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Animal colour is a complex trait shaped by multiple selection pressures that
can vary across geography. The thermal melanism hypothesis predicts that
darker coloration is beneficial to animals in colder regions because it allows
for more rapid solar absorption. Here, we use community science images of
three closely related species of North American ratsnakes (genus Pantherophis)
to examine if climate predicts colour variation across range-wide scales. We
predicted that darker individuals are found in colder regions and higher
elevations, in accordance with the thermal melanism hypothesis. Using an
unprecedented dataset of over 8000 images, we found strong support for
temperature as a key predictor of darker colour, supporting thermal melanism.
We also found that elevation and precipitation are predictive of colour, but
the direction and magnitude of these effects were more variable across
species. Our study is the first to quantify colour variation in Pantherophis
ratsnakes, highlighting the value of community science images for studying
range-wide colour variation.

Species colour and patterning is often the outcome of different selective press-
ures [1,2] and is used for concealment, communication and quality signalling,
and physiological processes [3,4]. Colour also often varies geographically
within and between species, which may relate to these multiple selection press-
ures operating locally. One key ecogeographic rule posited to explain variation
in intraspecific colour patterning is the thermal melanism hypothesis [5,6],
which predicts that darker animals will be found in colder climates as increased
melanin aids in absorption of solar radiation [7]. Several studies on insects and
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reptiles have garnered support for this hypothesis [8-10], but
the extent of this pattern across animals remains unknown.

North American ratsnakes (genus Pantherophis) are thought
to vary in coloration across species’ ranges. It has been long
noted anecdotally by herpetologists that ratsnakes are particu-
larly melanistic in northern populations, perhaps related to
thermoregulatory benefits [11]. However, no studies have
quantified intraspecific colour variation in this group or exam-
ined the relationship between colour and abiotic conditions.
The North American ratsnake complex was historically con-
sidered a single species (Pantherophis obsoletus) with eight
geographical subspecies distinguished by adult colour pattern
[12]. The northern subspecies was defined by a dark grey/
brown or black dorsal colour, while the remaining subspecies
were characterized as various shades of grey, brown, yellow
or orange ground colours (i.e. base) with blotches or stripes.
However, molecular systematic work found that these colour-
based subspecies do not represent distinct evolutionary
lineages [13], and instead the complex is composed of four
species [14]—P. obsoletus (distributed west of the Mississippi
River), P. spiloides (distributed between the Mississippi River
and Appalachian Mountains), P. alleghaniensis (distributed
east of the Appalachian Mountains) and P. bairdi (in southwest
Texas and northeastern Mexico)—all of which are highly
variable in colour (electronic supplementary material,
figure S1; see [15] for updated nomenclature).

Here, we test the importance of climate predictors on colour
variation at the range-wide scale in eastern Pantherophis rats-
nakes. We do so by using a novel approach that overcomes
past limitations in examining snake coloration. Unfortunately,
colour fades in fluid-preserved museum specimens, prohibit-
ing use for such studies. In nature, snakes are difficult to find
in high quantities, making it challenging for any one person
or small team to assemble the needed data to study intra-
specific patterns across a species range. Community science
platforms, like iNaturalist, hold ever-growing image data
resources of numerous species. These records are an invaluable
resource for studying phenotypic variation across range-wide
scales, especially for species that are not reliably discoverable
(e.g. [16]). Di Cecco [17] highlight the utility of iNaturalist
observations in biodiversity science, however, at present, the
use of these images to examine species trait variation remains
uncommon. We leverage over 8000 iNaturalist images to test
range-wide colour and climate trends in Pantherophis ratsnakes.
Based on the observed colour pattern cline in these species, we
predicted that all species would conform to the thermal melan-
ism hypothesis, with darker individuals found in colder
climates and higher elevations (due to cooler temperatures
and increased UV exposure) and lighter coloured snakes in
warmer areas and lower elevations. In addition to climate-
related variables, we also tested the alternative hypothesis of
background matching as shown in other snakes [18,19], with
the expectation that colour of eastern Pantherophis ratsnakes
do not display this pattern.

We downloaded all Research Grade images (years 1972-2020) of
P. alleghaniensis, P. spiloides and P. obsoletus from iNaturalist
(accessed 13 May 2020) using the R package rinat [20]. Research
Grade records are georeferenced, and taxonomic identity is

verified by at least two other iNaturalist users. The three Panthero-
phis species were selected based on similar latitudinal geographical
distributions and variation in colour pattern. A total of 16 567
images were downloaded across species: 6731 P. alleghaniensis,
3335 P. spiloides and 6501 P. obsoletus.

To score Pantherophis colour pattern, we used the program
ImageAnt (https:/ /gitlab.com/stuckyb/imageant). Details on
snake colour pattern scoring and record filtering can be found
in the electronic supplementary material, Methods. Snake
colour patterns were assigned into six categories: black, brown,
dark grey, light grey, orange and yellow. Each image was initially
scored by two independent co-authors. If there was incongru-
ence between the first two scores, a third independent
researcher provided a consensus.

We also tested for the possibility of background matching. We
report the full methods in the electronic supplementary material
for quantifying snake and background colours from images. In
total, snake and background colour was quantified for 300 curated
images of P. alleghaniensis, which was used as the test case because
it varies the most in colour and latitudinal range.

We downloaded the bioclimatic variables: annual mean tempera-
ture (BIO1), annual precipitation (BIO12), elevation and solar
radiation at 30 arc-second (approx. 1 km) resolution (WorldClim
V2.1; [21]). We had no expectation of seasonal variation in colour.
Latitude was obtained from iNaturalist image metadata. Using
the mster R package [22], we extracted the environmental
variables for each record.

We used the brins package [23] to fit Bayesian generalized nonlinear
regression models in R [24] with colour as a multinomial response
and temperature, precipitation and elevation as predictors. Solar
radiation and latitude were dropped from models because they
were highly correlated with temperature ( > 0.9). Multi-collinearity
was low among remaining co-variates (r < 0.40). Elevation was log
transformed for normalization; all other predictors were normally
distributed. Predictors were all mean-centered and standardized
to compare effect sizes and for improved model performance. All
models were fit with 2000 iterations across four MCMC chains
and 1000 warm-up iterations. We ran four multinomial models,
one full model including all three Pantherophis species with a
random intercept of species and a separate model for each of the
three species. Species-specific analyses were run due to evolution-
ary ambiguity in the group [15,25,26]. Black colour pattern was
set as the comparative reference for all models; therefore, its par-
ameter was fixed and other colour estimates are relative to it. For
higher order models, we ran model selection using ‘loo_compare’
in the brms package and estimated model fit with the difference
in their expected log predictive density using the leave-one-out
cross-validation criterion (10o). For all models, we tested for inter-
actions between temperature and precipitation, and while these
models had a better fit, the interactions were weak and do not
aid in the interpretation of the relationship between melanism
and climate. We therefore focus on presenting in the main text
models without interaction effects (see electronic supplementary
material, table S1 and figure S2 for results with interactions
included). In addition, we ran a reduced dataset in which we
removed records with coordinate error greater than 1 km (see elec-
tronic supplementary material, Methods and Results). Lastly, we
ran binary models to examine the influence of environment on a
more generalized pattern of light or dark snake coloration (see elec-
tronic supplementary material, Methods and Results). We checked
the residuals of the binary model with species as a fixed effect and
found no evidence of spatial autocorrelation (electronic supplemen-
tary material, figure S3). To examine the possibility of background
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Figure 1. Maps of the range-wide distribution of Pantherophis obsoletus, P. spiloides and P. alleghaniensis based on iNaturalist records clipped to each species [UCN
distribution. Records are coloured by scored snake colour pattern (black, brown, dark grey, light grey, orange or yellow) for each species. Images below each map
display colour pattern variation observed within each respective species. Images credit top to bottom by species: P. obsoletus—Chrissy McClarren and Andy Reago
(no. 163675470), David Kelley (no. 130911586), Cristy Wade (no. 171898208); P. spiloides—Robb Hannawacker (no. 8944885), John Kees (no. 64287651), Anne
(no. 64478146); P. alleghaniensis—Mirko Schoenitz (no. 8516891), Daniel Estabrooks (no. 19861331), J.D. Willson (no. 59436623).

matching, we ran a linear regression with quantified snake colour
as the response and mean-centered and standardized background
colour and latitude (as an alternative predictor) as the predictors.

3. Results

Out of 16 567 initial iNaturalist images, we obtained consensus
scores for 8279 adult Pantherophis records. After further filter-
ing, we generated a final dataset of 8098 records (3220
P. alleghaniensis, 1703 P. spiloides, 3175 P. obsoletus; figure 1; elec-
tronic supplementary material, figure S1 and table S2). For each
analysis of colour variation (all species and separate), model
selection indicated that the best-fit models included all predic-
tor variables (electronic supplementary material, table S3). In
the full model, with species as a random effect, the probability
of black snake occurrence was highest in colder areas and
decreased with warming temperature (figure 2a and table 1).
Temperature was the strongest effect, and probability of
presence across temperature gradients differed the most
between black snakes compared to orange and yellow snakes
(figure 2a). Probability of black snake presence increased
with increasing precipitation (figure 2b) and elevation
(figure 2c), but elevation was not an important predictor

separating black snake occurrence from yellow and orange
snake occurrence (table 1).

In the single species models, all three species showed
strong, significant trends of higher probability of black
snake presence in colder environments (figure 2d,g,j). The
main differences were in other climate factors, especially pre-
cipitation. Pantherophis obsoletus showed a significantly higher
probability of black snake presence in wetter areas compared
to other colour forms (figure 2k), but the other two species
showed weaker or a non-significant relationship in the oppo-
site direction (e.g. higher probability of black snakes in drier
locations; figure 2¢,h). Elevation was not an important pre-
dictor separating black snake occurrence from other dark
forms for P. alleghaniensis (but was predictive for lighter
forms) and the effects are even weaker for P. obsoletus
(table 2). However, elevation was a strong effect for
P. spiloides, where black forms always have a higher prob-
ability of occurrence at higher elevations compared to other
colour forms (figure 2i).

We found no evidence of background matching in
Pantherophis. Quantified background colour was not explana-
tory in the linear model (5=0.93, s.e.=0.83, p=0.258), but
latitude was important (=-9.21, s.e.=0.83, p <0.001).
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Figure 2. Conditional effects plots with 95% credible intervals demonstrating the effects of annual mean temperature (BIO 1), annual precipitation (BIO 12) and
elevation in determining the probability of observing a particular colour variant for all snakes (species combined; (a—c)); Pantherophis alleghaniensis (d—f);

P. spiloides (g—i) and P. obsoletus (j—I).

Several studies on snake colour variation support the thermal
melanism hypothesis [27-29]. This hypothesis suggests that
melanistic individuals have an advantage in cooler tempera-
tures because darker colour allows for faster heat absorption
and increased overall body temperatures compared to lighter
individuals [7,30]. Our results also demonstrate support for
thermal melanism influencing the distribution of colour
forms in Pantherophis ratsnakes. Using mixed modelling and
individually modelling each species of Pantherophis, we
found that temperature was the most important predictor
separating black colour forms from lighter coloured snakes.
Previous studies on North American ratsnakes have hypoth-
esized that colour scales with climate along temperature
gradients [11,13]; however, our study is the first to test this
prediction. Further, our approach of testing climate drivers

across multiple closely related species with similar latitudinal
ranges provides a critical means to determine consistency
across species.

Across all Pantherophis, melanistic colour forms were
more common in areas that experience higher precipitation.
Individual species responses demonstrate that P. obsoletus
follows this general trend, whereas melanistic forms of
P. alleghaniensis and P. spiloides are less likely to occur in
areas with higher precipitation. One ecogeographic pattern
to explain this trend in P. obsoletus is Gloger’s rule, which pre-
dicts that darker coloured animals are favoured in warm, wet
environments [31]. There are multiple working hypotheses to
explain the pattern of Gloger’s rule, including increased
camoulflage, protection from solar radiation and/or parasites,
or pleiotropic effects [31,32]. However, studies that more care-
fully control for joint effects of temperature and precipitation
often demonstrate that darker coloured individuals are more
likely found in colder areas (i.e. thermal melanism), and areas
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Table 1. Fixed-effect parameter estimates for the best-fit model of colour variation across all snake species. Black colour pattern was set as the comparative “
reference for all models. Estimates in the table represent mean probability differences of snake colour patterns compared to black snakes for each predictor
variable (temperature, precipitation and elevation). Italicized denotes significant effects where the 95% Bayesian credible interval (Cl) does not overlap zero.

variable colour comparison estimate
intercept black—brown —0.54
black—dark grey 0.34
blacklight grey 0.32
black—orange —9.96
black—yellow —2.35
temperature black—brown 3.93
black—dark grey 1.26
black-light grey 4.10
black-orange 10.21
black—yellow 6.85
precipitation black—brown -0.92
black—dark grey —-0.39
black—light grey —-0.67
black—orange —-1.01
black—yellow —-0.98
elevation black—brown —0.46
black—dark grey -0.13
black-light grey —0.25
black—orange 0.02
black—yellow —0.02

with higher precipitation [33-35]. Given this, recent work
suggests redefining Gloger’s rule to be based on only precipi-
tation and/or humidity and not temperature [33,34]. Still,
across these three closely related species found in close proxi-
mity, a more narrowly defined Gloger’s rule is the exception
rather than the rule. While we frame our results here through
the lens of thermal ecology and landscape-level patterns,
with a focus on comparing more melanistic colour forms to
lighter ones, this is likely oversimplistic [36] and a suite of
non-climate-related factors, such as geographical barriers,
biotic interactions or neutral genetic processes [37] may also
be important in determining spatial patterns of intraspecific
colour variation. Further work especially examining the dis-
tribution of lighter individuals (e.g. orange and yellow
forms) and accounting for these non-climatic factors, may
help uncover complex interactions and spatially varying
selection pressures.

Finally, we expected relatively cooler temperatures and
increased UV exposure at higher elevations, and therefore,
predicted snakes would be darker in those areas. Across all
species, the presence of black snakes increased in higher
elevations. This trend appears to be driven by the distribution
of P. spiloides colour forms, which was more strongly affected
by elevation. An examination of elevational differences
between the three Pantherophis species reveals that P. spiloides
is generally found at higher elevations than P. alleghaniensis or
P. obsoletus, suggesting factors along elevation gradients may
exert stronger selection pressures for this species (electronic
supplementary material, figure S4). In P. alleghaniensis,
elevation is important for separating black snakes from

estimate error lower 95% CI upper 95% Cl
1.7 -3.92 2.77
1.16 -2.01 2.64
1.52 —2.66 343
337 —14.64 -1.12
1.79 —5.69 138
0.13 3.67 4.18
0.07 1.13 1.39
0.11 3.89 4.2
0.53 9.23 11.31
022 6.43 7.29
0.08 -1.07 -0.76
0.06 -0.50 -0.28
0.07 —0.80 —-0.53
0.34 —1.68 —0.34
0.17 -1.30 —0.67
0.09 —0.63 -0.29
0.05 -0.22 -0.03
0.06 —0.38 -0.13
0.26 —0.48 0.53
0.12 —0.25 0.21

lighter coloured individuals, likely driven by the high occur-
rence of lighter coloured snakes in the southeastern portion of
the U.S,, e.g. along the Atlantic Coastal Plain, which, in gen-
eral, is low in elevation [38]. It is therefore also possible that
the correlation between colour and elevation is a byproduct
of the evolutionary history of this species [25].

While our study finds strong evidence of environmental
variables influencing the distribution Pantherophis ratsnake
coloration, other mechanisms, such as camouflage may also
play a role in colour distribution. We found no evidence of
background matching in P. alleghaniensis, but further examin-
ation with data collected from standardized images would be
useful in testing the possibility of crypsis in this group.
Finally, we note that snake dorsal patterning (striped or
blotched) may also contribute to intraspecific variation in
heat absorption, but examining this trait was not within the
scope of our study. Further work quantifying snake pattern
variation across spatial and environmental gradients would
help extend the work presented here.

(b) Evolutionary patterns of colour variation

Increased melanin in northern populations of P. obsoletus,
P. alleghaniensis and P. spiloides may have evolved several
times independently [13]. Pantherophis obsoletus is more closely
related to P. bairdi—a non-melanistic ratsnake species (ground
colour is either pale orange, yellow or red with stripes) that has
a limited distribution in southwest Texas and northeastern
Mexico—than to the clade containing P. alleghaniensis and
P. spiloides. Thus, it may be that the colour pattern of the
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most recent common ancestor of the North American ratsnake
complex was non-melanistic [13] because all Pantherophis rats-
nake species share a non-melanistic colour pattern as juveniles
(light grey and blotched) and other Pantherophis species (foxs-
nakes and corn snakes) also lack dark pigmentation. Recent
work has shown that significant introgression has persisted
between the four species of Pantherophis ratsnakes where they
come into contact [25], with some arguing that these still com-
prise a single structured species [24]. Thus, it is also possible
that alleles coding for black coloration arose once and have
introgressed across species and population boundaries. Inves-
tigating whether the molecular mechanism of increased
melanin is shared in the northern populations of P. obsoletus,
P. alleghaniensis and P. spiloides through comparative genomics
and transcriptomics is a key next step in understanding the
evolution and distribution of coloration in this group.
Although our work is largely focused on melanism, in
warmer parts of the species ranges, snake colour can be
orange or yellow. The highest occurrence of orange and
yellow colour is in P. alleghaniensis throughout the state of Flor-
ida (figure 1). Divergence of P. alleghaniensis may have
occurred in Florida due to interglacial sea-level changes [25].
Thus, yellow coloration may also be the ancestral condition
of this group, but the adaptive function of the yellow and
orange colours remains unclear.

(c) Community science for examining species colour

variation
Exploring broad-scale questions of species phenotypic pat-
terns has become more tractable with the ever-growing
resource of community science images [17]. Using Google
Images, Leighton et al. [39] spearheaded the use of commu-
nity-sourced images to study trait variation. More recently,
studies have harnessed the abundance of iNaturalist commu-
nity science images to examine intraspecific variation in traits
like coloration [40-43], in addition to studying phenological
trends [44-47] and predation rates [16]. Our study is the
first to test range-wide colour and climate associations
in North American ratsnakes, which is likely due to the
challenges with documenting colour in these snakes. Our
methodology of manually scoring snake coloration from
iNaturalist images worked well for our study; however,
streamlined high-throughput techniques are necessary to
keep pace with the continuous growth of image resources.
For instance, we downloaded 16567 ratsnake images on
13 May 2020, and as of 17 March 2022 records for the three
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species examined more than doubled to 34151 images.

Leveraging artificial intelligence approaches, such as deep
learning, is one such method for keeping pace with the
rapid growth of community science images. For example,
de Solan et al. [48] used deep learning to quantify snake
mimicry from standardized digital photographs. However,
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the requirement of our repeatable colour-binning approach.
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