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Multifarious sources of selection shape visual signals and can produce
phenotypic divergence. Theory predicts that variance in warning signals
should be minimal due to purifying selection, yet polymorphism is abun-
dant. While in some instances divergent signals can evolve into discrete
morphs, continuously variable phenotypes are also encountered in natural
populations. Notwithstanding, we currently have an incomplete under-
standing of how combinations of selection shape fitness landscapes,
particularly those which produce polymorphism. We modelled how combi-
nations of natural and sexual selection act on aposematic traits within a
single population to gain insights into what combinations of selection
favours the evolution and maintenance of phenotypic variation. With a
rich foundation of studies on selection and phenotypic divergence, we refer-
ence the poison frog genus Oophaga to model signal evolution. Multifarious
selection on aposematic traits created the topology of our model’s fitness
landscape by approximating different scenarios found in natural popu-
lations. Combined, the model produced all types of phenotypic variation
found in frog populations, namely monomorphism, continuous variation
and discrete polymorphism. Our results afford advances into how multifar-
ious selection shapes phenotypic divergence, which, along with additional
modelling enhancements, will allow us to further our understanding of
visual signal evolution.

1. Introduction

Animal visual signals are readily measurable quantitative traits which facilitate
intra- and interspecific communication, whose divergence can be used to
measure the influence of diverse sources of selection. Aposematic coloration is
a specific class of visual signal, which advertises unprofitability of prey to poten-
tial predators [1]. Aposematic signals often vary geographically, with locally
adapted phenotypes evolving in response to different combinations of selection
pressures. [2]. Selection often produces a single dominant phenotype in a given
area and time (monomorphism), which may differ between geographical regions
(polytypism). However, in some instances multiple divergent forms co-occur
geographically (polymorphism). The evolution and maintenance of polymorph-
ism has been a long-standing puzzle, yet polymorphism has been found with
increasing frequency, even in aposematic species [3]. However, we currently
lack detailed understanding of how sources of selection interact to shape the
evolution of visual signals under multifarious selection, and specifically under
what conditions polymorphism arise.

Various combinations of both natural and sexual selection can permit, or
even promote polymorphism [4-8], even within aposematic species. In addition
to defensive functions evolved under natural selection, the conspicuous nature
of aposematic signals makes them ideal traits to be co-opted by sexual selection.
In poison frogs for example aposematic signals are used in mate choice [9-11],
as well as male-male conflict where they may vary and correspond with
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dominance [4,12] or other behavioural traits like boldness
[13]. In these species there are multiple potential ways in
which multifarious selection can operate simultaneously,
such as working either synergistically or in opposition [14],
on single or multiple traits of visual signals. Ultimately the
specific combination of multiple sources of selection will deter-
mine whether divergence is promoted or suppressed.
Interacting sources of selection and geographical isolation
between divergent aposematic signals can thus create different
fitness landscapes, where locally adapted aposematic colour
patterns occupy peaks of the local fitness landscape, and tran-
sition regions are thought to be occupied by wvalleys. Our
understanding of the evolutionary formation, maintenance
and trajectory of signal divergence is contingent on our ability
to predict how these sources of selection influence traits.

As cases of polymorphism are found with increasing
frequency, it remains unclear which, and how, sources of multi-
farious selection have produced and maintained observed
levels of warning colour diversity in aposematic species.
Stable polymorphism could evolve and be maintained by
various balances of selection. Alternatively, if polymorphism
is transient, divergent phenotypes could be lost (reverting to
monomorphism); or conversely, colour polymorphism could
be enhanced and contribute to reproductive isolation and
potentially speciation [15]. Empirical studies of natural popu-
lations can provide valuable insights into the influence of
different types of natural and sexual selection on warning
signals. Similarly, they can demonstrate how relaxed selection,
or the absence of one source of selection, could produce
polymorphism through neutral processes such as drift [16].
However, being limited to these contemporary snapshots, we
are often left with an incomplete understanding of how selec-
tion shaped the early stages of phenotypically divergent
populations. Moreover, we do not know which selection
regimes render polymorphism a stable state, or if they are
more likely to instead transition and enhance divergence
towards speciation or rather diminish due to admixture
or hybridization. Mathematical models can be leveraged to
better analyse phenotypic evolution in evolutionary time
scales and enhance our understanding of evolutionary pro-
cesses (e.g. [17]), but have only been applied as simple
qualitative models for polymorphism [18-20].

Here we characterize alternative evolutionary outcomes for
phenotypic divergence resulting from diverse combinations
of selection pressures acting synergistically (with both equal,
and differing intensities) on aposematic signal traits. To lever-
age empirical examples, the different forms of our model are
loosely based on studies in the poison frog genus Oophaga.
This group of frogs is ideal to model as the majority of Oophaga
species are polytypic, displaying geographical variation in
colour patterns [21-24], and there are additionally many
instances of within-population polymorphic populations
[21,24,25]. There is also specific evidence that multifarious
selection has shaped phenotypes [26]. Aposematic coloration
has been affirmed to deter predators [27]; therefore, demon-
strating a selective pressure on warning signals through
predation. However, predation risk, even phenotype-specific,
varies across a phenotypic radiation [28-31]. Among members
of the genus Oophaga, evidence is mixed for local avoidance
being higher for local phenotypes [28,30,32] and generalized
avoidance is even suggested [23]. Therefore, although evidence
of varying strengths of natural selection via predation is found,
predation may contemporaneously be shaping phenotypic

divergence less than sexual selection. Evidence of sexual selec-
tion can be found in terms of assortative mate choice [9,33,34],
though in some instances a single morph is preferred [4,6,11].

We propose a simplified quantitative model to estimate
the influence of two distinct sources of selection (here we
refer to as natural and sexual, but they could just as well be
multiple sources of natural or sexual selection) on the evolution
and stability of two quantitative traits of aposematic signals.
The permutations of our model aim to better understand phe-
notypic evolution by measuring the influence of diverse
parameters; differences in how selection acts on visual signals
traits (e.g. chromatic versus luminance contrast) by imple-
menting different intensities of selection. Specifically, our
models aim to disentangle which combination(s) result in
different evolutionary outcomes such as stable polymorphism
(continuous or discrete), versus those which collapse into
monomorphism. Model outcomes represent predictions of
the distributions of phenotypes related to their evolution
under multifarious selection. These predictions can be sub-
sequently evaluated in empirical studies to infer whether the
type and degree of signal variance reflects the combinations
of selection strengths at play.

2. Methods

(a) Model outline

We model how two sources of selection create a fitness land-
scape, and, therefore, influence and shape the evolution of a
population’s distribution of phenotypes, such as aposematic sig-
nals in poison frogs. Our aim was to go beyond contemporary
snapshots that empirical studies have afforded to estimate evol-
utionary outcomes of multifarious selection. Importantly, we
also aimed to model the evolution of the whole distribution of
phenotypes in a population, not only of its mean and standard
deviation [35], as it would otherwise be impossible to monitor
polymorphic outcomes. We considered the distribution of phe-
notypes of a population. Possible phenotypes formed a two-
dimensional continuous space (x, y) in [0, 1] x [0, 1], where x
and y were abstract variables describing two traits such as, for
example, luminance contrast and chromatic contrast (figure 1
for definitions and illustration corresponding to this example).
Over evolutionary time scales, starting from a minimally variable
population, phenotypes evolved continuously subject to both
random mutations and selective forces. The heritability of the
phenotypes was reflected by these continuous changes (i.e. the
distribution of phenotypes at one time step was close to the dis-
tribution at the next time step). To model random mutations, the
phenotypes inherited from one generation to the next were sub-
ject to random variations (Brownian motion), which permitted us
to model fine-scale divergence in phenotypic signals. We
assumed that sexual reproduction generated a constant level of
random variations in the next generation phenotype, which
was modelled using a diffusion process in which diffusion was
uniform (i.e. did not depend on the location (x, y) in the pheno-
typic space) and isotropic (did not depend on the direction in the
phenotypic space). We focused on a simplified model which does
not take into account any type of frequency dependent selection,
and considered a population with a constant number of individ-
uals (see electronic supplementary material). To model the effect
of selection, we supposed that each phenotype was subject
to three types of evolutionary forces, sexual selection, natural
selection and the cost of signal production and maintenance,
each leading to a specific fitness surface, namely W, for
sexual selection, Wy, for natural selection and Wy for signal-
ling cost. Taken together, these fitness surfaces formed an
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Figure 1. We model three different scenarios for how two sources of selection (shown here as natural selection, NS and sexual selection, SS) act on two phenotypic
quantitative traits: luminance contrast (black/white arrow) and chromatic contrast (red arrow). Luminance contrast is provided by differences in intensity, but not in
spectral composition, of signal elements, and is processed by achromatic channels (in birds for example it is measured by differences in the responses of double
cones). Chromatic contrast refers to differences in spectral composition but not intensity, and is driven by chromatic mechanisms (e.q. differences between the
responses of long-, medium-, short- and ultraviolet wavelength sensitive cones in birds) [36]. Scenario A demonstrates both NS and SS acting with equivalent
strengths on both luminance and chromatic contrast. Scenarios B and C show NS and SS acting on different traits, but at different strengths (SS weak in Scenario
B and equal strengths in Scenario C). The right-hand portion of the figure shows the potential evolutionary outcomes for aposematic signals by increasing luminance
contrast, chromatic contrast or both. The grey shaded region indicates phenotypic combinations that are unattainable due to the physical impossibility to generate a
visual signal with both maximum luminance and chromatic contrast. Here, for example, it is impossible for the two reflectance values that determine luminance and
chromatic contrast to maximally differ in intensity (while having the same chromatic spectrum) and maximally differ in spectral composition (while having the same

achromatic intensity, see electronic supplementary material, section S2 for more details). Photos courtesy of J. Culebras.

adaptive landscape, i.e. a landscape that associated an average
fitness to each phenotype [37] as

w{otal = Wsox F wrlat + Wmsl- (21)

While the evolution of each individuals’ phenotype is stochas-
tic due to the random diffusion component, the evolution of the
population’s distribution of phenotypes can be fully described
using the deterministic Fokker—Planck equation. The distribution
that maximizes fitness on the fitness landscape Wiga is the
unique stationary solution of the Fokker-Planck equation,

a

,_f = div(V¥(xy)p) + DAp,

;: (2.2)

where p is the probability density function of the population
phenotypes, which gives the probability of phenotype (x, i) at
time f as plx, y, £), D is the (constant) diffusion term and ¥ is a
function on the phenotypic space related to the fitness landscape
Wiota- More precisely, the distribution p that maximizes fitness is
the distribution that minimizes the free energy

Fe(p) = J Y(xylpxyt)dxdy + D | plxy.t)log(p(xyt))dxdy,
o [G:I]z
(2.3)

with

q"(x:.‘r') = _wtntal{x;y); (24)

and can be computed as the unique stationary solution of
equation (2.2) [38,39]. Note that with the minus sign in

equation (2.4), minimizing the free energy Fr amounts to maximiz-
ing the fimess of the population phenotypes on the fitness
landscape Wigta1. We modelled the evolution of phenotypes from
a starting distribution p, = p(x, ¥, 0) until convergence to the dis-
tribution with maximal fithess p= p(x, y, ) in different
evolutionary scenarios (see below for details on the computations).
Phenotypes evolve continuously over evolutionary time in step-
wise fashions from the previous generation (traits are, therefore,
heritable) subject to random forces from mutations and evolution-
ary forces in accordance with the fitness landscapes created by
sources of selection. We highlight that our model differs from
others in that we track continuous evolution of phenotypic diver-
gence at the level of the whole population rather than population
averages [35]. Using tools from statistical physics such as the
Fokker-Planck equation was, therefore, critical as the mean and
standard deviation of the distribution of phenotypes would not
be sufficient to distinguish monomorphism from continuous or
discrete polymorphism. While we assume phenotypic traits are
heritable, we track the evolution of traits themselves, rather than
the genetic underpinnings that result in their expression, as this
permits us to include diverse colour pattern elements which influ-
ence predation risk [27] taking into account environmental
contributions such as dietary carotenoids or alkaloids (e.g. [40];
see electronic supplementary material for further general
modelling details).

(b) Different evolutionary scenarios
To illustrate the effect that different combinations of selective
forces can have on the evolutionary outcome of a population,
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Figure 2. lllustration of the three evolutionary scenarios used for the simulations. In each plot, yellow indicates a high value and dark blue a low value. The fitness
landscape, which gives the average fitness for each phenotype in the phenotypic space, results from the interaction between three components, namely fitness
related the cost of each phenotype (left panel in each row), to the forces of natural selection (second panel) and to the forces of sexual selection (third panels). The
resulting fitness landscape is the sum of these three fitness components (right panel). The cost of the phenotypes was the same across all the scenarios, with high
values for both traits associated with a high cost. This allowed us to model both the cost of signal production and the physical impossibility for pattern to ‘maximize’
both traits (e.g. having maximal luminance contrast and maximal colour contrast). In Scenario A, the forces of natural and sexual selection were mainly compatible,
i.e. of comparable magnitude and both favouring the same phenotypes. In Scenario B, the forces were less compatible, natural selection favoured high values of trait
1 (e.g. high luminance contrast) independently of trait 2, while sexual selection favoured high values of trait 2 (e.g. chromatic contrast) independently of trait 1. In
addition, the magnitude of the forces of sexual selection was weaker than the magnitude of natural selection. In Scenario C, the forces were similar to those in
Scenario B, i.e. favouring one trait over the other, but were both strong and of equal magnitude.

we considered three distinct scenarios where selection acted
equally on both traits, with different intensities on different
traits and with the same intensity on different traits. In all scen-
arios, diffusion, namely the random variations of phenotypes
from one generation to the next, was the same (and constant
across the phenotypic space). This reflects the neutral assumption
that mutations occur at the same rate everywhere in the pheno-
typic space. Enhancing the strength of the signal traits is
unlikely to occur without a cost (especially in honest signals
[41]); therefore, a cost function was included, which was the
same across scenarios, and associated a high cost to high
values of both traits. In the exemplified version of the model in
which traits 1 and 2 correspond to luminance and chromatic con-
trast, a high value for both traits were impossible due to the
physical impossibility to maximize luminance and chromatic
contrast simultaneously (see electronic supplementary material,
section S2). Accordingly, only the forces of natural and sexual
selection differed between scenarios. Our model is inspired by,
and loosely based on, the evolution of visual aposematic signals
in Oophaga poison frogs, where colour patterns are under both
natural and sexual selection. In the light of the weight of

empirical studies, we chose to focus our model on scenarios in
which selection acts either synergistically, or in parallel (acting
on alternate traits) on these aposematic signals, rather than in
opposition or antagonistically. Within- and between differences
have been quantified in coloration including chromatic and lumi-
nance contrast (fig. 2B from [10]) which can be influenced by
multifarious selection, potentially due to different combinations
of natural and sexual selection on visual signals (see electronic
supplementary material for further details).

In Scenario A, the forces of natural and sexual selection were
mainly compatible, both favouring equally higher values for
both traits, as shown by the similarity between the landscapes
Wsex and Wy (figure 2, Scenario A). This scenario represents a
population in which both predators and sources of sexual selec-
tion favour overall highly contrasting conspicuous aposematic
signals. In Scenarios B and C, natural and sexual selection
exerted different pressures on the two phenotypic traits, where
natural selection in this model favours higher values for trait 1
and sexual selection higher values for trait 2, reflected by the
‘orthogonality” between the landscapes Wee and Wy, (figure 2,
Scenarios B and C). Both scenarios were different, however, in
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the sense that in Scenario B one of the forces (W) had a lower
magnitude than the other (W), whereas both were of the same
magnitude in Scenario C. Scenario B creates an example in which
natural predator exert stronger selection over trait 1 (e.g. lumi-
nance contrast) than sexual selection for trait 2 (e.g. chromatic
contrast). However, in Scenario C the strength of selection
exerted is equivalent between sources of selection, but preda-
tion’s pressure favours enhanced luminance contrast, whereas
conspecifics favour enhanced chromatic contrast. This resulted
in different fitness landscapes Wigi. In Scenario A, given the
high cost of having high values for both aposematic traits, this
led to an adaptive landscape with a wide peak, or ridge of con-
stant height, as shown in Wy, (figure 2, Scenario A). All
individual phenotypes in the landscape were expected to climb
towards this ridge. We refer to the set of starting points in the
phenotypic space as a ‘basin’ from which phenotypes tend to
leave by climbing toward a given peak or ridge of constant
height (optima). In Scenario A, the initial position of the popu-
lation within the phenotypic space is within this single basin
where optima were characterized by a long crest rather than a
single peak. In Scenario B, there was a single optimum (peak)
in the landscape. Accordingly, there was a single basin in
the landscape, and all phenotypes were expected to climb
towards this peak (figure 2, Scenario B). In Scenario C, by con-
trast, there were two optima, which defined two basins, i.e. the
fitness landscape Wioa could be partitioned into two areas
defined by the peak a phenotype was expected to climb
towards (figure 2, Scenario C). These scenarios were the
selection-influenced landscapes under which we modelled
the population-wide evolution of frog phenotypes to assess
their evolutionary outcomes, producing such outcomes as
monomorphism or continuous or discrete polymorphism.

(<) Model implementation

The Fokker—Planck equation (equation (2.2)) was solved numeri-
cally using code adapted from [42,43] following a discrete
implementation scheme of advection-diffusion equations [44].
The phenotypic space [0,1] x [0,1] was discretized using N x N
bins of size 1/N x 1/N, with N = 50. The constant diffusion on
the phenotype space was D = 1/75. This value was chosen for
mutation and selection to cause dynamics with commensurate
speeds, but the outcome of the scenarios does not depend on a
specific value. To model the cost landscape, we used a sum of
power functions. This allowed us to model a slightly increasing
cost for increasing values of the traits and prohibitively high
costs for very high values of both traits, reflecting the physical
impossibility for a signal of having simultaneously a maximal
luminance and chromatic contrast (see electronic supplementary
material). For modelling the forces of natural and sexual selection
we used two-dimensional log functions with a steep increase for
low values of the traits, a moderate increase for medium values
and a plateauing for higher values. This allowed us to model a gen-
eral feature in cognition and perception, known as Weber's law,
whereby the effect on an increase in a stimulus feature (visual con-
trast, loudness, etc.) is not based on the absolute amplitude of this
increase but rather on its amplitude relative to that of the starting
stimulus [45]. Accordingly, an increase in amplitude of, for
example, 0.1 for a trait of value 0.1 has more effect on a predator
(and hence a bigger increase for Wy,) or conspecific (hence, a
bigger increase for W) perception than the same increase for a
starting trait of value 0.8. In the numerical simulations we con-
sidered 1000 time steps as beyond that point we did not find
much evolution on the population’s distribution of phenotypes.
All the MATLAB [46] and Python [47] functions, and actual
values for Weost, What and Wiey, used for the numerical simulations
and generating the figures and videos can be found on the follow-
ing open-source repository: https://github.com/openacchio/

polymorphism-scenarios-and-free-energy-solver. The code and
parameters can be directly adapted to draw predictions on the out-
come of multifarious selection in other scenarios, including the
ability to add more than two sources of selection.

3. Results

Different evolutionary outcomes for Scenarios A, B and C are
illustrated visually (figure 3). For each scenario, the left plot
shows the population’s starting position in the space of pheno-
types, superimposed on the total fitness landscape (figure 2).
The middle plot shows populations after 500 evolutionary
time steps, whereas the right plot shows the final population
(1000 time steps). In Scenario A, the final distribution shows
that a broad range of phenotypes coexist in the population,
where some are more biased towards higher trait 1 values,
whereas others evolved towards high values of trait 2. This
coexistence, or ‘continuous polymorphism’, is made possible
by the fact that all these phenotypes have comparatively equiv-
alent fitness. In Scenario B, the population converges towards
the only fitness peak in the landscape, which illustrates the
evolution towards a ‘monomorphic’ population. When the
combination of directions and strengths of selective forces
give rise to a more structured fitness landscape, such as those
containing two possible optima (Scenario C), the evolutionary
outcome for a population depends on the starting location of
the population in the space of phenotypes. If the initial pheno-
typic distribution overlaps the two ‘basins” within the fitness
landscape (figure 3, Scenario C, case 1), then distribution
splits and both parts converge towards distinct phenotypes
corresponding to the two different peaks in the two separate
basins of the fitness landscape, giving a case of ‘true poly-
morphism’. If the starting distribution lies within one of the
two basins, it converges towards a monomorphic distribution
of phenotypes with maximal fitness within that basin
(figure 3, Scenario C, case 2). The full evolutionary trajectory
of each scenario can be seen in electronic supplementary
material, videos 51-54.

4. Discussion

We assessed the potential evolutionary outcomes arising from
different combinations of natural and sexual selection acting on
elements of a population’s aposematic signal. Results from
modelling different scenarios indicate that diverse evolution-
ary outcomes are influenced by both the specific combination
of selection (each relative intensities), and whether multifarious
selection acted on the same trait. Starting with a single, variable
population, the outcomes produced by different combinations
of selection resulted in all types of phenotypic divergence
which have been characterized in wild frog populations,
including monomorphism [21], continuously variable
polymorphism [48] and discrete polymorphism [6].

In our model, the a priori chosen combinations of selective
forces on visual signalling traits created the fitness landscape
topology which, coupled with a Brownian movement/drift
element over time, shaped populations traits. When multifar-
ious selection favours a single trait within all possible
warning signal combinations (e.g. both natural and sexual
selection favour chromatic contrast), continuous phenotypic
variation was produced. Interestingly, convergence onto a
single optimum (monomorphic phenotype) was produced
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Figure 3. Time evolution of the population’s distribution of phenotypes in Scenarios A, B and C. For each scenario the distribution of phenotypes in the starting
population is shown on the top of the fitness landscape (left column). The middle and right panels show the distribution of phenotypes for generations 500 and
1000, respectively. Scenario A leads to a broad continuous range of phenotypes corresponding to continuous variation in morphs. Scenario B gives rise to a single
(monomorphic) phenotype. Scenario C gives two discrete morphs (Scenario C, case 1) or a single morph (Scenario C, case 2) depending on the location of the

original distribution in the phenotypic space.

by natural and sexual selection acting on different traits of the
signal (e.g. luminance versus chromatic contrast), and with
differing strengths of selection. However, when strong selec-
tion acted on different aspects of the aposematic signal, two
potential outcomes were possible. Discrete polymorphism
was one product, though the population’s starting position
within a given fitness landscape ultimately dictated whether
polymorphism was produced, versus collapsing into a single
(monomorphic) phenotype. If the population’s initial position
placed it closer to a fitness peak for one aspect of the apose-
matic signal, that trait quickly approached that peak.

However, if the initial population started at a location
overlapping the border between two fitness basins, then
natural and sexual selection could pull the initial population
into a discrete polymorphic state favouring alternate traits of
the signal.

The topography of a warning signal’s fitness landscape
can be influenced by a number of combinations of strengths
of natural and sexual selection acting on the signals. Under-
standing the products of interacting sources of selection, as
we model with different strengths, is a topic of continued
interest [49]. Selection sources in our model largely favoured
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similar conditions, that is optimizing phenotypic trait(s)
(chromatic or luminance contrasts in our examples). They dif-
fered principally in whether they worked synergistically (e.g.
operating on the same trait) or in parallel where each source
influenced opposing traits [14].

As aposematic signals tend to favour more conspicuous sig-
nals (but see [50]), we did not model where sources of selection
could act in opposition. There are countless instances where
natural selection could act against, and subsequently suppress
traits favoured by sexual selection (e.g. [4,51]). Similarly, inter-
or intrasexual conflict could act in opposition on the same, or
different traits. A growing literature has taught us that the inter-
ests of males and females are not always aligned, and in some
extremes can even result in conflict [52]. However, even within
a single source of selection, such as sexual selection, the strength
of one selection source can overpower a second. For example,
female mating preferences for colour in Oophaga pumilio are
superseded by the females preference for the winner of male—
male combat, where females choose the territory-holding male
even if his colour is the less desirable morph [53]. Therefore, it
becomes increasingly important to understand the nuances of
how diverse sources of selection interact. Empirical studies
could lend further support, validating for our model outcomes.
Behavioural studies for example could be leveraged to identify
key sources of selection and the expression of traits they
favour. The fitness-influencing intensities of each type of selec-
tion could be scaled and compared, and the within-population
variance in phenotypic traits quantified. The stability of traits
could then be measured across generations to infer the stability
of phenotypic divergence. Of course, these studies would have
challenges and limitations.

Although we discuss these models based on inspiration
from populations of the poison frog genus Oophaga, for
which there is evidence of multifarious selection acting on
warning coloration, these results are more broadly applicable
beyond the specific details which we described in our model,
as there are innumerable scenarios which would result in
differences in the composition of sources, and strength of
selection. For example, whereas we used natural and sexual
selection, we could instead have included two or more
sources of sexual selection arising from mate choice and/
or intrasexual conflict. Similarly, there could be multiple
sources of natural selection, such as instances where colour
patterns could serve both as a warning signal to predators
as well as a role in thermoregulation [54,55]. Additionally,
chromatic and luminance contrasts could easily be substi-
tuted for any number of salient quantitative traits that are
under selection.

We also acknowledge there are additional important
examples of phenotypic variation which our model do not
address specifically, such as sexual dimorphism, which is
indeed found widely [56] (including in poison frogs [57]),
and is produced by sources of sexual selection [58]. We
would benefit from future studies that specifically explore
the population-wide outcomes of different combinations of
sex-specific selection. Here, we assume that visual signals
remain constant as they are in Oophaga species, but in other
species these signals can be dynamic due to a number of con-
ditions such as hormones or to thermoregulate [59-61]. We
reiterate that our model does not feature frequency depen-
dent selection (positive or negative). This limitation means
that our model may not be able to track the initial evolution
of aposematism, and/or may not properly estimate

phenotypic divergence when carried out by part of the distri-
bution of phenotypes separating from the main population.
Here, we consider that the starting population display apose-
matic phenotypes, and that the modification of the
distribution of phenotypes is slow enough for predators to
be able to generalize avoidance towards new phenotypes.
Continued efforts should seek to integrate frequency depen-
dence selection to assess its role in multifarious selection.

Our model also assumes that any variation present within
populations is salient, and therefore able to be influenced by
both natural, and sexual selection. We considered certain
aspects of perception of the receiver of the visual signals (pre-
dators, conspecifics) by taking into account that animals’
sensory perception and subsequent cognitive decisions
follow the Weber's law (i.e. are generally based on pro-
portional and not absolute differences [45]). Future models
could incorporate more specific inputs related to the visual
capabilities of biologically relevant viewers which would
describe whether variance reaches detectable threshold, and
is salient or not, by the viewers that represent sources of natu-
ral and/or sexual selection. For instance, Crothers et al. [62]
showed brighter focal males (increased achromatic contrast)
solicited more agonistic behaviours from other males, and
especially by bright males. However, this variation, which
is salient to conspecifics and some predators, is not detectable
by all putative major sources of predation [12].

Sensory ecology as a field aims to explore how, and with
what precision species acquire and process information
within their local habitats, and how that information mediates
behaviours. The importance of sensory ecology in studies of
speciation has become increasingly clear, as it describes mech-
anisms which have important implications in how both natural
and sexual selection (and their interactions) influence popu-
lations at all points along the speciation continuum. Predator
perception of warning signals has been incorporated
thoroughly in an attempt to explain ‘imperfect mimicry'—
where the mimic’s fidelity to a model species is variable or
less ideal [63,64]. Therefore, the addition of thresholds which
reflect the visual capabilities that underlie different sources of
selection would add relevant sophistication to our model. For
example, different sources of selection may perceive variance
in signals before an alternative, and hence influence signal
evolution in isolation until the variance becomes salient to
the second source.

Our results indicate population-wide phenotypic divergence
occurs as little as 500 evolutionary stages (~generations),
suggesting that phenotypic shifts can occur relatively rapidly,
especially in species with short generation times. One recent
study has shown strong selection can also rapidly change
visual signals. In Papilio butterflies the appearance of a new
model species has resulted in enhanced mimetic similarity in a
little as dozens of years [65].

The evolutionary trajectory of aposematic populations
where warning coloration contains information that is used
by sources of natural and sexual selection remains a topic
of fervent interest. We have shown just how these sources
of selection function in concert, and that whether they influ-
ence the same, or differing but related traits, is key to shaping
the fitness landscape and ultimately the evolutionary trajec-
tory of aposematic signals. This in turn determines whether
these signals ultimately show little variation (monomorph-
ism), or significant variance which produces downstream
outcomes such as continuous or discrete polymorphic
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populations. How different sources of selection combine will
ultimately influence whether variation is likely to persist, or
even accrue towards speciation, or whether this variation is
more likely to be lost and consolidated into a single signal.
Empirical studies can continue to inform and refine models
such as our to more accurately predict how diverse combi-
nations of interacting multifarious selection influence
populations, both for aposematic species and more generally.
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