clutch in which individual swaths can no longer be discriminated, except 

occasionally along the margin of the egg mass. For the purposes of this study, a 

clutch was operationally defined as a coherent mass of eggs of the same age. 

Multiple females have been observed on occasion to simultaneously deposit eggs 

into a single apparent clutch. It is also possible that single females may 

occasionally deposit their eggs in two or more locations within the nest, resulting 

in more than one apparent clutch. Sneak spawning by males other than the 

territorial resident has never been observed in this species. 

The density of eggs decreased with age of the clutch (ANOVA; P=O.018) 

(Table 5). Specifically, there was a significant decrease in egg density between 

stages 1 and 2, but not between stages 2 and 3 (one tailed randomization test; 

P=O.014 and P=0.327 respectively) (Sokal and Rohlf, 1981). The density of 

eggs also frequently lower at the margins of a clutch relative to the center. 
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Table 5. The density of eggs in clutches of S. rectifraenum. Egg stage refers to 

the developmental stage of embryos in a clutch. 

Egg Density: 
Egg Stage # of Quadrats # of Clutches Mean ± S.D. 

1 32 11 200.3±22.9 

2 35 9 166.0±39.5 

3 16 4 156.1±13.9 
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Clutches in natural nest sites ranged from 15.7 cm2 to 360.5 cm2 

(mean±SD: 94.8±57.0, n=145) in area, and contained from 2857 to 65611 eggs 

(mean±SD: 17254±10374, n=145). 

FORAGING ON OFFSPRING 

Methods 

Partial clutch cannibalism by male S. rectifraenum could be either a 

specific foraging behavior by custodial males, or an incidental consequence of 

nest maintenance activities (Hoelzer, 1988). An experimental approach was used 

to examine whether the cannibalistic behavior of these males would change in 

response to enrichment of the food resource. Some clutches deposited on 

artificial nest surfaces (see above) were used to feed experimental subjects. If 

males cannibalize their own offspring to acquire energy, then the rate at which 

eggs are eaten subsequent to feeding on unrelated eggs should decrease, because 

the potential energy gain from cannibalism would have a diminished value. On 

the other hand, if eggs are only taken inadvertently during nest maintenance, 

then the rate of filial cannibalism should be unaffected by feeding, because the 

necessity for nest maintenance would not be influenced by the manipulation. 

Seventy-one males guarding stage 1 embryos were used in this 

experiment. Thirty-five experimental subjects were fed eggs, whereas 36 controls 
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were not. Between 4500 and 9000 eggs were 'spoon fed' to each experimental 

subject using a plastic paint scraper to which the eggs adhered when scraped 

from the tiles, while a plain paint scraper was presented to controls to mimic 

the disturbance created by feeding the experimentals. Most subjects recognized 

the eggs as a food source, even when presented in this unorthodox manner, and 

took the egg clusters directly from the end of the scraper. The subjects 

generally responded more quickly to the presentation of early stage embryos 

than to late stage embryos. Indeed, stage 3 embryos were occasionally ignored 

or spit out. Therefore, only stage 1 and stage 2 embryos were fed to subjects 

during the experiments, and only males guarding stage 1 embryos were used as 

subjects. 

Eggs consumed by filial cannibals generally clear the stomach in about 

165 minutes when consumed in small amounts; however, when large numbers of 

eggs are consumed, such as during whole clutch cannibalism, a portion of the 

meal may be retained near the esophageal end of the stomach for up to 15 

hours (Hoelzer 1988). Therefore, experimental subjects were fed in the 

afternoon, and collected for stomach content analysis in the morning two days 

later. This eliminated the potential problem of counting embryos fed directly to 

the subject as having been taken from the subject's own clutch. 

The relative importance of embryos in the diet of filial cannibals was 

assessed by measuring the wet weights of embryos and algae found in the 
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stomachs of 12 unmanipulated custodial males. The fraction of a filial cannibals 

total energy intake represented by embryos was later estimated using published 

estimates of caloric contents for algae and fish eggs. 

Results 

The experimental group fed eggs had significantly fewer eggs in their 

stomachs than the controls two days later (mean±SD; 16.9±27.6 and 

49.8±101.6, respectively) (one-tailed randomization test, P=0.0348). Five of the 

experimental subjects, and three of the controls, consumed the entire clutches 

they were guarding. The data from these individuals were excluded from further 

analysis because the thousands of eggs found in these stomachs would have 

distorted the comparison of gut contents between experimental and control 

partial clutch cannibals. Based on an estimated stomach evacuation rate of 165 

minutes, custodial males appear to consume eggs at a rate of 18 eggs/hour 

during the day. If this rate reflects cannibalism occurring over 12 hours per day 

(S. rectifraenum is quiescent at night; personal observation) for four of the five 

days of care, then the average -male parent would consume between 864 

eggs/clutch, or 5.0%, of an average-sized clutch, while rearing the remainder of 

the embryos to hatching. The very large quantities of embryos consumed by 

some males suggests that this level of partial clutch cannibalism is not 

constrained by the satiation of the male. 



Male S. rectifraenum also continue to feed freely on their normal algal 

food source while guarding embryos. Of 15 individuals monitored in a serial 

removal experiment (see Chapter 3), and observed during both guarding and 

non-guarding periods, only 9 fed on algae more frequently when not guarding. 

The mean rate of bites on algae for this group while guarding was 70.0±29.1 

bites/hour, whereas the same group took 75.2±36.4 bites/hour when they were 

not guarding (Wilcoxon matched pairs signed ranks test, P>0.05). Custodial 

males also spend considerable time in the algal gardens without feeding 

(personal observation). Indeed, the algae in the territories of spawning males 

often becomes particularly abundant during the spawning season (see Chapter 

3). 

91 

The stomach contents of unmanipulated custodial males contained about 

7% embryos by weight, on average (n=12). These stomachs held 0.010 (±0.014) 

grams of embryos and 0.148 (±0.140) grams of algae. 

THE EFFECTS OF FILIAL CANNIBALISM ON BEHAVIOR 

AND REPRODUCfIVE SUCCESS 

If males are willing to sacrifice immediate reproductive success for energy, 

the effects of the energy gain should be observable in subsequent behavior and 

reproductive success. Thirteen focal observations on each of 14 unmanipulated 
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adult male S. rectifraenum conducted over a one-month period (see Chapter 3) 

indicated that the frequency of clutch bites (ie., apparent bites within the area of 

a clutch) taken by custodial males is significantly correlated with the amount of 

time spent on display trips (Pearson's correlation, P<0.05; Fig. 8). These trips 

represent a particularly active form of male courtship in which the male leaves 

his territory, swims to the territory of a female, displays to her, and returns to 

his territory (see Chapter 3). Channelling the energy from filial cannibalism into 

courtship could potentially provide a mechanism for translating immediate 

reproductive loss into a net gain in reproductive success. 

To evaluate more directly the effect of filial cannibalism on male vigor 

and future reproductive success, another experiment in which male S. 

rectifraenum were fed eggs was conducted. The experimental subjects were fed 

eggs at a much higher rate than custodial males normally eat eggs to improve 

the chances of observing behavioral effects, and to separate clearly experimental 

and control groups by embryo consumption rate. Two groups of eight subjects 

each were captured, measured, and tagged by threading monofilament through 

the dorsal musculature and attaching colored glass beads. Pairs of subjects from 

each group were nearest neighbors, and focal observations of members of a pair 

were done consecutively. Data were collected on the frequencies of bites taken 

on the nest surface, aggressive behaviors, algal feeding rate, courtship activity 

(see Chapter 3), clustering behavior (Thresher, 1980), and the size and age of 
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Figure 8. The time males spend on display trips as a function of the rate at 

which they take bites from their clutches. 



94 

clutches in the nest (see methods of clutch characterization above) by conducting 

10-minute focal period observations every other day. 

The experiment consisted of three phases, each lasting 10 days. Both 

groups were unmanipulated in phase I. During phase II, members of the first 

group were each fed between 2500 and 6500 eggs, depending on the daily 

availability of clutches on collecting tiles, on the afternoons following focal 

observations, while the second group was not artificially fed. The first group was 

once again unmanipulated during phase III, whereas eggs were fed to the second 

group by scraping some embryos from their own nests. The treatment of the 

second group in phase III failed to produce meaningful results because the 

mating success of this group was so low during this phase that there were 

frequently no eggs present when the resident was scheduled for feeding. Thus, 

the second group served primarily as a control for experimental effects on the 

first group during phases I and II. This experimental design allowed two kinds 

of comparison to evaluate the effect of feeding eggs to custodial males. First, 

the changes in the behavior of experimental males between phases was tested 

with a sign test. Second, the effects of the manipulation were tested by 

comparing the relative changes in behavior of paired experimental and control 

subjects between phases I and II. 

The effects of this experiment on male behavior are summarized in Table 

6. The effect of feeding eggs to males on their natural feeding rate was as 
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Table 6. Changes in the behavior of reproductively active males as a result of 

feeding them eggs from the nests of other males. Comparisons of individual 

behavior are made between phases I, II and III of the experiment. 

Changes Through Time* 

Feeding Behavior Phases: I-II II-III 

Clutch Bites Decrease NS 
Algal Feeding Bites NS Increase 

Aggression 

Intraspecific Chases NS NS 
Interspecific Chases NS NS 

Aggregation 

# of Clusters NS NS 
Time Clustering Decrease NS 

Courtship 

# of Display Trips NS NS 
Time in Display Trips NS NS 
Dipping NS NS 
Unsolicited Circling NS NS 
Solicited Circling NS NS 
Courtship Coloration NS NS 

Reproductive Success 

# of Eggs Acquired NS NS 
# of Clutches Acquired NS Decrease 
Mean # of Eggs Guarded NS Decrease 
Mean # of Clutches Guarded Increase Decrease 

*Sign Test: P,O.0625 
**Wilcoxon Matched Pairs Signed Ranks Test: P,O.05 

Changes Relative 
to Controls** 

I-II 

Decrease 
Decrease 

NS 
NS 

NS 
NS 

NS 
Increase 

NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
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expected: they reduced the rate at which they fed on algae and on their own 

clutches. The latter result confirms the conclusions drawn from the egg-feeding 

experiment described above. When egg-feeding ceased, the experimental 

subjects increased their algal feeding rate. No effect was detected on aggressive 

behavior. The experimental subjects spent less time clustering during phase II. 

Although courtship behavior was generally unaffected, males do indeed appear 

to use some of the energy gained by the consumption of eggs to spend more 

time on display trips. This result suggests that the correlation observed between 

the frequency of clutch bites and time spent on display trips may represent a 

functional relationship. 

The effect of this manipulation on reproductive success is complicated. 

Males fed eggs did not tend to acquire more or larger clutches (Table 7), so 

filial cannibalism does not appear to yield immediate benefits through mate 

choice in this system. The increase in number of clutches guarded between 

phases I and II, and the decreases in numbers of clutches and eggs guarded 

between phases II and III, may indicate enhanced survivorship of offspring as a 

result of decreased filial cannibalism; however, this result is likely to be an 

artifact of the experiment. If the males were eating their own eggs, rather than 

those introduced in the experiment, there would have been a direct decrease i~ 

offspring survivorship to offset this result. 
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Table 7. The effects of feeding eggs to adult male S. rectifraenum on their 

frequency of clutch bites and mating success. The number of focal periods in 

which subjects guarded clutches are shown in parentheses under # of Clutch 

Bites, and the number of clutches acquired by each subject is shown in 

parentheses under Daily Mating Success. Exp's=experimental subjects; 

S.L.=standard length. 

S.L. # of Clutch Bites Daily Mating Success 
Exp's (mm) I II III I II III 

1 89 17.0(2) 3.0(3) 5.7(3) 3716(2) 3081(2) 3097(1) 
2 103 13.8(5) 12.0(4) 7.2(4) 12690(5) 7401(3) 5781(3) 
3 95 31.0(3) 13.0(2) 17.0(2) 4685(2) 858(1) 4066(3) 
4 94 13.5(2) 3.3(3) 4.0(1) 3446(2) 3812(4) 0(0) 
5 93 22.8(5) 5.2(4) 7.8(5) 4336(2) 16152(7) 7052(3) 
6 96 0.5(2) 1.7(3) - (0) 3224(4) 3192(3) 0(0) 
7 92 21.4(5) 20.2(4) 39.0(2) 4828(3) 4511(2) 4256(2) 
8 99 - (0) - (0) - (0) 0(0) 0(0) 0(0) 

Controls 

1 87 - (0) - (0) - (0) 0(0) 0(0) 0(0) 
2 99 4.0(1) 12.0(4) 5.0(2) 3430(2) 2891(2) 3716(2) 
3 98 29.5(4) 21.0(3) 5.0(2) 4256(2) 6498(4) 1652(1) 
4 96 19.0(2) 10.5(2) 13.0(2) 3669(2) 4526(2) 5209(2) 
5 99 35.0(3) 29.2(4) 32.5(4) 12309(5) 6862(3) 8894(3) 
6 101 - (0) - (0) - (0) 0(0) 0(0) 0(0) 
7 94 5.0(3) 11.5(2) - (0) 1286(2) 2462(2) 0(0) 
8 94 - (0) 0.0(1) - (0) 0(0) 715(1) 0(0) 
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DISCUSSION 

The evidence from the two egg-feeding experiments clearly shows that 

custodial male S. rectifraenum consume a portion of their offspring as embryos 

for their caloric or nutritional value, not incidentally during nest maintenance. 

Feeding embryos to custodial males resulted in fewer clutch bites and reduced 

filial cannibalism one to two days later. DeMartini (1987) described a similar 

situation in another demersal marine fish that spawns within the feeding territory 

of the male, the painted greenling (Oxylebius pictus). He suggested that the 

males may be parasitizing the foraging efforts of their mates, which concentrate 

and deliver a high-quality food resource in the form of eggs into the male's 

territory. It is also possible, however, that it is in the female's interest to 

provide mates with 'extra' eggs for consumption in return for the male's solitary 

parental care. 

The energetic benefit of filial cannibalism must be substantial to offset the 

direct cost to fitness, considering that breeding male S. rectifraenum are not 

restricted from feeding in their algal gardens. The algae normally eaten by S. 

rectifraenum provides only 2.70 kcal/gram (Montgomery, 1978), whereas a survey 

of the eggs of eight North Atlantic fishes yielded a mean of 5.83 kcal/gram 

(Hilsop and Bell, 1987). The eggs are likely to contain a much higher lipid 

content than algae, which could make them difficult for an herbivore to digest; 
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however, Montgomery (1980) showed that S. rectifraenum absorb about 56% of 

lipids normally ingested, and all recognizable lipid fractions were digested with 

equal efficiency. Assuming S. rectifraenum eggs are similar in energetic content 

to those studied by Hilsop and Bell (1987), custodial males obtain about 13% of 

the calories they consume from embryos. The relative protein and nutrient 

content of eggs and algae remains unexplored. 

As Rohwer (1978) pointed out, a custodial parent should eat some of its 

offspring when the energy gained from cannibalism enhances fitness enough to 

offset the consequent loss of reproductive success. In brood cycling species in 

which custodial males starve while guarding eggs, the fitness benefit accrued 

through filial cannibalism appears to take the form of a short-term increase in 

mating success, because the energy acquired allows the male to stay on the 

spawning site longer and rear additional clutches (e.g., Gasterosteus acu]eatus -

Rohwer, 1978; Cottus gobio - Bisazza and Marconato 1988; Marconato & 

Bisazza 1988). In contrast, S. rectifraenum, which can forage normally at the 

spawning site, does not appear to gain a short-term mating advantage through 

partial clutch filial cannibalism. Its courtship is relatively unaffected by the 

consumption of embryos, except for an apparent increase in the time spent on 

display trips, and it does not acquire more clutches or more eggs by this 

behavior. Direct investigation of the relationship between male courtship and 

reproductive success also failed to detect any link between time spent on display 



trips and increased reproductive success (Chapter 3). Petersen and Marchetti 

(1989) were similarly unable to detect any short-term mating advantage from 

whole clutch cannibalism by S. rectifraenum. 
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If the males receive no short-term reproductive advantage from partial 

clutch filial cannibalism, then the energy gained presumably must be channeled 

into growth and survival and a subsequent long-term reproductive benefit. 

DeMartini (1987) demonstrated that O. pictus applies the energy it gains from 

partial clutch filial cannibalism to growth and survival. For S. rectifraenum, as 

for most fishes that spawn over several years, survival to the following spawning 

season and a larger body size would have potentially dramatic effects on the 

lifetime reproductive success of an individual male (see Chapter 3). 

Most hypotheses concerning the evolution of male parental care assume 

that parental investment carries a net cost to the male parent in terms of growth 

or survival (Schaffer and Rosenzweig, 1977; Blumer, 1979; Gross and Sargent, 

1985; Sargent and Gross, 1985; Morris, 1987). These hypotheses propose that 

the cost can be overcome under certain conditions by the benefit of increased 

offspring survivorship. This trade-off may be distinctly altered in a system such 

as that exhibited by S. rectifraenum where the opportunity to provide paternal 

care may carry little or no survival cost, or even enhance male viability. Clearly, 

male parental care would be far more likely to evolve under such circumstances. 
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s. rectifraenum is typical of fishes in many of the characteristics that 

might have promoted partial clutch filial cannibalism in this species: fishes tend 

to be highly fecund, thus allowing for the possibility of consuming a small 

fraction of one's offspring; and male parental care is particularly common among 

fishes (Breder and Rosen, 1966; Blumer, 1979, 1982; Thresher, 1984). Thus the 

occurrence of partial clutch filial cannibalism by custodial male fishes may be 

quite common. Indeed, the frequent evolution of male parental care in fishes 

may have been facilitated by the coincident evolution of filial cannibalism by 

paternal males. 

The conclusions of this study regarding the function of partial clutch filial 

cannibalism are in contrast with the apparent primary function of whole clutch 

cannibalism. The former is motivated by the value of embryos as a food source, 

whereas the latter apparently occurs when a clutch has low reproductive value 

relative to the cost of rearing the offspring (Rohwer, 1978; Dominey and 

Blumer, 1984; Petersen and Marchetti, 1989). The results presented here 

suggest that energetic value may also play a significant role in the decision to 

cannibalize an entire clutch. Nevertheless, it is important to recognize that filial 

cannibalism in general may encompass two functionally distinct behaviors: whole 

clutch and partial clutch cannibalism. Custodial males apparently never ingest a 

large fraction of a clutch and continue to guard the few remaining embryos until 

hatching (personal observation; Petersen and Marchetti, 1989). 
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The regular occurrence of filial cannibalism by custodial males should 

affect female mate choice in a way that minimizes the reproductive losses to the 

females. One tactic used by females of several fish species is to mate with 

previously mated males (Hunter, 1963; Rohwer, 1978; Ridley and Rechten, 1981; 

Dominey and Blumer, 1984; Marconato and Bisazza, 1986; Bisazza and 

Marconato, 1988; Petersen and Marchetti, 1989; Petersen, in press). In this way 

females may dilute the effects of partial clutch cannibalism, because the eggs of 

another female would also be available to the male, or avoid whole clutch 

cannibalism altogether by increasing the reproductive value (i.e., the number of 

offspring) of the male's brood. Female s. rectifraenum also prefer to mate with 

males guarding stage 1 embryos (see Chapter 3; Petersen and Marchetti 1989). 

This response is likely to increase the degree of polygyny exhibited by the 

species. 

This study illustrates the links that exist between diverse aspects of S. 

rectifraenum reproductive behavior. Male filial cannibalism, parental care, mate 

choice and the level of polygyny interact such that selection on anyone of these 

behaviors would likely affect the others. Therefore, understanding the ecology 

and evolution of one of these features of reproductive behavior requires 

consideration of them all. 
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APPENDIX 

The model first takes the frequency of the E allele among adult males (Em) and 

females (Ec) to the corresponding frequencies after sexual selection (Eml and En, 

respectively). If R is the mean mating success of individuals in the population, then: 

En = Ee (1) 
Eml = Em[G(~) + (l-G)(YB)] (2) 

where: 

The frequency of the E allele among the zygotes of the next generation is computed as 

follows: 

(4) 

The viability of good fathers with the trait (YoEm)' females that carry the E allele (V EC)' 

and individuals without the E aIlele (Yo) are as follows: 



YoEm = 1 - t + (&)!!. 
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(5) 

(6) 

(7) 

The trait effects the viability of bad fathers in the same manner it effects good fathers 

(i.e. V BEm = YoEm), except when the viability cost of the trait is allowed to decrease for 

bad fathers along with the mating cost (Fig. 4d,e). Under these conditions, 

(8) 

fE and fo are the probabilities that a zygote with and without the E allele, respectively, 

had a good father. These probabilities are given by the following equations: 

Eml (G)(w) 
£E = -------------- -----.------------------- + 

Eml + En (G)(w) + (l-G)(Z;) 

En (Eml)(G)(w) + (1-Emt)(G )(~) 
-------------- ------------.-------------------------- (9) 
Emt + En R 
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£0 = ----------------------- ------------------------- + 
(l-Eml) + (l-En) (G)(!) + (l-G)(~) 

(I-En) (Eml)(G)(W) + (l-Eml)(G)(!) 
----------------------- ----------------------------------------- (10) 

Finally, using equations (4)-(8), the frequency of the E allele among adult males and 

females in the second generation (Em3 and .Eo, respectively) can be determined as 

follows: 

Em3 = ------------------------------------------------------------- (11 ) 

En = -------------------------------- (12) 
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