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Dietary Specialization and Habitat Shifts in a Clade of Afro-Asian Colubrid
Snakes (Colubridae: Colubrinae)
Jody Michael Barends1 and Bryan Maritz1
Speciation through niche divergence often occurs as lineages of organisms colonize and adapt to new environments
with novel ecological opportunities that facilitate the evolution of ecologically different phenotypes. In snakes,
adaptive diversification may be driven by the evolution of traits relating to changes in their diets. Accordingly, habitatmediated differences in prey available to ancestral snakes as they colonized and occupied novel dynamic landscapes are
likely to have been a strong selective agent behind the divergence and radiation of snakes across the globe. Using an
ancestral reconstruction approach that considers the multivariate nature of ecological phenotypes while accounting for
sampling variation between taxa, we explored how diet and macro-habitat use coevolved across a phylogeny of 67
species of Afro-Asian colubrine snakes. Our results show that the most recent common ancestor of this clade was likely a
dietary generalist that occupied tropical forests in Asia. Deviations from this generalist diet to a variety of specialist
diets each dominated by the utilization of single prey types repeatedly occurred as ancestral colubrines shifted from
tropical forests to savanna and grassland habitats across Africa. We additionally found that dietary specialist species
were on average smaller in maximum length than dietary generalists, congruent with established predator-size, preydiversity dynamics in snakes. We speculate that adaptive divergence in ancestral colubrines arose as a result of a
selective regime that favored diets comprised of terrestrial prey, and that partitioning of different prey types led to the
various forms of dietary specialization evident in these lineages today. Our findings provide new insights into the
ecological correlates associated with the evolution of diet in snakes, thereby furthering our understanding of the
driving forces behind patterns of snake diversification.

A

DAPTIVE radiation is driven by phenotypic evolution in response to different ecological opportunities
that lead to rapid speciation and the formation of
novel lineages as a result of niche divergence (Wellborn and
Langerhans, 2015; Schluter, 2016; Stroud and Losos, 2016).
The evolution of new and possibly unique phenotypes
among different organisms can be facilitated through several
means, chief among which is the colonization of new areas
or habitats with different resources (Gavrilets and Vose, 2005;
Yoder et al., 2010; Stroud and Losos, 2016). As organisms
invade and adapt to new environments with distinct
climates, novel competitor assemblages, and changed ecological resource availability, divergent selective pressures can
expedite the evolution of distinct phenotypes and ecological
traits among different populations, ultimately resulting in
the formation of new species (Yeh and Price, 2004; Losos and
Mahler, 2010; Wagner et al., 2012; Alzate et al., 2020).
Elucidating the environmental correlates associated with the
evolution of phenotypes and ecological traits of extant
organisms and their ancestors can therefore provide key
insight into patterns of organismal diversification and the
processes behind them.
In snakes, diversification has been strongly influenced by
evolutionary shifts in diet (Greene, 1997; Rodrı́guez-Robles et
al., 1999; Vincent et al., 2006; Alencar et al., 2013; Fabre et
al., 2016). Nearly all of the ~3,900 species of snakes (Uetz et
al., 2021) distributed across the globe are gape-limited
predators that ingest prey whole, and together consume a
remarkably diverse range of prey from a range of taxonomic
groups (Arnold, 1993; Greene, 1997). The evolution of the
various mechanisms employed by different lineages of snakes
to search for, capture, and consume different prey are known
to have impacted the evolution of their phenotypic charac-
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teristics, including the development and fixation of novel
adaptations relating to subduing and swallowing different
types of prey (Gans, 1952, 1961; Kardong, 1980; Greene,
1997; Jayne et al., 2002; Fabre et al., 2016). Thus, changes in
the diets of ancestral snakes to include or exclude different
types of prey as a result of selection for or against those
particular prey has likely contributed to the origins of several
groups of species. In some cases, changes in diet may have
been facilitated by novel ecological opportunities afforded by
transitions in habitat use (Pough and Groves, 1983; Shine,
1991a; Pyron and Burbrink, 2012; Fabre et al., 2016; Maritz et
al., 2021). Accordingly, exploring the evolutionary relationship between diet and habitat use by snakes can provide
important insight toward understanding patterns of their
current diversity.
Investigations of the evolutionary dynamics of ecological
traits like diet and habitat use are typically done by modeling
the evolution of those traits across a phylogenetic tree
through ancestral state reconstruction. Ancestral state reconstruction has become a powerful tool that offers an effective
means in which to statistically infer changes of phenotypes
and ecological traits of extant taxa and their ancestors and
has been widely used in macroevolutionary studies over the
past three decades (Schultz et al., 1996; Pagel, 1999a; Pagel et
al., 2004; Gamble et al., 2015; Joy et al., 2016). Several
statistical models to reconstruct these otherwise unobservable traits among ancestral organisms are available (for
example, Pagel, 1994, 1999b; Pagel and Meade, 2006) and
have been employed in ecological studies of various
taxonomic groups (for example, arthropods: Leschen and
Buckley, 2007; Hwang and Weirauch, 2012; birds: Odom et
al., 2014; Wright et al., 2015; lizards: Whiting et al., 2003;
and mammals: Van Heteren and Figueirido, 2019). In recent
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years, several studies have used these methods to investigate
trait evolution in snakes (Alencar et al., 2013; Harrington et
al., 2018; Portillo et al., 2018; Grundler and Rabosky, 2020;
Maritz et al., 2021; Naik et al., 2021).
Most methods of ancestral reconstruction used to model
resource use across a phylogeny require that variation in
patterns of resource use observed among taxa are first
classified into a set of univariate character states (Joy et al.,
2016). These univariate states are then assigned to extant
taxa based on their observed natural histories and are
statistically inferred across ancestral nodes. However, complex multivariate traits, such as diet or habitat use, cannot
always be adequately summarized as discrete univariate states
without losing important subtleties of their complexity
(Grundler and Rabosky, 2020; Maritz et al., 2021). As a result,
variation in these traits is often oversimplified into broadly
defined character states that do not account for their realworld complexities. Consequently, different species may be
assigned to a single state but may exhibit important
differences in the manners in which they utilize specific
resources. These differences will therefore be unaccounted for
within the model. This can result in several challenges of
interpreting the projected evolutionary transitions of trait
use across a phylogeny and limits the inferences that can be
made.
Fortunately, recently developed methods of ancestral
reconstruction have sought to account for the challenges of
reconstructing complex multivariate ecological traits. Grundler and Rabosky (2020) developed a novel approach to
reconstructing ecological traits across a phylogeny that takes
into account the multidimensional nature of resource use as
well as uneven and finite sampling across taxa. Rather than
assigning taxa to oversimplified or poorly characterized
univariate states, the above model uses empirical counts of
observations of individual species resource use to infer
ecological states without distorting or losing information.
The model then simultaneously calculates the proportional
utilization of resource use for each identified state and
distributes those states across taxa and their ancestors over a
phylogeny.
In this study, we use the model of ancestral state
reconstruction developed by Grundler and Rabosky (2020)
to investigate the coevolution and variation in diet and
habitat use across a group of Afro-Asian colubrine snakes. The
subfamily Colubrinae is a paraphyletic group comprising
approximately 744 species (Uetz et al., 2021) distributed
across the globe. Here, we chose to investigate a spatially
diverse, monophyletic group (~170 species; Uetz et al., 2021)
of Asian and Africa genera: Boiga, Coelognathus, Crotaphopeltis, Dasypeltis, Dipsadoboa, Gonyosoma, Lycodon, Telescopus,
and Toxicodryas. This group includes several wide-ranging
taxa that occupy multiple habitat types which may have
potentially imposed divergent selective pressures that could
have affected the feeding habits of various lineages (Engelbrecht et al., 2020). Together, these snakes consume a wide
array of different ectothermic and endothermic prey and
vary in diet breadth from species that generalize on multiple
prey types to dietary specialists that consume only specific
prey types. Moreover, at least one invasion of Africa from
Asia (Šmı́d et al., 2019; Weinell et al., 2020) occurred within
the group, offering an ideal opportunity to investigate the
correlative effects of colonization of new habitat on dietary
adaptation in snakes. We hypothesize that evolutionary
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shifts in diets of these genera are likely to have correlated
with shifts in habitat as the clade diverged and radiated
across Asia and Africa.
We reconstructed diet and habitat states across a phylogeny of 67 species of colubrid snakes and their ancestral
nodes. We also tested for patterns of correlated evolution
between these states using pairwise correlation analyses. We
further contextualized these results by testing for the effects
of body size, a known constraint of snake feeding (Cundall
and Greene, 2000; de Queiroz and Rodrı́guez-Robles, 2006;
Vincent et al., 2006), on diet breadth across the clade. While
taking into account the phylogenetic relatedness of these
species, we tested the hypothesis that larger-bodied colubrines have broader diets than smaller-bodied species, a
pattern present within other lineages of snakes (Martins et
al., 2002; Shine et al., 2014; Maritz et al., 2021; Naik et al.,
2021).
MATERIALS AND METHODS
Diet data.—We gathered diet data for colubrine snakes of the
genera Boiga, Coelognathus, Crotaphopeltis, Dasypeltis, Dipsadoboa, Gonyosoma, Lycodon, Telescopus, and Toxicodryas from
published literature sources, verified (i.e., research-grade)
community science reports published online via iNaturalist
(https://www.inaturalist.org) and the social media network
Facebook (collated in Maritz and Maritz, 2020), and openaccess online databases (SquamataBase package in R; Grundler, 2020). For each taxon, we summed the total counts of
observations of consumed prey from each of the following
eight prey categories: amphibians, birds, bird eggs, fishes,
invertebrates, mammals, reptiles, and reptile eggs. Overall, we
gathered 1,439 observations of prey items for 67 colubrines.
These observations ranged from 3–393 observations per
species (Supplemental Table A; see Data Accessibility).
Habitat data.—To gather empirical data on habitat use, we
mapped GBIF (https://www.gbif.org) occurrence data for
each species (Supplemental Table B; see Data Accessibility)
on World Wildlife Fund terrestrial ecoregions (Olson et al.,
2001) and extracted ecoregion classifications at each point in
QGIS version 3.23 (QGIS Development Team, 2020). These
ecoregions represented 16 discrete major habitat types
distributed across the globe (see Olson et al., 2001). We
reduced the number of habitat categories by grouping all
tropical forest ecoregions into one category, all temperate
forest ecoregions into one category, and all grassland and
savanna ecoregions (as already grouped by WWF) into one
category. This resulted in a total of six remaining discrete
habitat categories: 1) tropical forests, 2) temperate forests, 3)
savannas and grasslands, 4) mangroves, 5) deserts, and 6)
open scrublands. We gathered 13,647 occurrence points
across the 67 species, with sampling ranging from 2–3,883
records per species (Supplemental Table C; see Data Accessibility).
Body size data.—We collected data on the maximum total
body lengths (in mm) for each of our species from Feldman et
al. (2016). These data are presented in Supplemental Table D
(see Data Accessibility).
Phylogeny construction.—We constructed a composite phylogeny of the clade using existing published phylogenies
which we combined to form a tree comprising our 67 species
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(Supplemental Tree A; see Data Accessibility). Because of its
extensive coverage and time-calibrated nature, we used the
phylogeny of squamate reptiles published by Zheng and
Wiens (2016) as a phylogenetic backbone to which we made
several edits based on recently published trees for select
groups within the clade (see Supplemental Material A; see
Data Accessibility). These included modifications to the Boiga
(Weinell et al., 2020), Crotaphopeltis (Engelbrecht et al.,
2020), Dipsadoboa (Branch et al., 2019), and Telescopus (Šmı́d
et al., 2019) clades.
Reconstruction of diet, habitat use, and body size.—Because of
their multivariate nature, complex ecological traits like diet
and habitat use are often challenging to use in ancestral state
reconstructions. A single species can use several different
prey types and occupy multiple habitats across its distribution. Moreover, each of these components (i.e., prey type or
habitat type) can vary in frequency of use for each species.
This can make it difficult to adequately summarize such traits
as discrete or continuous states, as are frequently used in
ancestral state reconstructions, without drastically oversimplifying their complexity (Maritz et al., 2021). To overcome
this issue, we used a recently developed model of ancestral
reconstruction that accounts for the multivariate natures of
ecological traits using empirical counts of trait-use observations and treating these as probability distributions (Grundler and Rabosky, 2020).
The model, described in detail in Grundler and Rabosky
(2020), follows a continuous-time Markov chain process
within a Dirichlet-multinomial framework. Put simply, the
model estimates the numbers of identified ecological states
and the states themselves from empirical observations of
resource use. Those states are therefore not directly observed.
The model assumes that each state is a multinomial
distribution rather than a categorical variable, and that
observed empirical counts of resource use (for example, diet
records) are samples drawn from that distribution. This
allows the model to account for uneven sampling variation
among taxa and uncertainty regarding the assignment of
states to each species. Each species is assigned to a particular
state, where the state is a vector of resource use probabilities
associated with each resource category (i.e., different prey or
habitat types). Consequently, while two or more species may
be assigned to a single state, observed counts of their realworld resource use will not necessarily be identical. Following
Alencar et al. (2013) and Grundler and Rabosky (2020), we
considered states with .70 specificity for a single prey/
habitat use as specialist states.
We performed separate diet and habitat reconstructions
using the above model within a Bayesian framework through
the Macroevolution package (Grundler, 2019) in R software
version 4.1 (R Core Team, 2021). For both reconstructions,
we kept model parameters in concordance with Grundler and
Rabosky (2020). This included running each model with a
prior assumption of up to 20 resource states for diet and
habitat types respectively. We ran each respective model over
164,000 iterations, with sampling at every 128th iteration
after a burn-in of the first 5% of samples.
To investigate the effects of body size on snake diet and
snake habitat use respectively, we also reconstructed the
evolution of maximum snake body length across our
phylogeny. For this analysis, we reconstructed the maximum
body length of each species as a continuous trait across our
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phylogeny under a Brownian motion model of evolution
using the anc.ML function in the Phytools package (Revell,
2012). We also tested for the presence of a phylogenetic
signal in body size across our phylogeny by calculating
Blomberg’s K (Blomberg et al., 2003) and Pagel’s lambda
(Pagel, 1999a) using the phylosig function of Phytools.
Blomberg’s K values greater than one indicate the presence
of a phylogenetic signal and therefore strong similarity
between closely related species, and values lower than one
indicate no signal. Pagel’s lambda ranges from 0 to 1, with
values close to one indicating evidence of a phylogenetic
signal.
Correlated evolution of body size, diet, and habitat.—To
examine the pairwise association between diet and habitat
evolution across our phylogeny, we tested if correlated
transitional patterns of evolution were present between diet
and habitat use within a phylogenetic context. Specifically,
we tested for correlations between shifts in the multivariate
diet and habitat states of each taxon derived from our
ancestral reconstructions. We used the discrete module of
BayesTraits v.3.0.2 (Pagel and Meade, 2006) to test for
evidence of correlations between each diet state relative to
each habitat state across our phylogeny. For these BayesTraits
pairwise analyses, we used both a maximum likelihood (ML)
and Bayesian approach to run models of trait evolution that
assumed that 1) diet and habitat traits evolved independently
of each other, and 2) diet and habitat traits evolved together.
The ML models produced log-likelihood values as well as
derived p-values from log-ratio tests between independent
evolution and dependent evolution models. We ran the
Bayesian analyses using a reversible-jump MCMC approach
over 107 iterations with a sampling period of 1,000. We also
included a reversible jump hyperprior parameter set to an
exponential distribution between 0 and 100 to select priors
for this analysis. The Bayesian analyses produce marginal
likelihood scores for each model which we used to estimate
BayesFactor scores using the equation: 2 x [log-marginal
likelihood value of the dependent model – the log-marginal
likelihood value of the independent model]. BayesFactor
scores over 2 are considered to represent positive support of
correlation, scores greater than five represent strong support,
and scores over 10 represent extremely strong support (Pagel
and Meade, 2006).
We examined the pairwise association between body
lengths and diet, and between body lengths and habitat
use across our phylogeny in BayesTraits using the independent contrasts correlation module. Additionally, we also
compared the average log-transformed maximum body
lengths of species across dietary states with a phylogenetic
ANOVA using Phytools in R. Finally, we investigated the
relationship between the average log-transformed maximum
body lengths of snakes categorized in each diet state and the
breadths of those states’ dietary niche using ordinary least
squares regression analysis. We calculated diet niche breadths
using Levins’ standardized measure of niche breadth (BA;
Levins, 1968).
RESULTS
Ancestral reconstructions of diet and habitat.—Diet reconstruction analyses revealed the presence of seven distinct
multivariate dietary states. These included four specialist
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states (defined as those in which a single prey type accounts
for more than 70% of the diet records; Grundler and Rabosky,
2020) and three generalist states (Fig. 1). The specialist states
were diet state 2 (a diet dominated by reptiles but also
includes occasional consumption of amphibians, birds, and
rarely, mammals), diet state 3 (a diet dominated by
amphibians but with some consumption of mammals), diet
state 5 (a diet dominated by reptiles but may rarely include
mammals and birds), and diet state 7 (obligate bird eggspecialist diet). The remaining three states represented
generalist diets recognizable by the consumption of multiple
prey types at similar frequencies in each state. These include
diet state 1 (a diet characterized by frequent consumption of
mammals, reptiles, birds, and bird eggs), diet state 4 (a diet
characterized by the consumption of mammals and reptiles),
and diet state 6 (a diet characterized by the consumption of
birds and their eggs, reptiles, and mammals).
Projections of diet states across the tips of our phylogeny
matched the known diets of each taxon as inferred from
empirical counts of prey observations (for example, all
members of Crotaphopeltis were assigned to diet state 3 as
amphibian specialists). Reconstructions of diet states across
ancestral nodes (Fig. 1) suggest that the most recent
common ancestor of the snakes in our phylogeny was a
dietary generalist that consumed amphibians, birds, bird
eggs, mammals, and reptiles (diet state 1). This diet was
conserved in all Coelognathus and Gonyosoma, and the most
recent common ancestor of all Lycodon, Boiga, and the
African genera. Across Lycodon and Boiga, we reconstructed
three independent shifts from a generalist diet to a reptiledominated diet (diet state 2): once by Lycodon; once by the
Boiga ceylonensis group; once by Boiga drapiezii. Two species
of Lycodon (L. aulicus and L. capucinus) shifted to a diet
dominated by mammals and reptiles (diet state 4). Within
the African clades, we reconstruct a single transition from a
generalist diet to an amphibian-dominated diet (diet state
3) by the common ancestor of Crotaphopeltis and Dipsadoboa. All members of these genera retained an amphibiandominated diet except for Dipsadoboa shrevei that reversed
to a generalist-diet state (diet state 6). Members of the
genus Telescopus largely retain the ancestral generalist diet,
but Telescopus semiannulatus shifted toward a reptilespecialist diet supplemented with some consumption of
mammals (diet state 5). Similarly, members of the genus
Toxicodryas retained the ancestral generalist diet, but we
note a single transition from the ancestral generalist diet to
a specialist diet solely comprised of bird eggs in Dasypeltis
(diet state 7).
Habitat-reconstruction analyses produced 11 distinct multivariate states of habitat use by taxa (Fig. 2). Habitat-state
assignments at tips matched the empirical counts of species
occurrence data within the different habitat categories.
Habitat states 1–4 each represented predominantly closed,
tropical forest-dominated states that varied in the proportions with which species utilized other habitat types (habitat
state 1: 96% tropical forest use; habitat state 2: 77% tropical
forest use; habitat state 3: 82% tropical forest use; habitat
state 4: 93% tropical forest use). Similarly, habitat state 5 and
habitat states 7–10 each represented predominantly open
savanna and grassland-dominated states. Habitat state 6
(predominantly deserts and savannas) and habitat state 11
(predominantly tropical forests, temperate forests, and
savannas) were generalist in nature.
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Assignments of habitat states across our phylogeny
produced similar results to the diet reconstructions. Here,
transitions from closed tropical forest-dominated habitat
states to those dominated by open savannas and grasslands
as the clade diversified repeatedly occurred across our
phylogeny. The most recent common ancestor to the clade
most likely occupied a tropical forest-dominated habitat with
minor use of mangroves. This preference for tropical forests
was conserved in all Coelognathus, Gonyosoma, Lycodon, and
all Boiga except for Boiga irregularis, which also occupies
temperate forests and savannas (in Australia). In the African
clades, the majority of species primarily occupy savannas and
grasslands, having shifted from tropical forests. These shifts
coincide with lineage invasions of Africa from Asia (see Šmı́d
et al., 2019; Weinell et al., 2020 for biogeographical
reconstructions of the Colubrinae). Ancestors of the clade
containing Boiga, Dasypeltis, Toxicodryas, Crotaphopeltis, Dipsadoboa, and Telescopus predominantly occupied tropical
forests but repeatedly transitioned to savannas, grasslands,
scrublands, and deserts as the various lineages diversified.
The shift toward a combination of tropical forest and
savanna utilization was conserved in both members of
Toxicodryas and some members of Dipsadoboa, with one case
of a reversal to full tropical forest occupancy by Dipsadoboa
duchesnii. One species, Telescopus dhara, evolved to primarily
occupy deserts.
Correlated evolution of diet, habitat use, and body size.—
BayesTraits analyses of correlated evolution revealed that
shifts in diet across our phylogeny strongly correlated with
shifts in habitat use (Table 1). Snakes that primarily occupy
tropical forest-dominated habitats (habitat states 1–4) tend to
have generalist diets (diet state 1 and diet state 6) or were
reptile specialists (diet state 2). This was prevalent in most of
the Asian species (Boiga, Coelognathus, Gonyosoma, and
Lycodon) but was also retained in Toxicodryas and some
Telescopus. The radiation of species into African savannas and
grasslands (habitat types 7–10) were significantly correlated
with transitions in diet toward amphibian specialization (diet
state 3) in Crotaphopeltis and Dipsadoboa, bird egg specialization (diet state 7) in Dasypeltis, and reptile specialization in
Telescopus semiannulatus (diet state 5).
We found strong evidence for phylogenetic signal in body
size across the clade (Blomberg’s K ¼ 1.23, P , 0.001; Pagel’s
lambda ¼ 0.96, P , 0.001). Evolution of snake body size and
diet state strongly correlated with each other (BayesFactor
score ¼ 10.924). Visual inspection of the evolution of body
size across the phylogeny (Fig. 3) shows that transitions
toward smaller maximum body lengths correspond with
shifts in diet from generalist states to specialist states, and
conversely, shifts toward larger body size were associated
with generalist diets. The results of our phylogenetic ANOVA
showed that the average log-maximum lengths of species
differed significantly between diet states, particularly between generalist and specialist states (F6,60 ¼ 9.27, P ¼ 0.01;
Fig. 4A). Snakes with generalist diets (in particular, diet state
1 and diet state 6) were significantly larger on average than
snakes that specialize on a particular type of prey like
amphibians (diet state 3) or bird eggs (diet state 7). However,
this trend was not present for snakes belonging to the
generalist-diet state 4, which were similarly sized to those
with specialist diets. Subsequently, we found that the niche
breadth of each diet state was positively associated with the
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Fig. 1. Reconstruction of diet across the subclade of Boiga, Coelognathus, Crotaphopeltis, Dasypeltis, Dipsadoboa, Gonyosoma, Lycodon,
Telescopus, and Toxicodryas. Diet states were reconstructed as multivariate probability distributions over eight diet categories (amphibians, birds,
bird eggs, fishes, invertebrates, mammals, reptiles, and reptile eggs). Bar graphs show the proportions of prey for each diet state (1–7). Cooler colors
represent generalist-diet states; warmer colors represent specialist diet states dominated (70% or more) by single prey types.
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Fig. 2. Reconstruction of habitat use across the subclade of Boiga, Coelognathus, Crotaphopeltis, Dasypeltis, Dipsadoboa, Gonyosoma, Lycodon,
Telescopus, and Toxicodryas. Habitat states were reconstructed as multivariate probability distributions over six habitat categories (deserts,
mangroves, savannas, scrublands, temperate forests, and tropical forests). Bar graphs show proportions of habitat use for each habitat state (1–11).
Cooler colors represent tropical forest-dominated habitat states; warmer colors represent habitat states dominated by open habitats.

Diet state 1
(generalist)

Diet state 2
(reptiles)

Habitat state 1
10.98 (0.03) 22.44 (0.01)
(tropical forests)
11.41
14.01
Habitat state 2
0.02 (0.99)
4.77 (0.31)
(tropical forests w/ mangroves)
0.17
0.48
Habitat state 3
0.02 (0.99)
0 (0.99)
(tropical forests w/ savannas)
0.47
0.20
Habitat state 4
0.05 (0.99)
2.95 (0.57)
(tropical and temperate forests)
0.23
1.10
Habitat state 5
0.37 (0.91)
1.71 (0.99)
(savannas generalist)
3.19
0.37
Habitat state 6
2.53 (0.64)
0.56 (0.99)
(deserts, savannas & scrublands)
1.17
0.15
Habitat state 7
3.71 (0.45)
5.08 (0.28)
(savannas w/ scrublands)
1.40
1.88
Habitat state 8
2.89 (0.99)
0.51 (0.99)
(mostly savannas w/ tropical forests)
0.97
0.10
Habitat state 9
2.23 (0.99)
1.63 (0.8)
(savannas & tropical forests only)
0.17
1.85
Habitat state 10
2.45 (0.65)
0.84 (0.93)
(savannas generalist)
1.04
0.08
Habitat state 11
0.82 (0.99)
2.23 (0.69)
(savannas, tropical & temperate forests)
1.97
1.85

Habitat state
0.46 (0.98)
0.40
1.5 (0.83)
0.38
0.82 (0.94)
0.56
8.13 (0.09)
2.14
0.27 (0.98)
1.26
0.29 (0.99)
0.34
10.42 (0.03)
10.16
0.18 (0.99)
0.82
14.63 (0.01)
13.14
0.58 (0.96)
0.52
0.14 (0.99)
0.34

9.86 (0.04)
8.69
0.37 (0.99)
0.55
2.24 (0.69)
1.54
0.37 (0.99)
0.94
0.07 (0.99)
1.38
0.53 (0.99)
0.61
5.09 (0.28)
1.96
2.85 (0.58)
1.21
0.15 (0.99)
1.78
0.07 (0.99)
0.98
0.31 (0.99)
1.12
0.07 (0.99)
0.14
0.04 (0.99)
1.26
0.14 (0.99)
0.34
0.15 (0.99)
0.52
8.74 (0.04)
3.84
0.19 (0.99)
2.68
0.04 (0.99)
0.64
0.24 (0.99)
0.40
0.23 (0.99)
0.38
0.06 (0.99)
0.56
0.27 (0.99)
1.04

22.97 (0.01)
13.87
1.64 (0.8)
1.30
9.63 (0.04)
6.36
0.63 (0.99)
2.45
5.21 (0.27)
1.23
8.14 (0.09)
3.19
0.24 (0.99)
1.17
2.23 (0.69)
3.40
2.41 (0.66)
0.32
0.82 (0.99)
0.97
0.07 (0.99)
1.10

Diet state 3
Diet state 4
Diet state 5
Diet state 6
(amphibians) (mammals w/ reptiles) (reptiles w/ mammals) (birds w/ bird eggs)

0.62 (0.99)
1.36
2.32 (0.68)
0.67
1.17 (0.79)
1.07
1.59 (0.81)
2.02
0.31 (0.99)
0.08
0.08 (0.99)
0.73
18.7 (0.01)
15.21
23.74 (0.01)
15.82
2.04 (0.73)
0.85
0.19 (0.99)
0.59
0.04 (0.99)
0.43

Diet state 7
(bird eggs)

Table 1. Results of BayesTraits analyses of correlated trait evolution of diet and habitat states across our phylogeny. The top rows show likelihood ratio values with P values in parentheses, and the
bottom rows show BayesFactor scores. Significant results are in bold.
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Fig. 3. Reconstruction of maximum
body lengths (mm) across the subclade of Boiga, Coelognathus, Crotaphopeltis, Dasypeltis, Dipsadoboa,
Gonyosoma, Lycodon, Telescopus,
and Toxicodryas. Maximum body
length was reconstructed as a continuous trait under a homogenous
Brownian motion model of evolution.

average log-maximum body length of species belonging to
each respective state (F1,5 ¼ 12.43, P ¼ 0.02, R2 ¼ 0.71; Fig.
4B). Snake body size and habitat use showed only weak
evidence for an association between these traits (BayesFactor
score ¼ 0.256).

DISCUSSION
Our reconstruction of diet evolution across a subclade of the
Colubrinae revealed several independent shifts from ancestors with a generalist diet, comprised of mammals, reptiles,
birds and their eggs, and amphibians, to an assortment of
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Fig. 4. Relationship between log-transformed average maximum body lengths of a group of Afro-Asian colubrine snakes and (A) diet state (error
bars denote standard deviation) and (B) standardized dietary niche breadths. Statistical comparisons are phylogenetic ANOVA results (*P , 0.05, **P
, 0.01; all other pairwise comparisons are non-significant). Black bars and circles represent dietary generalists; gray bars and circles represent dietary
specialists.
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specialists with diets dominated by single prey types as the
clade diversified and expanded. We demonstrate that each of
these shifts correlated with transitions in habitat use from
closed to open environments. This trend was particularly
prominent within African lineages where shifts from generalist diets to amphibian-dominated diets (Crotaphopeltis and
Dipsadoboa), bird egg-dominated diets (Dasypeltis), and
reptiles plus mammal-dominated diets (Telescopus semiannulatus) respectively coevolved as these lineages transitioned
from inhabiting closed tropical forests to inhabiting open
savannas and grasslands. In addition, we also demonstrate
that body size has an important association with the
evolution of prey utilization by these snakes as we observed
a generalized pattern of larger maximum length being
correlated with a broader dietary niche. The presence of a
phylogenetic signal within the evolution of diet, habitat use,
and body size respectively show that the above trends were
not present as a result of random distributions of trait
evolution across the phylogeny.
Diet and habitat.—The relative availability of prey resources
within an environment sets the constraints and opportunities of feeding for the snakes occupying that environment.
Thus, novel habitats with derived prey resources (both in
terms of prey abundances and prey diversity) can provide
snakes with divergent ecological opportunities that may
ultimately be conducive to the evolution and fixation of
unique foraging habits, diets, and adaptive traits associated
with specific prey types (Wallace and Diller, 1990; Martins et
al., 2002; Gartner and Greene, 2008; Alencar et al., 2013).
Our results suggest that the most recent common ancestor of
this colubrine subclade was a large-bodied, tropical forestdwelling species with a generalist diet dominated by birds,
mammals, and reptiles, but also including bird eggs and
amphibians. This dietary generalist lifestyle remained conserved as the clade diverged and expanded across mainland
Asia and nearby off-shore islands, and broad diets were
conserved across most members of Coelognathus, Gonyosoma,
and some Boiga. However, the ancestor to Lycodon, another
group of Asian tropical forest dweller, shifted to a diet
dominated by the consumption of reptile prey. This
transition may have been driven by body size constraints,
differences in microhabitat use (for example, arboreality vs.
terrestriality; Martins et al., 2002; Harrington et al., 2018), or
a combination of both, and reptiles remain the predominant
component in the current-day diets of most extant species of
Lycodon.
The invasion and occupancy of Africa by the clades
containing (1) Boiga, Dasypeltis, and Toxicodryas, and (2)
Crotaphopeltis, Dipsadoboa, and Telescopus ultimately provided the ecological opportunity that led to the evolution of the
dietary specialist lifestyles of some of those snakes. Recent
evidence suggests that the diversification of these lineages
coincided with large-scale transitions in habitat and climate
across continental Africa throughout the Oligocene and
Miocene epochs (between ~35 to ~15 million years ago;
Šmı́d et al., 2019; Engelbrecht et al., 2020). During the
Oligocene, most of Africa was dominated by closed forests
and woodlands that gradually receded as the continent
shifted northward and the Tethys Sea closed (Mathee et al.,
2004; Šmı́d et al., 2019). Throughout the Oligocene and
Miocene, these forests contracted in northern and southern
Africa, leaving only fragmented remnants in tropical Africa
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(Jacobs, 2004; Couvreur et al., 2020), resulting in an overall
increase in arid conditions throughout most of the continent
that facilitated major expansions of open, C4-dominated
plant systems (i.e., grasslands, savannas, scrublands etc.;
Barlow et al., 2019). Accordingly, the transition from closed
to open habitats and resultant habitat-mediated shifts in
prey, including reduced abundances of arboreal taxa and an
explosion of terrestrial taxa across numerous faunal groups
(Couvreur et al., 2020), likely drove major shifts in the diets
of the above taxa.
Our results point to the ancestor of Dasypeltis and
Toxicodryas as a dietary generalist that preyed upon several
taxonomic groups, including a large proportion of birds and
their eggs. This diet is conserved in Toxicodryas but not in
Dasypeltis, whose most recent common ancestor unidirectionally transitioned toward an obligate bird egg diet. This
result supports the findings of de Queiroz and Rodrı́guezRobles (2006) who show that the inclusion of the eggs of an
animal within the diet of a snake tends to derive from a diet
that includes the parent animal that produces the eggs.
Differences in lifestyle habits between Dasypeltis and Toxicodryas could explain why the latter retained a generalist diet
but the former did not. All members of Toxicodryas are fully
arboreal and occupy a combination of closed and open
habitat types (Spawls et al., 2018). Contrastingly, most
Dasypeltis are terrestrial or semi-arboreal and primarily
occupy open habitats (Branch, 1998; Bates et al., 2014;
Spawls et al., 2018). Open habitats lack the exceptionally
large trees associated with tropical forests, and in rare cases
may also be devoid of sheltered areas. Birds occupying these
habitats are thus forced to build nests close to the ground in
low-lying vegetation in many cases (Tarboton, 2011; Bates
and Little, 2013). The combination of an abundance of bird
eggs available at ground level, coupled with concomitant
decreases in arboreal prey options, is strongly speculated to
have produced the ecological circumstances and selective
regime that facilitated bird egg specialization in Dasypeltis
(Gartner and Greene, 2008).
The shift from generalist to amphibian-dominated diets in
ancestral Crotaphopeltis and Dipsadoboa, and reptile-dominated diets in Telescopus, coincided with transitions from forests
to open environments. Dietary transitions in these lineages
were likely driven by habitat-mediated shifts in prey
availability. In the case of Crotaphopeltis and Dipsadoboa, a
close association with open, mesic environments likely
facilitated greater encounter rates of anuran prey (Keogh et
al., 2000). Over time, continued consumption of bulky
anurans may have contributed to the fixation of proximate
factors that determine prey utilization like feeding morphology and foraging kinematics in these snakes (Rasmussen,
1997; Keogh et al., 2000; Eniang et al., 2013). Similarly, an
association toward arid and desert areas in most Telescopus
(Šmı́d et al., 2019) likely facilitated the evolution of their
predominantly reptile-orientated diets. Other ecological
factors concerning community dynamics involving competition and resource partitioning likely also played a role in
the development of these diets (Luiselli et al., 1998; Luiselli,
2006).
Diet and body size.—Differences in prey utilization among
the colubrines within each of the different dietary groups
were strongly associated with differences in their respective
maximum body lengths. We found evidence for correlated
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evolution between diet and body size across our phylogeny
whereby species that deviated from the ancestral generalist
diet were on average smaller than those for which the
generalist diet was conserved. Moreover, mechanically
difficult to ingest prey like birds and mammals with wide
cross-sectional diameters (de Queiroz and Rodrı́guez-Robles,
2006; Close and Cundall, 2012; Wiseman et al., 2019) were
absent or limited in the diets of smaller-bodied species. Thus,
our results suggest that in addition to habitat-linked prey
availability, body size also plays an important role in
determining the diets of colubrines. This pattern is also
evident in other groups of snakes. In an analysis of the
evolution of diet in lamprophiid snakes, Naik et al. (2021)
found a similar relationship between body size and diet
breadth whereby most large-bodied species of lamprophiids
consume a broad array of different prey but smaller-bodied
species only consumed arthropods and invertebrates.
Further hypotheses and outlook for macroevolutionary studies of
snakes.—Several testable hypotheses can be derived from our
findings and the interpretations of our results. Importantly,
our results show that transitions in diet from generalist to
specialist states occurred repeatedly across our phylogeny.
Overall, diet is largely conserved across the colubrines within
our subclade but repeatedly shifted as ancestral species
adapted both ecologically and morphologically to occupy
open habitats with presumed variation in prey resources.
Because this transition from closed habitat, dietary generalist
to open habitat, dietary specialist occurred several times
across our phylogeny rather than just once, it suggests that
shifts in habitat, and therefore prey resources, were a strong
selective agent behind the evolution of diet and diversification of several lineages of colubrine snakes. Identification
and quantification of ancestral prey availability across
African and Asian habitats through time and space could
provide valuable context for understanding the evolution
and adaptive diversification of these colubrines and other
snakes (Gartner and Greene, 2008; Barlow et al., 2019).
Although we are unlikely to ever know much about
ancestral communities in terms of population densities,
determining the numbers of species of different ancestral
prey groups concurrent with colubrine radiation could offer
some form of approximation for prey availability that could
help explain the evolution of dietary specialization. Gartner
and Greene (2008) speculate that radiations of small-bodied
birds across Africa, including the Fringillidae and Estrildidae
families (Barker et al., 2004) resulted in small-sized bird eggs
being amply available for ancestral Dasypeltis, leading to the
eventual adaptation of their bird egg-specialist lifestyle. We
postulate that similar radiations of amphibians or lizards, and
resultant increases in abundances of those prey, could have
facilitated adaptive dietary specialization in Crotaphopeltis,
Dipsadoboa, and some Telescopus, respectively. However, it is
possible that these snake genera evolved independently of
the diversification of their preferred prey types and originated long before or after explosive radiations of those groups
across Africa. Moreover, these shifts in diet may have been
derived as a result of other factors like competition and
resource partitioning. Investigations of these snakes’ feeding
performance and kinematics toward different prey could
substantiate our claims of adaptive radiation.
One potential caveat to our findings is the likelihood that
the results of our tests of correlated evolution between diet
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and habitat states were potentially exaggerated. Correlation
analyses between discrete categorical traits are known to
sometimes be prone to type I errors that may result in
overestimations of the statistical support for those models
(Maddison and FitzJohn, 2015). The results of our correlation
analyses should therefore be treated cautiously since we
cannot rule out this possibility for our comparisons.
However, given the seemingly obvious associations between
diet and habitat use across our phylogeny, it seems apparent
that our findings are robust. Moreover, these results were
consistent across maximum likelihood and Bayesian models,
and so we are confident that our results, while possibly
exaggerated to some degree, reflect real patterns.
Our findings that diet breadth correlates with body size in
colubrines is congruent with existing trends in diet breadth
associated with predator-size, prey-diversity relationships in
snakes (Shine, 1991b; Arnold, 1993; Vincent et al., 2006).
However, this pattern was not without exception, as our
results showed that two small-bodied (~800 mm) species of
Lycodon, L. aulicus and L. capucinus, are both dietary
generalists. These two species diverged from the reptiledominated diet observed in most other Lycodon and are the
only species assigned to diet state 4 (predominantly mammals and reptiles). It is thus unclear if the correlation
between diet breadth and body size is present as a result of
some lineages evolving toward an optimal size suited for
consuming particular prey types, or if ancestral species were
morphologically size-constrained and excluded bulky prey
types because of mechanical difficulties of ingestion. Interspecific comparisons of adaptive performance, morphology,
and fitness of snakes could provide further details on these
dynamics.
As with all ancestral reconstruction analyses, the accuracy
of our results hinged on the strength of the taxonomic
coverage of our phylogeny, the topology of the tree, and the
quality of input trait information (Joy et al., 2016; Grundler
and Rabosky, 2020). The 67 taxa included in our phylogeny
represent a reasonably meaningful sample size (Li et al.,
2008) with adequate representation of species across each
genus given the poorly cataloged ecologies of several
members of this group of snakes (Li et al., 2010). Moreover,
the taxonomic relationships among taxa in our composite
phylogeny are well supported across recent taxonomic
studies and revisions of colubrines (Bates and Broadley,
2018; Šmı́d et al., 2019; Engelbrecht et al., 2020; Weinell et
al., 2020). While proportions of habitat use are simple to
obtain from species occurrence data, dietary information is
often scarcer. However, the diets of the species in our
phylogeny are, in most instances, relatively well cataloged
compared to similar studies (Alencar et al., 2013; Grundler
and Rabosky, 2020; Maritz et al., 2021; Naik et al., 2021).
Overall, our results should therefore represent a reasonably
accurate reflection of the evolution of diet and habitat
dynamics across this group, and we do not expect that the
broad trends of our findings would change with increased
coverage.
Broadly, our approach toward elucidating the coevolution
of ecological traits in colubrines through the use of ancestral
state reconstructions was successful and promotes the use of
such methodologies for macroevolutionary studies of snakes
in general. However, the issue of data availability and data
quality remains a challenge for many lineages of snakes that
remain poorly studied. Fortunately, these challenges may be
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resolved as new information become accessible. The continued, rapid publication of studies of snake systematics (for
example, Broadley et al., 2018; Portillo et al., 2018; Hallerman et al., 2020) has and continues to resolve problematic
taxonomies of several lineages of snakes. Moreover, many
avenues for the continued publication of snake ecological
data remain available, and increased popularity in the use of
novel outlets such as online databases and community
science projects provide a positive outlook toward increased
access and availability of species natural history information
for use in macroevolutionary studies.
In conclusion, divergences of ecological traits among
different lineages of snakes and other taxa have important
implications for their evolution, diversification, and radiation across the globe. Understanding shifts in resource
utilization and the selective pressures that drove them,
among ancestral organisms, could therefore provide valuable
context that can elucidate the evolutionary processes that
drove extant organismal diversity and more broadly, the
origins of biodiversity. Ancestral reconstructions remain a
powerful tool with which to study shifts in resource use
changes in ecological traits, and advances in these methods
are a boon for the field of macroevolution.
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