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Covariation among traits shapes both phenotypic evolution and ecological
interactions across space and time. However, rampant geographical variation
in the strength and direction of such correlations can be particularly difficult
to explain through generalized mechanisms. By integrating population genomics, surveys of natural history collections and spatially explicit analyses, we
tested multiple drivers of trait correlations in a coral snake mimic that exhibits
remarkable polymorphism in mimetic and non-mimetic colour traits. We
found that although such traits co-occur extensively across space, correlations
were best explained by a mixture of genetic architecture and correlational
selection, rather than by any single mechanism. Our findings suggest that
spatially complex trait distributions may be driven more by the simple interaction between multiple processes than by complex variation in one
mechanism alone. These interactions are particularly important in mimicry
systems, which frequently generate striking geographical variation and
genetic correlations among colour pattern traits.
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A fundamental aim of evolutionary biology is to understand the mechanisms
that generate and regulate spatial patterns of phenotypic diversity. One powerful approach to testing among mechanisms compares phenotypic covariance of
two or more traits within and between populations across a wide range of taxa
and traits [1,2]. Quantitative genetics has been critical for making predictions
about the evolutionary dynamics of correlations between continuous traits
under different generating mechanisms [3,4]. However, many trait correlations
of interest to evolutionary biologists involve discrete phenotypes in natural systems not amenable to large-scale breeding or pedigree studies necessary for a
quantitative genetics approach [5,6]. Spatially variable trait correlations are
especially common in phenotypes with direct consequences on fitness, such
as mating systems and predator defence adaptations [1,7,8], making them excellent targets for testing how traits may interact to structure phenotypic diversity
across space or time.
Mimicry is an anti-predator strategy in which one organism converges on
the phenotype of another to directly increase survival [9]. Trait correlations
are particularly important in mimicry systems because warning signals to predators are almost always multi-trait combinations requiring the coordination of
multiple genes [10,11] and/or signal modalities [12,13]. With a high selective
advantage for precise mimicry, it may seem paradoxical that many mimicry systems are characterized by both colour polymorphism (in which multiple
© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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2. Methods
(a) Study system
We studied the Great Plains ground snake (Sonora episcopa), a
diminutive, semi-fossorial snake found throughout the central
United States and northern Mexico [27,28]. This species exhibits
extraordinary colour polymorphism involving red and black pigmentation (figure 1a), such that individuals may possess a red
longitudinal dorsal stripe, black crossbands, neither a red stripe
nor black crossbands (resulting in a brown/grey ‘uniform’
appearance), or both a red stripe and black crossbands [29].
The latter ‘red–black banded’ phenotype is present in most
Sonora species and is considered mimetic of venomous coral
snakes [19,28,30]. Sonora episcopa overlaps with one species of
coral snake (Micrurus tener), but the precise distribution of
ground snake colour morphs is not correlated with coral snake
sympatry [29]. All four colour morphs co-occur in some populations, while others exhibit one to three morphs in any
combination. Previous research suggests that the evolution of
these colour traits may be governed by negative frequencydependent selection [29] and by the spatial effects of predator
foraging [31]. Sexual selection is unlikely to influence colour variation in ground snakes, as there is no evidence of morph-based
population structure, assortative mating or sexual dichromatism
in this species [29,32], and the capacity for many snake species to
even perceive colour is currently unclear [33]. While the genes
that regulate colour polymorphism in ground snakes are
unknown [34], analyses of morph ratios across populations
demonstrate that red and black pigmentation are likely to be
controlled by separate, unlinked loci [35].
In addition to being polymorphic for two mimicry-related
colour traits, ground snakes are polymorphic for a black cap
on the head and a black nuchal band (figure 1b). Currently, the
biological function of caps and nuchal bands remains understudied, but one or both are present in numerous snake species that
lack red and black banding [36]. It has been suggested that black
head coloration may aid in thermoregulation [37,38], venom protection [39] or predator avoidance [40], but further study is
needed. We consider the black cap and black nuchal band to
be ‘non-mimetic’ colour traits in ground snakes, although we
explicitly tested for a ‘melanin effect’ linking all the black traits
(body crossbands, caps, nuchal bands) despite probably varying
functions.

(b) Population sampling
Following Cox & Davis Rabosky [29], a ‘population’ was defined
as the US county in which individuals were collected, and its
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population genetic analyses to test how selection and genetic
architecture may shape the distribution of mimetic and nonmimetic colour traits. First, we assessed how trait frequencies
vary among populations, where trait correlations are present,
and how the diversity of traits is related across space. We
then compared population structure and diversity of neutral
genetic markers to that of colour traits to test among selective
and neutral processes acting on coloration. Lastly, we modelled expected trait distributions under different genetic
scenarios to infer the most likely architecture underlying
the expression and distribution of mimetic and non-mimetic
colour traits. By combining these approaches, we provide evidence that even though the spatial distribution of colour traits
and their correlations is highly non-random with respect to
genetic population structure, trait correlations in this species
are better explained by a mixture of processes than by
either genetic architecture or selection alone.
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phenotypes persist in a population) and significant geographical variation in this polymorphism among populations
[14–16]. However, the best-studied mimicry systems all
show striking diversity in the number and spatial distribution
of discrete colour traits, and many are polymorphic for colour
pattern elements not involved in a warning signal (e.g.
poison frogs [17], butterflies [11,18], snakes [19]). Although
some studies have hypothesized why both types of traits
might persist in a mimicry system [17,20,21], the relative contribution and importance of mechanisms driving correlations
between high-diversity mimetic and non-mimetic traits
remain unclear.
Multiple mechanisms can generate spatial correlations
between mimetic and non-mimetic traits, including exogenous forces such as neutral population processes or selection
and endogenous genetic mechanisms [8,22]. Trait correlations
may result solely from neutral processes like genetic drift,
gene flow and founder effects, although such correlations
may not be stable over time or space. Alternatively, trait correlations could reflect a shared genetic mechanism, such as
pleiotropy, linkage or both [8]. In the case of white-throated
sparrows, for example, correlations between sexually selected
colour traits and behavioural traits are underlaid by the
differential expression of genes located within an inversion
[23,24]. Lastly, trait correlations could be driven by correlational selection, which occurs when the co-expression of a
particular combination of traits is favoured [2]. In garter
snakes, for instance, predator-mediated correlational selection has led to an association between colour and
behavioural traits, with different combinations having dramatic impacts on fitness [7,25]. It is important to note that
these three drivers of trait correlations need not be mutually
exclusive; correlational selection frequently leads traits to
become genetically correlated via pleiotropy or linkage disequilibrium [26], and neutral processes are a constant
presence in most natural populations.
An integrative approach comparing both phenotypic and
genetic data in a system with high spatial diversity in
mimetic and non-mimetic colour traits can create testable predictions about the relative impact of these mechanisms in
structuring correlations across natural populations. Specifically, spatially explicit comparisons of trait frequencies, trait
diversity, genetic diversity and population genetic structure
should produce different combinations of observed trait distributions across space under each generating mechanism. If a
correlation between mimetic and non-mimetic colour traits in
a population is the product of neutral processes alone, the
diversities of both trait types should also be correlated with
the overall genetic diversity in that population. In addition,
isolation-by-distance should shape similar patterns of phenotypic and genetic diversity across space, and phenotypic
population structuring (measured as FST) should be roughly
equivalent to that of neutral genetic markers. By contrast, correlational selection or shared genetic mechanisms should lead
to tight spatial congruence of mimetic and non-mimetic trait
diversity within and among populations, and do so independently of genetic diversity. Disentangling the relative roles of
these two drivers in shaping trait correlations can be difficult
using measures of population structure alone, so tests that
conclusively reject one or the other are useful to identify
the most likely mechanism by process of elimination.
In this study, we leveraged the geographical variation in
colour polymorphism of a mimetic snake species and used
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Figure 1. Proportions of polymorphic (a) mimetic and (b) non-mimetic colour phenotypes are highly variable across 49 populations of Sonora episcopa in the Great
Plains of the USA and northern Mexico. Mimetic colour trait combinations (from left to right, a) include both black crossbands and a red stripe, black crossbands
only, a red stripe only and neither crossbands nor red stripe (uniform). Non-mimetic colour trait combinations (from left to right, b) include both a black cap on the
head and black nuchal band, a black cap only, a black nuchal band only and neither a cap nor nuchal band. The shade of grey of each population point (detection
probability) corresponds to the probability of detecting a rare morph at 5% frequency given the number of individuals sampled in our dataset. See electronic
supplementary material, table S1 for population details. (Online version in colour.)
‘location’ was calculated as the centre latitude and longitude of
that county (with a small number of exceptions, see electronic
supplementary material, appendix S1). While we did not explicitly account for specimen collection year in our analyses, 40 of
our 49 populations included at least 75% of individuals collected
within a 20-year sliding time window (as in Davis Rabosky et al.
[35]).

(c) Phenotypic scoring
Our phenotypic dataset consisted of 1240 individuals from 49
populations (electronic supplementary material, table S1) across
the range of ground snakes and were collected by the authors
or sampled from natural history collections (see Acknowledgements). All specimens were photographed and scored for the
presence or absence of a red dorsal stripe, black crossbands, a
black cap and a black nuchal band. These traits are generally discrete in ground snakes, making scoring relatively easy (see
electronic supplementary material, appendix S2 for an alternative
scoring method). However, we determined that it was impossible
to truly know whether banded and mimetic individuals did or
did not possess a nuchal band. In this manuscript, we present
the results obtained by scoring banded and mimetic individuals
as lacking the nuchal band but note that we recovered all the
same significant results when scoring banded and mimetic
individuals as having the nuchal band instead (electronic supplementary material, table S2). Black caps were effectively
scorable as present or absent even on banded and mimetic
individuals.

(d) Trait distributions and associations
To assess the spatial distribution of mimetic traits and nonmimetic traits, we calculated the relative frequency of each trait
within each population and plotted all populations on a map.
In order to evaluate confidence in our detection of all morphs
present per population, we calculated the probability of detecting
a rare morph in each population using a simple binomial probability (in which n is the sample size in each population) and

assumed a frequency of 5% for rare morphs. To test for statistical
associations among colour traits, we tabulated counts of each
trait combination from the global dataset and created a contingency table for each pair of traits, then used a χ 2-test to
determine the independence of each variable.
We also used maps to visualize the spatial congruence of
mimetic and non-mimetic trait diversity (Shannon’s H ). We
tested for the relationship between mimetic H and non-mimetic
H within populations using both a linear model and a nonparametric Spearman’s rank correlation, as both trait types had
slightly non-normal distributions. Because both non-mimetic
traits involve melanin, we might predict that any spatial congruencies recovered are driven solely by crossbands, which
also involve melanin. To directly test this, we removed all individuals with crossbands (banded and mimetic) from the
dataset, then re-mapped and tested for the relationship between
the relative frequency of the red stripe and non-mimetic H in the
same manner as above. We conducted all aforementioned statistics in R v. 4.0.0 [41], and we created maps with spatially
interpolated H values between point populations using the R
packages ‘rangeBuilder’ [19] and ‘raster’ [42].

(e) DNA sequencing and SNP data generation
For our genetic dataset, we extracted DNA from tissue samples
of 142 individuals from 32 populations across the range of
ground snakes. We then conducted double digest restrictionsite associated DNA sequencing (ddRADseq) following the protocol set forth in Peterson et al. [43] and using the restriction
enzymes EcoR1 and MSP1. The samples were sequenced in
two lanes of an Illumina HiSeq 2500 System at the University
of Michigan Sequencing Core, producing 150 base pair
paired-end reads.
Raw sequences were demultiplexed using the program
pyRAD [44], and the resulting fast-Q files were run through
the dDocent pipeline [45]. We then filtered our SNP dataset
using VCFtools v. 0.1.15 [46] and vcflib (included in Freebayes
[47]). Lastly, we used BayeScan v. 2.1 [48] and Fisher’s exact
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To assess patterns of genetic structure in ground snakes, we used
STRUCTURE [49]. Our model included genetic admixture and
correlated allele frequencies, and it was run for 50 000 iterations
with a burn-in of 10 000 iterations. We ran this model for k-values
of one through 10, with 20 independent replicates of each k. The
files produced by STRUCTURE were imported to the program
Structure Harvester [50], which employs the Evanno et al. [51]
method to determine the k-value with the highest likelihood.
We used CLUMPAK [52] and custom R scripts to graphically
visualize population clustering for the most likely k-value.

(g) Inferring patterns of selection
To assess the influence of neutral processes or selection on geographical variation in colour traits, we compared population
subdivision for neutral SNPs and colour traits. By treating each
colour trait (crossbands, red stripe, black cap and nuchal band)
as a separate dominant marker and coding the presence or
absence of the trait in an individual as 1 or 0, we calculated an
analogue of FST (ΦPT, hereafter referred to as FST) for each
colour trait that was directly comparable to FST values of neutral
genetic markers. In turn, the relationship between neutral genetic
differentiation and colour trait differentiation could be used to
infer the pattern of selection responsible [29,53]. If variation in
colour can be explained primarily by neutral processes, FST
should be roughly equivalent between neutral genetic markers
and colour trait markers. By contrast, higher differentiation for
neutral genetic markers than for colour trait markers would
suggest balancing selection pushing populations toward similar
morph compositions, while higher differentiation for colour
trait markers than for neutral genetic markers would suggest
diversifying selection pushing populations towards different
morph compositions [29,53]. We used an analysis of molecular
variance (AMOVA) in the program GenAlEx [54] to calculate
FST values for all neutral SNPs (a global average), each SNP individually and each colour trait individually. We generated 95%
confidence intervals by running 9999 permutations. This
AMOVA also allowed us to calculate neutral genetic diversity
(e.g. observed heterozygosity, unbiased expected heterozygosity,
Shannon’s information index) within each population and test
for a positive correlation with phenotypic diversity.

(h) Modelling genetic architecture of colour traits
We followed the methodology of Davis Rabosky et al. [35] to
determine the most likely genetic relationship between each pairwise combination of mimetic and non-mimetic colour traits in
ground snakes. This approach was initially developed as a test
to reject (or fail to reject) physical linkage between loci, but it
cannot confirm the presence of linkage because simulated associations among loci could be consistent with genetic mechanisms
other than linkage, such as pleiotropy. As such, we use the
term ‘linkage’ here for convenience as a means to denote any
sort of shared genetic mechanism. Briefly, this method involves
four possible inheritance models for each trait pair (all pairwise
combinations): one-locus, two-locus unlinked, two-locus with variable
linkage and two-locus with strong linkage. The one-locus model
assumes that the two traits are generated simply by different

3. Results
(a) Spatial variation in phenotypic frequencies
Relative frequencies of both mimetic and non-mimetic traits
vary considerably across the landscape, with some populations apparently fixed for one colour trait and others
exhibiting all possible combinations (figure 1). The probability of detecting a rare morph showed some geographical
variation but was above 70% in most populations, suggesting
that our sampling was generally sufficient. Furthermore,
populations with low rare morph detection probabilities
were spatially distributed such that no single region suffered
from particularly low confidence. Despite the visible variation among populations in morph presence (figure 1), we
found that all pairwise combinations of mimetic and nonmimetic traits co-occurred more often than expected by
chance when all individuals were analysed together (all
p’s < 0.001; crossbands—black cap χ 2 = 264.54; red stripe—
black cap χ 2 = 96.46; red stripe—nuchal band χ 2 = 31.76;
black cap—nuchal band χ 2 = 50.98; crossbands—red stripe
χ 2 = 116.57; N = 1240). These results remain significant for
red striping and non-mimetic traits even when banded and
mimetic individuals are removed from analysis, suggesting
that these trait co-occurrences are not driven solely by a melanin pathway (all p’s < 0.001; red stripe—black cap χ 2 = 17.59;
red stripe—nuchal band χ 2 = 73.10).

(b) Spatial patterns of neutral genetic variation
We found support for two population clusters using STRUCTURE and the Evanno et al. [51] method. These clusters
correspond well with geographical regions, such that one
relatively distinct cluster occurs in Kansas, Colorado and
northern Oklahoma, while the other occurs in southern
Oklahoma, much of Texas and southern New Mexico.
Accordingly, the genetic data are much better explained by
a latitudinal cline than a longitudinal one (figure 2). We
also note that many populations show a significant level of
admixture even when separated by several hundred kilometres, suggesting a wide area of gene flow or historical
connectivity among populations. Lastly, the assignment probability of individuals to genetic clusters shows no structure
by either mimetic or non-mimetic phenotype, as all morphs
are represented by individuals from all genetic deme
combinations (electronic supplementary material, figure S1).

(c) Spatial correlations in trait diversity
Neutral genetic diversity within populations did not predict
phenotypic diversity, as observed heterozygosity was not
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(f ) Population clustering analyses

alleles on the same locus. The two-locus unlinked model assumes
that the two traits are coded by alleles on separate loci that assort
independently. For the final two models that involve linkage, we
added the parameter D, a statistical measure of linkage disequilibrium. In the two-locus with variable linkage model, D is free to
vary and is estimated separately for each population. In the
two-locus with strong linkage model, we assume that D is close
to its theoretical maximum in each population and therefore fix
the relative value of D (Drel = D/Dmax) to 0.99. We applied the
R scripts used in Davis Rabosky et al. [35] to fit all models to
our observed trait frequencies in each population. The likelihood
of models in each population was assessed by AIC scores.
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tests in contingency analyses to identify and remove loci statistically associated with any of the four colour traits and/or likely to
be under selection (electronic supplementary material, table S3).
The final dataset consisted of 2125 putatively neutral SNPs from
109 individuals across 31 populations. For a more detailed
description of our DNA sequencing and SNP data preparation
methods, see electronic supplementary material, appendix S3
and table S4.
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Figure 2. Genetic population structure inferred from 2125 neutral SNPs shows an isolation-by-distance cline when ordered by (a) latitude but not by (b) longitude.
The most likely number of population clusters (k) was found to be two, and most populations have assignment probability mixtures of these two demes. Black lines
separate populations along each x-axis, and the number above each population can be matched to corresponding population names in electronic supplementary
material, table S1. (Online version in colour.)
correlated with either mimetic (F1,24 = 3.113, p = 0.090; Spearman’s ρ = −0.197, p = 0.336) or non-mimetic trait diversity
(F1,24 = 0.404, p = 0.531; Spearman’s ρ = −0.209, p = 0.305; electronic supplementary material, figure S2). However, we also
found that mimetic and non-mimetic trait diversity (H )
were variable across the landscape, with areas of both positive and negative correlations (figure 3a,b). While mimetic
H was positively correlated with non-mimetic H overall
(F1,47 = 8.218, p = 0.006; figure 3c), the areas of matching and
mismatching had some spatial structure. Mapping trait diversity revealed areas of high mimetic H and high non-mimetic
H (e.g. Kansas, central-western Oklahoma), areas of low
mimetic H and low non-mimetic H (e.g. Colorado, New
Mexico, western Texas), and areas of low mimetic H and
high non-mimetic H (e.g. central Texas, southeastern Oklahoma), but very little evidence of areas with high mimetic
H and low non-mimetic H. When we removed individuals
with bands from analysis, we recovered similar spatial patterns of non-random associations (figure 3d,e), and the
relative frequency of red stripe remained significantly correlated with non-mimetic H (F1,47 = 8.054, p = 0.007; figure 3f ).
Similar to the test of global trait correlations above, significant correlations in the absence of banded individuals
suggest that these trait associations are not driven solely by
a melanin pathway.

(d) Strength of selection
We found strong evidence of selection on mimetic traits but
weaker evidence of selection on non-mimetic traits. Global
FST was relatively low for neutral genetic markers (FST =
0.064), while FST for mimetic traits and non-mimetic traits
were all two to ten times higher (figure 4a; crossbands
FST = 0.320; red stripe FST = 0.611; black cap FST = 0.202;
nuchal band FST = 0.143; all p-values < 0.05). When FST was
analysed on a per-locus basis, both mimetic and non-mimetic
colour traits were located in the extreme end of the FST frequency distribution (figure 4b). However, both mimetic

colour traits had significantly higher FST values than either
of the non-mimetic colour traits ( p < 0.05), suggesting that
mimetic traits may be under stronger selection.

(e) Potential scenarios of genetic architecture
Our modelling of different genetic relationships between
pairs of traits suggests that the co-occurrence of at least
some mimetic and non-mimetic traits may result from genetic
mechanisms (electronic supplementary material, table S5).
For all pairwise trait combinations, the two-locus model
was strongly favoured over the one-locus model (all ΔAIC >
40), suggesting that these traits are more likely to be controlled by separate loci than a single locus. However, we
also found support for differing levels of non-random associations among traits, including some trait combinations that
strongly rejected the hypothesis of genetic linkage among
loci. In particular, the associations of (i) the red stripe and
nuchal band and (ii) crossbands and the red stripe both
showed no evidence of linkage disequilibrium (consistent
with Davis Rabosky et al. [35]). By contrast, complete independent assortment was not supported for crossbands and
black caps, with all models that incorporate a linkage parameter being strongly favoured over an unlinked model for
this trait combination (all ΔAIC > 70). The final two trait combinations (red stripe—black cap and black cap—nuchal band)
also favoured models with a linkage parameter, but more
conclusively (i) rejected models of strong linkage than (ii)
supported linkage over independent assortment. Although
these models are better designed to reject a hypothesis of genetic linkage among loci rather than confirm it, our results
overall are consistent with the potential for linkage disequilibrium among some loci, especially for the traits we measured
involving melanism (crossbands, caps and nuchal bands).
Nevertheless, our results also strongly suggest that neither
linkage, nor being controlled by a single locus, can fully
explain trait associations in this system.
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Figure 3. Mimetic and non-mimetic trait diversity (H ) vary non-randomly across space (a,b) and are positively correlated overall (c). Using all individuals in the
dataset, spatial concordance of similar diversity indices (high–high, low–low) occurs everywhere except the Edwards Plateau region of central Texas and northward
into southern Oklahoma. After removing all banded and mimetic individuals from analysis (d–f ), we continue to show a positive correlation and non-random
association across space with the same general area of mismatch, suggesting that the patterns observed in (a–c) are not driven by a shared melanin mechanism
uniting crossbands and non-mimetic traits. To enhance visualization of correlations across maps, populations with higher H values (or relative frequencies) are
represented by darker points and lower values by lighter points. Between populations, higher interpolated values are shown in orange and lower values in
blue. Note that in (d–f ), the Otero County, Colorado population was removed because all sampled individuals possessed crossbands.

4. Discussion
We found evidence that mimetic and non-mimetic trait correlations are best explained by a mixture of endogenous genetic
mechanisms and exogenous selective forces in S. episcopa
rather than by either process alone. Across the landscape,
mimetic and non-mimetic trait frequencies are highly variable, but their diversities are correlated and distributed in a
non-random fashion. Neither mimetic nor non-mimetic trait
diversity is predicted by genetic diversity, ruling out neutral
processes as the sole drivers of these spatial patterns.
Measures of population structuring (FST) are higher for
both types of phenotypic traits than for neutral genetic markers, implying that these colour traits are indeed under
selection. While these phenotypic FST values do not allow
us to fully separate the relative roles of shared genetic mechanisms and correlational selection in shaping trait
correlations, our modelling scenarios indicate that some correlations, especially those among melanistic traits, may be
underlaid by shared genetic architecture. By contrast, other
trait correlations, namely those that involve the red stripe,
do not appear to share a genetic mechanism, suggesting
that these traits may instead be associated as a result of
correlational selection.
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Our support for shared genetic mechanisms underlying
melanistic trait correlations (those involving the black cap,
crossbands and nuchal band) is consistent with previous
research showing that in many taxa, colour polymorphism
is maintained by a single gene or set of linked genes that produces multiple phenotypes through differential expression or
modulation [11,18,55,56]. In fact, we may have an a priori
expectation for melanistic traits to show evidence of pleiotropy or linkage disequilibrium in systems where colour
morphs exist as reduced subsets of one another, such as in
ground snakes, where the three melanistic traits could be considered subsets of a head-to-tail banded phenotype. In such
‘reduced subset’ polymorphic systems, a single melanin synthesis gene or network of linked genes may determine
whether melanin is produced, while cis- and/or transregulatory elements determine where on the body and to
what extent the melanistic pattern is present [56–58]. Reduced
subset colour polymorphism is common in many taxa (e.g.
snails [59], fruit flies [56], lizards [60], frogs [17]), but the
role of shared genetic mechanisms in driving the spatial patterns of colour morphs is not often explicitly tested. In
particular, polymorphic systems in which colour trait distributions do not follow a predicted environmental cline may
be prime candidates for tests of genetic linkage among traits.
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Figure 4. All four colour traits have higher FST than the mean FST of neutral SNPs, but the two mimetic colour traits (crossbands, red stripe) have much higher FST
than either of the two non-mimetic traits (black cap, nuchal band). Note that we use FST for ease of comparisons among colour traits and neutral genetic markers,
but this value is actually ΦPT (an analogue of FST) for colour traits. (a) Mean FST values for all four colour traits (black points) plotted over the distribution of 2125
neutral ddRAD markers (grey points). The grey line represents the mean FST value for all neutral markers. Error bars represent 95% confidence intervals after 9999
permutations, giving an assessment of the repeatability of our calculated means. (b) Mimetic colour traits had FST values in the trailing edge of the frequency
distribution of all observed FST values, while non-mimetic traits had values that were closer to the mode of the distribution.
Our observed patterns of correlations between the red
stripe and melanistic traits are better explained by correlational selection than by shared genetic mechanisms, as
evidenced by our modelling scenarios and consistent with
previous research in ground snakes suggesting that at least
some red and black traits are controlled by separate, unlinked
loci [35]. Furthermore, if all mimetic and non-mimetic traits
shared a common genetic mechanism, we would expect
tight positive correlations among those traits in all populations, yet we uncovered a non-uniform landscape of trait
correlations with several areas of mismatch. This mosaic pattern of trait correlations could have been generated by
geographical variation in selection and localized adaptations/
stochastic processes [61,62], a phenomenon that is particularly
common in systems where colour polymorphism is driven by
interspecific interactions [63,64]. In the case of ground snakes,
the combination of red and black mimics the colour pattern of
venomous coral snakes, deceitfully signalling to potential
predators that the snakes should be avoided [30]. Because
both red and black are necessary to convey such a signal,
coral snake mimicry is probably driven by correlational selection. As the predator communities vary across space, so too
might the correlational selective regimes, thus generating a
complex geographical mosaic of trait distributions and
correlations like the one recovered here.
Lastly, our findings have important implications for
species that were associated with mimicry at some point in
their evolutionary history but currently do not exhibit
mimetic traits. While the ground snake that we studied is
highly polymorphic in both mimetic and non-mimetic
traits, the congeneric Taylor’s ground snake (Sonora taylori)
is fixed for the uniform phenotype but polymorphic for the
black cap [65]. As many of the extant species and recent
ancestors of Sonora are thought to be coral snake mimics or
at least contain mimetic morphs [19], it is possible that nonmimetic polymorphic traits were initially maintained by correlations with mimetic polymorphic traits, but the two types
of traits have since become decoupled in Taylor’s ground
snakes. In essence, after losing mimetic phenotypes, the

entire lineage is now left only with polymorphic black caps.
This outcome would suggest that correlations between
mimetic and non-mimetic colour traits could serve as a
potential explanation for the persistence of non-mimetic
colour polymorphism in species that have evolutionarily
lost their association with mimicry. Insights such as these
can only be gleaned from spatially explicit tests of the drivers
of colour trait distributions and correlations.
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