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abstract: The black scavenger fly Sepsis thoracica exhibits poly-
phenic development resulting in alternate small black and large am-
ber male morphs. Although the behavior, ecology, and physiology of
both morphs are being scrutinized, the evolutionary origins of the
nutritional polyphenism remain poorly understood. I here use a com-
parative approach to study variation in the degree of melanization of
the forefemur—a secondary sexual trait. Melanization showed nutri-
tional plasticity in all species, and character mapping suggests poly-
phenic development to represent the ancestral character state that was
lost repeatedly. That is, interspecific variation among the studied spe-
cies is mainly caused by the loss and not the gain of polyphenic devel-
opment. Coevolution between male melanization and mating system
differences further implicates sexual selection in the evolution of male
melanization. These findings highlight the usefulness of comparative
and natural history data in shedding new light on the evolution of phe-
notypic variation.

Keywords: coloration, sexual dichromatism, developmental plas-
ticity, melanism, Diptera, Sepsidae.

Introduction

Animals feature a spectacular variety of coloration patterns
(Darwin 1872; Wallace 1877) often attributed to sexual se-
lection (Selz et al. 2016; Girard et al. 2018; Cooney et al.
2019). However, coloration also has important ecological
functions, such as predator avoidance, and allows organisms
to better deal with abiotic stressors, such as heat or UV ra-
diation (Berry and Willmer 1986; True 2003; Caro 2017;
Cuthill et al. 2017). Coloration is thus subject to multiple,
often antagonistic selection pressures. At the same time, the
production of pigments can be physiologically costly, lead-
ing to physiological constraints and trade-offs (Wilson et al.
2001; Zera and Harshman 2001; Debecker et al. 2015). Such
context-dependent fitness consequences can favor the evo-
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lution of polyphenisms—that is, the capacity of a single ge-
notype to produce discrete phenotypes in response to en-
vironmental variation (West-Eberhard 2003). Polyphenisms
in coloration caused by social conditions (Sword 1999), sub-
strate coloration (Noor et al. 2008), season (Hazel 2002), or
the presence of predators (McCollum and Van Buskirk 1996;
Ahlgren et al. 2013) are relatively common. Yet there are
few systems in which the physiological and genetic basis,
the ecological and behavioral causes and consequences, and
the evolutionary history of the polyphenism are well charac-
terized. This hampers our understanding of how color poly-
phenisms arise and, once in existence, continue to evolve. By
studying intra- and interspecific variation in cuticular mel-
anization across species of “black” scavenger flies, I here
investigate the evolutionary history of a polyphenism and
the coevolution between melanization and mating system
differentiation.
From a developmental perspective, the evolution of poly-

phenisms has often been linked to the modification (or
exaggeration) of an ancestrally plastic response (West-
Eberhard 2003; Moczek et al. 2011). For instance, the nutri-
tional polyphenism in horn length in male dung beetles is
thought to have evolved from a weak ancestral plastic re-
sponse. That is, selectiononhorn lengthfirst led to an increase
in the slope of an ancestral linear scaling relationship,
which was followed by the emergence of body size thresh-
olds, leading to a sigmoidal scaling relationship (e.g., Emlen
and Nijhout 2000). A role of ancestral plasticity in the evolu-
tion of polyphenisms has also been demonstrated in other
species and traits, with close relatives of polyphenic species
maintaining a weaker plastic response, suggesting that the
polyphenism evolved through the exaggeration of ances-
tral plasticity (Levis et al. 2018; Casasa et al. 2020). Similar
patterns have been shown to act in the evolution of poly-
phenic coloration through artificial selection (e.g., Suzuki
and Nijhout 2006; van der Burg et al. 2020). Yet while a
Chicago. All rights reserved. Published by The University of Chicago Press for
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number of studies demonstrate that the exaggeration of
an ancestral response can fuel intra- and interspecific diver-
sity, it remains unclear how often, how much, and by which
mechanisms ancestral plasticity contributes to intra- and
interspecific diversity.
Black scavenger flies (Diptera: Sepsidae)—as their name

might suggest—are not particularly well known for eccen-
tric coloration. However, recent studies document surpris-
ing intraspecific variability in the degree of cuticular mela-
nization in Sepsis thoracica (Busso et al. 2017; Busso and
Blanckenhorn 2018a, 2018b, 2018c). While females of this
species are predominantly black across their entire body
irrespective of their size, males exhibit a strongly sigmoidal
relationship between the degree of cuticular melanization
and size. This threshold separates small black males (collec-
tively referred to as the “obsidian” morph) from large or-
ange “amber” males, with few “intermediates” in between
(Busso et al. 2017). This morphological variation further
corresponds tomale behavior. Small obsidianmales are less
likely to show aggressive behavior toward a large amber male
than toward another obsidian male, and intermediate males
have reduced mating success compared with both other
morphs, suggesting disruptive sexual selection on the degree
of male melanization and size (Busso and Blanckenhorn
2018a, 2018b).
The intraspecific variation in coloration is particularly

intriguing because it is closely tied to the production ofmel-
anin—a critical component of the phenoloxidase pathway
that mediates insect cellular immune defense and wound
healing (Cerenius and Soderhall 2004; Schmid-Hempel 2005;
Nakhleh et al. 2017) as well as the cuticular melanization of
insects (Wilson et al. 2001; Armitage and Siva-Jothy 2005).
Because large S. thoracicamales had lower (pro)phenolox-
idase levels than the smaller and darker males and females,
previous studies are consistent with trade-offs between size,
reproductive success, and immunity (Busso et al. 2017).
Taken together, these findings suggest the male polyphe-
nism to be an intriguing paradigm for scrutinizing inter-
relations between natural and sexual selection, alternative
reproductive tactics, and the action of potential trade-offs
between sexual signaling and immunity (Busso et al. 2017;
Busso and Blanckenhorn 2018a, 2018b, 2018c). However,
the evolutionary origin of this polyphenism remains largely
unexplored. Because S. thoracica is phylogenetically nested
between clades that contain species previously described
as “black and shiny” (S. cynipsea; Parker 1972) or “entirely
black” (S. fulgens; Roy et al. 2018), themale polyphenism is
likely to constitute a recent autapomorphy. This suggests
that the evolution of a polyphenism fueled interspecific di-
versity. Yet the presence and extent of genetic and plastic
variation in species other than S. thoracica have not been
investigated. It therefore remains unclear whether nutritional
plasticity in melanization is limited to S. thoracica, when and
how the male polyphenism evolved, and whether the exag-
geration of an ancestral plastic response caused interspe-
cific variation in melanization.
Focusing on the degree of melanization of the forefemur,

a secondary sexual trait under sexual selection (Busso and
Blanckenhorn 2018b; Baur et al. 2020), I investigate the evo-
lutionary history of the male polyphenism described so far
only in S. thoracica. By quantifying species divergence and
nutritional plasticity in the degree of melanization in 12
closely related species, I test whether S. thoracica is indeed
the only species with polyphenic melanization or whether
this is a more widespread phenomenon. At the same time,
I assess the potential to which the exaggeration of an ances-
tral plastic response may have played a role in the evolution
of polyphenic melanization and the genesis of phenotypic
variation. In the latter case, I expected close relatives of
S. thoracica to show moderate levels of plasticity and for
the sigmoidal reaction norm (i.e., polyphenic development)
to be derived from a (quasi)linear reaction norm. Further-
more, I tested whether the association between reduced mel-
anization andmating success found in S. thoracica extends
to the macroevolutionary scale by contrasting average mel-
anization of the forefemur with previously documented var-
iation in mating systems and reproductive behavior among
taxa (Puniamoorthy et al. 2012a, 2012b; Rohner et al. 2016,
2018; Rohner and Blanckenhorn 2018; Blanckenhorn et al.
2020). If reduced male melanization increases mating suc-
cess, the degree of melanism is expected to coevolve with
the degree of male-biased sexual size dimorphism—a proxy
for the degree of sexual selection and male-male aggres-
sive behavior in these species (see Blanckenhorn et al. 2020,
2021).

Material and Methods

Laboratory Rearing

To quantify sexual dimorphism, sex-specific nutritional plas-
ticity, and species differences, 12 closely related sepsid taxa
(including North American and European populations of
Sepsis neocynipsea and S. punctum, as these species show
stark intraspecific variation in morphology and behavior)
were reared under controlled laboratory conditions. Most
individuals stem from a resource manipulation experiment
described in Rohner and Blanckenhorn (2018) with the ex-
ception of S. fulgens, which was reared at a later stage but
under identical laboratory conditions. In brief, eggs were
collected from outbred laboratory cultures (200–300 indi-
viduals) and haphazardly distributed among plastic con-
tainers with varying amounts of homogenized cow dung.
All offspring were subsequently incubated at constant
187C. After adult eclosion of all individuals, 30–50 individ-
uals of all sizes per species and sex were selected for mor-
phometric measurements.
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Quantification of Forefemur Melanization

The right front legs were removed from the thorax and
mounted on a glass slide with Euparal and were imaged
with a Leica DFC490 camera mounted on a Leica MZ12
microscope. All images were taken in one sitting under
standardized light conditions and camera settings to keep
coloration comparable across specimens. Images were then
analyzed using the custom ImageJ (Schneider et al. 2012)
script from Busso and Blanckenhorn (2018a). This script
first measures the number of pixels of the forefemur and
then quantifies howmany of them fall below a certain bright-
ness threshold in the YUV color space. Pixels with a V value
(i.e., brightness) higher than 163 were defined as melanic,
and the proportion of thesemelanic pixels in the full femur
estimates the overall degree of melanism (i.e., coloration), the
measure used for further analysis. In total, measurements
were acquired for 979 individuals.

Sex-Specific Nutritional Plasticity

Previous studies used forefemur area as an estimate of body
size (e.g., Busso et al. 2017). Because several species diverged
inmale forefemur size allometries (putatively driven by se-
lection on their forefemur morphology; Rohner and Blanck-
enhorn 2018), the length of the hind tibia was used as a proxy
for body size instead.
The shape of the reaction norm between coloration and

size varied strongly among species. To identify the statis-
tical model that best fitted these relationships, linear, cur-
vilinear, and, where deemed appropriate, sigmoidal models
(three and five parameters) were fitted with and without sex
differences for each species. Akaike’s information criterion
(AIC) was then used to identify themost appropriate model.
In cases where several models fit the data equally well
(DAIC ! 2), the model with fewer parameters was selected.
To trace the evolutionary history of male plasticity, all spe-
cies were assigned to three progressing categories—linear,
curvilinear (i.e., quadratic), and sigmoidal—on the basis
of the model with the lowest AIC. The shape of the reac-
tion norm was then mapped onto the phylogeny using
maximum parsimony, as implemented in Mesquite (ver. 3;
Maddison and Maddison 2008).

Coevolution between Mating Systems
and Femur Coloration

Within the genus Sepsis, mating systems evolve rapidly. In
most species, mating systems appear dominated by female
choice and sexual conflict or are characterized by elaborate
pre-, peri-, and postcopulatory courtship bymales (Punia-
moorthy et al. 2009). However, in several species and even
populations within species, intense sexual selection on male
body size led to the evolution of male-biased sexual size di-
morphism (Rohner et al. 2016). These shifts in overall sexual
size dimorphism coincide with the presence of aggressive
male-male interactions and territoriality, exaggerated male
morphology and allometry, and reduced investment into
copulatory courtship (Puniamoorthy et al. 2012a, 2012b;
Rohner et al. 2016, 2018; Rohner and Blanckenhorn 2018;
Blanckenhorn et al. 2020, 2021). This variation here allows
for testing of whether the evolution of more intense sexual
selection on males and territorial behavior coevolve with nu-
tritional plasticity and sexual dimorphism in melanization.
To compare the degree of cuticular melanization and

sexual dichromatism across species, the analysis was re-
stricted to individuals that were reared with ad lib. access
to larval nutrition (13 g per individual). This ensures that
species are compared across the same (i.e., common gar-
den) environment. Phylogenetic linear models (phyloge-
netic generalized least squares [PGLS], as implemented in
the R package caper; Freckleton et al. 2002) incorporating
the relationships among taxa (Zhao et al. 2013) were used
to test for a relationship between each taxon’s sexual size
dimorphism index (see Rohner and Blanckenhorn 2018)
and average male and female coloration. All analyses were
conducted in R (ver. 3.6.3; R Core Team 2020) unless stated
otherwise.

Results

Sexual Dichromatism and Sex-Specific Nutritional
Plasticity in Femur Coloration

As previously documented (Busso and Blanckenhorn 2018b),
Sepsis thoracica showed a strongly sigmoidal sex-specific
relationship between cuticular melanization and body size
(fig. 1). However, the degree of melanization in the fore-
femur varied strongly among and within the other investi-
gated species as well, suggesting previously overlooked in-
traspecific variation. Large individuals were generally less
melanic than small conspecifics in all species (in all cases,
the intercept-only models had the highest AIC; table S1;
tables S1, S2 are available online), but the shape of the re-
lationship between melanism and size differed qualitatively
among taxa, ranging from linear to curvilinear to sigmoidal
(table S2). A complex sex-specific relationship similar to the
one in S. thoracica was found in Saltella sphondylii.
Interestingly, character mapping suggests that the male

polyphenism in S. thoracica did not recently evolve from a
weaker ancestral response but that a sigmoid relationship
represents the ancestral character state that was secondarily
lost multiple times in the Sepsis clade (fig. 2). That is, species
differences in the presence of the polyphenism are driven
not by the gain but by the loss of polyphenic development.
These results indicate that nutritional plasticity is evolution-
arily labile and that the patterns previously documented in
S. thoracica are not a recent autapomorphy.



0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

hind tibia length (mm)

pr
op

or
tio

n 
of

 m
el

an
ic

 p
ix

el
s

0.00

0.25

0.50

0.75

1.00

0.75 1.25 1.75 0.75 1.25 1.75 0.75 1.25 1.75

Saltella sphondylii

Sepsis cynipsea

Sepsis duplicata

Sepsis flavimanaSepsis fulgens Sepsis lateralis

Sepsis neocynipsea EU Sepsis neocynipsea NA

Sepsis thoracicaSepsis punctum NASepsis punctum EU

Sepsis orthocnemis
small male

large male

small male

large male

Figure 1: Nutritional plasticity in 12 closely related species of sepsid flies. Colors depict the level of melanism as a proportion. The pictures
show examples of forefemur morphology and coloration for small and large males of Sepsis neocynipsea (top) and Saltella sphondylii (bot-
tom). Males are denoted with triangles, females with circles. Blue lines indicate the fit of the simplest model with the lowest Akaike’s in-
formation criterion (see tables S1, S2). In cases where reaction norms are sex specific, the relationship found in females is indicated with
a dashed line. Data underlying this figure have been deposited in the Dryad Digital Repository (https://doi.org/10.5061/dryad.q2bvq83kg;
Rohner 2021). EU p European; NA p North American.
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Sexual dichromatism (as assessed by the degree of cutic-
ular melanization) in the forefemur was weak to absent in
most species (fig. 3A). However, sexual dichromatism was
present in S. lateralis and the European population of S.
punctum and was particularly pronounced in S. thoracica
and S. sphondylii. Weak melanization was present in females
of several species, indicating that reduced melanism is not
a phenomenon limited only to males (fig. 3). Maximum
likelihood–based ancestral state reconstruction of melani-
zation shows a strong correlation between male and female
pigmentation (fig. 3B; PGLS: r p 0:70, P p :011).
Coevolution of Mating System and Femur Coloration

Large amber males were previously shown to have the high-
est mating success, suggesting that coloration is under sex-
ual selection (Busso and Blanckenhorn 2018b). I therefore
tested the hypothesis that mating system shifts and corre-
sponding changes in male interactions and female choice
coevolve with the average degree of melanization across spe-
cies. Taxa that evolved more male-biased sexual size di-
morphism also evolved less melanized forefemora in males
(PGLS: F1, 10 p 12:98, P p :005). This suggests an evolu-
tionary link between cuticular melanism in males and more
intense sexual selection or territorial behavior (both of which
coincide with male-biased sexual size dimorphism; Blanck-
enhorn et al. 2020). In contrast, there was no relationship
between sexual dimorphism in body size and cuticular mel-
anization in females (PGLS: F1, 10 p 3:05, P p :111).
Discussion

Studying nutritional plasticity of the sexually exaggerated
forefemur in a phylogenetic context revealed three salient
results. First, black scavenger flies are not as melanic as
their vernacular name suggests. Melanization not only var-
ied strongly across species but also showed strong and of-
ten sex-specific nutritional plasticity within species (fig. 1).
Second, although previously available data suggested the
polyphenism in Sepsis thoracica to be an autapomorphy,
sigmoidal reaction norms were the most common form
of nutritional plasticity, and character mapping suggests
nonlinear relationships to be the ancestral character state
(fig. 2). This suggests that species differences in forefemur
melanization are driven not by the gain but by the loss of
polyphenic development. Interspecific diversity in melani-
zation is thus generated by the canalization—as opposed to
the exaggeration—of an ancestrally plastic response. Third,
the evolution of male-biased sexual size dimorphism is as-
sociated with a decrease in male melanization, suggesting a
link between sexual selection and reduced melanization.
Below, I discuss the implications of these results for our un-
derstanding of the evolution of polyphenisms, the putative
mechanisms underlying sigmoid relationships in melani-
zationmore generally, and the adaptive significance of var-
iation in cuticular melanization in sepsids.
Evolution of Nutritional Plasticity
in Cuticular Melanization

Sepsids feature widespread and previously overlooked
variation in the developmental plasticity of cuticular mel-
anization (but see early taxonomic literature [e.g., Meigen
1826; Duda 1926; Hennig 1949] as well as faunistic work
[e.g., Rohner and Bächli 2016]). The general decrease in
melanization with size (fig. 1) could broadly be categorized
into three progressing types—linear, curvilinear (quad-
ratic), and sigmoidal—of which the sigmoidal type was,
surprisingly, the most common. On the basis of character
mapping, the sigmoid relationship appears to be ances-
tral, having evolved early in the evolutionary history of
the clade, followed by subsequent and repeated losses
within Sepsis (fig. 2). Althoughmore (basal) sepsids should
be investigated to confirm these findings, the polyphenism
inmale S. thoracica thus appears to be ancestral. At least on
the phenotypic level, the large inter- and intraspecific var-
iation observed in this clade is thus generated by the loss of
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Figure 2: Ancestral state reconstruction based on maximum par-
simony suggests sigmoidal scaling relationships to be the ancestral
character state. EU p European; NA p North American.
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polyphenic melanization in some species and not the recent
exaggeration of an ancestral form of plasticity. These losses
appear to be frequent, as even very closely related taxa varied
in the presence of a sigmoid relationship (i.e., a polyphenism).
For instance, while North American S. neocynipsea showed
a pronounced sigmoid relationship, the conspecific Euro-
pean population showed a curvilinear decrease of melani-
zation with size. The closely related sister species S. cynipsea,
on the other hand, shows a much weaker linear response,
with predominantly black individuals. As all three taxa hy-
bridize in the laboratory (Giesen et al. 2018) and given the
phylogenetic context (fig. 2), this highlights that intraspe-
cific variation in melanization was generated by the rela-
tively fast loss of plasticity.
Given these data, not only the sigmoid relationships but

also the corresponding ultimately bimodal distribution of
phenotypes are likely plesiomorphic. Thismay indicate that
the complex interactions between behavior, immunity, and
sexual selection found in S. thoracica (Busso et al. 2017;
Busso and Blanckenhorn 2018a, 2018b, 2018c) may extend
to other species in this clade. As species and sexes differ in
their degree of melanization (fig. 3), different species and
sexes may have evolved different solutions to the proposed
physiological trade-off between immunity and sexual sig-
naling. In addition, the comparative angle taken here fur-
ther suggests that S. thoracica stands out because of the
presence of strong sex-specific nutritional plasticity in the
degree of forefemur melanization (fig. 3). Future studies
should thus center not only on the evolution of male poly-
phenism (an ancestral state) but also on the mechanisms
mediating sexual dichromatism (a derived state) and the
resolution of between-sex genetic correlations.
Proximate Determinants of Sigmoid Relationships

Polyphenic development is typically characterized by thresh-
old traits that generate distinct morphs with little or no over-
lap (Nijhout 1999). Physiologically, such polyphenisms are
often determined by a developmental switch point at which
critical hormone titers elicit the development of alternative
morphs (Nijhout 1999). Such switch points can cause seg-
mented, discontinuous, or sigmoidal reaction norms and
are likely to underpin phenotypic variation in S. thoracica.
The progression from sigmoidal to curvilinear to linear
relationships documented above could be explained by in-
terspecific variation in the shape of the threshold function
and the position of such a developmental switch relative
to body size (as in dung beetle horns; Moczek and Nijhout
2003). That is, depending on whether a population’s max-
imum size is smaller than, roughly equal to, or larger than
the inflection point, the same underlying developmental
switch may alternately manifest in a linear, curvilinear, or
fully sigmoidal reaction norm (fig. 4). Evolution of how
the threshold impacts the shape of the scaling relationship
(i.e., the parameters of the sigmoid) could then further di-
versify the relationship between coloration and body size,
as appears to be the case in the two populations of S.
punctum (fig. 4).
However,melanizationmaynot necessitate a developmen-

tal switch to cause a bimodal phenotypic distribution. This is
because nomatter howmuchmoremelanin an entirely black
obsidian male deposits in its cuticle, it will still appear black.
Likewise, a large amber male cannot produce less melanin
than none. If variation in size andmelanization becomes suf-
ficiently large, any allometric relationship must reach an as-
ymptote close to either or both extremes. The curvilinear
and sigmoidal relationships documented here could thus be
caused by a continuous decrease in pigmentation with size
that hits a boundary at one or both extreme values of the dis-
tribution, respectively. In agreement with this alternative hy-
pothesis, small black males have higher (pro)phenoloxidase
activity than larger but equally heavily melanized males
(Busso et al. 2017). That is, even though small blackmales in-
vest more into melanin synthesis, this does not result in even
darker pigmentation, possibly because adding melanin to an
entirely black cuticle has no further discernible phenotypic ef-
fect with respect to visual appearance. Whether variation in
melanization is driven by a developmental switch therefore
linear

linearcurvilinear

sigmoidal

size

pr
op

or
tio

n 
of

 m
el

an
is

m

Figure 4: Hypothetical scenario for the evolution and develop-
ment of different types of nutritionally plastic responses. The black
dashed line indicates the sigmoid relationship found in European
Sepsis punctum. Depending on the focal body size range, the same
underlying function could generate linear, curvilinear, or sigmoid
relationships (as indicated by the boxes). Evolution of the shape of
the sigmoid (indicated by the relationship found in the North
American population of the same species; gray dashed line) could
then further diversify the relationship between coloration and body
size.
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remains to be investigated, as this heavily influences putative
trade-offs and determines how phenotypic variation is gener-
ated and how nutritional plasticity evolves.

Adaptive Significance of Coloration in Sepsids

Sexual selection is thought to be among the primary drivers
in the evolution of striking color variation in animals (Selz
et al. 2016; Girard et al. 2018; Cooney et al. 2019). Corre-
spondingly, Busso and Blanckenhorn (2018b) found direc-
tional as well as disruptive sexual selection on body size
and the degree ofmelanization in S. thoracica and concluded
that this complex fitness landscape likely shapes and main-
tains the male polyphenism. In agreement with this hypoth-
esis, the data presented here show that species with relatively
larger males, stronger selection on male secondary sexual
morphology, and more intense male-male competition (in-
cluding territorial behavior; summarized in Blanckenhorn
et al. 2020, 2021) evolved a corresponding reduction in mel-
anism. This is consistentwith a role ofmelanization in sexual
selection—via female preference,male competition, or,most
likely, a combination of both—thus extending the presumed
underlying intraspecific mechanisms to ultimately result in
macroevolutionary divergence. Future research will be nec-
essary to test whether mechanisms similar to the ones acting
in S. thoracica are responsible for the maintenance of poly-
phenic melanization in other species and populations.

Conclusions

Black scavenger flies showcase stark intra- and interspecific
variation inmelanization. Surprisingly, the sigmoid relation-
ship that generates two distinct male morphs in S. thoracica
is also present in other species and—under the most parsi-
monious scenario—represents the ancestral character state.
This indicates that the loss of polyphenic development fuels
interspecific diversity and begs the question of why the sig-
moid relationship is maintained in male S. thoracica while
it is lost in females and several other species. Furthermore,
cuticular melanization in males coevolves with the degree
of sexual size dimorphism and reproductive behavior, sug-
gesting a link between sexual selection and cuticular melani-
zation and extending the intraspecificmechanism previously
documented in S. thoracica to the macroevolutionary scale.
This opens promising avenues for future comparative work
on the (co)evolution of reproductive tactics, sexual signaling,
and immunity, as well as the physiological and geneticmech-
anisms underlying phenotypic plasticity.
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