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Hidden colour signals as key drivers in the
evolution of anti-predator coloration and
defensive behaviours in snakes

Karl Loeffer-Henry1,4, Changku Kang 2,3,4 & Thomas N. Sherratt1

The initial evolution of warning coloration (“aposematism”) within a cryptic
population of defended prey presents an evolutionary paradox. A recent
phylogenetic analysis of amphibia suggests a new solution: prey that combine
cryptic colours with conspicuous patches on concealed body parts (“hidden
signallers”), may have mediated the transition of species from camouflage to
aposematism. Here, we focus on the colour-diverse snake family Elapidae and
test whether species with hidden colours could also serve as an intermediate
stage in the evolution of aposematism in this group. Phylogenetic comparative
analysis reveals several key patterns in their anti-predator colour evolution: (i)
a few major transitions influenced the overall distribution of hidden-colours,
camouflage, and aposematism in the group, and (ii) aposematism evolved
multiple times, with hidden coloration a common precursory state, while
direct transitions from camouflage to aposematism are also observed.We also
quantify associations between colour patterns and defensive behaviours that
reveal ventral surfaces (i.e. hidden signals). We find that venter-revealing
defensive behaviours frequently co-occur with hidden colour signals. Our
results suggest that aposematism can evolve through multiple routes and
highlight the prevalence of co-evolution between venter-revealing defensive
behaviour and anti-predator coloration in snakes.

Most animals face predators at some stage in their life cycle. This has
led to the evolution of a range of morphological and behavioural
adaptations to avoid detection and/or deter their attack post-
encounter1. In particular, many animal species have evolved camou-
flage, reducing their probability of detection or recognition by
predators2. Conversely, some species have evolved active defences
against predators such as stings or toxins and signal their unprofit-
ability to their would-be predators through conspicuous warning sig-
nals, an association known as “aposematism”3. These warning signals
can bemimicked by harmless species (Batesianmimicry)4 or copied by
other defended species, thereby reducing the costs of predator edu-
cation (Müllerian mimicry)5.

While conspicuous signalsmay serve towarnwould-be predators,
the initial spread of aposematic mutants from rarity is challenging to
understand. The problem, first recognised by Fisher6, arises because
the first conspicuousmutants would not only bemore detectable than
their cryptic conspecifics, but also not as readily recognised as
defended. To learn the association, predators must sample the con-
spicuous mutant, yet in so doing, the rare mutant(s) may be driven to
extinction. In spite of these challenges, aposematism has successfully
evolved many times across the animal kingdom1. Several explanations
as to how aposematic mutants overcome their two-fold disadvantage
have been proposed. For example, some speciesmaybe able to deploy
their noxious defences and survive capture by predators7. There are a
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variety of ways that this could occur; some insects, for example, have
distasteful secretions or stings, which, combined with protective
integuments, may allow them to survive taste rejection8. While resis-
tance to handling may explain how aposematism has evolved in some
taxa, it cannot provide a complete explanation because many poiso-
nous aposematic species are soft-bodied and appear unlikely to be
able to survive sampling9. Alternatively, some defences can be
deployed or detected from a distance10, such as skunk spray or urti-
cating hairs of New World theraphosid spiders11,12 but once again, not
all defences are apparent before capture.

Fisher’s celebrated explanation for how aposematism evolves in
these taxa was that while the individuals that are sampled die, apose-
matism can still be selected for if the prey have close relatives with the
same anti-predator traits that benefit from any learned aversion. This
kin selection13 hypothesis will be more likely to hold when relatives
formaggregations, such that a predatormay sample one individual but
then ignore the rest of the group14. In support, many aposematic
lepidoptera larvae do form aggregations15,16. However, phylogenetic
analyses indicate that, in all lineages considered, conspicuous colora-
tion likely preceded the evolution of gregariousness, suggesting that
kin selection is unlikely to have contributed to the initial evolution of
aposematism in these caterpillars15,17,18. Additionally, aposematism is
observed in many non-gregarious taxa19, including coral snakes
(Micrurus andCalliophisgenera) that arehighly cannibalistic outsideof
the breeding season and therefore unlikely to have exhibited gregar-
ious behaviour at any point in their evolutionary history. Finally, an
alternative explanation is that aposematismmay evolve incrementally,
with species gradually acquiring conspicuous coloration such that they
may educate predators without fully abandoning crypsis, at least at
first20. For this towork, predatorsmustgeneralise learned avoidanceof
semi-conspicuous phenotypes to more readily detectable forms. A
behavioural experiment using blue tits (Cyanistes caeruleus) as model
predators found that prior exposure to semi-conspicuous distasteful
targets did not reduce the birds’ probability of attacking more con-
spicuous similar-looking targets21. This led the authors to suggest that
it is unlikely that aposematism evolves by gradual change.

Studies of the evolution of aposematism have typically only taken
into account animal coloration that is always visible. However, many
cryptic species exhibit patches of conspicuous colour on surfaces that
are usually hidden and only transiently exposed during locomotion or
as part of a behavioural display22–24. Unlike consistently visible apose-
matic signals, these hidden colour defences do not impose the costs of
full conspicuousness during the initial stages of evolution. Their nor-
mally camouflaged appearance reduces the risk of detection, while still
potentially deterring predators through post-attack displays that
startle, warn, and/or facilitate avoidance learning25–27. This is an
important distinction because, unlike rare aposematic forms, muta-
tions causing hidden signalsmayprovide afitness benefit at the outset,
for example, by startling a predator27. Once established, it is con-
ceivable that species with hidden signals may function as a stepping
stone, facilitating the evolution of aposematism if predators are able to
generalise their learned avoidance of hidden signals to prey with
permanently displayed signals.

In support of the hypothesis that specieswith hidden signals serve
as stepping stones to species with full aposematism, a recent large-
scale macroevolutionary study of transitions between different types
of signaller in amphibians found that the acquisition of aposematic
coloration in species was disproportionately preceded by species with
hidden signals28. This evolutionary route to aposematism is likely not
restricted to amphibians and may be widespread in the animal king-
dom. Indeed, many aposematic species across various taxonomic
groups, including fish, arthropods, and other tetrapods, have close
relatives that are cryptic but possess conspicuous hidden signals27–29.
Unfortunately, parallel analyses comparable to what was done in
amphibians in many of these groups present substantial challenges.

This is because the analysis requires a few conditions to be met. First,
relatively complete time-calibrated molecular phylogenies are
required. Gaps in the phylogeny may result in intermediate forms
being missed, preventing the detection of key transitions30. In many
arthropods, for example, only a small proportion of the total described
species have knownphylogenetic information, andmanymore species
remain undescribed31. Second, aposematism must have evolved sev-
eral times independently. If all aposematic species in a taxon form a
monophyletic clade, then the transition between colour states effec-
tively happened once, not providing sufficient statistical power to
estimate transition rates32.

One taxon that appears to be an excellent model to explore the
evolutionary history of anti-predator coloration and test the hidden
signal stepping stone hypothesis is elapid snakes. Aposematism is
widespread in this group, and chemical defence (or offence) is the
ancestral condition, with only a few congeneric species having sec-
ondarily lost this trait19,33. Additionally, the phylogenetic position of
most extant described species is known except for the recently
described species34. Intriguingly, elapids exhibit a variety of defensive
behaviours (Fig. 1). For example, hooding describes a form of defen-
sive display in which the anterior portion of the body is raised off the
ground, exposing the ventral surface and the ribs are spread, poten-
tially increasing the perceived size of the snake.While this behaviour is
best known in cobras of the genus Naja, such as the Spectacled Cobra
(Naja naja), it is widespread across other elapids. In addition to
hooding, there exist other venter-revealing defensive behaviours,
including rolling over, defensive coiling, tail displaying, and exposing
the ventral surface in response to provocation by a predator27. These
defensive behaviours involve revealing the usually hidden ventral
surface, which raises the question of whether there are evolutionary
associations between these defensive behaviours and anti-predator
coloration.

Here, we have classified the anti-predator coloration of snakes in
the family Elapidae (comprising approximately 400 known species
from 55 genera) using a schema that recognises aposematism, crypsis,
species with camouflaged dorsal surfaces and conspicuous ventral
coloration that is usually hidden, as well as polymorphism in which
individuals with different colour states are observed within a species.
We then perform ancestral state reconstruction analysis of elapid anti-
predator coloration and use discrete character evolution models to
test the hidden signal stepping stone hypothesis in this taxon. We also
evaluate the presence/absence of defensive behaviour in elapids using
both video and pictorial documentation of their responses to human
provocation. Using these data, we elucidate how this behavioural
defence has coevolved with anti-predator coloration.

Results and discussion
The history of colour evolution in elapid snakes
We analysed 251 species (~62% of extant species) of elapid snakes with
known phylogenetic relationships and colour information. Three
human classifiers experienced with snakes categorised each species
based on its anti-predator coloration: either cryptic (colours and pat-
terns that match natural backgrounds), conspicuous (high contrast
coloration typically associated with aposematism such as black and
white, bright blue, bright yellow, red, or orange), or hidden with
cryptic colorationon thedorsal surface and conspicuous coloration on
the ventral surface (see Methods for details). The three classifiers all
agreed on the colour classification for 236 elapid species (94% of
analysed species). For the remaining 15 species, two classifiers agreed,
and we used the most common classification for each species in the
main analysis. Substantial variation existed in the type of defensive
coloration in elapid snakes; 34%were classified as cryptic (Cry), 40% as
conspicuous (Con), 21% as hidden-coloured (Hidden), and 5% as
polymorphic (here, defined narrowly when a species exhibits two or
more different defensive coloration strategies) (Fig. 2B, Table S1).
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We generated six hypothetical models with different constraints
on transition pathways or transition rate estimation (see “Methods” for
details). We initially considered seven states in total, comprising three
major colour states and four polymorphic states. However, our

hypothetical models were generated using only the three mono-
morphic states because the small number of species in each poly-
morphic state limited reliable estimation of transition rates (see
“Methods” for details). Among the competing six models (Fig. 2A), the

Fig. 1 | Example images of snake defensive colorations and behaviours. The
upper panels show species that were classified as cryptic (A; Green Mamba Den-
droaspis angusticeps), hidden-coloured (B; Calliophis nigrotaeniatus), and con-
spicuous (C; Banded Krait Bungarus fasciatus). The lower panels show examples of

venter-revealing defensive behaviours such as lifting the body (D; Eastern Bandy-
Bandy Vermicella annulata) or hooding (E; Black-necked Spitting Cobra Naja
nigricollis). Image copyright: © Johan Marais, © Charles Francis, © Rohit Giri, ©
Richard D. Reams, © Michele Menegon.

Fig. 2 | Models of defensive colour transitions and the results of best-
supported model. A Hypothetical model that we compared when analysing anti-
predator colour transitions. Absence of arrows indicates that transition rates were
fixed at zero. B Proportion of each anti-predator colour type, showing high diver-
sity in the anti-predator coloration. C Estimated transition rates in the best-

supported model (ER model). Grey arrows and circles show estimated transition
rates associated with polymorphic states. The number of species in each poly-
morphic group is limited, making inferences regarding polymorphic state transi-
tions relatively weak. Con: Conspicuous; Cry: Cryptic; Hidden: Hidden-coloured;
Poly: Polymorphic species.
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Equal rates (ER) model, in which a single rate governs all transitional
pathways, was the most strongly supported (64% support; Table 1; full
transition rates among seven different states, including those for
polymorphic states, can be found in Table S2), demonstrating that
transitions of species between the three colour states occurred at
similar rates. Stochastic character mapping results aligned well with
the transition rate results in that the transitions among different stra-
tegies have occurred in similar frequencies (Fig. 3C). However,

although the estimated rates were similar, the historical frequency of
transitions from conspicuous to cryptic colour was considerably lower
than that of other transitions, which is consistent with our analysis of
the most likely transitional history for each species (Fig. 3D). This
indicates that such transitions have rarely occurred in the history of
elapid snake anti-predator coloration evolution, yet the comparable
rate estimates suggest that whenever they do occur, they proceed just
as quickly as other types of transitions.Wemainlydiscuss the results of
the ERmodel and the ancestral states it estimated, but we also include
results from the second-best model, the Symmetrical (SYM) model
(15% support) in Fig. S1.

Marginal and joint ancestral character reconstruction results mat-
ched 96% of cases in the most likely ancestral state for each node. Both
the joint andmarginal results suggest that the hidden colour state is the
most likely ancestral state of elapid snakes (30% probability in the
marginal ancestral character reconstruction when all seven states were
considered), but there is also some support for the conspicuous (19%)
and conspicuous/hidden polymorphic (19%) states (Fig. S2). The ances-
tral character reconstruction results (Fig. 3A) provide insights into sev-
eral major patterns of colour evolution history, which we now discuss.

First, ancestral hidden colours have been retained in several
lineages, including those in the Naja, Sinomicrurus, and Calliophis

Table 1 | The results of the model comparison for defensive
coloration analysis

Model Log
likelihood

Number of
parameters

AICc AIC
weight

ER −242.6 19 523.2 0.64

SYM −242.1 21 526.1 0.15

Cost-offset −241.4 22 526.8 0.11

Intermediate −241.8 22 527.6 0.07

Secondary −243.5 22 531.1 0.01

ARD −241.5 24 531.1 0.01

The models were generated based on three monomorphic states (see “Methods” for details).
ARD: all-rates different; SYM: symmetrical; ER: equal-rates.

Fig. 3 | The results showing the transitional patterns between different
defensive colorations. A Reconstructed ancestral states of the family Elapidae and
(B) including sister clades. C Results of stochastic character mapping, showing the
posterior distribution of changes between each colour state. The ranges

highlighted by “HPD” represent the 95% highest posterior density (HPD) interval.
D Number of extant species following each historical transitional route. Image
copyrights for (A) are provided in Table S5. Con: Conspicuous; Cry: Cryptic; Hid-
den: Hidden-coloured; Poly: Polymorphic species.
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genera. Second, a fewmajor transitions largely determined the overall
distribution of crypsis and conspicuousness (Fig. 3D): (i) a single
transition from hidden colours to conspicuousness affected the pre-
valence of aposematism in the species-rich Micrurus genus, and (ii) a
transition fromhidden colours to cryptic colours at the basal node (the
common ancestors from the Laticauda to the Hydrophis genera in
Fig. 3A) influenced the prevalence of crypsis across descendant linea-
ges. As a consequence, the majority of elapid species obtained their
current anti-predator colour type by either no or a single transition
event from the common ancestor (Fig. 3D). Third, conspicuous col-
oration evolved at least 18 times independently. The transition to
conspicuous colour occurred in various lineages through one of two
pathways: (i) ancestral hidden colours evolved to conspicuous colours
or (ii) ancestral hidden colours evolved to cryptic colours, then con-
spicuous colour subsequently evolved (Fig. 3D). Fourth, crypsis
evolvedmostly fromhidden colour states,mostly governed by a single
transition at the basal node as explained above, with only a few
exceptions that evolved a more complex route involving conspicuous
colours (Fig. 3D). Once crypsis had evolved, multiple subsequent
pathways emerged: most remained cryptic, while the rest evolved to
either hidden or conspicuous colours. Fifth, the polymorphic states
evolved multiple times independently in the phylogeny.

Smaller-scale transitional patterns in recently diverged lineages
are lineage-specific, indicating no consistent trends among the linea-
ges, as suggested by the relatively strong support for the equal-rate
model. While a previous study on amphibians revealed that hidden
colours servedprimarily as an intermediary stage in the transition from
camouflage to aposematism28, when viewed within elapid snakes
alone, the same pattern did not emerge; when the transition from
crypsis to hidden colours occurred, the hidden colours remained in
the extant lineages without further evolving to aposematism. How-
ever, this pattern could arise because the hidden colour state is the
most likely ancestral state of elapid snakes, unlike amphibians, in
which camouflage is the most likely ancestral state. We therefore
explored the possibility that ancestors of the elapid snakes, such as
common ancestors of Elapidae and sister clades (a multi-family clade
including Pseudoxyrhophiidae, Psammophiidae, Lamprophiidae,
Atractaspidadae, Cyclocoridae, and Buhoma sp), exhibited camou-
flage. Ancestral reconstruction incorporating 151 species from sister
clades showed that elapid snakes likely diverged from cryptic ances-
tors (86% support; Figs. 3B, S3 for marginal reconstruction results;
images of the sister clades were classified by KLH using the same cri-
terion described in the “methods”). This suggests that stepwise evo-
lution fromcrypsis to conspicuousness via hidden coloured states also
occurred in snakes. However, unlike amphibians, where these transi-
tional patterns appeared multiple times in various lineages, this step-
wise evolution in elapid snakes (and relatives) is explained by a single
ancestral transition from camouflage to the hidden colour state at a
deep node. A more comprehensive examination of other snake
families is warranted to confirm the prevalence and generality of this
stepwise-evolution route and to assess its role in the evolution of
aposematism in snakes.

The direct transitions of camouflaged species to species with
conspicuous signals may be explained in part by the prevalence of
Batesian and Müllerian mimicry in elapid snakes; thus, while it is
challenging to understand how the novel conspicuous mutants of
cryptic prey initially spread from rarity35, if one taxon first acquires
aposematism through the hidden signal route, then new conspicuous
mutants of other species who resemble this well-established warning
signal may be recognised as unprofitable to attack at the outset.
Indeed, the conspicuous coloration of non-venomous Emydocephalus
species, which are Batesian mimics of venomous sea snakes like
Aipysurus, Hydrophis, and Laticauda spp.36, likely evolved from cryptic
ancestors, suggesting that direct transitions from crypsis to con-
spicuous forms can occur through mimicry. Additionally, unlike

amphibians in which no direct transition from crypsis to aposematism
has been observed28, snakes possess hard keratinous scales compared
to the relatively delicate skin of amphibians, which may allow them to
better survive handling by predators. Likewise, the chemical defence
of elapids involves venom that can be injected, rather than poison that
must be ingested to take effect, further suggesting that elapidsmay be
better able to survive sampling attempts than amphibians.

While these results provide insight into the evolutionary pathways
through which lineages acquire aposematism, they do not explain why
some lineages evolve this trait while others retain ancestral hidden
signals. Indeed, in certain ecological contexts, hidden signalling may
be an optimal strategy—allowing a snake to remain concealed from its
prey while still being capable of signalling to predators when neces-
sary. A recent phylogenetic study found that aposematism is more
likely to evolve in elapid species that feed on other snakes37. Given that
many snakes exhibit limited colour discrimination abilities, this may
reduce the need to remain cryptic38. Under such conditions, theremay
be an advantage to signal their defences constantly to reduce the risk
of initial attacks by their own predators. For example, if a surprise
predatory attack leaves no chance for the snake to reveal its hidden
signals, it may be costly to have cryptic dorsal coloration. This may
happen in sea snakes such as Laticauda sp., where surprise strikes of
potential predators, such as ospreys or sharks, often leave no chance
for the snake to show hidden signals.

We conducted additional analyses to ensure robustness of our
conclusions against (i) uncertainty in the phylogeny’s topology and
node age, and (ii) uncertainty in colour classification. To examine how
this uncertainty affects our results, we repeated the analysis using 100
randomly selected trees sampled from theposterior distributionof the
supertree. The ER model remained the best-supported model in 63
trees,while the SYMmodel, the second-best, was supported in31 trees.
We also re-analysed our data using a dataset that removed 15 species
with classificationdisagreements; the ERmodel still remained the best-
supported model (Table S3). Additionally, we excluded all poly-
morphic species and re-analysed the data to mitigate the effects of
species-poor states on major colour transition patterns. The ERmodel
continued to be the best-supported model (Table S4). The ancestral
character reconstruction results suggest that all supplementary ana-
lyses exhibit transitional patterns consistent with the main findings
(Figs. S4, 5). These supplementary analyses confirm the robustness of
the observed transitional patterns.

The evolutionary patterns of venter-revealing defensive
behaviours
We analysed behaviours of 180 species for which both colour and
behavioural data were available. Venter-revealing defensive beha-
viours were classified into one of three categories for each species: no
behavioural display evident, presence of hooding behaviour, or other
venter-revealing defensive behaviours (such as rolling over onto the
back or lifting the tail to reveal the ventral surface) that are not
hooding. A simple frequency comparison revealed strong evidence of
an association between the colour group and the frequency of
defensive behaviours (Chi-square test of independence; χ24 = 60,
P <0.001; Fig. 4B). Venter-revealing defensive displays (i.e. summed
frequency of hooding and non-hooding defensive behaviours) are
most common in the Hidden group (80%), followed by the Con (43%)
and Cry (20%) groups. Specifically, hooding behaviour occurred more
frequently in species with hidden colours than in other colour groups,
and non-hooding defensive displays were similarly common in species
with hidden and conspicuous colours, but none was found in cryptic
species (Fig. 4B). While a previous study suggests that conspicuous
colours are not associated with aggressive behaviours in snakes39, our
results imply that defensive behaviours, particularly those that reveal
the ventral surfaces, are more frequently found in species with both
hidden and conspicuous colours in snakes. Ancestral character states
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for the colour dataset are described above; thus, our discussion here
primarily focuses on defensive behaviour results.

Both the discrete character evolution model and the stochastic
character mapping suggest that the hooding and non-hooding dis-
plays have evolved independently, each arising multiple times in dif-
ferent clades, with no transitions between the two display types
(Table 2, Figs. 4, S6 for the model description, Fig. S7 for marginal
ancestral character results, Fig. S8 for stochastic character mapping
results); we found no evidence of any transitions between these two
defensive behaviours. The type of defensive behaviourswas conserved
within each genus; most species in the Naja, Pseudonaja, Pseudechis,

and Austrelaps genera exhibit only the hooding behaviour, if any. In
contrast, species in Micrurus, Sinomicrurus, Calliophis, and some spe-
cies in Suta, Vermicella, and Hydrophis exhibit the non-hooding
defensive behaviours.

Both types of defensive behaviours have multiple independent
origins (see Fig. 4C). First, hooding behaviour evolved at least six
times. Among the six identified instances where hooding behaviour
was acquired, two transitions occurred in ancestors with hidden col-
ours, and four in ancestors with cryptic colours. After acquiring
hooding behaviour, this behaviour was lost in some cryptic lineages,
such as those in the genera Pseudechis and Pseudonaja, but was rarely
lost in lineages with hidden colours, such as in the Naja genus. Once
hooding behaviour evolved in cryptic lineages, many descendants
subsequently developed hidden colours, retaining the hooding beha-
viour. This suggests two major evolutionary pathways for the corre-
lated evolution of hooding behaviour and hidden colours: (i) hooding
behaviour initially evolved in some cryptic lineages, followed by the
subsequent evolution of hidden colours, and (ii) hooding behaviour
evolved in species that already possessed hidden colours (the ances-
tral state of elapid snakes) and was retained within the lineage.

Non-hooding defensive displays seem to be the most likely
ancestral trait of elapid snakes (Fig. 4C, 97% support). This ancestral
state has been retained in many genera, such as Micrurus, Sinomi-
crurus, and Calliophis, with some species losing the defensive beha-
viour, primarily in aposematic species. Apart from this single ancestral
effect, defensive behaviours have evolved independently multiple
times, mostly in recently diverged lineages. Notably, these non-
hooding defensive behaviours have evolved in either hidden-coloured
or conspicuously-coloured lineages, but not in cryptically-coloured
lineages.

Fig. 4 | The results showing the co-evolutionary patterns between defensive
colorations and behaviours. A Estimated transition rate from the best-supported
model for defensive behaviour analysis. The arrow thickness correlates with the

estimated transition rate.B Frequency of each defensive behaviour associated with
each anti-predator coloration. C Reconstructed ancestral states for colours (left)
and behaviours (right).

Table 2 | The results of model comparisons for defensive
behaviour analysis

Model Log
likelihood

Number of
parameters

AICc AIC
weight

Independent −107.5 4 223.1 0.88

ARD −107.5 6 227.1 0.12

SYM −114.2 3 234.4 0

ER −121.7 1 245.5 0

Other displays
Intermediate

−123.2 4 254.4 0

Hooding
Intermediate

−144.7 4 297.4 0

Themodels were generated based on three behavioural states: nobehavioural display, hooding,
andother defensivebehaviours that reveal theventer.ARD: all-ratesdifferent;SYM: symmetrical;
ER: equal-rates. In the independent model, hooding and other displays both evolved from
species with no display, and there was no direct transition from hooding to other displays. The
model descriptions can be found in Fig. S1.
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Our study demonstrates general patterns of defensive colour
evolution in elapid snakes and highlights the prevalence and key role
of hidden colour states in the evolution of aposematism. As previously
demonstrated in amphibians28, our phylogenetic analysis provides
evidence that hidden warning signals can serve as an intermediary
stage in the transition from camouflage to aposematism in elapid
snakes, although there have also beendirect transitions of specieswith
camouflage to species with conspicuous signals. This finding offers a
potential resolution to the paradox of the initial evolution of apose-
matism, suggesting that hidden colour states could facilitate this
transition. That said, we stress that hidden-coloured states were likely
present early in the Elapidae lineage, following a single transition from
a cryptic ancestor. This early origin allowed hidden-coloured species
to serve as a common precursor in all subsequent transitions. While
our analysis is limited to the family Elapidae, where defensive colora-
tion is more diverse than in other snake groups, most of which are
predominantly camouflaged, it may not be a coincidence that apose-
matic species are rare in groups where hidden-coloured species are
also rare. The paradox of the initial evolution of aposematism may
persist in these groups, but hidden-coloured states could mitigate its
associated costs andmay facilitate the evolutionof aposematism. This,
in turn, may influence higher taxonomic patterns in the distribution of
aposematic species.

In addition, our behavioural analyses highlight a close co-
evolutionary relationship between hidden colours and the defensive
behaviours. Hidden signals and associated defensive behaviours like
flash displays and deimatism are widespread in the animal kingdom
and are often observed in clades that contain aposematic species29.
Therefore, it is possible that the hidden signal stepping-stone route to
aposematism is not restricted to herpetofauna.However, as our results
in elapids demonstrate, other evolutionary routes can bypass the need
for hidden signals in the transition from camouflage to aposematism,
and this may extend beyond this taxon. For example, nudibranchs
often mimic the toxic cnidarians from which they sequester their
chemical defences, while many aposematic mammals utilise defences
that do not require sampling or close contact by predators, such as the
noxious sprays of skunks and African polecats12,40. Such defences may
reduce the costs associated with the initial evolution of aposematism.

Methods
An extensive list of elapid species was obtained from the Reptile
Database (http://www.reptile-database.org)41. We performed a phylo-
genetic analysis of the anti-predator coloration adopted by elapids
based on classifying their images, as well as their defensive behaviours
when approached by predators, based on both video and pictor-
ial data.

Colour data acquisition and classification
All species on the list were categorised into one of three antipredator
coloration groups based on the images obtained from online sources
(Data S1). In making the classification, conspicuous colours were
defined as high contrast or bright colours that are uncommon in nat-
ural backgrounds and are commonly associated with aposematic
signals37,42. These include bright yellows, reds, oranges, blues, and high
contrast black and white markings. Cryptic coloration was defined as
colours that resemble the substrates that are common in natural
backgrounds, such as leaf litter, foliage, tree bark, rocks, and sand. The
cryptic colorationusually includes brown, tan, grey, and green colours.
A species was deemed conspicuous (Con) when its dorsal colourswere
conspicuous, regardless of ventral colours. A species was classified as
cryptic (Cry) when its dorsal colours were cryptic and lacked any
hidden conspicuous colour patches on the body. Species with hidden
colour signals (Hidden) were defined as having a cryptic dorsal colour
but possessing conspicuous colour patches, usually on the whole or
part of the venter (e.g., underside of tails) that are typically hidden

when resting. Additionally, some species, such as Naja naja, exhibit
conspicuous coloration on the skin in between the scales that is only
visible during hooding displays when the skin is stretched, and the
scales are separated. These species were also categorised as having
hidden signals.

Elapid snakes encompass considerable ecological diversity, so
what constitutes a hidden signal may differ based on their ecological
contexts, snake behaviours, and observer orientations, which are fac-
tors that we were not able to incorporate into our analysis. Generally,
coloration on the ventral surface is clearly only exposed transiently
and therefore qualifies as a hidden signal. However, a notable excep-
tion to this is in sea snakes (subfamilies Hydrophiinae and Laticaudi-
nae), which swim suspended in the water column where their ventral
surfaces are readily visible most of the time. Because of this, no sea
snake species were classed as having hidden signals. However, we note
that the colour categorisation of some sea snake species, such as
Hydrophis platurus, may depend on the viewer. This species has a
yellow belly and a dark brown dorsum, appearing aposematic under-
water but camouflaged to aerial predators such as ospreys and sea
eagles, which approach exclusively from above. In our list, H. platurus
is the only species that exhibits such a bicolour pattern.

There were some standard challenges to defining whether a spe-
cies exhibits polymorphism or not. While the classical definition of
colour polymorphism is based on the presence of multiple discrete
formswithin a single population, we used a restricted definition of the
term, deeming a species as polymorphic when we observed two or
more of the above colour classes exhibited by different individuals of
the same species. This was because polymorphic forms with the same
antipredator signals would fall into the same category in our analysis.
We appreciate that some morphs may occur at very low frequencies
within a population or be restricted to a very limited geographical
range, and as such, may not be represented in the data source we
sampled.

To obtain images for categorisation, all species' scientific names
were searchedonGoogle® Images. Snake imageswere only used if they
had been uploaded by reliable sources, usually a biodiversity database
or naturalist community (Data S1). We restricted our image sampling
to naturally occurring individuals and excluded those resulting from
selective breeding or colour abnormalities (i.e., albinism). All species
were categorised following the classification above by 3 independent
observers: KLH and two independent observers (JB & RH) recruited
from the CanadianHerpetological Society. The two external observers
were trained to use the same categorisation scheme as KLH by being
shown examples of clearly cryptic and aposematic species in non-
elapid taxa to define what sorts of colours fall into the respective
categories. Wherever possible, different images of each species were
categorised by KLH and by the two external observers (Data S1). This
was done to demonstrate the generality of the categorisation across
separate individuals of the same species.

In most species (62%), the prepared images consisted of two
images, one showing the dorsum and another showing the venter. For
the rest of the species, both the dorsal and ventral coloration were
visible from one image. Since any snake that exhibited conspicuous
dorsal coloration would be ranked as conspicuous regardless of ven-
tral coloration, some species for which images of the ventral surface
were unavailable were provisionally included in the categorisation.
This was done when KLH considered the dorsal coloration to be
unambiguously conspicuous. When this occurred, the species was
categorised as conspicuous by KLH and images of the dorsal surface
were presented to the other categorisers. If the other categorisers had
ranked any of these species as anything other than conspicuous, they
would have been omitted from the analysis. However, this never
occurred, and all 54of these specieswere rankedwith 100% agreement
across all categorisers.Whenpolymorphic formsweredetectedduring
image collection, each morph was categorised separately. All the
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images were presented to the external observers through a Zoom®
meeting. For all species characterised by KLH as polymorphic, each
morphwaspresented on a separate slide and categorised separately as
if they were independent species. We classified 269 species, but ulti-
mately analysed 251 species with known phylogenetic relationships.

Naturally, photo-based colour classification has drawbacks, as it
does not account for snakes’ micro-habitat choices or predator
(notably bird) vision—both crucial for assessing conspicuousness
against natural backgrounds43,44. However, in global-scale comparative
studies like ours, incorporating these factors is challenging, yet sig-
nificant evolutionary patterns have still been successfully inferred
from photos28,45. Public photos also lack ultraviolet (UV) colour, which
can be seen by some natural predators such as birds and other
snakes37. Recent evidence shows widespread evolution of UV colours
in both camouflaged and aposematic snakes, especially in their
venter46. In our classification, UV colours in visually conspicuous spe-
cies would still be classified as conspicuous. For camouflaged species,
UVmight compromise camouflage, yet itmayalsohelp conceal against
UV-reflecting substrates or serve as a predator deterrent via UV on the
venter46. Thus, our classification may misidentify UV-hued species as
cryptic if UV serves as a predator warning signal, although how fre-
quently this occurs is unclear.

Defensive behaviour data acquisition and classification
KLH categorised the defensive behaviours of snakes using a scheme
based on the descriptions provided by the California Herps webpage
(www.californiaherps.com) and published literature47. Although
snakes exhibit a variety of defensive behaviours, including acoustic
signals such as hissing or tail rattling48,49, for the purposes of this study,
we focused on visual defensive behaviours of snakes that involve
showing their ventral surface. This includes (i) hooding, defined as
lifting the anterior portion of the body off the ground and spreading
the ribs to expose the ventral surface (Fig. 1D), and (ii) non-hooding
defensive behaviours that encompass either flipping over entirely,
lifting the underside of the tail, or lifting sections of the body to show
the ventral surface (Fig. 1E for example). There were practical chal-
lenges in categorising defensive behaviours due to their diversity and
the lack of clear distinctions between different behaviours. For analy-
tical purposes, we classified each elapid species into one of three
behavioural categories: (i) no evidence of the presence of venter-
revealing defensive behaviours, (ii) showing hooding behaviours, (iii)
showing a defensive behaviour that involves exposing the ventral
surface that is not hooding. Naturally, how salient a behaviour depends
on habitat and context. However, this generalised categorisation
schema is useful in enabling broad multispecies comparisons.

There may be functional distinctions between hooding and non-
hooding displays, with hooding displays in venomous snakes likely
signalling imminent defence and dissuading predators through startle
or by accentuating the size and ferocity of the snake, while non-
hooding hidden signals could be aposematismor thanatosis50. As such,
hooding may be more closely associated with an impending potent
reaction, while non-hooding displays may be less dependent on the
defence itself andmore susceptible to being exploited by undefended
Batesian mimics50. Naturally, acquiring behavioural data from over a
hundred species of snakes distributed around theworld is challenging.
To overcome this, we used two independentmethods to survey elapid
snake defensive behaviour. First, we observed videos of snakes being
confronted by humans; then, we surveyed images of snakes available
on the internet (see Data S2,3 for a list of sources). This resulted in the
formation of two independently derived behavioural datasets whose
collection is described below.

Video-based behavioural survey. Hooding behaviour is a character-
istic display of elapid snakes that may function to increase the per-
ceived size of the snake. Although best known from cobras of the

genusNaja, hooding behaviour is also exhibited bymany other species
in this family. To assess whether a species exhibits hooding behaviour
or not, the scientific names of all extant described elapid snakes were
searched on YouTube® and Google® Video (Data S2, N = 455 videos
from 180 species). To be considered evidence that a species does not
exhibit hooding behaviour, a video had to show a wild specimen not
exhibiting hooding behaviour while being handled or manipulated in
thefield, either by handorwith tools such as snake hooks, snake tongs,
sticks, etc. Because this effectively simulates a predation event, we
assume that species that utilise hooding behaviour as part of their
defensive behaviour will do so under these conditions. A video was
considered evidence of the presence of hooding behaviour if a snake
being handled as described above exhibited hooding behaviour.
Additionally, some snakes exhibit hooding behaviour simply by being
approached by the filmer, even without being touched. These videos
were also considered evidence of hooding behaviour. Likewise, some
videos of captive snakes exhibiting hooding behaviour were used as
evidence of hooding behaviour. However, videos in which no physical
contact was made with the snake were never considered evidence of a
lack of hooding behaviour. Because snakes often habituate to humans
when in captivity, videos of captive snakes not exhibiting hooding
behaviour were never considered evidence that a species does not
have hooding behaviour.

Timestamps are provided for the relevant times ineach video (see
uploaded datafile), except for videos that are less than two minutes
long or videos inwhich the entire duration is relevant. The time stamps
correspond to the duration of handling time in videos with snakes not
exhibiting hooding behaviour. In videos where snakes exhibit hooding
behaviour, the timestamps correspond to the duration of the hooding
behaviour. One to five videos were used for each species, depending
on availability. All video analyses were done by KLH.

In addition to hooding behaviour, many elapids also engage in
other defensive behaviours that involve revealing the ventral surface.
However, these behaviours were generally not exhibited in the videos
that we selected because they require the snake to be on a flat surface,
and most videos of snakes being handled involved them being lifted
off the ground. Becauseof this,we additionally utilised an image-based
approach to evaluate the presence of snake defensive behaviour
(see below).

Photo-based behavioural survey. In order to confirm and broaden
our video-based categorisation of elapid snakes’ defensive behaviour,
we collected an additional defensive behaviour dataset based on their
images. This was accomplished by searching the names of all extant
elapids in iNaturalist (http://www.inaturalist.org)51 and surveying all
available images of each species. In order to be photographed, snakes
must necessarily be approached by a human photographer. This is
likely to be perceived by snakes as a predation cue. As such, it is
expected that snakes will exhibit defensive behaviours in response.
Therefore, if numerousphotographsof a species are available yet none
show evidence of a given defensive behaviour, it is likely that the
species does not exhibit the defensive behaviour in question. If any
images of snakes engaging in defensive displays that involved showing
the venterwere found, then the specieswas categorised ashaving such
defensive behaviour. For the absenceof defensive behaviours, we used
an arbitrary criterion based on the availability of the images for each
species; if more than 10 images of a species in the field were available
and none showed evidence of defensive behaviour, it was considered
that this species does not likely utilise such defensive behaviours (the
mean and median number of surveyed images for each species were
227 and 66 respectively per species).

To verify more rigorously the absence of defensive behaviour, if
more than 10 images were available on iNaturalist, and no evidence of
defensive behaviours was found, then the species name was addi-
tionally searched in Google Images, first on its own and then with the
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phrases “defensive display,” “defensive behaviour,” and “defensive
posture” successively. If an image of a ventral surface-exposing
defensive displays of a snake was found (Data S3), then that was con-
sidered evidence that the species has such defensive behaviour.
However, if no such evidence was found, then the species was cate-
gorised as not having evidence of venter-revealing defensive beha-
viours. Whenever a defensive behaviour was found in a species, we
deemed a species to have either hooding or non-hooding defensive
behaviours. The classification of hooding behaviour followed the
video-baseddefinition. The non-hoodingdefensive behaviours include
lifting the tail such that the ventral coloration is revealed, or rolling
over, displaying the entire ventral surface.

Using the two behavioural datasets described above, we classified
a species as exhibiting hooding behaviour if this behaviour was
observed in either video or photo sources. Similarly, if evidence indi-
cated that a species displays non-hooding defensive behaviour in
either source, it was classified accordingly. Hooding behaviours were
identifiable in both video and image sources, whereas information on
non-hooding defensive behaviours was available only from images.
Overall, video- and image-based data were largely consistent in
detecting hooding behaviour. However, image sources providedmore
comprehensive information, as all species classified as exhibiting
hooding behaviour based on video evidence were also classified as
such from image data. Additionally, we identified five additional spe-
cies displaying hooding behaviour in cases where no video data were
available. Information on non-hooding defensive behaviours was
exclusively derived from image sources.

Phylogenetic analysis
All analyses were conducted in the R programming environment52,
version 4.4.3. We obtained Elapidae phylogenetic trees using Vertlife
(https://vertlife.org). The Vertlife uses the phylogenetic tree of
9754 squamate species by Toniri et al.53 as a backbone and produces
distributions of trees with subsets of taxa. We generated phylogenetic
trees for 251 species (~62% of extant elapid snakes) for which images
were available.We first extracted 1000 trees randomly drawn from the
posterior distribution. Then, we generated the maximum clade cred-
ibility (MCC) tree using the ‘maxCladeCred’ function in the ‘phangorn’
package54. The main phylogenetic analyses were performed using the
MCC tree, while the rest of the trees were also used for supplementary
analyses to validate the robustness of the main results.

We employed discrete character evolution models implemented
in the ‘fitMk’ function (but also used equivalent alternatives ‘fitHRM’ or
‘fitMk.parallel’ using the samemodel structure when ‘fitMk’ performed
unstable or to speed up the process) in the ‘phytools’ package to
estimate the transition rates between each colour state55. Treating
polymorphic states needed special attention due to the low number of
extant species in each state (Table S1). First, despite the low number of
species for each group, we considered all polymorphic combinations
(Cry/Hidden, Cry/Con, Hidden/Con, Cry/Hidden/Con) as separate
states without merging them into one combined polymorphic state;
this makes sense because polymorphic states were comprised of dif-
ferent combinations of colour groups which, in consequence, influ-
ence which colour state to evolve from or to. Next, we assumed that
the transition rates between all polymorphic states were zero. This was
based on the fact that all polymorphic states were located indepen-
dently from each other in the phylogeny; thus, the direct transitions
between different polymorphic states were unlikely. Additionally, we
considered that each polymorphic state could evolve from, or to, one
of themonomorphic states already included in the polymorphic forms
(i.e., Cry/Hidden polymorphic states cannot evolve to or from Con
states). Finally, we let the transitions fromor to any polymorphic states
to a monomorphic state free to vary (i.e., parameters were not set to
zero and estimated by the model). Consequently, while we tested
specific hypotheses for the transitions among themajormonomorphic

states, we did not test specific hypotheses regarding polymorphic
states. This was (i) because the number of species in each polymorphic
state is too low (Table S1; all less than six), thus the estimated transition
rates were difficult to be generalised, and (ii) to still account for any
contributions of polymorphic states to transition dynamics.

After determining how to handle the polymorphic states, we
generated six hypothetical models for the transitions among the
monomorphic states. These were All-rates-different (ARD), Symmetric
(SYM), Equal-rates (ER), Intermediate, Cost-offset, and Secondary
models (Fig. 2A). TheARDmodel allows all the transition rates between
each monomorphic state to vary freely. The SYM model assumes that
forward and reverse transitions share the same parameters. In the ER
model, a single parameter governs all transition rates. The Inter-
mediate model assumes that Hidden states serve as an intermediate
stage between Cry and Con states by not allowing direct transitions
between Cry and Con states. Cost-offset models do not allow direct
transitions between Hidden and Cry states, making Hidden states
evolve only from or to Con states. This assumes that Hidden states
evolve from Con states to alleviate the high detectability costs of
conspicuous colours27. The Secondary model assumes that the hidden
colours in elapid snakes mainly evolve as a secondary defence of
cryptic species; thus, the Secondary model only allows the Hidden
states to evolve from or to Cry but not Con states. Then, we deter-
mined the best-supported model using corrected Akaike Information
Criterion (AICc) and associated AIC weights.

We used the ‘ancr’ function in the ‘phytools’ package for ancestral
character reconstruction55. The ancestral characters were recon-
structed using the parameters of the best-supported model. We tried
bothmarginal (finding the state at the current node thatmaximises the
likelihood, integrating over all other states at all nodes; gives the
results as proportional support for each state for each node) and joint
(finding the set of character states at all nodes that jointlymaximise the
likelihood; gives the results as a single most likely state for each node)
methods56. We primarily interpret the transitional patterns using the
results from joint methods due to their ease of interpretation. How-
ever, we also compared the results of joint and marginal methods to
confirm the consistency between the two methods and included the
marginal results in the Supplementary materials. Additionally, we
performed stochastic character mapping using the best-supported
model to estimate a posterior distribution on the number of transi-
tions that occurred among different states57. We sampled 100 sto-
chastic character maps using ‘make.simmap’ function in ‘phytools’
package55.

For the analysis including behavioural data, we were able to ana-
lyse 180 species. For this dataset, we first excluded all polymorphic
species from the analyses, because the number of species in each
group is either zero or very few, making transition analysis impossible
to conduct. Next, we first tried generating a nine-state dataset (three
colour categories × three behaviour categories) and examining the
transitions among the nine states. However, the estimated transition
rates had low reliability (i.e., different functions of the discrete state
evolution model, such as ‘fitMk’, ‘fitMk.parallel’, ‘corHMM’, yielded
disparate results) in states with only a few species. Therefore, instead
of analyzing the nine-state models, we deliberately decided to analyse
colour and behaviour separately.

For the defensive behaviour data, we compared the model fits of
ARD, SYM, and ER models. We also generated three hypothetical
models that have the equivalent model structure of Intermediate,
Cost-offset, and Secondary models in colour analysis and compared
the model fit. Thesemodels included scenarios where (i) non-hooding
defensive behaviours can only evolve from/to non-display states via
the hooding behaviour state (Hooding Intermediate), the hooding
behaviour can only evolve from/to non-display states via non-hooding
defensive behaviour states (Other Displays Intermediate), and (ii) (iii)
hooding behaviour and non-hooding defensive behaviours evolve
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independently without direct transitions between the two (Indepen-
dent) (see Fig. S1 for visual description of the models). We then esti-
mated ancestral character states using the best-fitted model based
on AICc.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in the study have been deposited in the Figshare
database (https://doi.org/10.6084/m9.figshare.28435067.v2)58. Also,
the images and videos we used were collected from open databases
listed in Supplementary Data S1–3.

Code availability
The code of the study has been deposited in the Figshare database
(https://doi.org/10.6084/m9.figshare.28435067.v2)58.
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