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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, identifying the selective mechanisms by which
these polymorphisms are maintained can be challenging, in part because alternative hypotheses can be difficult to distinguish.
Here we review hypotheses for the maintenance of phenotypic polymorphisms, integrating them into a simple framework in
which hypotheses can be described by both of two dimensions: (1) a type of maintenance selection that favors a balanced pol-
ymorphism; and (2) a selective context (e.g., ecological, social). Taken together, a phenotypic polymorphism persists through a
type of maintenance selection which acts through a selective context. Within each dimension, we provide a path for categoriza-
tion of alternative hypotheses and their respective predictions. To demonstrate, we explore the case of female-limited polymor-
phism, a class of polymorphisms with diverse explanations, yet little unifying theory across taxa. We suggest that, in most cases,
negative frequency-dependence and social competition drive the maintenance of female-limited polymorphism. Applying this
framework to both within-sex and species-wide polymorphism reveals distinctions and commonalities across disparate taxa and
provides a clear structure for developing and testing hypotheses.

1 | Introduction “phenotypes” exist in a population. Genetic polymorphisms,

in which there is variation at one or more nucleotide sites of a

Explaining the maintenance of phenotypic variation in the
face of selection is one of evolutionary biology's most endur-
ing challenges (A. R. Wallace 1865; Ford 1945; Levene 1953;
Hedrick 2007). Within a population, selection should favor
phenotypes with the highest fitness, and drift can also sto-
chastically eliminate variants over time. Yet phenotypic vari-
ation is ubiquitous in most organisms. Particularly puzzling
are polymorphisms, wherein within-population variation is
discrete (Ford 1945, Box 1). Here we emphasize phenotypic
polymorphisms in which two or more physical “morphs” or

DNA sequence (Box 1), may or may not be linked to phenotypic
polymorphisms (Box 2) and are not the focus of this review.
Phenotypic polymorphism can also occur within a single sex,
and although these sex-limited polymorphisms are more stud-
ied in males (male-limited polymorphism), they also occur in
females (female-limited polymorphism) across a large number
of taxa (Mank 2022). Despite enduring interest in phenotypic
polymorphism, determining the selective mechanisms that pre-
vent fixation of a single morph has long proved challenging, in
part, because different types of phenotypic polymorphism (e.g.,
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BOX1 | The Definition of Polymorphism.

For the purposes of this paper, we define phenotypic polymorphism as within-population, discrete, phenotypic variation. However,
the definition of polymorphism has changed over time, reflecting shifting frameworks in our understandings of biological vari-
ation, and even today has different usages in different fields. The term has long been used to describe morphic variation in and
among species (e.g. Darwin 1859). Ford (1940, 1945) provided a more concrete, phenotypic, within-population definition: “the
occurrence together in the same habitat of two or more distinct forms of a species in such proportions that the rarest of them
cannot be maintained by recurrent mutation”. 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 are environmentally determined.

The dichotomy between polymorphism and polyphenism, which is based largely on trait development, has been highly influen-
tial and is an important framework for understanding and categorizing discrete traits (Gross 1996; West-Eberhard 2003b; Oliveira
et al. 2008; Mank 2022). While developmental categorization of discrete phenotypes as either polymorphism or polyphenism has
value in many contexts, there are also drawbacks. First, it can be difficult to know the heritability of a trait of interest during the
initial phases of research (i.e., those with long generation times, that are difficult to observe in the wild, etc.). Second, all pheno-
typic variation reflects both genetic and environmental effects (Huxley 1942), and dividing terminology excludes cases of inter-
mediate heritability and gene-by-environment interactions (e.g. Geffroy et al. 2021). Third, some usages of the term polyphenism
only include discrete variation, whereas others include all forms of environmentally determined variation regardless of trait dis-
tribution (Canfield and Greene 2009). Reality is more complex than a simple dichotomy of genetic polymorphism versus environ-
mental polyphenisms, 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 (1940, 1945) usage of the term polymorphism in all cases of discrete variation, re-
gardless of trait heritability. When necessary, polymorphisms can be referred to as heritable or nonheritable, with polyphenism
referring to a less heritable polymorphism. We use this generalized definition of phenotypic polymorphism to describe all discrete
phenotypic variation. It is also important to note that in the field of population genetics, polymorphism has a specific definition
of variation in a DNA sequence, regardless of its effect on phenotype. We therefore refer to “phenotypic polymorphisms” in this

review to distinguish our meaning and to ensure a clear distinction from the term'’s usage in population genetics.

morphological, behavioral) have been studied by different fields,
and hypotheses are typically discussed within species, hamper-
ing comparison and discussion across taxa and sexes.

One such division is between the study of discrete variation that is
determined by genetic variation versus environmental conditions
(i.e., polymorphism versus polyphenism, see Box 1). Although
sometimes described as distinct, these phenomena are in fact two
ends of a spectrum that depend on levels of developmental plas-
ticity (see Box 1 and Box 2). Natural selection acts on phenotypic
variation regardless of the developmental or genetic mechanisms
by which that variation arises. Whether a trait is primarily envi-
ronmentally induced or genetically determined, selection oper-
ates on its expressed form and its consequences for fitness, not
on the underlying causal pathway (Lande and Arnold 1983; West-
Eberhard 2003b; Svensson 2023). It follows that overreliance on
such development-based frameworks might limit the construc-
tion and comparison of alternative adaptive hypotheses for the
maintenance of polymorphism (we use the term adaptive to
mean the selective pressures that maintain the presence of mul-
tiple phenotypes, not the developmental, genetic, or evolution-
ary origins of the phenotype). For example, Gross's (1996) classic
review of male-limited polymorphism is divided into two sec-
tions—evolutionary studies and proximate studies. Hypotheses
for the “evolution” of male polymorphism were classified as ei-
ther alternative, mixed, or conditional strategies. Yet, these cate-
gorizations are based on differences in the developmental origin
of morphs, not what maintains the polymorphism. Certainly,
the consequences of selection depend a great deal on heritabil-
ity, but this should not be confused with the causative type of

selection that maintains variation. Condition-dependence and
negative frequency- dependence are not alternative explanations
because condition-dependent traits can be balanced under neg-
ative frequency-dependent selection (Hazel et al. 1990; Shuster
and Wade 2003; Tomkins and Hazel 2007, Box 2). We should in-
stead consider condition dependence as a proximate mechanism
for the development of multiple morphs, but it cannot alone ex-
plain the adaptive maintenance and persistence of such morphs.
Therefore, while frameworks that primarily distinguish between
genetically and environmentally determined phenotypes are
useful in many contexts, they are not appropriate for developing
clear alternative hypothesis for the adaptive maintenance of mul-
tiple phenotypic morphs.

When testing explanations for the maintenance of a pheno-
typic polymorphism, alternative hypotheses are often un-
considered or untested. 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 tested or even considered (e.g.,
competition for access to food). In another example of un-
tested hypotheses, the term “mimicry” is often used loosely,
and sometimes only based on resemblance to females by
human standards (Jukema and Piersma 2006). As we discuss
below, mimicry and alternative reproductive tactics are in fact
two independent ways in which maintenance selection can
maintain the coexistence of multiple morphs. Both involve
negative frequency-dependence, but the theoretical parame-
ters that govern stable levels of each morph are distinct. It is
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BOX 2 | Maintenance Selection Versus Balancing Selection.

Balancing selection is typically used to describe selective processes that favor persistence of multiple alleles at a locus. However,
in this paper we are describing selection that favors persistence of discrete phenotypes, not necessarily genotypes. Therefore, we
use the term “maintenance selection” rather than balancing selection because balancing selection in a strict sense may or may
not be at play. In each type of maintenance selection that we describe, selection acts on the phenotype in a way that promotes
persistence of the polymorphism, regardless of underlying genetic architecture (heterozygote advantage is the only mechanism
that is inherently genetic). Maintenance selection is distinct from diversifying or disruptive selection because it involves multiple
phenotype persistence, not necessarily divergence.

Morphic variation can arise from highly varied genetic architectures and modes of selection. In one scenario, a single genetic
locus could determine the presence or absence of a phenotypic polymorphism, with each allele associated with each phenotypic
morph. This is a classic “genetically controlled” polymorphism where genetic polymorphism and phenotypic polymorphism are
aligned. In this case, the phenotypic polymorphism persists through balancing selection on the genetic polymorphism.

On the other hand, an individual's development into one morph or another could be determined by external environmental factors
like diet or temperature (i.e., plastic, conditional, environment-dependent, polyphenic traits). While it is the environment that
determines the morph, reaction norms—including slopes and switchpoints—are often heritable and can evolve. For example,
many turtles determine sex based on external temperatures during embryonic development, but families vary in the threshold
temperature by which an individual becomes male or female, implying a heritable component to the threshold temperature (Bull
et al. 1982; Kocher et al. 2024). In spadefoot toads, a diet polyphenism is triggered by tadpole pond environment, yet innate pro-
pensity to develop into one type or another, and their degree of plasticity are both genetically variable (Levis et al. 2018; Isdaner
et al. 2024). Though developmentally plastic, in both of these cases, there can still be adaptive selection for the maintenance of the
phenotypic polymorphism, because environmental thresholds are likely to be polygenic and contain some degree of heritable var-
iation within a population (West-Eberhard 2003b). Maintenance selection refers to selection that maintains phenotypic morphs,
rather than allelic variation. Therefore, it may include balancing selection on alleles, but does not require it.

Paradoxically, this implies that maintenance of phenotypic polymorphism does not necessarily require the maintenance of ge-
netic diversity. Stabilizing selection could maintain a narrow switchpoint in the population, or directional selection could cause a
shift in the switchpoint that leads to more or less phenotypic variation. A scenario can also be envisioned in which a locus has two
alleles with distinct reaction norms, resulting in discrete phenotypic morphs in the same environment. In this case, balancing
selection could play a role to maintain both versions. It may be tempting to distinguish between selection types for either genetic-
or environmentally-based polymorphisms, but as we discuss in Box 1, most variants are likely to contain elements of both, and
some polymorphisms are polygenically determined, complicating a single allele - single morph model of a genetic polymorphism.
The terminology of maintenance selection allows us to discuss selection on phenotypes without making assumptions of genetic
or developmental underpinnings.

certainly possible—if not likely—that these two mechanisms
can interact in tandem. However, when female mimicry is hy-
pothesized to be part of an alternative tactic, critical aspects
of mimicry often remain untested, such as the encounter rates
between alternative male morphs and females, and whether
this alters mimic effectiveness (e.g., Xu and Fincke 2011 with
male mimics). Failure to verify and test these alternatives can
lead to inaccurate narratives and long-term misinterpreta-
tions (Kunte 2009; Kamath and Wesner 2020).

Here, we review hypotheses and outline a simple conceptual
framework for developing and distinguishing hypotheses for the
adaptive maintenance of phenotypic polymorphism (Figure 1).
We propose that a hypothesis for the maintenance of phenotypic
polymorphism should be described by two distinct dimensions:
(1) a type of maintenance selection—the selective process that
maintains multiple morphs within a population; and (2) a selec-
tive context—the aspect of the organism’s life history upon which
the maintenance selection acts (e.g., competition for food or for
mates—ecological and social context). Both factors are import-
ant for describing alternative hypotheses for the maintenance of
phenotypic polymorphism and should be thought of as separate
and independent dimensions of a hypothesis. Just as directional

selection can function under many contexts (e.g., ecological, so-
cial, sexual, or sexual conflict), so too can selection for polymor-
phisms, and defining this context is critical to understanding and
testing alternatives.

This framework pertains to explanations for how phenotypic poly-
morphisms are maintained rather than the evolutionary origins of
novel morphs or the developmental bases of such morphs. We do
not address the process by which discrete variants arise, nor how
they remain discrete through forces such as disruptive selection
(Kitano et al. 2025). Instead, we ask why multiple discrete morphs
are maintained rather than a single morph favored. Although we
see no particular reason why this framework should be limited to
animals, we mostly use examples from animal taxa. Our purpose
is not to assign cases of phenotypic polymorphism to rigid catego-
ries, but instead to define, refine, and clarify major ways in which
hypotheses for such polymorphism can be described. Ultimately,
our hope is to provide a process for generating testable hypothe-
ses during the study of a phenotypic polymorphism. We imagine a
scenario where researchers encounter a phenotypic polymorphism
in nature and wish to test alternative hypotheses for how it is main-
tained. As such, we provide concrete predictions that can be used to
test and distinguish these hypotheses in the field (Figure 1).
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FREQUENCY-DEPENDENT

FREQUENCY-INDEPENDENT

Basic Deceptive Alternative Heterogeneous Heterozygote
Rarity Mimicry Tactics Environment Advantage
Maintenance| | vompfness | T e TESSSSNOT| | TS S0 00 e e o
S . q v X frequency of . P sth by . P heterozygotes over
electlon frequency morph to alternative L restrict access to a are favored over different
mimic to model homozygotes
depends on: morphs resource contexts
ECOLOGICAL SOCIAL
Selective predation avoidance social dominance mating avoidance
access to food
Context prey detection avoidance mate attraction access to matings

Hypothesis for the adaptive maintenance of phenotypic polymorphism
A polymorphism persists through a type of maintenance selection
which acts on the organism through a selective context

FIGURE 1 | A simple method for developing hypotheses for the adaptive maintenance of phenotypic polymorphism. An adaptive hypothesis

should involve at least one type of maintenance selection (either frequency-dependent or frequency-independent) and at least one selective context

through which maintenance selection acts (ecological and/or social). Each type of maintenance selection is theoretically capable of maintaining a

polymorphism, but actual polymorphisms may involve multiple types of maintenance selection and selective contexts.

In the last section, we use our framework to categorize in-
stances of female-limited polymorphism, a class of phenotypic
polymorphisms with diverse and varied explanations (Svensson
et al. 2025). We highlight similarities and differences between
male- and female-limited polymorphism, and demonstrate that
female-limited polymorphism, much like female ornamenta-
tion, is driven by strong social competition for resources other
than mates. Both maintenance selection and selective context
have long been aspects of a vibrant discussion on polymor-
phism. Formalizing the distinction between these descriptive
dimensions helps to clarify similarities and differences in phe-
notypic polymorphism across animal taxa, allows for simple
construction of testable alternative hypotheses, and reveals the
many ways in which selection maintains phenotypic diversity.

2 | Why Two Dimensions?

To begin, we provide two examples of phenotypic polymorphism
in nature to demonstrate the development of alternative hypothe-
ses. We detail all categorizations in the following sections. In brief,
maintenance selection includes three types of negative frequency-
dependent selection—basic rarity, deceptive mimicry, or alterna-
tive tactics; or frequency-independent selection—heterogeneous
environments or heterozygote advantage. The selective context is
the aspect of an organism's natural history that is hypothesized to
be under maintenance selection. Each hypothesis describes poly-
morphisms as being maintained by one or more types of mainte-
nance selection, which act on the organism through one or more
selective contexts (Figure 1). Describing both dimensions clarifies
the testable predictions of each hypothesis and creates a frame-
work for easy comparison across taxa.

Inboth damselflies and hummingbirds, female-limited polymor-
phism 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 (heter-
ochromes or gynochromes) (Verhaar 1985; Askew 2004; Willink
et al. 2025). In this system, it may benefit females to avoid exces-
sive matings because copulation can take hours, unnecessarily
exposing them to predators and taking time from feeding and
laying eggs (Robertson 1985). Androchrome females might de-
ceive males by mimicking them, thereby evading male attention
more than heterochromes (Robertson 1985). The effectiveness
of this strategy, however, is dependent on androchrome females
being rare relative to males—as mimicry increases, its fitness
also decreases, perhaps resulting in a balanced polymorphism.
When developing a hypothesis, the type of maintenance selec-
tion (dimension 1, Figure 1) informs us of the relevant players
and dynamics between them, whereas the selective context (di-
mension 2, Figure 1) informs us of the life history stage or behav-
ior where we are likely to see these dynamics. Therefore, in this
hypothesis, deceptive mimicry is what maintains the polymor-
phism, 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 polymor-
phism makes it difficult for males to cue in on any particular
female morph (Miller and Fincke 1999; Fincke 2004). In this
case the type of maintenance selection would be basic rarity ad-
vantage rather than mimicry, but mating avoidance is still the
context. Between these two hypotheses, dimension 1 differs, but
dimension 2 remains the same. Although both of these mech-
anisms—deceptive mimicry and basic rarity—involve negative
frequency-dependence, the prediction of each hypothesis is dis-
tinct: 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 irrele-
vant, and it is the ratio between all female morphs that matters
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for the strength of selection and equilibrium frequencies of each
morph. We note also that under basic rarity, the similarity to
males is irrelevant to polymorphism maintenance, while under
deceptive mimicry, it is crucial.

Like damselflies, white-necked jacobins (Florisuga mellivora)
and some other hummingbird species can either be androchro-
mic or heterochromic (Diamant et al. 2021; Falk et al. 2021).
Rather than involving the context of mating avoidance, andro-
chrome female white-necked jacobins appear to be avoiding
aggression from other hummingbirds 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 the dimension 1 hypothesis in dam-
selflies, maintenance selection in these hummingbirds involves
deceptive mimicry of males, but here it is dimension 2, the selec-
tive context, that differs from that in damselflies. Mating avoid-
ance is the context for male mimicry in damselflies, whereas in
female hummingbirds, males are mimicked to avoid aggression
and to gain access to food resources. Thus, the type of mainte-
nance selection, deceptive mimicry, shares similarity to the first
damselfly hypothesis described above, but in white-necked jaco-
bins it is not clear that females benefit from mating avoidance.
Instead, it is the selective context that differs—appearing like a
male has demonstratable benefits to avoiding aggression at food
resources (Falk et al. 2021). Damselflies and hummingbirds
demonstrate how a framework that includes a type of mainte-
nance selection 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
dimension, maintenance selection and selective context.

3 | Two Descriptive Dimensions of Phenotypic
Polymorphism Maintenance

3.1 | Dimension 1: Maintenance Selection
and the Adaptive Persistence of Phenotypic
Polymorphism

Unlike directional selection that favors fixation of alleles and
phenotypes, balancing selection can favor the maintenance of
multiple alleles within a population and thus the coexistence of
multiple morphs. However, balancing selection is typically de-
fined as selection that maintains multiple alleles, without regard
to phenotype. As we discuss in Box 2, selection for the mainte-
nance of balanced polymorphisms does not necessarily require
balancing selection of multiple genetic alleles, and balancing
selection does not necessarily result in multiple phenotypes.
We use the term maintenance selection to specifically refer to
selection on phenotypes, regardless of the underlying genomic
architecture of the trait. There is overlap in the concepts of
maintenance and balancing selection because mechanisms that
select for multiple alleles can also select for multiple phenotypes.
Three types of balancing selection are generally recognized: (1)
negative frequency-dependence; (2) heterogeneous environ-
ments; and (3) heterozygote advantage (Hedrick 2007). These
types of selection can also be used to discuss selection on phe-
notypes and are therefore also forms of maintenance selection.
Most forms of negative frequency-dependent selection—when

the fitness benefit to a phenotypic morph decreases as its preva-
lence increases (Figure 2A)—fall under the distinct categories of:
(1) basic rarity, (2) deceptive mimicry, and (3) alternative tactics
(Figure 1). Our descriptions of these individual mechanisms are
not novel, but this delineation of negative frequency-dependent
selection simplifies and clarifies the important variables by
which each is governed, allowing for more targeted predictions
(Figure 1). The other two mechanisms of maintenance selection,
heterogeneous environments and heterozygote advantage, are
frequency-independent, meaning that the average fitness of a
phenotypic morph or genotype does not depend on its frequency
in the population. Our reference to frequency-independent and
frequency-dependent does not include frequency-dependence
of allelic “marginal” fitness (Ruzicka et al. 2025), nor the strict
usage associated with soft selection (sensu B. Wallace 1975). The
types of maintenance selection we describe can structure phe-
notypic dynamics even when morph expression is environmen-
tally induced and does not entail the maintenance of underlying
allelic polymorphism (except heterozygote advantage, which is
an explicitly genetic concept). In such cases, selection may op-
erate at the phenotypic level without constituting balancing se-
lection in the strict population-genetic sense (see Box 2 for more
discussion).

We emphasize these five categories of maintenance selection
as distinct because each is theoretically sufficient to maintain
a phenotypic polymorphism on its own, and each is associ-
ated with distinct, testable, predictions at the organismal level
(Figure 1). However, individual examples of phenotypic poly-
morphism need not fall neatly into a single category, and many
likely result from multiple mechanisms (see Section 3.1.4).

3.1.1 | Three Forms of Negative
Frequency-Dependent Selection

3.1.1.1 | BasicRarity. Selection may directlyfavorrare phe-
notypes (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 rarer morphs are favored. Basic rarity advantages typi-
cally emerge from biases in the behavior of interacting organ-
isms—either a preference or attraction for rare morphs or an
avoidance of common ones. For example, basic rarity advan-
tage may appear if predators develop search images for com-
mon 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 fit-
ness advantage of one morph over others rests on its relative fre-
quency to other morphs (Figure 2B). In other words, basic rarity
does not require any cost/benefit tradeoffs (Box 3) inherent to
any particular morph. 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.
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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. One example is depicted here,
but other fitness curves are possible so long as this condition is met. (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 swal-
lowtails (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) have male-limited polymorphism in horn size

that represents alternative tactics for accessing mating opportunities (Simmons and Emlen 2006). Illustrations by Liz Wahid.

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, non-hermaphroditic spe-
cies (Fisher 1930; Conover and Van Voorhees 1990). Individuals
that produce more of the rare sex will have increased fitness.
Importantly, 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 result-
ing in balanced offspring ratios of these two morphs (Hedrick
et al. 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 is likely due
to increased predation from crows on more common morphs
(Madsen et al. 2022).

3.1.1.2 | 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)
(Figure 2C). The effectiveness of mimicry decreases as the rel-
ative frequency of mimics to models increases (i.e., negative
frequency-dependence), potentially leading to a balanced poly-
morphism. 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 appear-
ance (Bates 1862; Fisher 1930). However, similar principles
may apply in other scenarios when one class of individuals
deceptively mimics another, such as when one species mimics
a socially dominant species to gain access to food resources
(Rainey and Grether 2007; Prum 2014; Miller et al. 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 et al. 2022; Falk et al. 2025).

All types of negative frequency-dependent selection favor rar-
ity, but deceptive mimicry differs in a critical point: 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
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BOX3 | The Role of Trade-Offs in the Maintenance of Polymorphisms.

Different phenotypes often vary in their costs and benefits, creating tradeoffs. The role of tradeoffs in polymorphisms mainte-
nance, however, must be considered carefully. Without a type of maintenance selection, net costs and benefits of each morph will
almost always be non-zero, favoring one rather than multiple phenotypes. When tradeoffs (sometimes referred to sexual, niche,
or life history “antagonisms”) are invoked, another type of maintenance selection that interacts with these costs and benefits is
typically necessary. For example, tradeoffs often inherently imply a heterogeneous environment or fluctuating conditions, such
that neither morph is consistently at an advantage over others (Levene 1953). In these cases, it is the heterogeneous environment's
interaction with the tradeoff that leads to maintenance, not the tradeoff alone.

Tradeoffs can also play important roles in other forms of maintenance selection. For example, in a game-theoretic model of male
mimicry by females in white-necked jacobin hummingbirds, females gain a feeding advantage by mimicking males, but incur a
cost when nesting due to their ornamented plumage which draws attention from predators (Falk et al. 2025). The cost of nesting
with ornamented plumage is a critical component that dictates the likelihood of mimicry to occur, but it is constant regardless of
morph frequencies. Therefore, while this tradeoff plays an important role, it is the negative frequency-dependence of the mimicry
strategy that ultimately drives polymorphism maintenance, not the cost of ornamentation at the nest.

Intralocus sexual conflict, or sexual antagonism, is a type of tradeoff where a morph-associated trait can be beneficial to one sex
but not the other, preventing the trait from loss or fixation (Rice 1992; Connallon and Clark 2014). Such sexually antagonistic
selection is conceptually and mathematically similar to selection across heterogeneous environments, as the fitness consequence
of a trait depends on the genomic environment, in this case the sex, of the organism expressing it (Kasimatis et al. 2017). This
includes genetic interactions, but also differences in natural history and in the factors that increase and decrease male versus
female lifetime fitness. One example of sexual antagonism is in the ruffs, where the allele that leads to the female-similar “faeder”
morph has a deleterious effect when carried by females, but male carriers of the faeder morph tend to have higher fertilization
success (Giraldo-Deck et al. 2022). Antagonistic pleiotropy, in which there is a life-stage tradeoff, has also been hypothesized as
a mechanism of balancing selection, but requires heterozygote advantage in order to balance a polymorphism, a condition not
required by sexually antagonistic selection (Hedrick 1999; Ruzicka et al. 2025).

Overall, trade-offs play a central role in shaping the fitness landscape of polymorphic traits (but are also not required for mainte-
nance selection to occur, see section on Basic Rarity). They rarely act in isolation, but rather interact with environmental, genetic,
or frequency-dependent mechanisms to stabilize polymorphisms. Though differential costs and benefits across morphs, trade-

offs influence the conditions under which maintenance selection can operate, but it is unlikely that they can act alone.

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 with the model, and the cost
of mistaking a model for a mimic or vice versa (Fisher 1930;
Pfennig et al. 2001).

Deceptive mimicry has been experimentally modeled, such as
Brower's (1960) classic demonstration using the European starling
(Sturnusvulgaris) as a predator and mealworms as either palatable
or unpalatable prey (dipped in quinine). When mimic frequency
was low almost all mimics survived, but as their frequency rose
their survival rate decreased. In non-venomous turtle-headed sea
snakes (Emydocephalus annulatus), banded individuals mimic sev-
eral 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).

3.1.1.3 | Alternative Tactics. Alternative reproductive
tactics are discrete reproductive behaviors or phenotypes that
occur within a sex (Gross 1996; Oliveira et al. 2008; Kustra
and Alonzo 2025). Here, we use the generalized term “alternative

tactics” to broaden context beyond within-sex tactics to include
non-reproductive tactics that may or may not be restricted to a
single sex. In the case of a phenotypic polymorphism, 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. Morphological associations with
behavioral tactics may facilitate these differences in behavior,
such as enlarged weaponry in monopolizing morphs or color sig-
nals that display behavioral type (Figure 2D).

The stability and negative frequency-dependence of alter-
native tactics have been explored extensively (reviewed in
Shuster 2010). In short, high frequencies of the monopolizing
tactic create conditions in which some individuals exclude other
individuals from access to a critical resource or social interac-
tion like matings or food. Alternative tactics that do not engage
in the monopolizing tactic are successful at low frequency, but
as their numbers increase, their average success decreases. A
phenotypic polymorphism that results from this dynamic is a
type of Evolutionary Stable Strategy (i.e., ESS, Smith 1982).
The resulting stable frequencies of each morph that are main-
tained 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 tac-
tics in competing against the monopolizing morph (Shuster and
Wade 2003; Shuster 2010).
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A classic example of alternative tactics is the three alternative
morphs of marine isopods (Paracerceis sculpta). Females asso-
ciate and live inside sponges, and a-males compete for exclusive
access to these female aggregations. Female-resembling 3-males
and small y-males use non-exclusionary behaviors to access fe-
males that are guarded by a-males (Shuster 1992). As aggrega-
tions increase in size, 3- and y-males are able to escape detection
by a-males and mate more often, resulting in equal lifetime fit-
ness of each male morph (Shuster and Wade 1991).

3.1.2 | Two Forms of Frequency-Independent Selection

3.1.2.1 | Heterogeneous Environments. Fluctuating
conditions over space, time, or other contexts (see Box 3) may
favor the existence of multiple morphs through specializa-
tion for certain conditions (Hedrick et al. 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 (e.g., pre-
dation pressure) or abiotic (e.g., climatic variation) and include
changes in population density of conspecifics. Under hetero-
geneous environments, the frequency of morphs depends on
the frequency of differing habitats, contexts, or conditions,
and each morph's degree of specialization to their respective
environment.

For example, an annual-perennial polymorphism is widely distrib-
uted across the yellow monkey flower (Mimulus guttatus) range
and contributes to local adaptation to dry versus wet environments
despite gene flow (Twyford and Friedman 2015). In Asian burying
beetles (Nicrophorus negalensis), a behavioral polymorphism in
which beetles either breed year-round or seasonally is maintained
by temperature-related variation in interspecific competition for
resources (Tsai et al. 2020). At high elevation where conditions
are cooler and blowflies are generally less abundant, beetles breed
year-round, whereas at low elevation where conditions are warmer,
beetles only breed in winter when blowflies are less abundant.
Colias butterflies are another curious example, where females are
either alba (white) or yellow, and alba females have substantially
higher body fat, allowing for larger eggs (Graham et al. 1980). One
study has shown that alba morphs may be harassed by heterospe-
cific male pierine butterflies when their densities are high, and it is
variation in pierine density across their range that may prevent fix-
ation of either morph (Nielsen and Watt 2000). Here it is the biotic
environment created by heterospecifics that fluctuates over time.
Lastly, we note that sexual antagonisms (and other such trade-offs
or “antagonisms”) are conceptually and mathematically similar to
heterogeneous environments, and can also contribute to mainte-
nance selection, which we discuss in Box 3.

Polymorphisms induced through phenotypic plasticity during
development in heterogeneous environments are numerous
(Nijhout 2003; West-Eberhard 2003a). 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 and
Holomuzki 1984). The morph is plastically induced through in-
creased tactile stimulation from conspecifics when densities are
high (Hoffman and Pfennig 1999). We note that in these plastic

polymorphisms, the environmental triggers that cause different
morphs in the proximate sense may or may not be the same se-
lective context that leads to adaptive maintenance of the morphs
(Moran 1992).

3.1.2.2 | Heterozygote Advantage. A heritable polymor-
phism can be maintained when there is genetic overdominance
(also referred to as heterozygote advantage). In overdominance,
individual fitness is higher for heterozygotes compared to homo-
zygotes 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 homozy-
gotes (Fisher 1923).

Although heterozygote advantage is a common aspect of phe-
notypic polymorphisms, there are few examples in which it
unambiguously maintains a phenotypic polymorphism with
no influence from other balancing mechanisms. For example,
overdominance and disassortative mating (see above, Basic
Rarity) are often found together because overdominance cre-
ates conditions that favor the evolution of disassortative mating
through reduced fitness of homotypic matings. In one example
of overdominance that does not apparently involve disassorta-
tive mating, Neotropical tortoise beetles (Chelymorpha alter-
nans) are polymorphic with five different color morphs related
to variation at a single gene (Strickland et al. 2019). Captive bee-
tles mate randomly, but clutch hatching and pupal eclosion rates
were both lower between parents of the same morph (Strickland
et al. 2021). Heterozygote advantage may play a role in main-
taining this polymorphism, but the reason for reduced survival
rates is currently unknown.

3.1.3 | Non-Adaptive Null

An alternative to these adaptive hypotheses is that the pheno-
typic polymorphism is not actively maintained by selection,
but instead by factors such as mutation-selection balance or
relaxed selection (Kimura 1979). While possible, a neutral or
non-adaptive polymorphism should be unstable in the pres-
ence of drift. Some studies explicitly examine morph fre-
quencies 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 is 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).

3.1.4 | Multiple Truths: The Rule Rather Than
the Exception

The five types of maintenance selection that we describe
above are, under the appropriate conditions, capable of main-
taining a phenotypic polymorphism on their own. However,
evidence for multiple types of maintenance selection acting
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on the same polymorphism is common (see Table 1), and mul-
tiple interacting mechanisms may be the rule rather than the
exception (Jones et al. 1977). The white-throated sparrow is
a prime example. This species is polymorphic (Lowther 1961)
due to a large chromosomal inversion (Huynh et al. 2011),
exhibiting either a white-stripe or tan-stripe morph that are
distinct in color and behavior (Watt et al. 1984). Nesting pairs
and matings occur almost entirely between males and females
from opposite morphs with same-type pairings suffering re-
duced fitness, demonstrating strong disassortative mating
and therefore basic rarity advantage, along with heterozygote
advantage (Tuttle et 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 hetero-
zygote advantage—both frequency-dependent and frequency-
independent forms of maintenance selection—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 mechanisms may be acting on the dif-
ferent morphs through the context of intrasexual competition
for access to mates (Hurtado-Gonzales and Uy 2009, 2010;
Hurtado-Gonzales et al. 2010).

If each type of maintenance selection can maintain phenotypic
polymorphism independently, it is curious that so many poly-
morphisms 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). In addition, we noted above that heterozygote ad-
vantage is frequency-independent but creates conditions for the
evolution of disassortative mating, a form of frequency-dependent
selection. Perhaps the combination of both frequency-dependent
and frequency-independent forms of maintenance selection can
result in highly stable polymorphism. Alternatively, frequency-
independent types of maintenance selection may directly lead
to frequency-dependent forms, or vice versa, as with overdomi-
nance and disassortative mating. Does one form of maintenance
selection predispose the other? Does the strength of maintenance
selection increase additively when multiple types are involved?
Ultimately, studying interactions may be key to understanding
why some phenotypic polymorphisms persist while others do not.

3.2 | Dimension 2: Selective Context: Ecological
and Social Selection

Selection acts through the fitness of individuals, but fitness it-
self is multifaceted and the various processes by which natural
selection occurs are numerous. Therefore, while dimension
1 describes the mechanism of trait maintenance, dimension
2 completes the hypothesis by describing the natural history
context by which maintenance selection acts. Recall in our ini-
tial example comparing female polymorphism in damselflies
and hummingbirds: both 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 mim-
icry, whereas in hummingbirds, males are mimicked to avoid
aggression and to gain access to food resources. In another
comparison, damselfly and white-throated sparrow polymor-
phisms, basic rarity may both play a role. However, the selec-
tive context is mate avoidance in damselflies, whereas it is
mate attraction in white-throated sparrows. To be clear, selec-
tive context is not in itself necessary to maintain polymorphic
variation—this arises from maintenance selection. However,
when testing alternative hypotheses for the maintenance of
phenotypic polymorphism, the selective context is essential
because it informs which aspect of an organism's fitness one
should be observing in order to distinguish hypotheses. In
other words, dimension 1 describes a process that maintains
variation, whereas dimension 2 describes the aspect of fitness
that is being balanced.

Although dimension 1 can be divided into a discrete number of
forms, this is not so easily done with dimension 2. How can hy-
potheses therefore 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 dis-
tinction is powerful for explaining conspicuously ornamented or
exaggerated traits (Andersson 1994; Hare and 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 competi-
tion for mates (e.g., monogamous species) (West-Eberhard 1983;
Lyon and Montgomerie 2012).

The social selection framework offers a broader and more in-
clusive structuring of the modes of natural selection than
Darwin's natural versus sexual selection framework (West-
Eberhard 1983; Lyon and Montgomerie 2012). Social selection
is distinct from ecological selection, the latter of which derives
from abiotic factors, prey capture ability, and interspecific in-
teractions 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 therefore subsumed within the social
selection framework. However, any type of competition induced
by an individual's social environment may produce similar pat-
terns 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 and Montgomerie 2012;
Tobias et al. 2012). Competition in this sense broadly encom-
passes 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 and 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 clear 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
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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 (but see Sinervo et al. 2001). We
argue, however, that pairing social selection with maintenance
selection creates a simple structure by which hypotheses for
seemingly disparate types of polymorphism can be linked.
Most discussion of phenotypic polymorphism focuses primar-
ily 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
maintenance selection can work to maintain polymorphism,
such as mating avoidance (Fincke 2004) and access to food
(Falk et al. 2022).

4 | The Puzzle of Female-Limited Polymorphism

We demonstrate the utility of this framework by considering
female-limited polymorphisms, where females are polymor-
phic but males are not. Cases of female-limited polymorphism
are sometimes considered less numerous than those in males
(Oliveira et al. 2008), and occasionally are left out of discus-
sions of sex-limited polymorphism altogether (Gross 1996),
yet female-limited polymorphisms can be common in at least
some taxa (Mank 2022). Sexual conflict and mating avoid-
ance have been proposed as a possible context for the evolu-
tion of female-limited polymorphism (Alonzo 2008; Svensson
et al. 2009, 2025), but alternative explanations abound across
taxa (e.g., Kunte 2009; Ajuria Ibarra et al. 2019; Diamant
et al. 2021). 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; Svensson et al. 2025), and whether both
female- and male-limited polymorphisms can be discussed
under the same conceptual framework.

We surveyed existing hypotheses for the maintenance of female-
limited polymorphisms by identifying the type of maintenance
selection and the selective context (Table 1). In species where
both females and males are polymorphic, we only considered
cases where the polymorphism is different in males versus fe-
males (e.g., color versus size, or two versus three color morphs).
Our focus was on phenotypic variation, and we did not include
purely cellular, molecular, or entirely behavioral variants (see
Wang et 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 obvi-
ate 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 neces-
sary for finding generalities, commonalities, and distinctions
between different types of phenotypic polymorphism that exist
in nature.

4.1 | 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 un-
derly female-limited polymorphism, but that many other types
of selection can play a role (Svensson et al. 2009, 2025; Lee
et al. 2019). Our findings support this observation while also
providing a broad explanatory scope that includes various forms
of social selection, including mating avoidance and dominance
competition. Not every case of female-limited polymorphism,
however, 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 polymor-
phism in females, reviews of male-limited polymorphism have
indicated a strong association with intrasexual competition for
mates (Gross 1996; Taborsky 2008). Therefore, most sex-limited
polymorphisms, including both male- and female-limited poly-
morphism, fall under the broader category of social competition
(i.e., social selection), with male-limited polymorphism primar-
ily found more narrowly under social competition for mates (i.e.,
sexual selection). Competition for mates, however, has not been
identified as an explanation for female-limited polymorphism
so far.

Why exactly are sex-limited polymorphisms “limited” to a sin-
gle sex? The answer may be informed in part by our hypothesis
that strong social selection is a major factor in the evolution of
sex-limited polymorphism. Polymorphisms may be found in one
sex because maintenance selection outweighs directional selec-
tion in one but not the other sex. For example, both males and
females could in principle benefit from mimicry of another toxic
species, but males might be under stronger directional sexual
selection to have a non-mimic phenotype, leading to female-
limited polymorphism. Another possibility is that a causative
allele is located on a sex-specific chromosome like the W or Y.
As convenient as this might be for explaining sex-limited traits,
where associated genes have been identified they are almost
always found on autosomes or on shared sex chromosomes
(Svensson et al. 2025, but see Merondun et al. 2024), giving
more credence to a hypothesis involving differential selection
pressures on the sexes.

Another explanation that derives from the social selection frame-
work is that competition between members of the same sex can
reach very high and consistent levels over generations (West-
Eberhard 1983; Andersson 1994; Kokko and Jennions 2008;
Cain and Rosvall 2014). Furthermore, especially strong social
competition for mating opportunities is often found in males
due to higher operational sex ratios and steeper Bateman gra-
dients (Jennions and Kokko 2010). This may explain why male-
limited polymorphism is more common than female-limited
polymorphism (Shuster and 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
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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 exagger-
ated traits (West-Eberhard 1983; Tobias et al. 2012). We propose
that a similar dynamic is at play in phenotypic polymorphisms:
female-limited polymorphisms are often maintained through
strong social competition to increase fecundity and offspring
survival, whereas male-limited polymorphism is typically
maintained through competition for access to mates. Additional
testing of multiple hypotheses is necessary to confirm this hy-
pothesis, especially because non-mating contexts are rarely
tested or considered in male-limited polymorphisms.

Another pattern revealed in our mapping is that few exam-
ples of female-limited polymorphism are categorized as being
maintained entirely through frequency-independent selection.
Fluctuating social environments has been proposed for butter-
flies (Kunte 2009) and has support in at least one case in lizards,
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 entirely frequency-
independent 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 evo-
lution of sex-limited polymorphism, then sex-limited polymor-
phism should go hand-in-hand with the most socially relevant
types of maintenance selection. Indeed, strong sexual selection
has long been considered an evolutionary driver of polymor-
phism 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.

5 | Future Questions

In addition to providing a simple method for developing alter-
native 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 ques-
tions for further consideration.

First, how does the genetic mechanism of production of poly-
morphism influence the mechanisms of maintenance selection
at play? Although we have focused on the adaptive maintenance
of phenotypic polymorphisms, there is renewed interest in their
molecular basis (Mank 2022; Kitano et al. 2025; Wellenreuther
et al. 2025). For example, a number of recent studies have iden-
tified large inversion mutations as the genetic basis of several
female-limited polymorphisms (Kunte et al. 2014; Nishikawa
et al. 2015; Willink et al. 2024; VanKuren et al. 2025), male-
limited polymorphisms (Kiipper et al. 2015; Dodge et al. 2024;
Loveland et al. 2025), and in species-wide polymorphisms
(Huynh et al. 2011; Sanchez-Donoso et al. 2022; Kollar
et al. 2025; Wellenreuther et al. 2025). In addition, other struc-
tural variants that are also associated with areas of reduced re-
combination, including copy number variants and transposable
elements have been implicated (Willink et al. 2024; van der Bijl
et al. 2025). By preventing recombination, structural variants

likely create conditions for the evolution and maintenance of
discrete phenotypic variation (polymorphisms) rather than con-
tinuous variation. Structural variants, however, do not always
lead to balanced polymorphisms, and balanced polymorphisms
do not necessarily require the prevention of recombination. It
will be interesting to explore whether there are specific types of
structural variants that are more likely to lead to maintenance
selection, whether there are specific aspects that can predict the
mechanism of maintenance selection, or whether selection is
frequency-dependent or frequency-independent. In other words,
are particular types of genetic changes more or less likely to lead
to balanced polymorphism than others?

Second, how are polymorphisms that derive from cooperative
interactions related to those derived from competitive inter-
actions? We have focused primarily on phenotypic polymor-
phisms related to competition in males and females. Although
we have ignored polymorphism in eusocial animals that may
derive primarily through cooperation rather than through com-
petition, others have noted the similarities between models of
alternative tactics and cooperative breeding strategies where
some individuals may focus on direct reproduction, while oth-
ers forgo breeding and help their parents or siblings to breed
(Koenig and Dickinson 2008). In addition, theoretical and em-
pirical work suggests that morphs of alternative tactics contain
elements of cooperation and competition (Hugie and Lank 1997;
Watters 2005; Taborsky 2008; Tolliver et al. 2023). These ideas
suggest an intriguing possibility that perhaps the evolution of
castes in highly social insects could be unified under a common
framework with alternative tactics.

6 | Conclusion

By taking a broad view of phenotypic polymorphism, we find that
both the type of maintenance selection and the context through
which selection acts are two important dimensions of descrip-
tion for developing hypotheses to explain the adaptive mainte-
nance of phenotypic polymorphism. By mapping instances of
female-limited polymorphism to this framework and explicitly
considering the role of social selection, we show that although ex-
planations are diverse, most proposed and supported hypotheses
are associated with social competition and interaction. Ultimately,
our framework aids in identifying similarities between seemingly
disparate taxa, allows researchers to identify understudied topics
regarding polymorphism, and clarifies distinctions between hy-
potheses to better understand the numerous and complex pheno-
typic polymorphisms found across animal taxa.
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