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Two notes, one by Getty and the other by Rosenthal and Servedio, have commented on the chase-away model of sexual selection.  Each note addresses different aspect of the chase-away model so we will discuss them separately. 

Response to Rosenthal and Servedio
Rosenthal and Servedio make 4 major propositions: 1) We did not present a general mechanism by which male display traits can harm females, and as a related point, the available data do not generally corroborate the chase-away model, 2) Much of what we have interpreted as female resistance is actually preference, 3) The chase-away model is not novel but essentially a restatement of the sexy-sons hypothesis, and 4) It is premature to consider chase-away an important alternative to existing models of sexual selection.  We will discuss each of these in turn.

No general mechanism by which male displays can harm females:  The cornerstone for the chase-away model is that, in general, there is substantial potential for male displays to harm females.  This conclusion derives from the observation that there are innumerable opportunities for conflict between the sexes (recently review in Partridge and Hurst, 1998).  To further illustrate the diversity of opportunities, we extend the examples in the original manuscript to include sex differences in the optimal a) proportion of the receptive females that mate with individual males , b) timing of mating, and c) regulation of female endocrine systems.  


Consider a territorial polygynous mating system as occurs, for example, in red-winged blackbirds and marmots (Orians, 1969; Downhower and Armitage, 1971).  The optimal harem size differs for males and females, with the optimum being higher for males (Downhower and Armitage, 1971).  A female must decide whether to join a male based on his genetic quality, his territory quality, and on the number of extant females in his harem.  If a male display trait increases his attractiveness to females, then he may be able to persuade a female to join his harem despite the fact that she would have done better by choosing another male.  Females would be selected to evolve suppressed attraction (resistance, see below) to such a male display trait because by doing so female fitness increases relative to less resistant females.  This example illustrates how mating signals can, at the female’s expense, increase the proportion of matings achieved by a male within a fixed pool of available mates. 


Next consider the urine-based male pheromone of the house mouse (Mus musculus).  Males seek out and urinate on the nesting material of females in their territory (Drickhamer,, 1985).  The pheromone, perceived only at close contact via the vomeronasal organ, induces immature females to enter puberty (and conceive their first litter ) prematurely, and this is associated with a reduction in her survival.  Immature females actively avoid the odor of male urine, while adult females do not.  Males are selected to maximize the short-term fecundity of the females in their territory, since they eventually will be supplanted by other males, whereas females are selected to maximize their life-time fecundity.  In this case the male display increases the proportion of females available to them during their territorial tenure at the expense of female fitness.  This intersexual conflict promotes antagonistic coevolution between the harmful male display (pheromone) and the female receptor (vomeronasal organ).  


Third, in species with internal fertilization females receive seminal fluid proteins along with the sperm they need.  In invertebrates, the only group to be studied in detail to date, there is diverse evidence that many seminal fluid proteins make their way into the blood stream of females and act as pheromones, modifying female behavior and physiology in ways that benefit males (e.g., they suppress responsiveness to courtship signals and up-regulate short-term female fecundity; reviewed in Eberhard, 1996).  Although comparable studies have not yet been carried out with vertebrates, it seems reasonable to suppose that the same phenomena may be operating in these species as well.  The fact that females must expose their endocrine system to potential manipulation by males each time that they mate, suggests that there is a fundamental cost to mating and hence the potential for courtship displays to be harmful to females. 


Female resistance is actually preference: The second proposition is that the data that we have interpreted as female resistance is actually female preference.  This conclusion is based on reinterpreting our examples in the context of a simple model of preference that is outlined in Rosenthal and Servedio’s Figures 1 and 2.  The problem we see with using this modeling approach to criticize the concept of resistance is that the model is so over-simplified that the underlying biology of the process of female attraction to males displays is obscured.  

The two critical feature of resistance are:  1) females will evolve reduced attraction to male displays, and 2) that this evolution is driven by intersexual conflicts.  The evolution of reduced attraction (resistance) can be manifest in a variety of ways, e.g., females evolve to ignore the trait, or to require increased stimulation to induce mating, when such matings reduces fitness.  In some cases, as pointed out in both of the accompanying commentaries, the evolution of resistance to a display trait may follow a pattern that mimics the evolution of female preference.  In these cases only the process driving the change (obtaining superior genes and/or material benefits vs. intersexual conflict) can fully differentiate resistance from preference.  Nonetheless certain observations, such females ignoring (or having very low attraction to) an exaggerated male display trait, are consistent with the chase-away model yet inconsistent with the evolution of female preference. 

To illustrate the concept of the evolution of resistance, we provide a biologically explicit yet simple model.  There are many different ways that resistance can evolve and the following model is meant only to be an example.  The model has three basic components:  1) a male display trait (a color patch), 2) a simple neurological transducer (a visual pigment) by which females perceive the male display, and 3) a simple neurological trigger (depolarization and activation of a neural pathway) by which females potentially respond to the male display (i.e., decide whether to mate).  A female’s decision to mate is likely to be based on many different sensory inputs which cumulatively determine whether she will mate.  Here we consider just one of these factors.

We begin by assuming that females are attracted to a trait (a color patch) that is initially absent in males (i.e., preexisting sensory bias, e.g., see West-Eberhard, 1984).  The female attraction is a consequence of pleiotropy: selection on some other aspect of female sensory systems led to a sensory phenotype which, incidentally via the neural network, causes females to be attracted to the color patch in the context of mating.  

To illustrate this situation, suppose that a previously color-blind species evolves a new visual pigment that permits perception of a color (e.g., red) centered at wave-length X.  The enhanced visual resolution is favored because it increases the efficiency of finding cryptic resources.  Next a mutation that is expressed in males produces a small patch of color of wave length X.  Males with color patches are favored by sexual selection because they are more attractive to females and this increases the probability that these males can persuade females to act in a way that increases male fitness at the expense of female fitness.  Female fitness can be reduced in many different ways, e.g.,  a) joining a harem of suboptimal size, b) pair-bonding with a suboptimal male, c) being sexually active prematurely, d) being less attracted to (and mate with) neighboring males who have superior genes, e) mating more often with her social mate thereby permitting increased manipulation of her endocrine system, and so on.  The selective advantage of the small color patch leads to the fixation of the mutation(s) that produce this trait in males.

The presence of the small color patch in males counter-selects females to resist the influence of the male display trait.  One way that this could happen is by recruiting a mutant visual pigment that increases the stimulatory threshold (size or intensity of the color patch) that allows females to mate in a suboptimal way, i.e., a visual pigment with a shifted peak absorbance that is less responsive to color of wave length X (p’ in Figure 1).  But such a new visual pigment may also be disadvantageous due to a reduced capacity to find cryptic resources.  Nonetheless, if the advantage due to reduced levels of suboptimal mating outweighs the disadvantages, then the mutation for the new visual pigment will increase to fixation. 

Males can next counter-adapt in a variety of ways.  One way is by recruiting a mutation that enhances (increases the size and/or intensity of) the color patch.  The enhanced male display trait would again stimulate females to mate suboptimally.  Females could then counter-adapt by recruiting a mutation for a color pigment with a peak absorbance that is further shifted from wave length X (p’’ in Figure 1), and the chase-away cycle of antagonistic coevolution continues.  

Whether females ultimately evolve to ignore the display trait is difficult to predict a priori. The outcome depends on selective constraints (e.g., the capacity for the color of the display to track the peak absorbance of the visual pigment) and also on the strength of viability and fertility selection on both the visual pigment and the male display.  Suppose that the color of the male display was constrained (i.e., there are no available mutations of male coloration that permit tracking of the absorbance peak of the visual pigment) so that only the size and intensity of the color patch can evolve.  If viability selection on the visual pigment (to keep its absorbance centered at wave length X) is weak, then females can evolve to the point of ignoring the trait (i.e., evolving color pigment p’’’ in Figure 1).  In this same case, but when viability selection on the visual pigment is stronger, then females may only evolve to mutation p’ or p’’.  Now females will retain some attraction to the male display trait, and whether or not they respond suboptimally to the trait will depend on the extent to which males are able to evolve exaggeration of the display trait.  

Obviously females could evolve resistance to the male display trait in many ways besides modifying the visual pigment, and what happens at equilibrium will depend on the specific magnitudes of viability and fertility selection and on the constraints on male and female evolution.  Nonetheless this very simple model illustrates two things.  First, that biologically explicit models can readily provide feasible scenarios for the evolution of resistance, which are not apparent from the type of model used by Rosenthal and Servedio.  Second, if we were to construct a similar model for the evolution of female attraction to a trait (e.g., a color patch that was condition-dependent in expression), it might look very similar to the one we have just described for resistance.  This similarity underlies much of the confusion between resistance and preference.  

As we pointed out in our original paper, at a single point in time we see little that can be measured concerning female attraction to a male display trait that will distinguish between the evolution of female preference and resistance.  What distinguishes the two processes is the selective process that drives the evolution:  It is positive selection on females to choose superior genes or material benefits, in the context of the good-genes, material-benefits, and run-away models, and it is negative selection via intersexual conflict in the case of the chase-away model.  The only diagnostic characteristic that we can see at a single point in time is the case where females ignore (or are weakly attracted to) an exaggerated male display trait, as is illustrated in many of the examples cited in our original manuscript.  Only the chase-away model of intersexual antagonistic coevolution predicts this to be a common outcome of sexual selection.  An additional observation that supports the evolution of resistance is the case where phylogenetic comparisons indicate that females have evolved a reduced slope for the regression of female attraction vs. the magnitude of the male display trait -- the evolution of female preference predicts that such a slope should increase with time, thereby increasing resolution among displaying males.

Rosenthal and Servedio suggest that the cases that we cite in which females ignore male display traits may be an artifact of low statistical power.  Only additional studies with adequate sample size can resolve this issue.  It might also be claimed that existing cases where females ignore a male display trait are simply the result of females evolving in response to male ‘cheater-genes’ (see also comments by Getty).  But cheater-genes are the foundation for the chase-away model, i.e., genes that benefit males at the expense of females.  Prior to the chase-away model, cheater-genes had no substantive role in any of the major evolutionary models of sexual selection --they essentially were ‘swept under the rug’ as something that transiently may have evolved, but had been eliminated by past selection.  The chase-away model proposes that cheater genes are not just transient noise, but are an important and chronic aspect of sexual selection.

The chase-away model is not novel:  The third major proposition of Rosenthal and Servedio is that the chase-away model is  essentially a restatement of the sexy-sons hypotheses, and that “Kirkpatrick  (1985) demonstrated that such preferences cannot be maintained at an evolutionary equilibrium.”  First, we point out that, in our view, analytical and/or simulation models are by definition simplifications of complex biological phenomena and therefore can provide arguments for or against the operation of a process in nature, but certainly do not “demonstrate” that a potential mechanism of sexual selection cannot operate.  The sexy-sons hypothesis proposes that females evolve a preference for a male display trait because, by mating with such males, females produce sons that will express the trait and have high mating success.  Females therefore evolve to prefer the male display.  This hypothesis has only superficial resemblance to the chase-away model.  In the chase-away model, males evolve a display in response to pre-existing female attraction to the trait, and there was no suggestion in our paper that females evolve preference for such males -- quite to the contrary,  they evolve to avoid being over-stimulated by such males.  

Chase-away is not an important alternative to existing models:  Lastly, Rosenthal and Servedio propose that it is premature to consider chase-away to be an important model of sexual selection.  We maintain that the evidence for antagonistic coevolution in the context of signal-receptor systems in other social interactions is so substantial (reviewedin Rice and Holland, 1998) that it seems unrealistic to presume that it would be absent in the case of signal-receptor systems associated with mating.  We believe that individual researchers should have the opportunity to decide for themselves whether or not to include the chase-away model in their set of alternative hypotheses.

Response to Getty


The reply by Getty has one major theme --that the chase-away process represents a novel type of noise that occurs in the background of an otherwise honest signaling system between the sexes.  We disagree with this characterization of the chase-away model since it presupposes the operation of a predominantly honest signaling system.


We concur with Getty that it seems unlikely that any one model for the evolution of male-female signal receptor systems is likely to operate to the exclusion of all others, as we emphasized in our original paper.  Where we disagree is the statement at the end of his paper:  “In general terms, the coevolutionary cycle they describe is not fundamentally different from the reliable signaling (good-genes and direct-benefits) models.  All of theses are chase-away models, involving seduction and resistance.”  


Our disagreement centers on two of Getty’s conclusions:  a) “the game between males and females is [necessarily] a draw,” and b) resistance is a component of the good genes and the direct-benefits models.  Getty contends that because “in a sexual species, on average, male fitness equals female fitness (Fisher, 1958)” there are no winners or losers at equilibrium.  It certainly is true that, at least for the case of autosomal genes, the sexes contribute equally to the next generation --but this does not preclude chronic antagonistic coevolution between the sexes, nor does it preclude one sex from losing such an evolutionary arms race.  

The coevolving units concerning male-female conflict are the loci that code for male signals and female receptors.  In sexually reproducing species individual males and females do not reproduce their genotypes but instead they reproduce their genes.  Recombination among genes sets the stage for alleles at individual loci to coevolve antagonistically just as species within a community can antagonistically coevolve via the Red Queen process (Rice and Holland, 1998).  The fitness of genes in a female can be reduced when a new mutation at a male-signal locus causes female reproductive output to decline.  Mutations that make females resistant to the new, harmful signal allele will be favored.  Thus the genes influencing male and female phenotypes can continually antagonistically coevolve despite the fact that males and females contribute equally to each generation.  

But can males ‘lose’ such an arms race, as we suggested?  They can to the extent that antagonistic coevolution between the sexes can cause males to evolve, and sometimes maintain, display traits that reduce their viability, despite the fact that females eventually evolve resistance to the display traits and no longer respond in way that reduces their fitness.  So eventually the male display trait may no longer provide the sexually antagonistic advantage that fueled its original evolution, i.e., they no longer induce females to mate suboptimally.  The strength of the cost imposed on less adorned males would determine whether or not male display traits persist.


The second point where we disagree with Getty concerns his conclusion that resistance is preference, i.e., that resistance is just a normal component of the good genes and material-benefit models.  We agree that the phenomena of female attraction to male display traits is common to both the chase-away, good-genes, and runaway models.  What separates resistance from preference is the selective force that drives coevolution between loci controlling male signals and female receptors,  as we described above in the section Female resistance is actually preference.  Our major concern about expressing the chase-away model as noise within the framework of honest signaling, is that chase-away can operate independently with or without honest signaling.


We end our reply where we began our original paper on chase-away:  There is a recent body of observations that is inconsistent with the four major models of sexual selection:  good genes, material benefits, run-away, and sensory drive.  Both Getty and Rosenthal and Servedio acknowledge this fact but attribute these observations to transient cheater-genes and/or low statistical power.  In contrast the chase-away model predicts a chronic flux of cheater genes (and corresponding resistance genes), that lead to perpetual antagonistic coevolution between the sexes.  Given the substantial evidence for antagonistic coevolution among loci coding for all other aspects of social interaction, it seems probable that this process is a significant and ubiquitous component of sexual selection.  Within most species there are likely to be are many genes controlling male display signals and their associated female receptors.  What remains to be established is the extent to which the coevolution between signal and receptor genes is driven by reliable signaling, preexisting sensory bias, and intersexual antagonistic coevolution.
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Figure 1.  A simple yet biologically explicit model for the evolution of female resistance to a male display trait.  Perception of the male display trait (a color patch, of wave length X) is transduced by a visual pigment.  Initially the color patch is absent and the population is fixed for the allele p which codes for a visual pigment with an absorbance spectrum centered at wave length X.  Males first evolve a rudimentary display trait (small color patch) that exploits the female attraction to color of wave length X.  Females evolve resistance (increase in their stimulatory threshold) to the male display trait via a series of allelic substitutions that reduce their visual pigment’s sensitivity to wave length X.  Males then increase their stimulation of females by evolving larger and brighter color patches.

