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Many species possess warning colourations that signal unprofitability to predators. Warning colourations are also 
thought to provide prey with a ‘predator-free space’ and promote niche expansion. However, how such strategies 
release a species from environmental constraints and facilitate niche expansion is not clearly understood. Fossoriality 
in reptiles imposes several morphological limits on head and body size to facilitate burrowing underground, but many 
fossorial snakes live close to the surface and occasionally move above ground, exposing them to predators. In such 
cases, evolving antipredator defences that reduce predation on the surface could potentially relax the morphological 
constraints associated with fossoriality and promote morphological diversification. Fossorial uropeltid snakes possess 
varying degrees of conspicuous warning colourations that reduce avian predation when active above ground. We 
predicted that species with more conspicuous colourations will exhibit more robust body forms and show faster rates 
of morphological evolution because constraints imposed by fossoriality are relaxed. Using a comparative phylogenetic 
approach on the genus Uropeltis, we show that more conspicuous species tend to have more robust morphologies and 
have faster rates of head-shape evolution. Overall, we find that the evolution of warning colourations in Uropeltis can 
facilitate niche expansion by influencing rates of morphological diversification.

ADDITIONAL KEYWORDS:   antipredatory strategies – conspicuous colourations – morphological evolution – niche 
expansion.

INTRODUCTION

Predation is one of the most profound biotic 
interactions that directly affects the survival of 
an individual (Gurevitch et  al., 2000), and prey 
animals have evolved multiple strategies to escape 
being eaten. Many species possess defences that 
make them unprofitable to predators and signal 
their unprofitability through conspicuous warning 
colours (Ruxton et al., 2004; Mappes et al., 2005). 
Warning signals enhance predator learning, allowing 
predators to selectively avoid such unprofitable 
prey in future encounters (Aronsson & Gamberale-
Stille, 2012; Stevens & Ruxton, 2012). Apart 
from reducing predation risk, studies have also 
suggested that evolving conspicuous colours that 
signal unprofitability can reduce the constraints of 
crypsis and promote niche expansion (Merilaita & 

Tullberg, 2005; Speed et al., 2010). Possessing such 
antipredatory defences can potentially provide 
prey with a ‘predator-free space’ to utilize other 
resources and opportunities (Speed et al., 2010), 
and in turn lead to niche expansion and increased 
lineage diversification rate (Ehrlich & Raven, 1964; 
Przeczek et al., 2008; Agrawal et al., 2009; Weber & 
Agrawal, 2014; Arbuckle & Speed, 2015). We here 
test the hypothesis that the evolution of warning 
signals facilitates niche expansion in a group of 
fossorial snakes.

Fossorial (underground) environments are 
structurally simple and homogenous, and fossorial 
animals are generally considered to experience 
less predation compared to those living in above-
ground environments (Nevo, 1979; Pipan et  al., 
2010). The stability of fossorial environments forces 
fossorial species to become highly specialized in 
several aspects of their morphology, physiology, life 
history and behaviour (Nevo, 1979; see also: Cyriac 
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& Kodandaramaiah, 2018). Although fossoriality 
generally reduces exposure to predators (Nevo, 1979), 
moving underground is energetically expensive 
compared to moving on the surface (Navas et al., 
2004; Wu et  al., 2015) and thus imposes several 
morphological constraints on body size (Gans, 1960, 
1968; Gans et al., 1978; Nevo, 1979; Navas et al., 2004). 
In head-first burrowing reptiles, it has been shown 
that energy constraints associated with a fossorial 
lifestyle limits the overall body size (Navas et al., 
2004; Camacho et al., 2015; Wu et al., 2015) and head 
shape (Navas et al., 2004; Roscito & Rodrigues, 2010; 
Vanhooydonck et al., 2010; Barros et al., 2011; Hohl 
et al., 2017), and these morphological features can 
determine the burrowing ability of a species (Navas 
et al., 2004; Vanhooydonck et al., 2010; Wu et al., 2015; 
Hohl et al., 2017). Theory and experiments have shown 
that relying on crypsis limits the habitats in which 
an animal can live (Merilaita et al., 1999; Merilaita 
et al., 2001; Merilaita & Lind, 2005; Bond & Kamil, 
2006; Houston et al., 2007). On the other hand, the 
evolution of secondary antipredatory defences would 
allow prey species to be more exposed, and thus 
reduce the constraints associated with a particular 
environment (Merilaita & Tullberg, 2005; Speed 
et al., 2010). Many species of fossorial snakes also 
exhibit conspicuous body colouration (Greene, 1979, 
1988), a trait that is unexpected in species living in 
environments devoid of light (Wollenberg & Measey, 
2009). However, many species of fossorial reptiles can 
be found close to the surface for a relatively short 
period during the day or are active above the surface 
only during particular seasons (Gans, 1968; Cyriac 
& Kodandaramaiah, 2019a). Recent experiments 
on fossorial uropeltid snakes (family Uropeltidae) 
have shown that such conspicuous colours have an 
antipredatory function when they are exposed on the 
surface (Cyriac & Kodandaramaiah, 2019a). Evolving 
such antipredator defences, which reduce predation 
pressure when fossorial species are active on the 
surface, can potentially reduce the morphological 
constraints associated with fossoriality and promote 
niche expansion and morphological diversification.

To test if evolution of antipredator defences can 
facilitate morphological diversification in fossorial 
snakes, we focused on uropeltid snakes (family 
Uropeltidae), a group of fossorial snakes endemic 
to peninsular India and Sri Lanka, and exhibiting 
varying degree of bright, ventral colourations across 
species (Cyriac & Kodandaramaiah, 2019a). Although 
fossorial, these snakes are active above ground or 
near the surface during the monsoons, which exposes 
them to predators. Experiments have shown that 
the conspicuous colouration in these snakes reduces 
predation rates and functions as warning signals 
to advertise unprofitability associated with long 

handling times (Cyriac & Kodandaramaiah, 2019a, 
b). Apart from their colourations, uropeltid snakes 
also show variation in their body size and cranial 
morphology across species, associated with their 
fossorial habits (Rieppel, 1977; Rieppel & Zaher, 2002; 
Olori & Bell, 2012). Studies indicate that fossorial 
reptiles tend to have a narrow head with a thin and 
long body compared to their surface counterparts. 
These traits are thought to increase underground 
locomotor performance and help cope with the 
energetic demands of an underground lifestyle (Navas 
et al., 2004; Camacho et al., 2015; Wu et al., 2015). 
Since conspicuous colouration in uropeltid snakes 
reduces predation when active above ground (Cyriac 
& Kodandaramaiah, 2019a), we expected species 
that exhibit more conspicuous colouration to be more 
active close to the surface and exhibit more robust 
body size associated with movement above ground. 
Additionally, evolving defences that reduce predation 
may allow fossorial species to occupy above-ground 
habitats (i.e. they are less bound to fossorial habitats), 
and because they are not constrained by fossoriality, 
their morphology can diversify faster or to a greater 
extent. We test these hypotheses using a comparative 
phylogenetic approach based on a multilocus 
phylogeny of the genus Uropeltis. We specifically test 
if the amount of conspicuous colouration in Uropeltis 
is positively correlated to body size, head morphology 
and rates of morphological evolution.

MATERIAL AND METHODS

Phylogenetic analysis and divergence dating

Sampling of Uropeltis, which is endemic to peninsular 
India, was carried out as part of another study between 
2013 and 2015 within the state of Kerala, India. 
Collected samples were photographed, euthanized and 
preserved in ethanol, after which heart or liver tissue was 
collected for DNA extraction. DNA extraction and PCR 
amplification protocols follow Cyriac & Kodandaramaiah 
(2017). In addition to the four genes sequenced by Cyriac 
& Kodandaramaiah (2017), we sequenced the PRLR 
gene (prolactin receptor gene; Supporting Information, 
Table S1) for the Uropeltis species included in Cyriac & 
Kodandaramaiah (2017) and three additional species (see 
Supporting Information, Table S2). We sequenced both 
forward and reverse strands for the PRLR gene, manually 
checked for ambiguous sites and built a consensus 
sequence for each species using MEGA7 (Kumar et al., 
2016). For each gene alignment, we combined the 
additional sequences from Cyriac & Kodandaramaiah 
(2017) (Supporting Information, Table S2), realigned 
the sequences using the MUSCLE algorithm (Edgar, 
2004) in MEGA7 and removed gaps using Gap Strip/
squeeze v.2.1.0 (http://www.hiv.lanl.gov) with a 75% gap 
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tolerance. We concatenated the five-gene dataset using 
SequenceMatrix v.1.8 (Vaidya et al., 2011). We divided 
the dataset into blocks based on codon position within 
each gene and used PartionFinder v.2.0.1 (Lanfear et al., 
2016) to find the best fit nucleotide substitution model 
and partition scheme (Supporting Information, Table 
S3). We used MrBayes 3.2.0 (Ronquist et al., 2012) to 
infer phylogenetic relationships from the concatenated 
dataset using default priors. We implemented two 
independent Markov chain Monte Carlo (MCMC) runs 
for 8 million generations. We assumed convergence 
between the two independent MCMC runs by confirming 
that the average standard deviation of split frequencies 
fell below 0.01 and by examining the trace plots and 
posterior probability distribution using TRACER v.1.6 
(Rambaut et al., 2014). We also ensured there was 
appropriate mixing by confirming that the effective 
sample size (ESS) of each model parameter was greater 
than 200. We summarized the trees as a 50% majority 
rule tree after discarding 25% of the samples as burn-in.

Since there are no reliable fossil calibration 
points within Uropeltidae for the divergence 
dating analysis, we built a larger dataset with 
representative sequences for the five gene regions 
from major l ineages within alethinophidian 
snakes (Alethinophidia) using sequence data from 
Genbank. In cases where there were multiple 
sequences of the same gene region for a species, 
we retained only one sequence per species. Since 
Uropeltidae is known to have high cryptic diversity 
(Cyriac & Kodandaramaiah, 2017), we included only 
sequences from operational taxonomic units (OTUs) 
that were identified by their morphological and/or 
phylogenetical distinctiveness based on the MrBayes 
topology. We partitioned the larger dataset into five 
bins as determined by TIGER v.1.0.2 (Cummins & 
McInerney, 2011) and used PartitionFinder to find 
the best-fit substitution model and partition scheme 
(Supporting Information, Table S3), after which we 
estimated the divergence times using BEAST 2.5.2 
(Bouckaert et al., 2014) in CIPRES Science Gateway 
v.3.3 (Miller et al., 2010). We calibrated the tree 
by enforcing three topological constraints and four 
temporal constraints as in Cyraic & Kodandaramaiah 
(2017) (see Supporting Information, Table S4). 
We ran two independent analyses for 50 million 
generations using a relaxed uncorrelated log normal 
clock under the Yule speciation prior with other 
priors set to default values. We checked the two runs 
for convergence in TRACER v.1.6 by examining the 
ESS of the model parameters, and used LogCombiner 
v.2.3.0 and TreeAnnotator v.2.3.0 from the BEAST2 
package to combine the two logs and eventually 
constructed a maximum clade credibility tree. We 
then pruned this tree to include just the 24 species 
of the genus Uropeltis.

Quantifying colouration

In order to quantify the overall proportion of 
conspicuous colouration, we compiled photographs of 
the dorsal and ventral sides of all 24 Uropeltis species 
represented in the tree. Photographs were obtained 
from our personal collection or taken from the 
Reptiles of India v.1.22 web portal (Khandekar et al., 
2019) when the identity of the species was known. 
Photographs were also obtained from preserved 
specimens from our collection and from specimens 
of the Zoological Survey of India, Western Ghat 
Regional Centre (ZSI-WGRC). Although preserved 
specimens lose the yellow pigmented colouration 
in the preservative, we could still quantify the 
proportion of conspicuous colouration based on 
the discoloured patches that contrast from the 
background black or brown colouration (Supporting 
Information, Fig. S1). To quantify the relative amount 
of conspicuous colouration, we asked 45 volunteers 
to rate the proportion of conspicuous colours on the 
dorsal and ventral sides of each species. Since all 
the Uropeltis species included in the phylogenetic 
analyses had some degree of warning colours, we 
asked the volunteers to score colouration on a scale 
of 1–5 (1 being 1–20% conspicuously coloured and 
5 being 81–100% conspicuously coloured). When 
photographs of multiple individuals of a species 
were available, we averaged the values for all 
individuals, to account for variation within species. 
We averaged all conspicuousness scores (CS) for 
the dorsal and ventral colouration and summed the 
scores to get the overall conspicuousness score (ΣCSi) 
for each species. We also calculated the interclass 
correlation coefficient for the dorsal, ventral and 
overall conspicuousness scores to evaluate the inter-
observer agreement for each species (for details, see 
Supporting Information, Table S5). The rounded off 
(to the nearest whole number) overall conspicuous 
scores ranged from 2 (least conspicuous) to 6 (most 
conspicuous). We then binarized the ΣCSi values as 
being less conspicuous (state 0) or more conspicuous 
(state 1), using three threshold schemes to account 
for inter-individual variation (Fig. 1). The threshold 
values were of increasing ΣCSi and were categorized 
under a liberal scheme where ΣCSi ≥ 3 was scored as 
1, an intermediate scheme where ΣCSi ≥ 4 was scored 
as 1 and a strict scheme where ΣCSi ≥ 5 was scored as 
1. We acknowledge that such a qualitative measure 
for conspicuousness based on human assessment 
of photographs may be prone to error. However, it 
should be noted that previous experiments suggest 
that uropeltid colouration is highly conspicuous to 
avian predators (Cyriac & Kodandaramaiah, 2019a), 
and that humans and birds see colour similarly, such 
that colours that are conspicuous to humans are also 
conspicuous to birds (Vorobyev et al., 2001).
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Morphometric data

We collected morphological measurements from 
specimens collected during our field sampling and from 
museum specimens deposited at the Bombay Natural 
History Society (BNHS) and ZSI-WGRC. The following 
17 morphometric measurements were taken from each 
specimen: SVL, snout-to-vent length; TL, tail length; 
MD, mid-body diameter; MD/SVL, girth-to-length 
ratio; VW, width at vent; HL, head length; HW, head 
width; RL, rostral length; ED, eye diameter; OL, ocular 
length; IOL, interorbital length; SL, snout length; FL, 
frontal length; FW, frontal width; PL, parietal length; 
PW, parietal width; IPS, length of parietal suture (for 
definitions, see Supporting Information, Table S6). 
All measurements were taken using a digital vernier 
calliper (Yuri Silver, Japan) to the nearest 0.01 mm, 
except for the SVL, which was measured to the nearest 
1 mm. We collected data from two to six specimens of 
each species, except for six species for which we could 
obtain data from only one specimen.

Phylogenetic comparative analysis

Phylogenetic signal in morphological traits
We carried out all our analyses in R v.3.5.2 (R Core 
Team, 2016). To test if phylogenetically related 
species have similar morphologies, we measured 
the phylogenetic signal in each of the morphological 

variables using Pagel’s lambda (λ) (Pagel, 1997, 1999) 
and Blomberg’s K (Blomberg et al., 2003) employing 
the phylosig function in the ‘phytools’ v. 0.6–60 
package (Revell, 2012). Pagel’s λ ranges from 0 to 1 
and indicates the degree of phylogenetic relatedness 
between species that possess a particular trait. Thus, if 
λ = 1, it indicates that the trait of interest has a strong 
phylogenetic signal and approximates a Brownian 
motion (BM) model of trait evolution. Similarly, K = 1 
indicates a fit with a BM model, while large values 
(>> 1), indicate that traits of close relatives are more 
similar than expected under BM.

Correlation between conspicuousness and 
body size
To test the general relationship between colouration 
and body size in Uropeltis snakes, we checked if the 
overall conspicuousness score (ΣCSi) was correlated 
with average SVL. We also checked if ΣCSi was 
correlated with the average mid-body diameter (MD). 
To account for the statistical non-independence of our 
data due to phylogenetic relatedness, we estimated the 
phylogenetic independent contrasts (PIC) for ΣCSi and 
the body size measures using the R package ‘ape’ v.5.2 
(Paradis & Schliep, 2018). We then regressed the PICs 
for ΣCSi with the PICs of SVL and mid-body diameter 
through the origin.

Figure 1.  Maximum clade credibility tree of Uropeltis from the BEAST analysis along with average SVL and mid-body 
diameter for each species and the conspicuousness under the three threshold schemes. Node values and bars in the tree 
indicate mean age and 95% confidence intervals for the age estimates, respectively. Posterior probabilities are indicated by 
coloured circles at the node. More conspicuously coloured species are indicated by closed yellow circles and less conspicuous 
ones by open circles under the three schemes (L, liberal; I, intermediate, S, strict).
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To further examine the relationship between 
colouration and morphology, we size-corrected the 
average body and head measurements by carrying 
out a phylogenetic regression on SVL using the phyl.
resid functions in ‘phytools’. We then carried out a 
phylogenetic principal component analysis (pPCA) 
using the phyl.pca function in ‘phytools’, after which 
we performed a phylogenetic generalized least 
square (PGLS) regression of the first three principal 
components (PCs). The PGLS was carried out to 
determine if morphological variables predicted the 
overall conspicuousness score of species. We fit three 
models where the PCs predict the conspicuousness 
and a null model where the conspicuousness is not 
predicted by morphology, using the phylolm function 
in the R package ‘phylolm’ v.2.6 (Ho et al., 2018) and 
compared the models using Akaike Information 
Criterion (AIC).

Conspicuousness and rates of morphological 
evolution
To evaluate if the rates of morphological evolution are 
elevated for species with more conspicuous colouration, 
we compared the fit of different single and multi-rate 
models of trait evolution to our data. We used the 
package ‘mvMORPH v.1.1.0 (Clavel et al., 2015) to fit 
different multivariate evolutionary models using the 
three PCs obtained from a pPCA of the scaled size-
corrected body and head measurements. To further 
test the influence of conspicuousness specifically on 
rates of head shape evolution, we performed pPCA 
on just the scaled size-corrected head measurements 
and fit different multivariate evolutionary models 
using the first three PCs. Head measurements were 
size-corrected using a phylogenetic regression on SVL 
using the phyl.resid functions in ‘phytools’. We fit 
four alternate models: (1) a neutral Brownian motion 
(BM) model, wherein there is no association between 
colouration and head morphology; (2) a multi-rate 
Brownian motion model (BMM), where the rate of 
evolution varied between species with less and more 
conspicuous colouration; (3) an Ornstein–Uhlenbeck 
model (OU), where head morphology is not associated 
with colouration, but all species are pulled towards a 
single optimum; and (4) a multi-rate OU model (OUM), 
with two optima associated with species having less and 
more conspicuous colouration. For each model, we also 
compared the fit between an unconstrained model and 
three constrained models to test for the independent 
evolution or phenotypic integration of morphological 
traits. We used three parameter constraints: (1) 
‘equal model’, where the three PCs covary and have 
equal variance; (2) ‘diagonal model’, where there is no 
evolutionary covariance between the three PCs but 
they have different variances; and (3) ‘equal-diagonal’, 

where there is no covariance between the three PCs 
and they have equal variance. We fit these multivariate 
evolutionary models using the mvBM and mvOU 
functions implemented in the package ‘mvMORPH’ 
v.1.1.0. We compared these models using AIC values 
corrected for small sample sizes (AICc) and selected 
the model that best fit our data. We carried out this 
analysis using the three conspicuousness threshold 
schemes (liberal, intermediate and strict) to test that 
all threshold schemes reflected the same evolutionary 
model. To further test if rates of head morphology 
are significantly different between less and more 
conspicuous species, we estimated the evolutionary 
rates for high-dimensional multivariate date (σ 2mult) 
between the two groups and the rank-ordered ratio 
between the two rates. We then compared the observed 
ratio of evolutionary rate to a distribution of ratios 
obtained under a model where there is no difference in 
the rates of head-shape evolution between groups by 
simulating phenotypic data for 100 000 iterations. We 
performed this analysis using the compare.evol.rates 
function in the ‘geomorph’ package (Adams & Otárola-
Castillo, 2013) for the three conspicuousness schemes.

RESULTS

Phylogenetic analysis and divergence dating

The topologies from the MrBayes and BEAST 
analyses were largely consistent with each other, with 
relationships between species being well resolved 
with high support (Fig. 1; Supporting Information, 
Fig. S2). The age estimates recovered for Uropeltis are 
similar to those in Cyriac & Kodandaramaiah (2017). 
The divergence date estimates indicate that the clade 
originated c. 20 million years before present, with deep 
divergences between most species (Fig. 1).

Phylogenetic signal in morphological traits

We find that there is weaker phylogenetic signal in 
Uropeltis morphology than predicted under a BM 
model for most variables, but phylogenetic signal 
is significantly high for few body and head shape 
variables (Supporting Information, Table S7). Both 
Pagel’s λ and Blomberg’s K indicate significantly 
strong phylogenetic signal for the girth-to-length ratio 
(λ = 0.87, P < 0.0001; K = 1.47, P = 0.001) and eye 
diameter (λ = 0.50, P = 0.0279; K = 0.60, P = 0.033) 
(Supporting Information, Table S7).

Correlation between conspicuousness and 
body size

The regression of the phylogenetic independent 
contrasts indicates a positive correlation between the 
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overall conspicuousness score and average mid-body 
diameter (R2 = 0.1953, P = 0.03059), but there is no 
relationship between the overall conspicuous score 
and SVL (R2 = 0.0999, P = 0.1323) (Fig. 2). Most of 
the variation in morphology is explained by the first 
three principal components (86.14% of variation). 
PC1 explains 53% of the variation and describes a 
thin and long body shape with short and narrow head 
morphology (Supporting Information, Table S8). PC2 
explains c. 24% of the variation and mainly describes 
a reduced frontal width, which reflects a narrow head 
(Supporting Information, Table S6). PC3 explains only 
c. 9% of the variation and describes a short rostrum 
(supplementary Supporting Information, Table S8). 
To test if the conspicuousness score is associated with 
morphology, we used a PGLS analysis with the three 
PCs as predictor variables. The best-fit model, where 
all three PCs explain the conspicuousness of species, is 
better compared both to a model where only PC1 and 
PC2 explains overall conspicuousness (ΔAIC = 3.17) 
and to a null model where morphology did not predict 
colouration (ΔAIC = 5.3) (supplementary Supporting 
Information, Table S9). The best-fit model indicates 
that there is a significant decrease in the PC1 
(estimate = –0.1805, t = –2.6796, P = 0.0144) and PC3 
scores (estimate = –0.4500, t = –2.1928, P = 0.0403) 
with increased overall conspicuousness (Fig.  3). 
However, compared with the best-fit model, there is 
no strong evidence against a model where only PC1 

explains conspicuousness (ΔAIC = 1.21). Nonetheless, 
both the best-fit model and the two alternate models 
indicate that PC1 significantly explains the overall 
conspicuousness score (Supporting Information, Table 
S9).

Conspicuousness and rates of morphological 
evolution

To test if the rates for morphological evolution differ 
between less and more conspicuous lineages in the three 
conspicuousness threshold schemes, we fit different 
single and multi-rate models of trait evolution. We find 
that an OU model with one optimum, best fit the data 
in the intermediate and strict schemes, while a multi-
rate Brownian motion model best fit the data under 
the liberal threshold scheme (Supporting Information, 
Table S10). However, in the liberal scheme, the best-
fit model is not significantly different from the OU 
model with one optimum (ΔAICc = 0.65) (Supporting 
Information, Table S10).

The phylogenetic PCA on the head morphology 
indicates that most of the variation in Uropeltis 
is explained by the first three PCs (90.25% of the 
variation). The first PC explains c. 49% of the variation 
and describes a short, narrow head (Supporting 
Information, Table S11). PC2 explains c. 31% of the 
variation and describes a larger frontal width, while 
PC3 explains c. 10% of the variation and describes a long 

Figure 2.  Relationship between the overall conspicuousness scores and average snout–vent length (SVL), and between the 
overall conspicuousness scores and mid-body diameter (MD), in Uropeltis species estimated by phylogenetic independent 
contrasts under a Brownian motion model of evolution.
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snout and rostral scale (Supporting Information, Table 
S11). Fitting different single and multi-rate models of 
trait evolution on the three head-shape PCs, we find 
that the multi-rate Brownian motion (BMM) model fit 
our data significantly better under all three threshold 
schemes (ΔAICc > 4) (Supporting Information, Table 
S12). Further, the BMM unconstrained model better 
explains our data, as opposed to other constrained 
models (ΔAICc > 4). Parameter estimation of the 
best-fit BMM model indicates that, although there 
is not much difference in the rates of morphological 
evolution for PC1 in all three threshold schemes, 
the rates of morphological evolution for PC2 is 
considerably greater for species with more colouration 
under all three threshold schemes (Table 1). Rates of 
morphological evolution for PC3 are also higher for 
species having more conspicuous colouration, but only 
under the intermediate and strict threshold schemes 

(Table 1). The estimated evolutionary rates for the 
high-dimensional multivariate head-shape data (σ 2mult) 
also indicate significantly different evolutionary rates 
for species with less and more colouration under the 
intermediate scheme (σ 2mult.a/σ 2mult.b = 1.9366, P = 0.0290) 
(Table 2). The parameter estimates indicate that the 
rates of head-shape evolution under the intermediate 
scheme were about two times higher in species with 
more conspicuous colouration than species with less 
conspicuous colouration (σ 2less conspicuous  =  0.0543, 
σ 2more conspicuous = 0.1052). Although the observed ratio of 
evolutionary rates between the two groups (σ 2mult.a/σ 2mult.b) 
is only marginally significantly different from the ratio 
generated under a null distribution for the liberal 
threshold scheme, the rates of head-shape evolution 
estimated under the liberal scheme was higher for 
species with more colouration (σ 2mult.a/σ 2mult.b = 1.7807, 
P = 0.0598, σ 2less conspicuous = 0.0548, σ 2more conspicuous = 0.0976) 
(Table 2).

DISCUSSION

Phylogenetic signal and morphology

Among the 17 traits measured, girth-to-length ratio 
(MD/SVL) has the highest phylogenetic signal and 
is one of the few traits with significant phylogenetic 
signal (λ = 0.87, P = 7.46e-06; Blomberg’s K > 1, 
P = 0.001) (Supporting Information, Table S7). Strong 
phylogenetic signal, where closely related species have 
more similar traits than expected under Brownian 
motion, is indicative of strong niche conservatism 
due to stabilizing selection or environmental and 
developmental constraints (Wiens & Graham, 2005; 
Cooper et al., 2010; Wiens et al., 2010). Studies have 
suggested that the work required for a fossorial 
species to burrow into the soil increases exponentially 
with its cross-sectional area (Gans, 1960; Navas et al., 
2004; Wu et al., 2015) and hence the girth-to-length 
ratio can determine the burrowing ability of a fossorial 
species (Navas et al., 2004). Thus, it is expected 
that traits that overcome the energetic constraints 

Figure 3.  Correlation between the overall conspicuousness 
score and first principal component (PC1) from the pPCA 
analysis of the head and body size measurements.

Table 1.  Rates of morphological evolution (σ 2mult) estimated for the best-fit model explaining head-shape evolution in 
Uropeltis under the three threshold schemes of conspicuousness. The best-fit model in all cases is the unconstrained 
multi-rate Brownian motion (BMM) model for all three principal components (PCs) explaining variation in head shape

Threshold scheme Best-fit model Trait PC1 PC2 PC3

Liberal scheme BMM unconstrained Less conspicuous 0.4795 0.0283 0.0875
More conspicuous 0.4452 0.4588 0.0828

Intermediate scheme BMM unconstrained Less conspicuous 0.4155 0.0225 0.0852
More conspicuous 0.5330 0.6896 0.1093

Strict scheme BMM unconstrained Less conspicuous 0.4493 0.0353 0.0846
More conspicuous 0.3905 0.7844 0.1297
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associated with burrowing, such as girth-to-length 
ratio, will experience strong stabilizing selection 
and have reduced lability as indicated by the strong 
phylogenetic signal.

Conspicuousness and body size

Evolution of conspicuous warning colourations are 
frequently thought to be associated with increased 
body size, either because larger size increases the 
efficacy of learning warning signals (Gamberale & 
Tullberg, 1996; Forsman & Merilaita, 1999) or because 
larger prey are more nutritious and easily visible 
and, therefore, experience greater selection pressure 
to evolve alternate defences (Penney et al., 2012; 
Hossie et al., 2015). Interestingly, in the regression 
of the phylogenetic independent contrasts, we find no 
significant correlation between overall colouration and 
snout–vent length. Although many studies support 
a positive conspicuousness–body size relationship 
(Forsman & Merilaita, 1999; Hagman & Forsman, 
2003; Rudh, 2013; Kang et al., 2017; Winebarger et al., 
2018; Loeffler-Henry et al., 2019), there are several 
studies that show a negative association between 
conspicuousness and body size (Nilsson & Forsman, 
2003; Cheney et al., 2014; Winebarger et al., 2018), 
possibly because of the confounding influence of other 
selection pressures on body size. However, as expected, 
we found a strong positive correlation between 
colouration and absolute girth. The PGLS analysis also 
indicates that the overall colouration is significantly 
associated with morphotypes that influence burrowing 
ability, i.e. less conspicuously coloured species are 
thinner and longer and have narrower heads, while 
species with more conspicuous colourations are larger 
bodied and with wider heads (Fig. 3).

In concert with our hypothesis that warning signals 
in uropeltid snakes allow greater surface activity, 

we find a strong association between the degree of 
warning colourations and more robust body forms. 
Although we have not specifically tested if large-
bodied species are more surface-active, several studies 
indicate that fossorial species tend to be more elongate, 
with short, narrow heads in order to overcome the 
energetic costs of a burrowing lifestyle (Navas et al., 
2004; Shine & Wall, 2008; Camacho et al., 2015; Wu 
et al., 2015). Experiments have shown that skull size 
strongly influences digging performance in head-first 
burrowing species. Species with larger and wider 
heads tend to have lower burrowing speeds (Teodecki 
et al., 1998; Navas et al., 2004; Vanhooydonck et al., 
2010; Hohl et al., 2017). Since the net cost of burrowing 
into the soil decreases with burrowing rates (Wu et al., 
2015), it is intuitive that species with specializations 
that improve burrowing performance, such as an 
elongate body and small, narrow heads, are able to 
dig deeper into the soil than more robust species. 
Although there are few studies that have recorded the 
depth at which these burrowing morphotypes occur, 
observations have suggested that elongate species with 
narrower heads have better burrowing performance 
and can dig deeper into the soil (Navas et al., 2004; 
Camacho et al., 2015; Hohl et al., 2017). For instance, 
in the fossorial amphisbaenian lizards, it was found 
that the more elongate and more specialized species 
were found at greater soil depths than shorter, more 
robust species (Gomes et al., 2009). Further, greater 
axial muscle mass increases locomotor performance 
on the surface. Studies have shown that crawling 
speed on the surface and swimming speed in snakes 
increase with body weight up to a certain length 
(Heckrotte, 1967; Kelley et al., 1997; Webb et al., 2001). 
Given that large-bodied snakes have advantages with 
regard to movement on the surface, it is not surprising 
that larger bodied Uropeltis species tend to possess a 
greater extent of warning colourations. Similar trends 
have been observed in fossorial caecilians, where the 
presence of conspicuous colouration was associated 
with ecological characters indicative of above-ground 
movement (Wollenberg & Measey, 2009).

Conspicuousness and rates of morphological 
evolution

Fitting models of trait evolution, using the three 
principal components obtained by analysing all 
morphological variables, indicates that an OU model 
with one optimum is the best-fit model. Interestingly, 
including only the head-shape principal components 
indicates that a multi-rate Brownian motion model best 
explains our data under all colour-threshold schemes. 
Such multiregime models of trait evolution are usually 
expected when a trait opens new niche space that can 
be filled up by new species (Yoder et al., 2010). Under 

Table 2.  Parameter estimates for the rate ordered 
observed rate ratio and the evolutionary rates for high-
dimensional multivariate head shape data (σ 2mult) between 
the more and less conspicuous species under the three 
threshold conspicuousness schemes (liberal, intermediate 
and strict). The P values were obtained by comparing the 
observed rate ratio with a null distribution obtained by 
simulating phenotypic data for 100 000 iterations and bold 
values are < 0.05

Parameter Liberal Intermediate Strict

Observed  
rate ratio

1.7803 1.9366 1.0556

P value 0.0598 0.0290 0.8843
σ 2less conspicuous 0.0548 0.0543 0.0806
σ 2more conspicuous

0.0976 0.1052 0.0764
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such cases, it is expected that the rates of trait evolution 
are accelerated in lineages that acquire the trait 
(O’Meara et al., 2006; Yoder et al., 2010). Accordingly, 
evolutionary rates are higher in species with more 
conspicuous colouration for PC2 (explained by the 
frontal width of the head) under all three schemes, 
while being higher only in the intermediate scheme 
for PC1 (describing overall head shape) and in the 
intermediate and strict schemes for PC3 (explained by 
the rostral and snout length) (Table 1). We also recover 
similar patterns when estimating the evolutionary 
rates for the high-dimensional multivariate head-
shape data, where the rates of head-shape evolution 
are higher in more conspicuously coloured lineages 
than in less conspicuously coloured ones. Overall, we 
find that the evolution of conspicuous colourations in 
Uropeltis species is linked with larger body girth and 
wider heads, and is also associated with accelerated 
rates of head shape evolution associated with more 
surface activity and reduced constraints associated 
with fossoriality. We acknowledge that the analysis 
performed is limited in that we have not tested whether 
warning colouration evolved before morphological 
change, and thus we cannot draw a causal relationship 
for the correlation between conspicuousness and 
morphological evolution. However, it should be noted 
that most Uropeltis species (and almost all species 
included in the analyses) have some amount of 
warning colourations on the ventral (see Supporting 
Information, Fig. S3), dorsal or lateral sides, which 
suggests that the evolution of warning colouration 
preceded morphological changes in Uropeltis.

Our results suggest that the variation observed 
in the rates of head-shape evolution are highly 
dependent on the coding of conspicuousness. The rate 
estimates from the high-dimensional multivariate 
head-shape data indicate significant differences in 
the rates between less and more conspicuous lineages, 
only for the intermediate coding scheme, while the 
difference was only marginally significant for the 
liberal scheme. However, it should be noted that the 
rates of head-shape evolution are considerably higher 
in more conspicuous lineages for PC2 (described by 
frontal width) and for PC3 (describing snout and 
rostral length) under most coding schemes (Table 1). 
Fossorial reptiles show considerable variation in the 
shape and arrangement of rostral elements and the 
nasofrontal region of the cranium, both of which could 
have functional significance (Cundall, 1995; Olori 
& Bell, 2012). In head-first burrowing reptiles, the 
shape and angulation of the rostral are associated 
with the resistance experienced in the microhabitat 
(Barros et al., 2011). On the other hand, the frontals in 
the cranium of basal fossorial snakes are articulated 
with the rest of the snout in such a way that it allows 
the independent movement of the entire snout at the 

nasofrontal joint (Cundall & Rossman, 1993; Cundall, 
1995; Rieppel, 2007). Such an arrangement enables 
these snakes to consume larger prey with small 
diameters (Greene, 1983; Cundall, 1995). Thus, the 
high rates of morphological evolution among more 
conspicuous lineages of Uropeltis recovered for the 
frontal width, and the rostral and snout lengths, could 
potentially reflect changes associated with burrowing 
and shifts towards larger elongated prey.

Predation pressure is a strong selective force that 
can lead to divergent selection and ecological speciation 
(McPeek, 1997; Nosil, 2004; Rundle & Nosil, 2005; 
Vamosi, 2005; Langerhans et  al., 2007; Meyer & 
Kassen, 2007). Predation pressure can also influence 
rates of phenotypic evolution, especially in traits 
that are involved in defensive function (Broeckhoven 
et al., 2016). On the other hand, the elimination of 
predators from an environment can promote lineage 
diversification through divergence of traits that were 
previously constrained by predator-induced selection 
(Schluter, 1988; Meyer & Kassen, 2007; Heinen-Kay 
& Langerhans, 2013; Runemark et al., 2014). For 
instance, Runemark et al. (2014) showed that lizards 
present on islets with reduced predation pressure were 
large and less cryptic than their mainland counterparts 
that experienced higher predation. Similarly, theory 
suggests that antipredatory defences that provide 
prey with a predator-free space can open up adaptive 
zones, thereby facilitating niche expansion and, in 
turn, lineage diversification (Merilaita & Tullberg, 
2005; Speed et al., 2010). A few studies that have tested 
this escape-and-radiate hypothesis have indicated 
that the evolution of defensive traits have increased 
lineage diversification (Ehrlich & Raven, 1964; Farrell 
et al., 1991; Przeczek et al., 2008; Agrawal et al., 2009; 
Santos et al., 2014; Weber & Agrawal, 2014; Arbuckle & 
Speed, 2015). It has been suggested that the evolution 
of defences allows access to other resources that would 
normally be inaccessible to prey in the presence of 
high predator pressure and thus increase niche space 
(Wallace, 1889; Stamp & Wilkens, 1993; Merilaita & 
Tullberg, 2005; Speed et al., 2010), eventually leading to 
further diversification (Ehrlich & Raven, 1964; Agrawal 
et al., 2009; Weber & Agrawal, 2014; Arbuckle & Speed, 
2015). A few studies have supported this idea and shown 
that species with warning colourations tend to be associated 
with traits that indicate broader niche breadth (Bowers, 
1993; Pröhl & Ostrowski, 2011; Rudh et al., 2012; 
Arbuckle et al., 2013). For example, it has been shown 
that populations of poison dart frogs that are more 
conspicuous tend to be more aggressive and exploratory 
and spend less time being hidden and more time foraging 
(Pröhl & Ostrowski, 2011; Rudh et al., 2012). It was also 
shown that conspicuously coloured frogs had greater 
acoustic diversity and higher speciation rates than more 
cryptic species (Santos et al., 2014). Our finding that 
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the evolution of warning colourations in Uropeltis is 
associated with morphological niche divergence adds to 
our understanding of how the evolution of defences can 
increase niche space by showing that the evolution of 
conspicuous colourations is linked with larger body size 
and is also associated with accelerated rates of head-shape 
evolution. We also highlight how such defensive strategies 
can alter the interaction of species with its environment 
and introduce them to other selective pressures, in our 
case by reducing the morphological constraints imposed 
by fossoriality and thereby promoting morphological 
diversification.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site.

Table S1. Primers used for amplification of genes in Uropeltis (sequences are from 5’–3’ direction). Both forward 
and reverse primers were concatenated with universal hybrid tails (T7 Promoter for forward and T3 for reverse 
primers). The universal tails are shown in bold.
Table S2. List of exemplars and sequences used in the study along with Genbank along with accession numbers. 
Newly added sequences are presented in bold. A hyphen indicates that no sequence is available.
Table S3. Partition schemes and best-fit models of sequence evolution used to reconstruct the phylogeny of 
Uropeltis under the MrBayes and BEAST analyses. Codon position is represented by cp1, cp2 and cp3.
Table S4. Fossil calibrations used for the divergence dating analysis of uropeltid snakes in BEAST.
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Table S5. Results of interclass correlation coefficient (ICC) calculation using a single-rating, absolute-agreement, 
two-way random-effects model. ICC is a measure of the strength of inter-rater agreement between different 
groups, and ranges from 0 to 1. Values close to 0 indicates dissimilar scores within each species, while a value close 
to 1 indicates highly similar scores within the same species. ICC was calculated using the ‘irr’ v.0.84.1 package 
(Gamer et al., 2019) in R v.3.5.2 (R Core Team, 2016).
Table S6. Description of morphometric measurements collected from specimens of Uropeltis species.
Table S7. Phylogenetic signal of each of the morphological variable for Uropeltis species using Pagel’s lambda 
(λ), Blomberg’s K and a multivariate estimate of phylogenetic signal (Kmult). The phylogenetic signal for the 
multivariate data (Kmult) was estimated using the physignal function in the geomorph v.3.0.7 package. Values in 
bold indicate statistically significant values.
Table S8. Loading of morphological variables from the phylogenetic principal component analysis (pPCA). The 
pPCA was performed after size correction of morphological variables using phylogenetic regression of each trait 
with SVL. Bold values indicate strong loading (> 0.60).
Table S9. Summary and comparison of different models fit using the pPCA of morphological variables as 
explanatory variables and the overall conspicuousness score (ΣCSi) as response variable in Uropeltis species 
based on a phylogenetic generalized least square (PGLS) regression. Model in bold indicates the best-fit model. ‘*’ 
indicates variables that are statistically significant (P < 0.05).
Table S10. Comparison of the fit of different models of trait evolution for the three principal components obtained 
from the morphometric measurements of Uropeltis species under the three threshold conspicuous schemes. The 
best-fit model under each of the three schemes is indicated in bold.
Table S11. Loading of head-shape variables of Uropeltis snakes from a phylogenetic principal component analysis 
(pPCA). The pPCA was performed after size correction of head shape variables using phylogenetic regression of 
each trait with SVL. Bold values are strong loading (> 0.60).
Table S12. Comparison of the fit of different models of trait evolution for the three principle components obtained 
from only the head measurements of Uropeltis species under the three threshold conspicuous schemes. The best-
fit model under each of the three schemes is indicated in bold.
Figure S1. Representative images of the dorsal and ventral colouration of Uropeltis madurensis: alive (A, dorsal; 
B, ventral) and after preservation (C, dorsal; D, ventral). Note that the yellow dorsal and ventral colouration are 
discoloured in the preserved specimens (C and D) but can be differentiated from the background black colouration.
Figure S2. Bayesian phylogeny (50% majority rule tree) of Uropeltis from the MrBayes analysis. Node values 
indicate posterior probabilities.
Figure S3. Representative images of the ventral colouration of Uropeltis species used in this study. A, U. liura; B, 
U. cf. ochracea; C, U. nitida; D, U. cf. beddomii; E, U. bhupathyi (Image: Jins V.J.); F, U. pulneyensis; G, U. maculata; 
H, U. cf. ellioti (Mysore); I, U. cf. ellioti (EG); J, U. cf. ceylanicus (PMB); K, Uropeltis sp. (Ponmudi); L, U. cf. 
ceylanicus (Kannur); M, U. cf. arcticeps (Elepara); N, U. cf. ceylanicus (Athirapalli); O, U. cf. myhendrae (Image: 
Umesh P.K.); P, Uropeltis sp. (Munnar); Q, U. madurensis; R, U. myhendrae; S, U. cf. ellioti (TN); T, U. cf. phypsoni 
(Wayanad); U, U. cf. nilgherriensis (Wayanad); V, U. cf. m. macrolepis; W, U. cf. m. mahabaleshwarensis; X, U. cf. 
phipsoni (Pune). 
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