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Synopsis  In her influential book “Developmental Plasticity and Evolution,” Mary Jane West-Eberhard introduced the concept

of cross-sexual transfer, where traits expressed in one sex in an ancestral species become expressed in the other sex. Despite its
potential ubiquity, we find that cross-sexual transfer has been under-studied and under-cited in the literature, with only a few
experimental papers that have invoked the concept. Here, we aim to reintroduce cross-sexual transfer as a powerful framework
for explaining sex variation and highlight its relevance in current studies on the evolution of sexual heteromorphism (different
means or modes in trait values between the sexes). We discuss several exemplary studies of cross-sexual transfer that have
been published in the past two decades, further building on West-Eberhard’s extensive review. We emphasize two scenarios as
potential avenues of study, within-sex polymorphic and sex-role reversed species, and discuss the evolutionary and adaptive
implications. Lastly, we propose future questions to expand our understanding of cross-sexual transfer, from nonhormonal
mechanisms to the identification of broad taxonomic patterns. As evolutionary biologists increasingly recognize the nonbinary
and often continuous nature of sexual heteromorphism, the cross-sexual framework has important utility for generating novel

insights and perspectives on the evolution of sexual phenotypes across diverse taxa.

Glossary

Cross-sexual transfer—process by which one sex ac-
quires the trait values found in the other sex of a sex-
ually heteromorphic ancestral species.

Sex variation—trait value distributions of a given
phenotype for each sex.

Sexual heteromorphism—sex difference in the
mean(s) and/or mode(s) of a trait value.

Sexual mosaicism—the concept that sexes are of-
ten heteromorphic for multiple phenotypes, but that
within any given individual, each of these phenotypic
traits can lie at different points of their respective pop-
ulation distributions.

Sex-specific polymorphism—discrete trait variation
that is only found in one sex.

Sex-role reversal—a natural history where females
are limited by access to male mates leading to stronger
sexual selection in females.

Advance Access publication May 5, 2023

Introduction

In 2003, Mary Jane West-Eberhard published her influ-
ential book “Developmental Plasticity and Evolution”
(West-Eberhard 2003) that has since generated numer-
ous discussions and thousands of citations in multiple
fields across biology. A major theme of the book was
the idea that associated traits can be reshuffled to gen-
erate novel trait combinations. In some cases, this can
involve traits associated with sexual phenotypes. This
was the subject of a book chapter, Cross-sexual Trans-
fer. She defined cross-sexual transfer (See Glossary) as
when “discrete traits that are expressed exclusively in
one sex in an ancestral species appear in the opposite
sex of descendants.” At its basis, cross-sexual transfer is
a hypothesis about trait origins, offering a potential evo-
lutionary and developmental process by which traits be-
come expressed in one or both sexes. In the opening of
the chapter, West-Eberhard observed that the develop-
ment of both primary and secondary sexually hetero-
morphic traits (i.e., different means or modes in trait
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values between the sexes) involve sex-specific regula-
tory mechanisms that often act differently on shared
primordial structures. This developmental plasticity
suggests that minor or no genomic changes may be
necessary to achieve cross-sexual transfer, indicating
that such a process could occur frequently. Cross-sexual
transfer offers a description of how sex variation is
generated within populations and is also a hypothe-
sis for how phenotypic shifts can occur through small
changes to regulatory processes over short evolutionary
timescales. Given the prevalence of sexual heteromor-
phisms and variation across and within populations,
species, and even larger taxonomic groups, cross-sexual
transfer has likely occurred numerous times over evolu-
tionary history.

As an illustration, one example West-Eberhard dis-
cussed in detail was the evolution of the pseudopenis in
female spotted hyenas (Crocuta crocuta). Females of this
species have enlarged phalluses that are nearly indistin-
guishable in the field from those of males (Kruuk 1973;
Hamilton et al. 1986). Both sexes are capable of produc-
ing erections and use this as a frequent social display
(Glickman et al. 2006). However, as with the vast ma-
jority of mammals, other hyena species are sexually het-
eromorphic with larger phalluses in males and smaller
clitorises in females (Glickman et al. 2006). Thus, the
monomorphy of spotted hyena phalluses must have
been derived from a heteromorphic ancestor, pointing
to the possibility that a cross-sexual transfer occurred
from a former male-specific trait, to one that is now
found in both sexes (West-Eberhard 2003). Did the fe-
male phallus evolve by cooping regulatory mechanisms
from males, or did it evolve entirely independently? De-
velopmental observations have shown that both female
and male phalluses are derived from the same primor-
dial structure (West-Eberhard 2003; Cunha et al. 2014),
lending strong evidence to a hypothesis that at least
some aspect of the regulatory mechanisms that pro-
duce larger phalluses has been transferred from sperm-
producing individuals to all individuals of the species.

While this example pertains to a trait that is directly
related to sexual reproduction, cross-sexual transfer
can be applied to a variety of discrete and continuous
traits, including color, size, physiology, and behavior.
In fact, in addition to its utility as a hypothesis, cross-
sexual transfer offers researchers an important frame-
work for considering the evolution of variation between
and within the sexes. There has been a recent and grow-
ing acknowledgment that sex itself is best understood as
a nonbinary, multimodal, and multivariate type of di-
versity (Mank 2022; Richardson 2022; McLaughlin et
al. 2023-This issue). We suggest that the cross-sexual
transfer framework centers this perspective of sexual
phenotypes while incorporating a critical pathway to
understanding these traits as dynamic and evolvable.
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Indeed, West-Eberhard repeatedly invoked a concept of
sex mosaicism throughout her chapter. In one particu-
lar instance, her perspective lends itself even further to
the nonbinary nature of sexes:

Because the sexual phenotype of any species is a mosaic of sub-
units, there are many kinds of “intersexes” that amount to continu-
ous variation... One evolutionary consequence of this is that many
degrees of change are possible, from partial sex transformation, in-
volving a single small trait, to complete role reversals with extensive
morphological change. —West-Eberhard (2003)

By viewing sexes as groupings of correlated traits, it
is only logical that every individual in a population is
likely to be in some way a form of “intersex” because ev-
ery individual likely contains traits that are more com-
monly found in the other sex. Cross-sexual transfer may
be more overtly noticeable, or perhaps clearly adapt-
able in some species (Box 1). However, the cross-sexual
transfer process may be a near-ubiquitous phenomena
occurring to some degree in all individuals. We believe
both of these possibilities should be considered end
points of a spectrum of cross-sexual possibilities and
cite examples of such throughout the proceeding sec-
tions.

Box 1 The adaptivity of cross-sexual transfer

In this manuscript, we discuss how traits that have
undergone cross-sexual transfer may be adaptive and
how cross-sexual transfer may affect a population’s
adaptive potential. Cross-sexual transfer, however, is a
process that causes variation in trait values within and
across sexes in a population. While selection can act
on traits produced by cross-sexual transfer, the frame-
work makes no claims about adaptation. As with all
traits, care should be taken when invoking adaptive
explanations for trait values produced by cross-sexual
transfer without investigating relative fitness, corre-
lated traits, and other evolutionary mechanisms (e.g.,
genetic drift).

As the concepts of sexual trait-value continua and sex
diversity continue to be studied and become more in-
cluded in research on sexual heteromorphism, we urge
biologists to revisit cross-sexual transfer as a framework
for understanding sex variation. Despite its clear util-
ity for research within and among species, we argue
that cross-sexual transfer is under-utilized in empiri-
cal studies today. As we show in this paper, fascinat-
ing examples of cross-sexual transfer are currently be-
ing published, but do not invoke cross-sexual transfer
in their discussions. This inhibits a unified discourse
and prevents us from discerning the wider impact of
cross-sexual transfer. Further, framing evolutionary and
comparative questions through a cross-sexual trans-
fer lens would encourage researchers to consider the
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multivariate and multimodal nature of sex (McLaughlin
et al. 2023) from a dynamic evolving perspective. The
goal of this review is to reintroduce the concept to
the scientific community, provide current examples to
highlight the concepts and utility of the cross-sexual
transfer framework, and propose future directions.

Though we attempted to gather many examples pub-
lished since West-Eberhard’s publication in 2003, this
should not be considered a completely exhaustive re-
view. We are limited by space to provide the exten-
sive detail of the Cross-Sexual Transfer chapter and we
strongly recommend readers refer to the original source
after reading here.

Historic and current use of cross-sexual
transfer

Given the potential ubiquity of cross-sexual transfers,
we began by investigating the number of mentions
of the terms “cross-sexual transfer” and “cross sexual
transfer” using two search databases: Google Scholar
and SCOPUS. We did not limit the years or types of pub-
lications in our search in an effort to capture the full use
of the term, but no mention of the term appeared prior
to West-Eberhard’s publication in either database. In all,
Google Scholar reported 27 publications and SCOPUS
just 5 with complete overlap in findings (Supplementary
Table S1). While there are some excellent perspectives
and reviews that engage in the concept of cross-sexual
transfer (Ketterson 2007; Bonduriansky 2011; Westrick
et al. 2022; Anderson and Renn 2023), we found just
eight experimental papers that invoke the concept any-
where in the paper and only six that offer it as an
explanation for the observed pattern. Only one paper
specifically sought to test evidence of cross-sexual trans-
fer (Staub 2021), while another provides and acknowl-
edges the evidence it found is in line with cross-sexual
transfer (Reinhardt et al. 2007). As we have discussed,
there are several reasons why this type of evolutionary
shift should be relatively common, making the limited
discourse on the topic an indication that cross-sexual
transfer as a concept needs to be more widely consid-
ered in the scientific community. Despite our finding
that mentions of cross-sexual transfer is uncommon, we
found numerous examples of studies that provide evi-
dence for this exact process but do not invoke the term.
While the term itself is not necessary for good research,
using and mentioning the cross-sexual framework pro-
vides a common ground for discussing a phenomenon
that integrates a plethora of biological fields, including
development, evolution, genetics, endocrinology, phys-
iology, and more. To encourage more empirical and the-
oretical application, we next detail what types of ob-
servations lend support to the cross-sexual transfer hy-
pothesis.

Understanding the evidence

Multiple types of evidence support the possibility of
cross-sexual transfer (Box 2). The evolutionary process
of cross-sexual transfer begins with sexual heteromor-
phism (i.e., distinct means or modes in trait values be-
tween the sexes) and ends with one sex secondarily ac-
quiring one or more trait values of the other sex. The
sex that originally bore the trait value may maintain
its original trait values (secondary monomorphism) or
evolve its own new trait value distribution (heteromor-
phic shift). This process may occur over individual or
generational timescales and does not presume specific
mechanisms or selective pressures mediating the trans-
fer. Sexes can diverge either by increasing the distance
between modes of variation in traits, or by evolving a
myriad of new specializations unique to one sex. Even
when sexes are highly heteromorphic, the transfer of
traits across sexes may be activated through regulatory
mechanisms rather than the evolution of traits de novo
(Ketterson 2007; Westrick et al. 2022; Anderson and
Renn 2023).

Box 2  Evidence for cross-sexual transfer: Sug-
gested indicators of putative cross-sexual transfer
taken from West-Eberhard (2003)

(1) Trait comprised of characteristics more typical of
the other sex in the same or related species.

(2) Trait present in a subset of one sex that resembles
the other sex in a heteromorphic species.

(3) Trait present in both sexes but phylogenetic in-
formation suggests heteromorphic ancestor (sec-
ondary monomorphism).

(4) Trait value in the secondary sex is not fully equal
to the ancestrally bearing sex, but is closer to the
trait value of the ancestrally bearing sex than other
members of the secondary sex within the popula-
tion or across species.

(5) Trait has maladaptive features in one sex, the sec-
ondary sex, due to interference with typical func-
tions of that sex, but not the other, ancestral sex.

(6) Hormone manipulations (involving hormones
with high circulating levels in the ancestral sex)
indicate trait can be induced in the other, sec-
ondary sex.

(7) Lack of evidence of alternative explanations:

(a) primary monomorphism;

(b) convergence;

(c) deletion and regression of heteromorphic
traits;

(d) sex-expression pathologies via parasites.

Since cross-sexual transfer uses sexual heteromor-
phism as its starting point, we will not discuss the
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Fig. | White-Shouldered Fairywren, M. alboscapulatus, as an example of cross-sexual transfer. Phylogeny of the four M. alboscapulatus
subpopulations and the sister species M. melanocephalus (female has brown shoulder). All subpopulations except for M. a. lorentzi, the
ancestral lineage, have females with white shoulders. Circulating testosterone levels in wild female M. a. moretoni (white shoulder) are
higher than in wild female M. a. lorentzi (brown shoulder). Testosterone implants induce white shoulder phenotype in M. a. lorentzi females.
Data for the figure were taken from Enbody et al. (2018) and Enbody et al. (2022). lllustrations by Hilary Burn © Lynx Edicions.

evolutionary origin of sex-biased regulation here (but
see Anderson and Renn 2023). However, because the
hypothesis pertains to traits “originating” in one sex,
cross-sexual transfer cannot be discussed without phy-
logenetic context. Indeed, phylogenetic or population
patterns of sexual heteromorphism offer three types of
evidence in support of cross-sexual transfer (Box 2).
The fourth and fifth types of evidence are perhaps less
reliable because they assume there may be a slight dif-
ference in either trait expression or adaptivity in the
ancestral versus derived trait-bearing sex, neither of
which are necessarily true (see also Box 2). The sixth
kind of evidence focuses on the signal that triggers sex-
biased expression, in this case, hormonal regulation.
This concept of sex-biased signal and cooption by the
other sex has received further attention in other reviews
(Ketterson 2007; Westrick et al. 2022; Anderson and
Renn 2023), but here we interpret this to mean some
regulatory pattern (hormonal or otherwise) can be ac-
cessed by the secondary sex to produce the same trait.
As a case study, we implement this framework in
the White-Shouldered Fairywren (Malurus alboscapu-
latus, Fig. 1), where multiple types of evidence for cross-
sexual transfer can be found. Across all populations,
males have a white epaulet on their shoulders, but fe-
males only have this ornamental trait in certain pop-
ulations (Box 2, evidence type 1). Further, while the
white epaulet is substantial on females that bear it, col-
oration is not as complete as found in males (Box 2,
evidence type 4). The white epaulet can be induced
with testosterone in females that naturally lack the trait

and females that bear the trait have higher circulating
testosterone than those females that do not (Enbody
et al. 2018; Box 2, evidence type 6). Lastly, and cru-
cially, the ancestral population was determined to be
those without trait-bearing females (Box 2, evidence
type 3) and females in the sister species, Red-Backed
Fairywren, also lack these white epaulets (Enbody et
al. 2022), thereby resolving the evolutionary history of
the trait. Taken together, the evidence points to a cross-
sexual transfer with the gain of the epaulet by females
via developmental regulation from testosterone that was
initially male biased.

Another interesting phenomenon to investigate us-
ing the cross-sexual transfer framework is male nip-
ples and lactation in mammals. In mammals, nipples
are part of the lactation/nursing phenotype and are typ-
ically expressed in both sexes but are only functional in
females (Box 2, evidence types 2 and 3). Gould (1993)
suggested nipples bear little fitness cost to males and
the developmental programming to generate them is
shared between the sexes. Nipples are likely an ances-
tral or primary monomorphism, evidenced by the ma-
jority of male mammals in possession of nipples; thus
nipples are not gained in males via cross-sexual trans-
fer, but rather they have not been fully lost. However,
without definitive knowledge of the ancestral state, a
cross-sexual transfer early on in the mammalian lineage
cannot be ruled out (see also West-Eberhard’s descrip-
tion of naked-mole rats, 2003). While a part of the lac-
tation/nursing phenotype, the presence of nipples can
be considered separately from the actual physiological
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response of lactation. Exogenous hormones from hor-
mone replacement therapies, phytoestrogens, or pol-
lutants can induce lactation (Kunz and Hosken 2009)
suggesting there is potential for cross-sexual transfer
of lactation. This potential has been realized in nat-
ural populations of two species of bat where healthy
males have been found lactating with no signs of any de-
velopmental, nutritional, or environmental deficiencies
(Kunz and Hosken 2009). While this is clearly a cross-
sexual transfer from female to male, there is no evidence
of males nursing pups and therefore no clear adaptive
function (Box 1). Nevertheless, this finding is a strik-
ing example of cross-sexual transfer of a particular phe-
notype, lactation, that is considered sex-specific across
mammals.

Distinguishing alternatives

While evidence in support of cross-sexual transfer
abounds across traits and systems, at least two alter-
native explanations should be considered: convergence
and regression (Fig. 2). Convergence is the indepen-
dent evolution of similar phenotypes across the sexes
that arise from differences in genotype/gene expres-
sion. Given the sexes share a genome, convergence is a
less parsimonious hypothesis than cross-sexual transfer,
since the latter only requires the adoption of a develop-
mental pattern already present in the other sex. Anal-
ogous features evolved from convergence could be de-
tected by the expression of different gene sets during
activity or development. This has been found in duet-
ting Forest Weavers, which have different transcrip-
tomic patterns and active brain regions during the duet
(Gahr et al. 2008). In another example, monogamous
male and female deer mice seem to express different
genes when engaging in parental care (Bendesky et al.
2017). We note that some gene expression overlap is
likely to occur even in the production of analogous
traits, making it hard to disentangle convergence and
cross-sexual transfer purely through transcriptomics.
However, even if this type of gene expression over-
lap does occur under convergent evolution, the devel-
opmental signaling pathway that triggers a trait (e.g.,
hormones) should still be distinct in the case of con-
vergence and shared in the case of cross-sexual trans-
fer (Anderson and Renn 2023). Distinguishing and ob-
serving developmental triggers is therefore one po-
tential avenue for more robust testing for convergent
evolution.

Regression to a monomorphic ancestral state is an-
other alternative to cross-sexual transfer, and is likely
more common than convergence. In long-fingered
frogs, the third digit of males can reach up to 40%
of the total body length. A phylogenetic reconstruc-

tion demonstrates this long digit heteromorphism was
gained from a monomorphic state with small digits
(Blackburn 2009). Some species in this group evolved
from this heteromorphic state toward a monomor-
phic one where males have reduced their digit length
to that of females (Blackburn 2009). This would not
be considered cross-sexual transfer as this is a re-
turn to the ancestral, monomorphic state. Conversely,
narrow heads and shorter bodies in both sexes was
the ancestral state in a group of salamanders (Staub
2021). Heteromorphism emerged with increased head
width and longer bodies in males and in more de-
rived species, the females “caught up” to these male
sizes (Staub 2021). This would be considered cross-
sexual transfer as the monomorphisms of the derived
species are of different trait values than the ancestral
monomorphism, but went through a heteromorphic
transition.

Where to look for cross-sexual transfer
Polymorphisms

Sex-specific polymorphisms (i.e., sex-limited poly-
morphisms), where one sex is polymorphic but not the
other, are common and provide a uniquely rich area to
study the evolution of cross-sexual transfer. In many
instances, one of the morphs in the variable sex can
have similar trait values to the monomorphic sex, of-
ten rendering it difficult to distinguish one sex from the
other. Because of their discrete nature in both form and
development, polymorphisms can be clearly described
and measured, aiding in understanding of how different
traits have evolved over time. The similarity of trait val-
ues between one morph of the polymorphic sex and the
monotypic sex could be a result of cross-sexual transfer
but convergence must be tested as well (Fig. 2). Addi-
tionally, within-sex polymorphism can show “mixing”
of male and female traits (Mank 2022), which provides
insights into how different sexes have evolved in relation
to one another, which traits are more likely to undergo
cross-sexual transfer, and how often cross-sexual trans-
fers occur in these systems.

Some examples of the applicability of cross-sexual
transfer in describing sexual polymorphism include
some hummingbird species such as the white-necked
jacobin (Falk et al. 2021, 2022). Females are poly-
morphic, with roughly 20% having plumage that is
similar to males. Males are on average more aggres-
sive than females, and females that mimic them ex-
perience fewer attacks from other hummingbirds sim-
ply by appearing like them, without engaging in dan-
gerous and energetically costly agonistic behaviors
(Falk et al. 2022). Similar female polymorphisms have
evolved repeatedly in hummingbirds, and phylogenetic
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Fig. 2 A flowchart for distinguishing cross-sexual transfer from alternative hypotheses. Questions are shaded gray, and conclusions in
purple/orange. Both sexes may currently express a trait that was ancestrally only found in one sex (left side of chart). If the trait is
currently heteromorphic (right side of chart), one sex currently expresses a trait that was ancestrally only found in the other sex, but the
sex that first expressed the trait has subsequently changed or lost the trait. This particular type of cross-sexual transfer could pass
through an intermediate monomorphic stage, though evidence of such may or may not persist in phylogenies of extant species.

analyses show that the likely ancestral state of fe-
male polymorphism is complete sexual heteromor-
phism rather than monomorphism (Diamant et al.
2021). Male-like plumage in females therefore likely de-
veloped through a cross-sexual transfer from traits that
first evolved in males, but further research on the ge-
netic and developmental basis of the trait is necessary to
make a stronger conclusion. Though sex-specific poly-
morphisms are widespread across taxa and have re-
cently attracted increasing attention (Mank 2022), only
a few studies have been explicitly considered through
the cross-sexual framework (Colonello-Frattini et al.

2010; Beani et al. 2014; Hartfelder et al. 2018; Willink
et at. 2019).

Another fascinating example of putative cross-sexual
transfer in sex-specific polymorphisms comes from a
species of bat bug, Afrocimex constrictus, where two
cross-sexual transfers have occurred, one resulting in
a female polymorphism (Reinhardt et al. 2007). Like
the related bed bugs, A. constrictus has hypodermic in-
semination and females have evolved a structure to re-
duce the costs of insemination. Males are often indis-
criminate in their mating, leading to intrasexual insem-
inations. In response, A. constrictus males have evolved
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structures similar to those found in females to reduce
bodily harm, yet with slight differences that may cue the
inseminating individual that their target is male. These
structures, called paragenital sinuses, are small open-
ings on the abdomen that are more “open” in males
where the intromittent organ would be inserted. This
possible cross-sexual transfer is interesting on its own,
but the evolutionary story continues with yet another
potential cross-sexual transfer. The structures that cue
inseminating individuals that they have encountered a
male are present in a portion of the female popula-
tion, making females polymorphic. These females are
inseminated roughly the same as males and less often
than their “typical” female counterparts, which have
more “closed” paragenital sinuses. Bat bugs are there-
fore notable for demonstrating a selective advantage
to cross-sexual transfer by reducing harm of insemi-
nation in males, and reducing encounters for females.
Increased fitness for females through reduced sexual
conflict has also been demonstrated in damselflies with
female-specific polymorphism (Takahashi et al. 2014).

Sex-role reversals

Other systems where cross-sexual transfers might be
readily observed are sex-role reversed species. While
the term sex-role reversed has numerous and mislead-
ing meanings (Ah-King and Ahnesj6 2013), we use it
to imply that selection pressures have created a situa-
tion where females are the mate-limited sex (Fritzsche
et al. 2021). In these species, females may be mate-
limited through part (e.g., bushcrickets—Ritchie et al.
1998; two-spotted goby—Forsgren et al. 2004) or all of
their lifetime (e.g., jacanas—Jenni and Betts 1978; Gulf
pipefish—Jones et al. 2001), which leads to greater sex-
ual selection in females. As a result of female-biased
sexual selection, cross-sexual transfer could putatively
cause traits associated with sexual selection (e.g., orna-
mentation and mate choice) to appear in different sexes.

The challenge for researchers studying cross-sexual
transfer in sex-role reversed species is the lack of a
shared trait value across some members of both sexes
as is found in sex-specific polymorphisms. As a result,
there are two possibilities when observing a heteromor-
phic trait such as ornamentation: (1) the trait is not a
product of cross-sexual transfer and has only ever been
expressed in one sex throughout the evolutionary his-
tory of that trait or (2) the trait is a product of cross-
sexual transfer and the original bearing sex no longer
expresses that trait value. The best test of cross-sexual
transfer is having a solid phylogenetic history of the
trait. For example, in Gulf pipefish, Syngnathus scov-
elli, females are the mate-limited sex and have irides-
cent bands, which may play a role in male mate-choice

(Flanagan et al. 2014; Anderson and Jones 2019), a pat-
tern missing from both males and females of closely
related congeners (Stiller et al. 2022). This informa-
tion indicates that iridescent bands evolved de novo in
females and are not a product of cross-sexual trans-
fer. Conversely, female smooth guardian frogs, Lim-
nonectes palavanensis, call more frequently than males
during courtship and have been observed in female-
biased leks suggesting females are mate-limited (Goyes
Vallejos et al. 2017). Calling and advertisement is male-
biased throughout anurans suggesting this high occur-
rence of female calling may be a form of cross-sexual
transfer.

Anderson and Renn (2023) propose that the mech-
anisms that control expression of a trait may indicate
whether or not that trait is a product of cross-sexual
transfer. Investigating the mechanistic controls of traits
in sex-role reversed species, and other putative cases
of cross-sexual transfer, may be especially informative
(Eens and Pinxten 2000; Lipshutz and Rosvall 2020).
The iridescent bands of female Gulf pipefish mentioned
above are controlled by estrogen signaling (Partridge
et al. 2010; Anderson et al. 2020), suggesting irides-
cent bands were initially developed in females and not
through cross-sexual transfer from males. By contrast,
the dark breast in female Barred Buttonquails (Muck
and Goymann 2011), female nuptial coloration in fe-
male Red-Necked Phalaropes (Johns 1964), and female
aggression in Black Coucals (Voigt and Goymann 2007)
are all seemingly regulated through androgen pathways,
which could point toward those female trait-values oc-
curring as a result of cross-sexual transfer. Many of
these examples lack strong phylogenetic evidence to
verify a cross-sexual transfer by confirming that an-
drogen signaling for these trait values emerged in a
male ancestor. Therefore, while these examples are in-
triguing, confirming a heteromorphic ancestor would
provide more concrete evidence. Anderson and Renn
(2023) point out that circulating hormones may not be
a precise indicator of which sex-biased hormone, if any,
regulates a trait as there are multiple steps from hor-
mone to biosynthetic conversion to receptor that oc-
cur within the cell. For example, some female-biased
traits in sex-role reversed species may correlate with cir-
culating progesterone (Lipshutz and Rosvall 2020); but
at the cellular level, progesterone can be converted to
androgens, thus females could be using the androgen
signaling system at the cellular level but not the global
level.

Behavioral plasticity

The intersection between behavior, neural develop-
ment, and evolution should be an especially fruitful
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arena for the types of integrative investigations neces-
sary to enrich the study of cross-sexual transfer. One
behavior that is particularly well suited for this type of
work is parental care, which we have not focused on
because it has been recently and thoroughly reviewed
(Dulac et al. 2014; Kohl and Dulac 2018; Westrick et
al. 2022). Parental care is widespread and has evolved
repeatedly in both sexes throughout the animal king-
dom (Dulac et al. 2014). In some taxa, such as poison
frogs (Dendrobatidae), parental care appears to be es-
pecially labile, with the evolution of male, female, and
biparental care in a single clade as well as behavioral
plasticity within species (West-Eberhard 2003; Westrick
et al. 2022). As Westrick et al. (2022) emphasize, this
diversity has and will continue to bridge the gap be-
tween the mechanisms that facilitate behavioral plas-
ticity within sexes and the cross-species diversity in
parental care mode. The study of parental care exem-
plifies how a cross-sexual transfer lens may facilitate in-
tegration across disparate fields, yielding new insights
into how underlying mechanisms mediate major evolu-
tionary transitions in life history.

Implications of cross-sexual transfer

As we have previously discussed, the cross-sexual trans-
fer framework employs a dynamic view of multimodal
and multivariate sexes, offering a unique perspective on
the evolution of sexual phenotypes. To illustrate just
one example, Bonduriansky (2011) observed that sex-
ual selection and sexual conflict, both forces that can
cause sexual heteromorphism, allow species to “explore”
the areas around adaptive peaks defined by viability
selection. Subsequently, viability selection could then
cause adaptive co-option of sex-biased traits through
cross-sexual transfer when environments shift or new
adaptive peaks are discovered (Bonduriansky 2011). We
argue further that sexual heteromorphism can evolve
for a number of reasons beyond sexual selection and
conflict, and that any of these specializations could be
adopted by the other sex if they become adaptive fol-
lowing an ecological change. It is therefore plausible to
consider sexual heteromorphism as a sort of “reservoir”
of standing variation or a readily available toolkit within
a species that can be pulled into use under the right
conditions. For example, in poison frogs, the evolution
of biparental care from uniparental male care is asso-
ciated with transitions to the use of smaller breeding
pools (Brown et al. 2010). Therefore, ecological shifts
or range expansions toward areas with less water may
favor the evolution of cross-sexual transfer from ances-
tral male-only care to biparental care. In this case, fe-
male care is only advantageous in some environments,
but the presence of care in males acts as a “reservoir”

A.P. Anderson and J.J. Falk

of parental behavior that allows the species to more
readily adapt to shifting environments through cross-
sexual transfer to biparental care. The concept of sexes
as reservoirs of adaptive change is similar to the hy-
pothesis that species hybridization and genetic intro-
gression can reduce species vulnerability in the face of
rapid environmental change (Becker et al. 2013; Brauer
et al. 2023). Cross-sexual transfer offers an analogous
process between sexes rather than species. Unlike dif-
ferent species, sexes are part of the same genetic pool,
facilitating rapid adaptive shifts through small evolu-
tionary changes to a regulatory mechanism, or even
plastic shifts within individuals based on environmental
cues.

Future directions and conclusion

West-Eberhard’s chapter on cross-sexual transfer pro-
posed a general evolutionary pattern of trait recombina-
tion across the sexes and described ultimate and proxi-
mate patterns that might accompany shifts in trait value.
In the two decades since its publication, hormone assays
require smaller amounts of tissue, and the genomics
revolution has transformed our ability to produce fine-
scale phylogenies and test for homology through tran-
scriptomics in nonmodel organisms. The potential to
test and expand on the concept of cross-sexual transfer
is therefore greater than ever. As some of the examples
above have shown, much of this work is already being
done, but is not specifically discussed in a cross-sexual
framework. In the future, doing so will allow for im-
proved comparisons and discussion of the phenomena
across taxa.

Many outstanding questions could benefit from
broader discussion and research. The Ancestral Mod-
ulation Hypothesis (Anderson and Renn 2023) is a
framework that builds on cross-sexual transfer and is
focused on identifying the specific genomic, transcrip-
tomic, and hormonal patterns that underlie traits. In
particular, the Ancestral Modulation Hypothesis pre-
dicts that the underlying genomic architecture respon-
sible for the initial sexual heteromorphism is preserved
during cross-sexual transfer, but the hormonal signal-
ing cascade (hormone levels, receptor expression, and
biosynthetic enzyme expression) has been altered in
the secondarily bearing sex (genetically or environmen-
tally) to access this architecture. In addition, there are
outstanding genomic questions that seek to identify
common changes that result in cross-sexual transfers.
For example, are cross-sexual transfers more often the
result of certain types of mutations? Inversion muta-
tions are frequently implicated in rapid recombinato-
rial shifts (Faria et al. 2019), but other types of muta-
tions (e.g., repeat expansions, duplications, or single-
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gene changes) could result in changes to hormone or
hormone-receptor expression levels. At a broad taxo-
nomic level, have cross-sexual transfers occurred more
often in some groups more than others? If so, why those
specific taxa? Lastly, given the plasticity and diversity
of cross-sexual transfers, what environmental pressures
are more likely to induce shifts in sex-biased trait val-
ues both within an individual lifetime and over longer
evolutionary spans?

We hope our description of cross-sexual transfer,
how and where it can be investigated, and some strik-
ing examples of cross-sexual transfer has generated an
interest in revisiting West-Eberhard’s hypothesis. While
we primarily focused on polymorphisms and sex-role
reversals in this review, by no means do we imply these
are the only, or even predominant groups where cross-
sexual transfer occurs. In fact, West-Eberhard reviewed
various taxonomic groups from plants to invertebrates
to vertebrates and described numerous sex-biased and
monomorphic species in which cross-sexual transfer
likely occurred. Given the numerous examples of cross-
sexual transfer initially described and contemporary ex-
amples provided here and in other reviews, we strongly
encourage biologists to consider the possibility of cross-
sexual transfer in their study systems. Many fascinat-
ing research programs that test these very concepts are
underway, yet do not invoke cross-sexual transfer. Do-
ing so will allow for a theoretical basis to compare and
contrast the framework across taxa, and offers a spring-
board for exciting future developments.
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