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ABSTRACT: Phenotypic polymorphisms have fascinated evolutionary biologists since the
field’s inception, providing easily observable and quantifiable variation amenable to both
empirical and theoretical study. However, a clear method for developing alternative hypotheses
for the adaptive processes by which multiple morphs are maintained remains elusive. Here we
review hypotheses for the maintenance of polymorphisms and propose a framework in which
polymorphisms can be described by (1) a type of balancing selection and (2) the ecological and
social context through which balancing selection acts. We argue that a complete hypothesis for
the maintenance of polymorphism should describe both variables, offering a simple method for
generating testable alternatives. To demonstrate this, we explore the case of female-limited
polymorphism, a class of polymorphisms with diverse explanations, yet little unifying theory
across taxa. We show that, in most cases, social competition drives the maintenance of female-
limited polymorphism. Applying this framework to both within-sex and species-wide
polymorphism reveals distinctions and commonalities across disparate taxa, provides a clear
structure for developing hypotheses, and reveals new paths for future research in the adaptive

maintenance of polymorphism.

KEYWORDS: polymorphism, balancing selection, social selection, adaptation, female-limited
polymorphism



32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51

52

53
54
55
56
57
58
59
60
61

TABLE OF CONTENTS
I. Introduction—Why two axes?
II. Two Descriptive Axes of Polymorphism Maintenance
(1) Axis 1: Balancing Selection and the Maintenance of Polymorphism
a. Negative Frequency-dependent Selection
1. Basic rarity
ii. Deceptive mimicry
1. Alternative tactics
b. Frequency-neutral Selection
1. Heterogeneous environments
ii. Heterozygote advantage
c. Non-adaptive null
d. Multiple Truths: The Rule rather than the Exception
(2) Axis 2: Selective Context: Ecological and Social Selection
III. The Puzzle of Female-limited Polymorphism—The role of social competition
IV. Future Questions
V. Conclusion
VI. Acknowledgements
VII. References

I. Introduction

The maintenance of phenotypic variation in the face of selection is one of evolutionary biology’s
most enduring questions (Wallace, 1865; Ford, 1945; Levene, 1953; Hedrick, 2007). Within a
population, selection should fix phenotypes with the highest fitness, and drift can also
stochastically eliminate variants over time. Yet, phenotypic variation is ubiquitous in most
organisms. Particularly puzzling are polymorphisms, wherein within-population variation is
discrete (Ford, 1945). Polymorphism can also occur within a single sex within a population.
Although these “sex-limited” polymorphisms are more studied in males (male-limited
polymorphism), they also occur among females (female-limited polymorphism) in a large

number of taxa (Mank, 2022). Yet, despite enduring interest in polymorphism, understanding
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why multiple phenotypic morphs are maintained over time in organisms as diverse as birds and
plants has been an ongoing challenge. In part, this is because different types of polymorphism
(e.g., morphological, behavioral) have been studied by different fields, and hypotheses are
typically discussed within species, hampering comparison and discussion across taxa and sexes.

The definition of polymorphism has changed over time, reflecting shifting frameworks in
our understandings of biological variation. Darwin and his contemporaries used the term loosely,
including variation due to life-stage, within-species variants, and inter-species differences. Ford
(1940) provided a more concrete within-species definition, and presented a framework that
distinguished between transient polymorphism in which a directionally selected variant is in the
process of sweeping to fixation, or balanced polymorphism in which variation is selected to
persist. Later frameworks (Michener, 1961; Mayr, 1963) focused on heritability, splitting
terminology such that polymorphism referred to morphs associated with genetic differences
while polyphenism (synonymous with “conditional” tactics) referred to variants that were
environmentally determined. This dichotomy between polymorphism and polyphenism, which is
based largely on trait development, has been highly influential and remains a primary framework
for understanding and categorizing discrete traits (Gross, 1996; West-Eberhard, 2003a; Oliveira,
Taborsky & Brockmann, 2008; Mank, 2022).

While this developmental categorization of phenotypes as either polymorphism or
polyphenism has value in many contexts, there are also drawbacks. First, researchers rarely know
the heritability of phenotypic variation in their study organism (i.e., those with long generation
times, that are difficult to observe in the wild, etc.). Second, all phenotypic variation reflects both
genetic and environmental effects (Huxley, 1942), and the distinction automatically excludes
cases of intermediate heritability and gene-by-environment interactions (e.g. Geffroy et al.
2021). Third, some definitions of polyphenism only include discrete variation, whereas others
include all forms of environmentally determined variation regardless of trait distribution
(Canfield & Greene, 2009). Reality is more complex than this simple dichotomy suggests,
overlooking critical details—such as the fact that environmental sensitivity can vary within
populations and evolve over time (Lively, 1986; Plaistow et al., 2004). We therefore suggest the
re-adoption of Ford’s (1945) usage of the term polymorphism in all cases of discrete variation,

regardless of trait heritability. When necessary, polymorphisms should be referred to as heritable
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or non-heritable, with polyphenism simply referring to a type polymorphism that is at less
heritable. We use this generalized definition of polymorphism to describe all discrete variation.

Development relates to proximate mechanisms of trait production, yet natural selection
acts on traits while blind to the mechanisms that produce them during an individual’s
development (Sherman, 1988; MacDougall-Shackleton, 2011). It follows that over-reliance on
an ontogeny-based framework might limit the development and comparison of alternative
adaptive hypotheses for the maintenance of polymorphism. This is especially apparent in the
male-limited polymorphism literature. For example, Gross’s (1996) classic review of male-
limited polymorphism is divided into two sections — evolutionary studies and proximate studies.
Confusingly, hypotheses for the “evolution” of male polymorphism were classified as either
alternative, mixed, or conditional strategies. Yet, these categorizations are based on differences
in the developmental origin of morphs, not the type of selection that maintains the
polymorphism. Certainly, the consequences of selection depend a great deal on heritability, but
this should not be confused with the causative type of selection that maintains variation. The
confounding of adaptive and developmental mechanisms has also led to incorrect dichotomies,
such as a distinction between negative-frequency dependent selected and condition-dependent
traits. Yet these are not in fact distinct explanations, because condition-dependent traits can be
balanced under negative-frequency dependent selection (Shuster, 2010).

The lack of a clear framework for distinguishing and forming adaptive hypotheses for
polymorphism has at times led to confusion, a limitation of crosstalk between fields, and
untested alternative hypotheses. For example, the hypothesis that male-limited polymorphism is
often related to alternative reproductive tactics for access to mates has ample support (Gross,
1996; Oliveira et al., 2008; Mank, 2022), yet alternatives to this hypothesis are rarely articulated
or tested. The term “mimicry” is often used loosely, and sometimes only based on resemblance
to females by human standards (Jukema & Piersma, 2006). Furthermore, as we discuss below,
mimicry and alternative reproductive tactics are in fact two independent ways in which balancing
selection can maintain the coexistence of multiple morphs. Both involve negative frequency
dependence, but the theoretical parameters that govern stable levels of each morph are distinct. It
is certainly possible and likely that these two mechanisms can interact in tandem. However,

when a part of an alternative tactics, critical aspects of mimicry are often ignored, with little
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regard to the influence of parameters such as the model-to-mimic ratio and the encounter rates
between alternative morphs and females.

Though the ontogeny-based framework is useful for answering a broad scope of
questions about polymorphism, it is not useful for distinguishing hypotheses on the adaptive
maintenance of polymorphism, and an additional framework is necessary. Here, we review
hypotheses and outline a simple conceptual framework for developing and distinguishing
hypotheses for the adaptive maintenance of polymorphism (Figure 1). We propose that a
complete hypothesis for the maintenance of polymorphism must be described by two distinct
factors: (1) a type of balancing selection — the form of selection that maintains multiple morphs
within a population; and (2) a selective context — the aspect of the organism’s life history upon
which balancing selection acts (e.g. competition for food or for mates—ecological and social
context). Both factors are necessary to describe independent and alternative hypotheses for the
maintenance of polymorphism, but should be thought of as separate axes. Just as directional
selection can function under many contexts (e.g. ecological, social, sexual, or sexual conflict), so
too can balancing selection. This framework pertains to adaptive explanations for how
polymorphisms are maintained rather than the evolutionary origins of polymorphism or their
developmental bases. Although we see no particular reason why this framework should be
limited to animals, this paper is centered around animal taxa. Our purpose is not to assign cases
of polymorphism to rigid categories, but instead to define, refine, and clarify major axes by
which hypotheses for polymorphism can be described.

In the last section, we use our framework to categorize instances of female-limited
polymorphism, a class of polymorphisms with diverse and varied explanations. We highlight
similarities and differences between male- and female-limited polymorphism, and demonstrate
that female-limited polymorphism, much like female ornamentation, is driven by strong social
competition for resources other than mates. Both balancing selection and selective context have
long been aspects of a vibrant discussion on polymorphism. Ultimately, formalizing the
distinction between these descriptive axes helps to clarify similarities and differences in
polymorphism across animal taxa, allows for simple construction of testable alternative

hypotheses, and reveals the many ways in which selection maintains phenotypic diversity.
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Why two axes?
To begin, we use two examples of polymorphism in nature to demonstrate why both a type of
balancing selection and a selective context are necessary for a complete adaptive hypothesis. In
both damselflies and hummingbirds, female-limited polymorphism has evolved multiple times.
Females of many damselfly species have two or three morphs — one which appears like the male
in coloration (androchrome), while the others do not (heterochromes) (Verhaar, 1985; Askew,
2004; Willink, Ho & Svensson, 2025). Androchrome females might deceive males by mimicking
them, thereby mating less frequently than heterochromes and giving them a negative frequency-
dependent advantage (Robertson, 1985). In this hypothesis, deceptive mimicry is what balances
the polymorphism, and mating avoidance is the selective context in which mimicry acts. Many
forms of this hypothesis have been proposed for polymorphisms in damselflies (reviewed in
Fincke 2004; Van Gossum et al. 2008). An alternative is that male damselflies learn to recognize
potential female mates, and female polymorphism makes it difficult for males to cue in on any
particular female morph (Miller & Fincke, 1999; Fincke, 2004). In this case the balancing
selection type (Axis 1, Figure 1) would be basic rarity advantage rather than mimicry, but
mating avoidance is still the context (Axis 2, Figure 1). It is important to note that these two
mechanisms, deceptive mimicry and basic rarity, both involve negative-frequency dependence.
However, the prediction of each hypothesis is distinct: under deceptive mimicry, the male to
male-mimic ratio governs the balancing dynamics of the system, whereas under a basic rarity
hypothesis, the male to male-mimic ratio is irrelevant, and it is the ratio between all female
morphs that matters for the strength of selection and equilibrium frequencies of each morph.
Like damselflies, white-necked jacobins (Florisuga mellivora) and some other
hummingbird species can either be androchromic or heterochromic (Diamant, Falk &
Rubenstein, 2021; Falk, Webster & Rubenstein, 2021). Rather than involving the context of
mating avoidance, androchrome female white-necked jacobins appear to be avoiding aggression
from other hummingbirds (both conspecific and heterospecific) around food resources.
Appearing like the more aggressive male white-necked jacobins gives androchromic females
access to more nectar resources (Falk et al., 2021, 2022). Like damselflies, the balancing
selection type (Axis 1, Figure 1) involves deceptive mimicry of males, but it’s the selective
context that differs. Mating avoidance is the context for male mimicry in damselflies, whereas

males are mimicked to avoid aggression and to gain access to food resources in hummingbirds.
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Thus, damselflies and hummingbirds demonstrate how a framework that includes a balancing
selection type and a selective context allows for simple and intuitive comparisons between
similar phenomena in different taxa. Next, we detail these concepts and the major forms of each

axis, balancing selection and selective context.

II. Two Descriptive Axes of Polymorphism Maintenance

(1) Axis 1: Balancing Selection and the Maintenance of Polymorphism

Unlike directional selection that favors fixation of alleles and single phenotypes, balancing
selection favors the maintenance of multiple phenotypes within a population and thus the
coexistence of multiple morphs. Three types of balancing selection are generally recognized: (i)
negative frequency-dependence; (ii) heterogenous environments; and (iii) heterozygote
advantage (Hedrick, 2007). However, we propose that three distinct forms of negative
frequency-dependence should be recognized, in addition to the two frequency-neutral forms.
Negative frequency-dependent selection occurs when the fitness benefit to a morph decreases as
its prevalence increases (Figure 2). As we detail below, most forms of negative-frequency
dependence appear to fall under the distinct categories of: (1) basic rarity, (i1) deceptive mimicry,
and (iii) alternative tactics (Figure 1). Our descriptions of these categories are not novel, but this
delineation simplifies and clarifies the important variables by which each is governed. The other
two types of balancing selection, heterogeneous environments and heterozygote advantage, are
frequency-neutral, meaning that the average fitness of a morph does not depend on its frequency
in the population (Figure 1). We emphasize these five categories of balancing selection as
distinct because each is theoretically sufficient to maintain a polymorphism on its own.
However, individual examples of polymorphism need not fall neatly into a single category (see

section: Multiple Truths: The Rule rather than the Exception)

a. Negative Frequency-dependent Selection

i. Basic rarity: Selection may directly favor rare phenotypes (Fisher, 1930) for no reason
other than that they are rare. These cases are frequency-dependent since rare phenotypes will
increase in frequency until they are no longer rare, at which point alternative rarer morphs are

favored. For example, basic rarity advantage may appear if predators develop search images for
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common prey and rare prey morphs benefit by not resembling those types (Endler, 1978; Bond,
2007), or when signal receivers prefer rare phenotypes, such as female mate preference for novel
male phenotypes (Hughes et al., 2013).

All forms of negative frequency-dependent selection benefit rare phenotypes, but unlike
the other forms discussed below, the fitness advantage of one morph over others in this type of
selection rests on its relative frequency to other morphs. External factors can affect the precise
equilibrium point, including the cognitive or sensory biases of direct competitors or mediators of
selection (e.g. predators, prey, mates, etc.) (Fincke, 2004), but relative rarity to other morphs is
still the factor that drives morph maintenance.

As an example, Fisher’s early theory for the maintenance of a balanced sex ratio
exemplifies rarity advantage (Fisher, 1930). Under a skewed ratio for either sex, the average
fitness of the rare sex will be higher, assuming a diploid sexually reproducing species (Fisher,
1930; Conover & Van Voorhees, 1990). Individuals that produce more of the rare sex will have
increased fitness. In this model, no other properties of females or males per se are necessary to
explain the maintenance of a balanced sex ratio — it is simply the fitness advantage of the rare
sex. In the same vein, we also expect to see basic rarity advantage in any form of disassortative
mating between distinct morphs. For example, in white-throated sparrows (Zonotrichia
albicollis), white-stripe and tan-stripe morphs tend to mate with each other resulting in balanced
offspring ratios of these two morphs (Hedrick, Tuttle & Gonser, 2018). Apostatic selection, in
which a predator develops a search image for common prey forms and rarer forms resist
detection, is another well-studied example of how this type of basic rarity advantage might
manifest (Clarke, 1962; Bond, 2007). For example, adder snakes (Vipera berus) can be either
patterned or melanistic, and the maintenance of these morphs are likely due to increased

predation from crows on more common morphs (Madsen ef al., 2022).

ii. Deceptive mimicry: Deceptive mimicry occurs when one group of animals (mimics)
appear similar to another group (models) such that a mimic is misinterpreted to be a model,
resulting in a benefit to the mimic (Fisher, 1930). Batesian mimicry refers to a form of deceptive
mimicry where the model is toxic or distasteful to a predator, but the mimic is not. In this case,
selection is imposed by a predator that learns to avoid the prey with the model’s appearance

(Bates, 1862; Fisher, 1930). However, similar principles may apply in other scenarios when one
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class of individuals deceptively mimics another, such as when one species mimics a socially
dominant species to gain access to food resources (Rainey & Grether, 2007; Prum, 2014; Miller
etal.,2019; Falk et al., 2021). Although in many cases all individuals of a species or population
mimic another sex or species, this need not be the case, and mimicry can manifest as a
polymorphism if mean mimic and non-mimic fitness reach equilibrium before mimic frequency
reaches fixation (Clarke, 1964; Barrett, 1976; Kunte, 2009; Shine, Brown & Goiran, 2022).

Unlike basic rarity, in deceptive mimicry the average fitness of a morph depends on the
relative frequency of the mimic to the model, not the frequency of one morph to another morph.
The frequency of mimics may also depend on several factors including the degree of model-
mimic resemblance, the rate of encounter between the operator and the model, and the relative
costs of deception to the receiver (Fisher, 1930; Pfennig, Harcombe & Pfennig, 2001).

Deceptive mimicry has been experimentally modeled, such as Brower’s (Brower, 1960)
classic demonstration using the European starling (Sturnus vulgaris) as a predator and painted
mealworms as prey. In non-venomous turtle-headed sea snakes (Emydocephalus annulatus),
banded individuals mimic several species of venomous snakes, and this morph fluctuates with a
black morph as expected under negative frequency-dependence (Shine et al., 2022). Similar
principles will apply in any deceptive mimicry system (Jamie, 2017). For example, male bluegill
sunfish (Lepomis macrochirus) sometimes mimic females to access egg fertilizations at the nests
of non-mimic males (Dominey, 1980). In this case mimics advertise a benefit rather than a

danger to the receiver, a non-mimic male (Jamie, 2017).

iii. Alternative tactics: Alternative tactics are consistent and discrete behavioral morphs
that occur within a population (Gross, 1996; Oliveira et al., 2008). Specifically, one morph uses
a tactic to monopolize a resource, while another increases its fitness by exploiting or competing
against the monopolizing tactic with a different tactic (Oliveira et al., 2008). Morphological
associations with behavioral tactics may facilitate these differences in behavior, such as enlarged
weaponry in monopolizing morphs or color signals that display behavioral type.

The stability and negative frequency-dependence of alternative tactics have been
explored extensively (reviewed in Shuster 2010). In short, high frequencies of the monopolizing
tactic create conditions in which few individuals exclude many other individuals from access to a

critical resource or social interaction (e.g. matings). Alternative tactics that do not engage in the
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monopolizing tactic are successful at low frequency, but as their numbers increase, their average
success decreases. The resulting stable frequencies of each morph that are maintained by
alternative tactics include the relative ability of the monopolizing morph to restrict access from
other individuals, as well as the rate and degree of success of the alternative tactics in competing
against the monopolizing morph (Shuster & Wade, 2003; Shuster, 2010).

A classic example of alternative tactics are the three alternative morphs of marine isopods
(Paracerceis sculpta). Females associate and live inside sponges, and a-males compete for
exclusive access to these female aggregations. Female-resembling -males and small y-males use
non-exclusionary behaviors to access females that are guarded by a-males (Shuster, 1992). As
aggregations increase in size, 3- and y-males are able to escape detection by a-males and mate

more often, resulting in equal lifetime fitness of each male morph (Shuster & Wade, 1991).

b. Frequency-neutral Selection

i. Heterogeneous environments: Fluctuating environmental conditions over space or
time may favor the existence of multiple morphs through specialization for certain environmental
conditions (Hedrick, Ginevan & Ewing, 1976; Hedrick, 1986). For example, a morph may exist
in relatively low frequencies in most years, but under certain environmental conditions it may be
favored. Fluctuating conditions may be either biotic or abiotic and include fluctuations in
population density of conspecifics. Density fluctuations, however, are rarely independent from
frequency fluctuations so care should be taken to distinguish the two. Under heterogeneous
environmental conditions, polymorphisms are maintained by the prevalence of different
environmental types. For example, the bill sizes of black-bellied seedcrackers (Pyrenestes
ostrinus) are bimodally distributed — large bills are better at processing hard seeds, and narrow
bills are better for soft seeds (Smith, 1993). Juvenile seedcrackers with intermediate bills have
lower survival rates to adulthood than those with either large or small bills (Smith, 1993).

Although there are few unambiguous examples of genetic polymorphisms maintained
through heterogeneous environments (Brisson, 2018), polymorphisms induced through
phenotypic plasticity during development in heterogeneous environments are numerous (Nijhout,
2003; West-Eberhard, 2003b). For instance, larval tiger salamanders (Ambystoma tigrinum) can
develop into a cannibalistic morph that feeds mostly on other salamanders, swims faster, and has

a larger head and teeth than the non-cannibalistic morph, which feeds mostly on insects (Collins

10



308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

& Holomuzki, 1984). The morph is plastically induced through increased tactile stimulation from
conspecifics when densities are high (Hoffman & Pfennig, 1999).

ii. Heterozygote advantage: A heritable polymorphism can be maintained through
overdominance or any scenario where parents are of different types. In overdominance,
individual fitness is higher for heterozygotes compared to homozygotes at a genetic locus
(Fisher, 1923; Dobzhansky, 1955). In this type of selection, the stable phenotype frequency
depends on the relative fitness advantage of heterozygotes over homozygotes (Fisher, 1923).
Overdominance and disassortative mating (see above, Basic rarity) are not necessarily linked but
may often be found together because overdominance creates conditions that favor the evolution
of disassortative mating, which would reduce mate pairings that result in lower fecundity or
offspring survival.

There are few examples in which heterozygote advantage unambiguously maintains a
polymorphism with no influence from other types of balancing selection. In one example,
Neotropical tortoise beetles (Chelymorpha alternans) are polymorphic with five different color
morphs related to variation at a single gene (Strickland et al., 2019). Captive beetles mate
randomly, but clutch hatching and pupal eclosion rates were both lower between parents of the
same morph (Strickland et al., 2021). Overdominance may play a role in maintaining this

polymorphism, but the reason for reduced survival rates is currently unknown.

¢. Non-adaptive null

An alternative to these adaptive hypotheses is that the polymorphism is not actively
maintained by selection, but rather a mutation-selection balance or relaxed selection allows for
the existence of multiple types (Kimura, 2020). While possible, a neutral or non-adaptive
polymorphism should be unstable in the presence of drift. Some studies explicitly examine
morph frequencies under null models to test the explanatory power of drift (e.g. Madsen et al.
2022). This hypothesis should also be considered if adaptive hypotheses are refuted. Our focus
here is on the adaptive maintenance of within-population polymorphism, so we do not discuss
hypotheses involving migratory gene flow and hybridization, even though this has been proposed
and 1s supported in some studies (e.g. Cooper 2010; Cooper et al. 2016). However, we note that
this type of non-adaptive evolution may exist on a spectrum with heterogeneous patchy

environments described above (e.g. Rosenblum 2006).
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d. Multiple Truths: The Rule rather than the Exception

The five types of balancing selection that we describe above are theoretically capable of
maintaining a polymorphism on their own. However, evidence for multiple types of balancing
selection acting on the same polymorphism is common (see Table 1). Multiple interacting forms
of balancing selection may be the rule rather than the exception (Jones, Leith & Rawlings, 1977).
The white-throated sparrow (Zonotrichia albicollis) is a prime example. This species is
polymorphic (Lowther, 1961) due to a large chromosomal inversion (Huynh, Maney & Thomas,
2010), exhibiting either a white-stripe or tan-stripe morph that are distinct in color and behavior
(Watt, Ralph & Atkinson, 1984). Nesting pairs and mating occur almost entirely between males
and females from opposite morphs with same-type pairings suffering reduced fitness,
demonstrating strong disassortative mating and therefore rarity advantage, along with
heterozygote advantage (Tuttle ef al., 2016). The two morphs also exhibit consistent behavioral
differences reminiscent of alternative tactics, with white-stripe morphs exhibiting higher levels
of social dominance, less parental care, and higher extra-pair copulation. Thus, basic rarity,
alternative tactics, and heterozygote advantage all may be playing a role. In another complex
example, males of Poecilia parae guppies have five different morphs. All three types of
frequency-dependent balancing selection may be acting on the different morphs through the
context of intrasexual competition for access to mates (Hurtado-Gonzales & Uy, 2009, 2010;
Hurtado-Gonzales, Baldassarre & Uy, 2010).

If each type of balancing selection can maintain polymorphism independently, it is
curious that so many polymorphisms appear to involve multiple types occurring at the same
time. Above we noted that in many cases of male-limited polymorphism, both mimicry and
alternative tactics have been implicated, and that an exclusive role for overdominance appears to
be rare. However, in several suspected instances of alternative tactics, overdominance also
appears to be at play (e.g. Kiipper et al. 2015). Perhaps the combination of both frequency-
dependent and frequency-neutral forms of balancing selection can result in highly stable
polymorphism. Does the strength of balancing selection increase additively when multiple types
are involved? Ultimately, studying interactions may be key to understanding why some
polymorphisms persist while others do not, though surprisingly little empirical or theoretical

work has been done in this arena.
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(2) Axis 2: Selective Context: Ecological and Social Selection

Balancing selection acts through the fitness of individuals, but fitness itself is multifaceted and
the various processes by which natural selection occurs are numerous. Therefore, while the type
of balancing selection (Axis 1) describes the mechanism of trait maintenance, Axis 2 completes
the hypothesis by describing the natural history context by which balancing selection acts. Recall
in our initial example comparing female polymorphism in damselflies and hummingbirds: both
examples involve deceptive mimicry of males, but it is the selective context that differs, and this
is crucial to understanding the distinction between these two hypotheses. In damselflies, mating
avoidance is the context for male mimicry, whereas in hummingbirds, males are mimicked to
avoid aggression and to gain access to food resources. In another comparison, damselfly and
white-throated sparrow polymorphisms, basic rarity may both play a role. In the former, the
selective context is mate avoidance, whereas in the latter it is mate attraction.

Although Axis 1 can be divided into a discrete number of forms, this is not so easily done
with Axis 2. How can hypotheses be categorized in a way that would allow for useful
comparisons across taxa? Darwin (1896) recognized that there are fundamental differences
between the expectations of selection involved in competition for mates (sexual selection) versus
competition to survive (ecological selection). This distinction is powerful for explaining
conspicuously ornamented or exaggerated traits (Andersson, 1994; Hare & Simmons, 2019), but
it also leaves many exaggerated traits unaccounted for, such as those expressed during non-
breeding stages of an animal’s life, and in females or males experiencing low levels of
competition for mates (e.g. monogamous species) (West-Eberhard, 1983; Lyon & Montgomerie,
2012).

We suggest that the social selection framework, developed by West-Eberhard, offers a
broader and more inclusive structuring of the modes of natural selection than Darwin’s natural-
sexual selection framework (West-Eberhard, 1983; Lyon & Montgomerie, 2012). Social
selection is distinct from ecological selection, the latter of which derives from abiotic factors,
prey capture ability, and interspecific interactions such as predation. In contrast, social selection
arises from an individual’s ability to compete with conspecifics (and sometimes heterospecifics)
over any type of resource important for survival or reproduction, and views sexual section as one

of several types of social selection (West-Eberhard, 1983). Darwin’s sexual selection theory is
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therefore subsumed within the social selection framework. However, any type of competition
induced by an individual’s social environment may produce similar patterns as sexual selection,
including weaponry or conspicuous ornamentation (West-Eberhard, 1983). Examples of non-
sexual social selection include competition for access to non-mating breeding resources, critical
food resources, or the attention of parents (West-Eberhard, 1983; Lyon & Montgomerie, 2012;
Tobias, Montgomerie & Lyon, 2012). Competition in this sense broadly encompasses both direct
competition such as territorial aggression, as well as indirect competition mediated by a third
party such as mate choice, mating avoidance, or parental choice in attention toward offspring
(Lyon & Montgomerie, 2012). We note that while the social selection framework can be used to
categorize and compare contexts, the lines between different contexts is not always clearly cut,
and multiple contexts may compound on each other (Wang et al., 2024). For example, access to
food could have indirect implications for the ability to attract mates, or the ability to defend high-
resource territories could affect resource allocation during parental care.

While social selection provides a framework for identifying types of competition, it is not
typically used as an explanation for adaptive polymorphism (Sinervo, Bleay & Adamopoulou,
2001). We argue, however, that pairing the social selection framework with balancing selection
creates a surprisingly simple structure by which hypotheses for seemingly disparate types of
polymorphism can be linked. Most discussion of polymorphism focuses primarily on the
influence of ecology (Clarke, 1962; Endler, 1978) or male competition for mates (Gross, 1996;
Oliveira et al., 2008). Yet, there are many other forms of competition through which balancing
selection can work to maintain polymorphism, such as mating avoidance (Fincke, 2004) and
access to food (Falk ef al., 2022). By considering both the type of balancing selection and the
selective context through which balancing selection acts, we can develop a more general

framework for understanding the maintenance of polymorphism.

II1. The Puzzle of Female-limited Polymorphism

We demonstrate the utility of this framework by considering female-limited polymorphisms,
where females are polymorphic but males are not. Cases of female-limited polymorphism are
sometimes considered less numerous than those in males (Oliveira ef al., 2008), and occasionally
are left out of discussions of sex-limited polymorphism altogether (Gross, 1996), yet female-

limited polymorphisms can be common in at least some taxa (Mank, 2022). Sexual conflict and
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mating avoidance have been proposed as a possible context for the evolution of female-limited
polymorphism (Suzanne H Alonzo, 2008; Svensson et al., 2009), but alternative explanations
abound across taxa. It is therefore unclear whether the function of female-limited polymorphisms
can also be generalized in the same way that male-limited polymorphisms have been (Oliveira et
al., 2008), and whether both female- and male-limited polymorphisms can be discussed under
the same conceptual framework. We believe that applying our framework—considering both the
type of balancing selection and the selective context—will help explain the evolution of female-
limited polymorphism.

We surveyed existing hypotheses for the maintenance of female-limited polymorphisms
by identifying the type of balancing selection and the selective context (Table 1). Our focus was
on phenotypic variation, and we did not include purely cellular, molecular, or entirely behavioral
variants (see Wang ef al. 2024). Polymorphisms in eusocial species were also excluded due to
complex multi-level selection in these systems, as were examples in which expression is
impossible in males (e.g. egg polymorphisms). We do not seek to discredit or obviate the many
hypotheses that have been suggested for female-limited polymorphisms within specific taxa (e.g.
damselflies: Fincke 1994, 2004; Andrés et al. 2002; Svensson et al. 2005; Cooper 2010; Xu and
Fincke 2011; Willink and Svensson 2017). Indeed, accounting for life history is critical for
developing predictions that are specific to each case of polymorphism. However, a framework
for categorizing hypotheses is necessary for finding generalities, commonalities, and distinctions

between different types of polymorphism.

The Role of Social Competition

What can be learned about female-limited polymorphism by using our proposed framework? By
mapping examples onto Table 1, we see that female-limited polymorphisms occur over a wide
range of categories but are most highly concentrated under non-sexual social competition. Others
have noted that mating avoidance and sexual conflict frequently appear to underly female-limited
polymorphism (Svensson et al., 2009; Lee et al., 2019). Our findings supports this observation
while also broadening the explanatory scope to include various forms of competition for social
dominance. Not every case of female-limited polymorphism is driven by social interactions, as
ecological contexts are also supported in some species, most notably in aposematic butterflies

(reviewed in Kunte 2009). In contrast to polymorphism in females, reviews of male-limited
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polymorphism have indicated a strong association with intrasexual competition for mates (Gross,
1996; Taborsky, 2008). Therefore, most sex-limited polymorphisms, including female-limited
polymorphism, fall under the broader category of social competition (i.e. social selection), with
male-limited polymorphism primarily found more narrowly under social competition for mates
(i.e. sexual selection).

Our hypothesis that strong social competition is an important prerequisite or facilitator of
the evolution of sex-limited polymorphism in both males and females is consistent with other
observations. For instance, why exactly are sex-limited polymorphisms “limited” to a single sex?
One potential explanation is that competition between members of the same sex can reach very
high and consistent levels over generations (West-Eberhard, 1983; Andersson, 1994; Kokko &
Jennions, 2008; Cain & Rosvall, 2014). Furthermore, especially strong social competition for
mating opportunities is often found in males due to higher operational sex ratios and steeper
Bateman gradients (Jennions & Kokko, 2010). This may explain why male-limited
polymorphism is more common than female-limited polymorphism (Shuster & Wade, 2003;
Svensson et al., 2009; Shuster, 2010; Mank, 2022), though Wang et al. (2024) point out that
many female alternative reproductive tactics could be mostly behavioral, which we have
addressed to a lesser degree here. It is interesting to note that a similar paradigm has been
proposed for ornamentation and weaponry, with diverse forms of social competition driving the
evolution of these phenomena in females, and strong competition for mating opportunities
typically invoked to explain male-biased expression of exaggerated traits (West-Eberhard, 1983;
Tobias et al., 2012). However, non-mating contexts are rarely tested or considered in male-
limited polymorphisms.

Another pattern revealed in our mapping is that few examples of female-limited
polymorphism are categorized as being maintained entirely through frequency-neutral balancing
selection. Fluctuating social environments has been proposed (for butterflies, reviewed in Kunte
2009) and has support in at least one case (Sinervo, Svensson & Comendant, 2000), but even
there, frequency-dependent selection is likely also at play (Sinervo et al., 2000). Interestingly,
reviews of male-limited polymorphism also rarely find support for frequency-neutral
explanations (but see Mérot et al. 2020). This is likely because frequency-dependent selection is
inherently social and rarely exists without the interaction of individuals (Smith, 1982). If social

competition is a primary force in the evolution of sex-limited polymorphism, then sex-limited
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polymorphism should go hand-in-hand with the most socially relevant types of balancing
selection. Indeed, strong sexual selection has long been considered an evolutionary driver of
polymorphism associated with alternative mating strategies in males (Gadgil, 1972; Shuster,
2010). Using our framework, we show that this expectation can be broadened to include
polymorphism in females simply by considering competition for mates to be just one of many

types of social competition for resources.

IV. Future Questions

In addition to providing a simple method for developing alternative hypotheses, and for
comparing classes of polymorphism across sexes and taxa, using this framework raises questions
and avenues for future study. We briefly highlight two of these questions for consideration.

First, how does the genetic mechanism of production of polymorphism influence the
types of balancing selection at play? Although we have focused primarily on the function of
polymorphisms, a number of recent studies have identified large inversion mutations as the
genetic basis for genetic polymorphism in female-limited polymorphism (Kunte et al., 2014;
Nishikawa et al., 2015; Willink et al., 2024), male-limited polymorphism (Kiipper et al., 2015;
Dodge et al., 2024), and in species-wide polymorphism (Huynh, Maney & Thomas, 2011;
Sanchez-Donoso et al., 2022). It will be interesting to explore whether there are particular types
of inversions that lead to balancing selection, and if there are aspects of inversion mutations that
can predict the type of balancing selection. By preventing recombination, inversions may create
conditions for the evolution and maintenance of polymorphisms, but other genetic mechanisms
that are more difficult to detect (e.g., copy number variants and transposable elements) have also
recently been implicated (Bijl ez al., 2023; Willink et al., 2024).

Second, how are polymorphisms that derive from cooperative interactions related to those
derived from competitive interactions? Although we have ignored polymorphism in eusocial
animals that may derive primarily from cooperation rather than competition, others have noted
the similarities between models of alternative tactics and cooperative breeding strategies (Koenig
& Dickinson, 2008). Theoretical and empirical work suggests that morphs of alternative tactics
contain elements of cooperation and competition (Hugie & Lank, 1997; Watters, 2005;

Taborsky, 2008). These ideas suggest an intriguing possibility that perhaps the evolution of
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castes in highly social insects could be unified under a common framework with alternative

tactics.

V. Conclusion

(1) Rigorous testing of hypotheses for the maintenance of polymorphism is limited by the lack of
a common framework for discussing across taxa and types of polymorphism.

(2) Standard frameworks center ontogeny—whether variation is determined by environment or
genetic—but can create confusion when developing alternative hypotheses for the
maintenance of polymorphism.

(3) We demonstrate a simple method for developing complete alternative hypotheses for the
maintenance of polymorphism: Both a type of balancing selection (Axis 1), as well as the
context (Axis 2) in which the balancing selection acts must be described.

(4) We identify 5 distinct types of balancing selection (Axis 1): basic rarity, deceptive mimicry,
and alternative tactics, heterogeneous environments, and heterozygote advantage. Though all
types of balancing selection can function independently, there is often evidence for multiple
types acting simultaneously.

(5) The selective context (Axis 2) in which balancing selection acts is best viewed through the
social selection framework, which provides a useful structure for categorizing and comparing
modes of ecological and social competition.

(6) We demonstrate this method by reviewing female-limited polymorphism, and find that many,
but not all, examples are maintained by basic rarity and deceptive mimicry, through the
context of non-sexual social selection.

(7) This method aids in comparison between seemingly disparate taxa, allows researchers to
identify understudied topics regarding polymorphism, and clarifies distinctions between
hypotheses to better understand the numerous and complex polymorphic systems found

across animals.
VI. ACKNOWLEDGEMENTS: We are grateful to Lynette Strickland, Liam Taylor, Marjorie

May Dixon, and Ummat Somjee for invaluable feedback on drafts of this manuscript. We also

thank Liz Wahid and Jillian Ditner for their illustrations of polymorphic species.

18



555  VII. REFERENCES

556

557  AIJURIA IBARRA, H., KINAHAN, M., MARCETTEAU, J., MEHIGAN, A.J.R., ZIEGELMEIER, R.O. &
558 READER, T. (2019) The significance of prey avoidance behavior for the maintenance of a
559 predator color polymorphism. Behavioral Ecology 30, 240-248. Oxford University Press.

560  ANDERSSON, M. (1994) Sexual Selection. Princeton University Press.

561  ANDRES, J.A., SANCHEZ-GUILLEN, R.A. & CORDERO RIVERA, A. (2002) Evolution of female
562 colour polymorphism in damselflies: testing the hypotheses. Animal Behaviour 63, 677—

563 685.
564  ASKEW, R. (2004) The dragonflies of Europe. Brill, Leiden, The Neterhlands.

565  BARRETT, J.A. (1976) The maintenance of non-mimetic forms in a dimorphic Batesian mimic

566 species. Evolution 30, 82—85. JSTOR.

567  BATES, H.W. (1862) XXXII. Contributions to an Insect Fauna of the Amazon Valley.

568 Lepidoptera: Heliconide. Transactions of the Linnean Society of London 23, 495-566.
569 Wiley Online Library.

570  BUL, W. VAN DER, SHU, J., GOBERDHAN, V.S., SHERIN, L., CORTAZAR-CHINARRO, M., CORRAL-
571 LoPEZ, A. & MANK, J.E. (2023) Deep learning reveals the role of copy number variation
572 in the genetic architecture of a highly polymorphic sexual trait. bioRxiv.

573 https://www.biorxiv.org/content/10.1101/2023.09.29.560175v1 [accessed 2 October
574 2023].

575  BOND, A.B. (2007) The evolution of color polymorphism: crypticity, searching images, and
576 apostatic selection. Annual Review of Ecology, Evolution, and Systematics 38, 489-514.

577  BRISSON, D. (2018) Negative frequency-dependent selection is frequently confounding.
578 Frontiers in Ecology and Evolution 6, 10. Frontiers.

579  BROWER, J. VAN Z. (1960) Experimental studies of mimicry. IV. The reactions of starlings to
580 different proportions of models and mimics. The American Naturalist 94, 271-282.
581 Science Press.

582  CAIN,K.E. & RosVALL, K.A. (2014) Next steps for understanding the selective relevance of

583 female-female competition. Frontiers in Ecology and Evolution 2, 32. Frontiers Media S.
584 A.

585  CANFIELD, M. & GREENE, E. (2009) Phenotypic plasticity and the semantics of polyphenism: a
586 hisorical review and current perspectives. Phenotypic plasticity of insects: mechanisms
587 and consequences, 65—80. Science Publishers, Inc.

588  CLARKE, B. (1962) Balanced polymorphism and the diversity of sympatric species. Taxonomy
589 and geography. Systematic Association.

19



590
591

592
593
594

595
596
597

598
599
600

601
602

603
604
605

606

607
608
609

610
611
612

613
614

615
616
617
618
619

620
621

622
623
624

CLARKE, B. (1964) Frequency-dependent selection for the dominance of rare polymorphic genes.
Evolution 18, 364-369. JSTOR.

COLLINS, J.P. & HoLOMUZK]I, J.R. (1984) Intraspecific variation in diet within and between

trophic morphs in larval tiger salamanders (Ambystoma tigrinum nebulosum). Canadian
Journal of Zoology 62, 168—174. NRC Research Press.

CONOVER, D.O. & VAN VOORHEES, D.A. (1990) Evolution of a Balanced Sex Ratio by
Frequency-Dependent Selection in a Fish. Science 250, 1556-1558. American
Association for the Advancement of Science.

CooK, S.E., VERNON, J.G., BATESON, M. & GUILFORD, T. (1994) Mate choice in the
polymorphic African swallowtail butterfly, Papilio dardanus: male-like females may
avoid sexual harassment. Animal Behaviour 47, 389-397.

COOPER, I.A. (2010) Ecology of Sexual Dimorphism and Clinal Variation of Coloration in a
Damselfly 176, 556-572.

COOPER, [.A., BROWN, J.M. & GETTY, T. (2016) A role for ecology in the evolution of colour
variation and sexual dimorphism in Hawaiian damselflies. Journal of Evolutionary
Biology 29, 418-427.

DARWIN, C. (1896) The descent of man and selection in relation to sex. D. Appleton.

DIAMANT, E.S., FALK, J.J. & RUBENSTEIN, D.R. (2021) Male-like female morphs in
hummingbirds: the evolution of a widespread sex-limited plumage polymorphism.
Proceedings of the Royal Society B: Biological Sciences 288, 20203004.

DDKSTRA, P.D., SEEHAUSEN, O. & GROOTHUIS, T.G.G. (2008) Intrasexual competition among

females and the stabilization of a conspicuous colour polymorphism in a Lake Victoria
cichlid fish. Proceedings of the Royal Society B: Biological Sciences 275, 519-526.

DOBZHANSKY, T. (1955) A review of some fundamental concepts and problems of population
genetics. In Cold Spring Harbor Symposia on Quantitative Biology pp. 1-15. Citeseer.

DoDGE, T.O., KiMm, B.Y., BACZENAS, J.J., BANERJEE, S.M., GUNN, T.R., DONNY, A.E., GIVEN,
L.A., RICE, A.R., Cox, S.K.H., WEINSTEIN, M.L., CROSS, R., MORAN, B.M., HABER, K.,
HAGHANI, N.B., KAIRUZ, J.A.M., ET AL. (2024) Structural genomic variation and
behavioral interactions underpin a balanced sexual mimicry polymorphism. Current
Biology 34, 4662-4676.¢9. Elsevier.

DOMINEY, W.J. (1980) Female mimicry in male bluegill sunfish—a genetic polymorphism?
Nature 284, 546-548. Nature Publishing Group.

EMLEN, D.J. (1994) Environmental control of horn length dimorphism in the beetle Onthophagus

acuminatus (Coleoptera: Scarabaeidae). Proceedings of the Royal Society of London.
Series B: Biological Sciences 256, 131-136. The Royal Society London.

20



625  ENDLER, J.A. (1978) A predator’s view of animal color patterns. In Evolutionary biology pp.
626 319-364. Springer.

627  FALK, J.J., RUBENSTEIN, D.R., RICO-GUEVARA, A. & WEBSTER, M.S. (2022) Intersexual social

628 dominance mimicry drives female hummingbird polymorphism. Proceedings of the
629 Royal Society B: Biological Sciences 289, 20220332. Royal Society.

630  FALK, J.J., WEBSTER, M.S. & RUBENSTEIN, D.R. (2021) Male-like ornamentation in female
631 hummingbirds results from social harassment rather than sexual selection. Current
632 Biology 31.

633  FINCKE, O.M. (1994) Female colour polymorphism in damselflies: failure to reject the null
634 hypothesis. Animal Behaviour 47, 1249-1266.

635  FINCKE, O.M. (2004) Polymorphic signals of harassed female odonates and the males that learn
636 them support a novel frequency-dependent model. Animal Behaviour 67, 833—845.

637  FISHER, R.A. (1923) XXI.—On the dominance ratio. Proceedings of the royal society of
638 Edinburgh 42, 321-341. Royal Society of Edinburgh Scotland Foundation.

639  FISHER, R.A. (1930) The Genetical Theory of Natural Selection. In (ed H. BENNETT), p. Oxford
640 University Press, New York.

641  FORD, E.B. (1945) Polymorphism. Biological Reviews 20, 73—88.

642  FOrRD, EDMUND BRISCO & HUXLEY, JULIAN (1940) Polymorphism and taxonomy. In 7The new

643 systematics pp. 493-513. Oxford University Press.

644  GADGIL, M. (1972) Male dimorphism as a consequence of sexual selection. The American
645 Naturalist 106, 574-580. University of Chicago Press.

646  GEFFROY, B., BESSON, M., SANCHEZ-BAIZAN, N., CLOTA, F., GOIKOETXEA, A., SADOUL, B.,
647 RUELLE, F., BLANC, M.-O., PARRINELLO, H., HERMET, S., BLONDEAU-BIDET, E.,
648 PRATLONG, M., PIFERRER, F., VANDEPUTTE, M. & ALLAL, F. (2021) Unraveling the
649 genotype by environment interaction in a thermosensitive fish with a polygenic sex
650 determination system. Proceedings of the National Academy of Sciences 118.

651 Proceedings of the National Academy of Sciences.

652  GROSS, M.R. (1996) Alternative reproductive strategies and tactics: Diversity within sexes.

653 Trends in Ecology and Evolution 11, 92-98. Elsevier Ltd.

654  HARE, R.M. & SIMMONS, L.W. (2019) Sexual selection and its evolutionary consequences in

655 female animals. Biological Reviews 94, 929-956. Wiley Online Library.

656  HEDRICK, P.W. (1986) Genetic polymorphism in heterogeneous environments: a decade later.
657 Annual review of ecology and systematics 17, 535-566. Annual Reviews 4139 El Camino
658 Way, PO Box 10139, Palo Alto, CA 94303-0139, USA.

21



659

660
661
662

663
664

665
666

667
668

669
670
671

672
673
674

675
676
677

678
679
680

681

682
683
684

685
686
687

688
689

690
691

HEDRICK, P.W. (2007) Balancing selection. Current Biology 17, R230-R231. Elsevier.

HEDRICK, P.W., GINEVAN, M.E. & EWING, E.P. (1976) Genetic polymorphism in heterogeneous
environments. Annual review of Ecology and Systematics 7, 1-32. Annual Reviews 4139
El Camino Way, PO Box 10139, Palo Alto, CA 94303-0139, USA.

HEDRICK, P.W., TUTTLE, E.M. & GONSER, R.A. (2018) Negative-Assortative Mating in the
White-Throated Sparrow. Journal of Heredity 109, 223-231.

HOFFMAN, E.A. & PFENNIG, D.W. (1999) Proximate Causes of Cannibalistic Polyphenism in
Larval Tiger Salamanders. Ecology 80, 1076—1080.

HUGHES, K.A., HOUDE, A.E., PRICE, A.C. & RoDD, F.H. (2013) Mating advantage for rare males
in wild guppy populations. Nature 503, 108—110. Nature Publishing Group.

HUGIE, D.M. & LANK, D.B. (1997) The resident’s dilemma: a female choice model for the
evolution of alternative mating strategies in lekking male ruffs (Philomachus pugnax).
Behavioral Ecology 8, 218-225.

HURTADO-GONZALES, J.L., BALDASSARRE, D.T. & Uv, J. A. C. (2010) Interaction between
female mating preferences and predation may explain the maintenance of rare males in
the pentamorphic fish Poecilia parae. Journal of Evolutionary Biology 23, 1293—-1301.

HURTADO-GONZALES, J.L.. & Uy, J.A.C. (2009) Alternative mating strategies may favour the
persistence of a genetically based colour polymorphism in a pentamorphic fish. Animal
Behaviour 77, 1187-1194.

HURTADO-GONZALES, J.L.. & Uy, J.A.C. (2010) Intrasexual competition facilitates the evolution
of alternative mating strategies in a colour polymorphic fish. BMC Evolutionary Biology
10, 391.

HUXLEY, J. (1942) Evolution. The modern synthesis.

HUYNH, L.Y., MANEY, D.L. & THOMAS, J.W. (2010) Chromosome-wide linkage disequilibrium

caused by an inversion polymorphism in the white-throated sparrow (Zonotrichia
albicollis). Heredity 2011 106:4 106, 537-546. Nature Publishing Group.

HuyNH, L.Y., MANEY, D.L. & THOMAS, J.W. (2011) Chromosome-wide linkage disequilibrium
caused by an inversion polymorphism in the white-throated sparrow (Zonotrichia
albicollis). Heredity 106, 537-546. Nature Publishing Group.

JAMIE, G.A. (2017) Signals, cues and the nature of mimicry. Proceedings of the Royal Society B:
Biological Sciences 284, 2016-2080. The Royal Society.

JENNIONS, M.D. & KOKKO, H. (2010) Sexual Selection. In Evolutionary Behavioral Ecology (eds
D.F. WESTNEAT & C.W. FOX), pp. 343—-378. Oxford University Press, New York.

22



692
693
694

695
696

697
698
699
700

701
702

703
704
705
706

707
708

709
710

711
712
713

714
715
716
717
718

719
720
721

722
723
724

725
726

JONES, J.S., LEITH, B.H. & RAWLINGS, P. (1977) Polymorphism in Cepaea: A Problem with Too
Many Solutions? Annual Review of Ecology and Systematics 8, 109—143. Annual
Reviews.

JUKEMA, J. & PIERSMA, T. (2006) Permanent female mimics in a lekking shorebird. Biology
Letters 2, 161-164. The Royal Society London.

KARLSSON GREEN, K., KOVALEV, A., SVENSSON, E.I. & GORB, S.N. (2013) Male clasping ability,
female polymorphism and sexual conflict: fine-scale elytral morphology as a sexually
antagonistic adaptation in female diving beetles. Journal of the Royal Society Interface
10, 20130409. The Royal Society.

KIMURA, M. (2020) The neutral theory and molecular evolution. In My Thoughts on Biological
Evolution pp. 119-138. Springer.

KOENIG, W.D. & DICKINSON, J. (2008) Cooperative breeding as an alternative reproductive
tactic. In Alternative reproductive tactics: an integrative approach (eds R.F. OLIVEIRA,
M. TABORSKY & H.J. BROCKMANN), pp. 451-470. Cambridge University Press, New
York.

KoOKKO, H. & JENNIONS, M.D. (2008) Parental investment, sexual selection and sex ratios.
Journal of Evolutionary Biology 21, 919-948.

KUNTE, K. (2009) Female-limited mimetic polymorphism: a review of theories and a critique of
sexual selection as balancing selection. Animal Behaviour 78, 1029-1036. Elsevier Ltd.

KUNTE, K., ZHANG, W., TENGER-TROLANDER, A., PALMER, D.H., MARTIN, A., REED, R.D.,
MULLEN, S.P. & KRONFORST, M.R. (2014) Doublesex is a mimicry supergene. Nature
507, 229-232. Nature Publishing Group.

KUPPER, C., STOCKS, M., RISSE, J.E., DOS REMEDIOS, N., FARRELL, L.L., MCRAE, S.B., MORGAN,
T.C., KARLIONOVA, N., PINCHUK, P., VERKUIL, Y.I., KITAYSKY, A.S., WINGFIELD, J.C.,
PIERSMA, T., ZENG, K., SLATE, J., ET AL. (2015) A supergene determines highly divergent
male reproductive morphs in the ruff. Nature Genetics 2015 48:1 48, 79—-83. Nature
Publishing Group.

LANK, D.B., SMITH, C.M., HANOTTE, O., BURKE, T. & COOKE, F. (1995) Genetic polymorphism
for alternative mating behaviour in lekking male ruff Philomachus pugnax. Nature 378,
59-62. Nature Publishing Group.

LEE, J.-W., Kim, H.-N., Y00, S. & Y00, J.-C. (2019) Common cuckoo females may escape male
sexual harassment by color polymorphism. Scientific Reports 9, 7515. Nature Publishing
Group.

LEVENE, H. (1953) Genetic equilibrium when more than one ecological niche is available. The
American Naturalist 87, 331-333. Science Press.

23



727
728

729
730

731
732

733
734

735
736
737

738
739

740

741
742
743

744
745

746
747
748

749
750
751

752
753
754

755
756
757

758
759

LIVELY, C.M. (1986) Canalization Versus Developmental Conversion in a Spatially Variable
Environment. The American Naturalist 128, 561-572. The University of Chicago Press.

LOWTHER, J.K. (1961) Polymorphism in the white-throated sparrow, zonotrichia albicollis
(gmelin). Canadian Journal of Zoology 39, 281-292. NRC Research Press.

LyoN, B.E. & MONTGOMERIE, R. (2012) Sexual selection is a form of social selection.
Philosophical Transactions of the Royal Society B: Biological Sciences 367, 2266-2273.

MACDOUGALL-SHACKLETON, S.A. (2011) The levels of analysis revisited. Philosophical
Transactions of the Royal Society B: Biological Sciences 366, 2076-2085. Royal Society.

MADSEN, T., STILLE, B., UJVARI, B., BAUWENS, D. & ENDLER, J.A. (2022) Negative frequency-

dependent selection on polymorphic color morphs in adders. Current Biology 32, 3385-
3388.e3.

MANK, J.E. (2022) Sex-specific morphs: the genetics and evolution of intra-sexual variation.
Nature Reviews Genetics, 1-9. Nature Publishing Group.

MAYR, E. (1963) Animal species and evolution. Harvard University Press.

MEROT, C., LLAURENS, V., NORMANDEAU, E., BERNATCHEZ, L. & WELLENREUTHER, M. (2020)
Balancing selection via life-history trade-offs maintains an inversion polymorphism in a
seaweed fly. Nature communications 11, 1-11. Nature Publishing Group.

MICHENER, C.D. (1961) Social polymorphism in Hymenoptera. Insect Polymorphism, 43. Royal
Entomological Society.

MILLER, E.T., LEIGHTON, G.M., FREEMAN, B.G., LEES, A.C. & LIGON, R.A. (2019) Ecological
and geographical overlap drive plumage evolution and mimicry in woodpeckers. Nature
communications 10, 1-10. Nature Publishing Group.

MILLER, M.N. & FINCKE, O.M. (1999) Cues for mate recognition and the effect of prior
experience on mate recognition in Enallagma damselflies. Journal of Insect Behavior 12,
801-814. Springer.

MOON, R.M. & KAMATH, A. (2019) Re-examining escape behaviour and habitat use as correlates
of dorsal pattern variation in female brown anole lizards , Anolis sagrei ( Squamata :
Dactyloidae ), 1-13.

NIELSEN, M.G. & WATT, W.B. (2000) Interference competition and sexual selection promote
polymorphism in Colias (Lepidoptera, Pieridae). Functional Ecology 14, 718-730. John
Wiley & Sons, Ltd.

NuHOUT, H.F. (2003) Development and evolution of adaptive polyphenisms. Evolution &
development 5, 9-18. Wiley Online Library.

24



760
761
762
763

764
765

766
767

768
769
770

771
772

773
774

775
776
777

778
779

780
781

782
783

784
785
786
787
788

789
790

791

792
793
794

NISHIKAWA, H., IIIIMA, T., KAIITANI, R., YAMAGUCHL J., ANDO, T., SUZUKI, Y., SUGANO, S.,
Fuityama, A., Kosual, S. & HIRAKAWA, H. (2015) A genetic mechanism for female-
limited Batesian mimicry in Papilio butterfly. Nature genetics 47, 405—409. Nature
Publishing Group.

OLIVEIRA, R.F., TABORSKY, M. & BROCKMANN, H.J. (2008) Alternative reproductive tactics: an
integrative approach. Cambridge University Press.

PFENNIG, D.W., HARCOMBE, W.R. & PFENNIG, K.S. (2001) Frequency-dependent Batesian
mimicry. Nature 410, 323. Nature Publishing Group.

PLAISTOW, S.J., JOHNSTONE, R.A., COLEGRAVE, N. & SPENCER, M. (2004) Evolution of

alternative mating tactics: conditional versus mixed strategies. Behavioral Ecology 15,
534-542.

PrRUM, R.O. (2014) Interspecific social dominance mimicry in birds. Zoological Journal of the
Linnean Society 172, 910-941. Blackwell Publishing Ltd.

RAINEY, M.M. & GRETHER, G.F. (2007) Competitive mimicry: synthesis of a neglected class of
mimetic relationships. Ecology 88, 2440-2448. Wiley Online Library.

REINHARDT, K., HARNEY, E., NAYLOR, R., GORB, S. & SIVA-JOTHY, M.T. (2007) Female-limited
polymorphism in the copulatory organ of a traumatically inseminating insect. The
American Naturalist 170, 931-935.

ROBERTSON, H.M. (1985) Female dimorphism and mating behaviour in a damselfly, Ischnura
ramburi: females mimicking males. Animal Behaviour 33, 805—809. Academic Press.

ROSE THOROGOOD & NICHOLAS B. DAVIES (2012) Cuckoos Combat Socially Transmitted
Defenses of Reed Warbler Hosts with a Plumage Polymorphism. Science 337, 578-580.

ROSENBLUM, E.B. (2006) Convergent Evolution and Divergent Selection: Lizards at the White
Sands Ecotone. The American Naturalist 167, 1-15. The University of Chicago Press.

SANCHEZ-DONOSO, I., RAVAGNI, S., RODRIGUEZ-TEIEIRO, J.D., CHRISTMAS, M.J., HUANG, Y .,
MALDONADO-LINARES, A., PUIGCERVER, M., JIMENEZ-BLASCO, 1., ANDRADE, P.,
GONCALVES, D., Friis, G., ROIG, 1., WEBSTER, M.T., LEONARD, J.A. & VILA, C. (2022)
Massive genome inversion drives coexistence of divergent morphs in common quails.
Current Biology 32, 462-469.¢6. Elsevier.

SCHOENER, T.W. & SCHOENER, A. (1976) The ecological context of female pattern
polymorphism in the lizard Anolis sagrei. Evolution 30, 650-658. JISTOR.

SHERMAN, P.W. (1988) The levels of analysis. Animal Behaviour 36, 616—619.

SHINE, R., BROWN, G.P. & GOIRAN, C. (2022) Frequency-dependent Batesian mimicry maintains
colour polymorphism in a sea snake population. Scientific Reports 12, 4680. Nature
Publishing Group.

25



795
796

797
798

799
800

801

802
803
804

805
806
807

808
809
810

811

812
813

814
815

816
817
818
819

820
821
822

823
824
825

826
827
828

SHUSTER, S.M. (1992) The reproductive behaviour of a-, B-, and y-male morphs in Paracerceis
sculpta, a marine isopod crustacean. Behaviour 121, 231-257. Brill.

SHUSTER, S.M. (2010) Alternative Mating Strategies. In Evolutionary Behavioral Ecology (eds
D.F. WESTNEAT & C.W. FOX), pp. 434—450. Oxford University Press, New York.

SHUSTER, S.M. & WADE, M.J. (1991) Equal mating success among male reproductive strategies
in a marine isopod. Nature 350, 608—610. Springer.

SHUSTER, S.M. & WADE, M.J. (2003) Mating systems and strategies. Princeton University Press.

StMMONS, L.W. & EMLEN, D.J. (2006) Evolutionary trade-off between weapons and testes.
Proceedings of the National Academy of Sciences 103, 16346—16351. National Acad
Sciences.

SINERVO, B., BLEAY, C. & ADAMOPOULOU, C. (2001) SOCIAL CAUSES OF
CORRELATIONAL SELECTION AND THE RESOLUTION OF A HERITABLE
THROAT COLOR POLYMORPHISM IN A LIZARD. Evolution 55, 2040-2052.

SINERVO, B., SVENSSON, E. & COMENDANT, T. (2000) Density cycles and an offspring quantity
and quality game driven by natural selection. Nature 406, 985-988. Nature Publishing
Group.

SMITH, J.M. (1982) Evolution and the Theory of Games. Cambridge university press, New York.

SMITH, T.B. (1993) Disruptive selection and the genetic basis of bill size polymorphism in the
African finch Pyrenestes. Nature 363, 618—620. Springer.

STEITZ, 1., KINGWELL, C., PAXTON, R.J. & AYASSE, M. (2018) Evolution of caste-specific
chemical profiles in halictid bees. Journal of chemical ecology 44, 827-837. Springer.

STRICKLAND, L.R., ARIAS, C.F., RODRIGUEZ, V., JOHNSTON, J.S., MCMILLAN, W.O. & WINDSOR,
D. (2019) Inheritance, distribution and genetic differentiation of a color polymorphism in
Panamanian populations of the tortoise beetle, Chelymorpha alternans (Coleoptera:
Chrysomelidae). Heredity 122, 558-569.

STRICKLAND, L.R., FULLER, R.C., WINDSOR, D. & CACERES, C.E. (2021) A potential role for
overdominance in the maintenance of colour variation in the Neotropical tortoise beetle,
Chelymorpha alternans. Journal of Evolutionary Biology 34, 779-791.

SuzANNE H ALONZO (2008) Conflict between the sexes and alternative reproductive tactics
within. In Alternative Reproductive Tactics: An Integrative Approach (eds RuUl F
OLIVEIRA, MICHAEL TABORSKY, & H JANE BROCKMANN), pp. 435-450.

SVENSSON, E.I., ABBOTT, J. & HARDLING, R. (2005) Female Polymorphism, Frequency
Dependence, and Rapid Evolutionary Dynamics in Natural Populations. The American
Naturalist 165, 567-576. The University of Chicago Press.

26



829
830
831

832
833
834

835
836
837

838
839

840
841
842
843

844
845
846
847

848
849
850

851
852
853

854
855
856

857
858
859

860
861

862
863

SVENSSON, E.I., ABBOTT, J.K., GOSDEN, T.P. & COREAU, A. (2009) Female polymorphisms,
sexual conflict and limits to speciation processes in animals. Evolutionary Ecology 23,
93-108.

TABORSKY, M. (2008) Alternative reproductive tactics in fish. In Alternative reproductive tactics
an integrative approach (eds R.F. OLIVEIRA, M. TABORSKY & H.J. BROCKMANN), p.
Cambridge University Press, Cambridge, UK.

TOBIAS, J.A., MONTGOMERIE, R. & LYON, B.E. (2012) The evolution of female ornaments and
weaponry: Social selection, sexual selection and ecological competition. Philosophical
Transactions of the Royal Society B: Biological Sciences 367, 2274-2293.

TRNKA, A., TRNKA, M. & GRIM, T. (2015) Do rufous common cuckoo females indeed mimic a
predator? An experimental test. Biological Journal of the Linnean Society 116, 134—143.

TUTTLE, E.M., BERGLAND, A.O., KORODY, M.L., BREWER, M.S., NEWHOUSE, D.J., MINX, P.,
STAGER, M., BETUEL, A., CHEVIRON, Z.A., WARREN, W.C., GONSER, R A. &
BALAKRISHNAN, C.N. (2016) Divergence and Functional Degradation of a Sex
Chromosome-like Supergene. Current Biology 26, 344-350.

VAN GOSSUM, H., SHERRATT, T.N., CORDERO-RIVERA, A. & CORDOBA-AGUILAR, A. (2008) The
Evolution of Sex-limited Colour Polymorphism. In Dragonflies and Damselflies: Model
Organisms for Ecological and Evolutionary Research (ed A. CORDOBA-AGUILAR), pp.
219-231. Oxford University Press, Oxford.

VERHAAR, H. (1985) Guide des libellules d’Europe et d’Afrique du nord. Contactblad
Nederlandse Libellenonderzoekers 10, 18—19. Nederlandse Vereniging voor
Libellenstudie.

WALLACE, A.R. (1865) I. On the phenomena of variation and geographical distribution as
illustrated by the Papilionide of the Malayan Region. Transactions of the Linnean
Society of London 1, 1-71. Narnia.

WANG, D., ABBOTT, J., BRENNINGER, F.A., KLEIN, K., NAVA-BALANOS, A., YONG, L. &
RICHTER, X.-Y.L. (2024) Female alternative reproductive tactics: diversity and drivers.
Trends in ecology & evolution. Elsevier.

WATT, D.J., RALPH, C.J. & ATKINSON, C.T. (1984) The Role of Plumage Polymorphism in
Dominance Relationships of the White-Throated Sparrow. The Auk 101, 110-120.
American Ornithological Society.

WATTERS, J.V. (2005) Can the alternative male tactics ‘fighter’ and ‘sneaker’ be considered
‘coercer’ and ‘cooperator’ in coho salmon? Animal Behaviour 70, 1055—-1062.

WEST-EBERHARD, M.J. (1983) Sexual selection, social competition, and speciation. The
Quarterly Review of Biology 58, 155—-183.

27



864
865

866
867

868
869
870
871

872
873
874

875
876
877
878

879
880
881

882

WEST-EBERHARD, M.J. (2003a) Developmental plasticity and evolution. Oxford University
Press.

WEST-EBERHARD, M.J. (2003b) Cross-sexual Transfer. In Developmental plasticity and
evolution pp. 260-295. Oxford University Press.

WILLINK, B., HO, T.A.T. & SVENSSON, E.I. (2025) Ecology and sexual conflict drive the
macroevolutionary dynamics of female-limited colour polymorphisms. Evolutionary
Biology. http://biorxiv.org/lookup/doi/10.1101/2025.02.15.637939 [accessed 27 March
2025].

WILLINK, B. & SVENSSON, E.I. (2017) Intra- and intersexual differences in parasite resistance
and female fitness tolerance in a polymorphic insect. Proceedings of the Royal Society B:
Biological Sciences 284, 20162407. Royal Society.

WILLINK, B., TUNSTROM, K., NILEN, S., CHIKHI, R., LEMANE, T., TAKAHASHI, M., TAKAHASHI,
Y., SVENSSON, E.I. & WHEAT, C.W. (2024) The genomics and evolution of inter-sexual
mimicry and female-limited polymorphisms in damselflies. Nature Ecology & Evolution
8, 83-97. Nature Publishing Group.

XU, M. & FINCKE, O.M. (2011) Tests of the harassment-reduction function and frequency-

dependent maintenance of a female-specific color polymorphism in a damselfly.
Behavioral Ecology and Sociobiology 65, 1215-1227. Springer.

28



883
884

885
886

887
888
889
890
891
892

Balancing
Selection

+

Selective
Context

D

Hypotheses for the adaptive maintenance of polymorphism

FREQUENCY-DEPENDENT

FREQUENCY-NEUTRAL

Rarity
Advantage

Deceptive
Mimicry

Alternative
Tactics

Heterogeneous
Environment

Heterozygote
Advantage

" Morph The relative The relative The refative ability The relative frequency by The relative benefit of
fitness and frequency of one frequency of of one morph to which morphs are favored heterozygotes over
frequency morph to alternative K g Y restrict access to a P Ve
depends on: morphs mimic to model resource over space and time homozygotes

ECOLOGICAL SOCIAL

predation avoidance

access to food

prey detection avoidance

social dominance

mate attraction

mating avoidance

access to matings

Figure 1: A simple method for developing hypotheses for the adaptive maintenance of

polymorphism. A complete adaptive hypothesis should involve at least one type of balancing

selection (either frequency-dependent, or frequency-neutral), and the selective context through

which the balancing selection acts (both ecological and social). Each type of balancing selection

paired with a selective context is theoretically capable of maintaining a polymorphism, but actual

polymorphisms may involve multiple types of balancing selection or contexts.
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Figure 2: Negative frequency-dependent selection: (A) A graphical depiction of negative
frequency-dependent fitness which will favor a polymorphism of two morphs, a and b. The
relative fitness of @ over b decreases as its frequency in the population increases. Since a has
higher fitness when at lower frequencies, its prevalence in the population should increase until it
reaches an equilibrium frequency (dotted line). At frequencies greater than equilibrium, b
outcompetes a. A stable polymorphism with equilibrium can result so long as fitness curves for a
and b intersect such that a has greater relative fitness at lower frequencies of a, and b has greater
relative fitness at higher frequencies of a. These conditions can be met in variety of ways, only
one of which is depicted here. (B-D) Representative species of the three forms of negative
frequency-dependent selection. Arrows indicate interaction pairs that influence morph frequency
and fitness. (B) Polymorphism in grove snail (Cepaea nemoralis) shell patterning has been
suggested to arise from a variety of selective pressures, including rarity advantage (Clarke,
1962). (C) Female eastern tiger swallowtails (Pailio glaucus) are polymorphic. One morph (left)
has wing coloration similar to males, while the other (right) mimics a sympatric species which

sequesters toxic compounds (Kunte, 2009). (D) Male dung beetles (Onthophagus nigriventris)
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have male polymorphism in horn size that represents alternative tactics for accessing mating

opportunities (Simmons & Emlen, 2006). Illustrations by Liz Wahid.
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Negative Frequency-dependent Balancing Selection

Rarity Advantage

Deceptive Mimicry

Alternative Tactics

Selective Context

Ecological

Predation avoidance

Q Butterflies,
e.g. Papilio glaucus

Prey/host detection
avoidance

Q Crab spider,
Synema globosum;
© Common cuckoo,
Cuculus canorus

Q Common cuckoo,
Cuculus canorus

Social

Mating Avoidance

Q Damselflies,
e.g. Ischnura sp.;
Q Dytiscid beetle,

Graphoderus zonatus

Q Damselflies,
e.g. Ischnura sp.;

Q African bat bug,
Afrocimex constrictus,
Q Brown anole,
Anolis sagrei;

Q Common cuckoo,
Cuculus canorus;

Q Butterflies,

e.g. Papilio Dardanus,
Colias sp.

Social Dominance

Q Cichlid fish,
Neochromis omnicaeruleus

Q White-necked jacobin,
Florisuga mellivora

Q Megalopta sp. bees;
Q Side-blotched lizard,
Uta stansburiana

Competition for mates
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Table 1: We compiled representative species or groups of species in which the adaptive function of female-limited polymorphisms
has been studied. Hypotheses for polymorphism maintenance may not fall neatly into any single box, as demonstrated by examples
that appear repeatedly. Most examples of female-limited polymorphism fall into the selective context of non-sexual social selection.
We do not include the frequency-neutral types of balancing selection here because there is little support for purely frequency-neutral
adaptive functions for sex-limited polymorphism (but see (Schoener & Schoener, 1976) for proposed heterogeneous environment
hypothesis in females of Anolis sagrei). Male-limed polymorphism have been reviewed previously, and these polymorphisms are
typically attributed to alternative tactics and mimicry related to competition for mates (indicated by /). References included in this
table: (Emlen, 1994; Cook et al., 1994; Lank et al., 1995; Sinervo et al., 2000; Nielsen & Watt, 2000; Fincke, 2004; Jukema &
Piersma, 2006; Reinhardt ef al., 2007; Dijkstra, Seehausen & Groothuis, 2008; Van Gossum et al., 2008; Kunte, 2009; Rose
Thorogood & Nicholas B. Davies, 2012; Karlsson Green et al., 2013; Trnka, Trnka & Grim, 2015; Steitz et al., 2018; Moon &
Kamath, 2019; Ajuria Ibarra et al., 2019; Lee et al., 2019; Falk et al., 2022)
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