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Animal body armour is often considered an adaptation that protects prey

against predatory attacks, yet comparative studies that link the diversification

of these allegedly protective coverings to differential predation risk or pressure

are scarce. Here, we examine the evolution of body armour, including spines

and osteoderms, in Cordylinae, a radiation of southern African lizards. Using

phylogenetic comparative methods, we attempt to identify the ecological and

environmental correlates of body armour that may hint at the selective press-

ures responsible for defensive trait diversification. Our results show that

species inhabiting arid environments are more likely to possess elaborated

body armour, specifically osteoderms. We did not find any effect of estimated

predation pressure or risk on the degree of body armour. These findings

suggest that body armour might not necessarily evolve in response to direct

interactions with predators, but rather as a result of increased habitat-mediated

predation risk. Furthermore, we discuss the possibility that osteoderms might

have been shaped by factors unrelated to predation.
1. Introduction
The role of predation as an agent of natural selection has been of interest to research-

ers ever since Darwin’s time, with numerous examples showcasing its prevalence in

nature [1–4]. In particular, the evolution of defensive morphologies, such as spines

[5–8], carapaces [9], thickened keratinous scales [10] and osteoderms (i.e. bony

elements embedded in the dermis) [10,11], has received considerable attention in

the past because of their presumptive role in protection against predators.

To date, various studies have suggested that predator guilds may play a key

role in the diversification process of these defensive traits [12–15]. A straightfor-

ward explanation for any disparity in defensive traits is that different predator

communities select for different protective measures, i.e. predator-induced defensive
trait diversification. Firstly, predator communities may vary in the number of pre-

dators belonging to each guild (figure 1b). For instance, in dragonflies, shifts from

fish-dominated lakes to lakes in which large dragonfly predators dominate, have

resulted in a decline in larval abdominal spine length [14,16]. The differential

selection can be attributed to the fact that long abdominal spines are effective

against predatory fish [17] but facilitate grasping by arthropod predators [18].

Secondly, the diversification of defensive traits might not be determined by the

dominant predator guild present in the novel environment, but instead by the

risk each guild poses to the prey (figure 1c).

The risk posed by the different predator guilds might be independent of habitat

use (above) or associated with habitat divergence, in which case habitat-mediated
defensive trait diversification might take place (figure 1d). For example, Leinonen
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Figure 1. Schematic representation illustrating the evolutionary trajectory of a defensive trait of an ancestral species (a) following introduction into a novel environ-
ment. Under the predator-induced defensive trait diversification scenario, changes in the number of predators belonging to a specific guild (b) or changes in predation
risk posed by a specific predator guild (c) in the novel environment lead to the divergence of defensive traits. Under the habitat-mediated defensive trait diversifica-
tion scenario, the exploitation of novel environments might shift the vulnerability to a specific predator guild (d ), and likewise lead to the divergence of defensive
traits. It is important to note that all three scenarios can act in synergy with one another. Three-dimensional rendered micro-CT images show possible outcomes of
diversification. The colour gradient represents the degree of body armour, ranging from lightly armoured (white) to heavily armoured (dark red).
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et al. [19] show that, in threespine sticklebacks, shifts from pelagic

habitats (without shelter) to benthic habitats (with shelter)

underlie independent transitions from heavy armour to light

armour. Given that the probability of survival during encounters

with fish predators appears to be associated with shelter avail-

ability within each habitat [19], the use of benthic habitats

might have decreased the importance of fish predators, but

increased the importance of arthropod predators, resulting in

reduced body armour. In this context, it is important to note

that the above-mentioned mechanisms might act in synergy.

For instance, shifts in ancestral threespine sticklebacks from

marine environments dominated by fish predators to novel

freshwater habitats dominated by arthropod predators, appear

to be associated with transitions from a high lateral-plate

number and long pelvic spines to a low lateral-plate number

and loss of pelvic spines [20,21].

While the results of studies on sticklebacks and dragonflies

seem to confirm the notion that defensive traits are induced

by predators or shaped by habitat-mediated predation risk,

few studies have investigated the effect of these selective press-

ures on defensive trait diversification at a broader phylogenetic

scale. The lizard subfamily Cordylinae, a radiation of pre-

dominantly rock-dwelling sit-and-wait foragers endemic to

southern Africa [15,22] provides a unique opportunity to test

the aforementioned hypotheses. Cordyline lizards demonstrate

extensive variation in body armour, particularly in their

expression of osteoderms, bony plates embedded in the

dermal layer of the skin, and spines, bony protrusions with an

overlying keratin sheath [15] (figure 2). They inhabit a large

diversity of habitats, ranging from semi-desert to subtropical

forest and from lowlands to montane regions at high altitude
[22]. Within these diverse habitats, cordyline lizards are exposed

to three distinct types of predators that can be grouped into two

predation guilds: aerial predators (i.e. predatory birds) and

terrestrial predators (i.e. snakes and mammals). Aerial predators

are exclusively visually orientated, non-gape limited and

equipped with sharp beaks and talons against which armour

offers little protection. An increase in running speed, and conse-

quently loss of body armour would be the best strategy to avoid

aerial predators [3,15]. In contrast, terrestrial predators make use

of olfactory cues in addition tovisual cues, but their killing ability

is limited by gape size (e.g. snakes) [23] or bite force (e.g. mam-

mals) [24]. Well-developed osteoderms and sharp spines could

provide a physical barrier against terrestrial predators [11,25].

Here, we examine the evolutionary drivers of defensive trait

diversification using cordyline lizards as model organisms.

A conceptual framework is shown in figure 1, depicting

various potential evolutionary pathways from an ancestral

state (figure 1a). Following the predator-induced defensive trait
diversification scenario, we expect strong correlated evolution

between degree of body armour and the predator guild exerting

the highest pressure (figure 1b) or posing the highest risk

(figure 1c). Following the habitat-mediated defensive trait diversifi-
cation scenario, we expect that a strong relationship exists

between the degree of body armour and habitat use (figure 1d).
2. Material and methods
(a) Defensive trait morphology
Micro-computed tomography (micro-CT) was used to quantify

two important elements of defensive trait morphology: the
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Figure 2. Three-dimensional rendered micro-CT images of cordyline lizards illustrating the dichotomy in defensive traits. Smaug giganteus (a), as well as members
of the genera Ouroborus (b), Cordylus (c) and Karusasaurus (d ) are characterized by imbricating rectangular osteoderms covering the body. In other members of the
genus Smaug (e), the body is covered with well-developed disc-like osteoderms. In Ninurta ( f ) and Pseudocordylus (g), the trunk region is completely devoid of
osteoderms or osteoderms are extremely reduced.
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length of spines and the expression of dorsal osteoderms located

above the trunk vertebrae. Preserved specimens from 27 species

(range: 2–6 specimens per species, mean: 4.48+0.89 (s.d.))

were obtained from the Ellerman Collection of Stellenbosch

University. Whenever possible, an equal number of male and

female specimens was selected to reduce the effects of sexual

dimorphism in body armour, particularly osteoderm expression

[26]. The preserved specimens represented all the genera of Cordy-

linae, with the exception of the serpentiform genus Chamaesaura,

and accounted for approximately 56% of the total cordyline

lizard diversity. Specimens included representatives of the

genus Smaug (giganteus, breyeri, vandami, depressus), Pseudocordylus
(melanotus, subviridis, transvaalensis, spinosus, microlepidotus, langi),
Hemicordylus (capensis, nebulosus), Namazonurus ( peersi, lawrenci),
Cordylus (vittifer, jonesii, niger, oelofseni, cordylus, macropholis, mcla-
chlani, imkeae, minor, aridus), as well as Ninurta coeruleopunctatus,

Ouroborus cataphractus, and Karusasaurus polyzonus. All lizards

were micro-CT scanned using a GE Phoenix vjtomejx L240 dual

tube CT instrument (Phoenix X-ray, General Electric Sensing &

Technologies, Wunstorf, Germany) located at Stellenbosch Univer-

sity [27]. Firstly, the entire body of each specimen was micro-CT

scanned at 120 kV, 180 mA, and with a spatial resolution of

100 mm. For each micro-CT scan, we determined the length of

the spines of the ear (SEAR), neck (SNECK), trunk (STRUNK), front

leg (SFLEG), hind leg (SHLEG) and tail (STAIL), by calculating the dis-

tance between the posterior tip of the keel and the anterior end of

the scale. For specimens in which the keel was less pronounced, the

width of the longest anterior–posterior axis of each scale served as

spine length. From each of the six body regions, measurements of

the five longest spines were taken for each individual and averaged

(electronic supplementary material, figure S1). Secondly, the trunk

region of each specimen was re-scanned at 120 kV, 180 mA, and

with a spatial resolution of 30–35 mm. For each specimen, three

region-of-interests (ROIs) measuring 1 cm3 were digitally extracted

from the mid-dorsal region of the trunk which contained the dorsal

osteoderms. A surface determination was carried out to find the

material (i.e. bone) edge, after which the skeletal elements were

digitally removed and the osteoderms retained. For each ROI, we

determined (i) the total osteoderm volume (OVOL), (ii) the surface
area of the osteoderms (OSURF) and (iii) the osteoderm thickness

(OTHICK). The latter was estimated by measuring the thickness

of the osteoderms using the transverse slice images. For each

ROI, 10 thickness measurements were taken along a 1 cm transect

through the middle region of the osteoderms (electronic

supplementary material, figure S1). All three osteoderm measure-

ments were averaged to obtain a species mean for subsequent

analyses. Morphological measurements were obtained using

the VGStudio Max 3.1 software (Volume Graphics GmbH,

Heidelberg, Germany). In addition, we measured the distance

between the posterior end of the cranium and the posterior end

of the pelvis, which served as proxy for body size (BS).

(b) Predation pressure/risk
A list of all South African species of snakes, small to medium-sized

carnivoran mammals and actively hunting birds (i.e. birds-of-prey,

corvids) was compiled using reference literature ([28–30]; see

table S1 in the electronic supplementary material). Following

Stankowich et al. [31], we then estimated the risk that each predator

may impose on each cordyline lizard by scoring ecological vari-

ables and integrating geographical data. To do so, an extensive

literature study was conducted to obtain information on the diet,

activity time, habitat use and hunting method of each of the

predators. Based on this information, a score was assigned to

each of the four life-history traits (see table S2 in the electronic sup-

plementary material). Next, we calculated the risk (diet � activity

time � hunting method � habitat use) that each predator poses for

cordyline lizards. To further estimate the predation risk experi-

enced by lizards, we incorporated distribution data as lizards can

only be preyed upon by a predator with an overlapping distri-

bution. In brief, species distribution data were obtained for all

prey and predator species from BirdLife International [32], the

IUCN Red List [33] and the Red List of the Reptiles of South

Africa [28]. The ‘pairwiseRangemaps’ function of the R package

fuzzySim [34] was used to calculate the pairwise similarities

between the range maps. Lizards will experience a higher preda-

tion risk from predators that pose a greater threat and have

higher spatial similarity. Therefore, we multiplied the risk scores
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by the percentage of spatial similarity with each lizard species. This

resulted in a single score that represents the risk that a potential

predator species poses for a given cordyline lizard. Since we

hypothesized that the predation risk posed by different predator

guilds has shaped antipredator morphology, the scores were

summed for snakes þmammals (¼ terrestrial predation) and

birds (¼ aerial predation). Using these values, we calculated the

relative terrestrial predation risk (RTPRISK) which was used as a vari-

able in subsequent statistical analyses. Lastly, we calculated the

number of terrestrial and aerial predators that overlap in spatial

distribution with each cordyline lizard to obtain an estimate of rela-
tive terrestrial predation pressure (RTPPRES). A list of all potential

predators and associated scores can be found on Dryad Digital

Repository [35].

(c) Environmental data
Geographical coordinates of all cordyline lizards used in the study

were obtained from Bates et al. [31]. We compiled 3 972 unique

records for 27 species (ranging from three to 793 records per species).

Various environmental variables were extracted based upon the

geographical coordinates of the species using the R package

RASTER version 2.5-8 [36]. (i) Elevation and 12 bioclimatic variables

were obtained from the WorldClim database [37], (ii) the global arid-

ity index was obtained from the CGIAR-CSI database (Consortium

for Spatial Information) [38], (iii) global cloud cover was obtained

from Wilson & Jetz [39], (iv) global surface vegetation cover was

obtained from the MODIS vegetation continuous field MOD44B

[40], and (v) solar radiation (i.e. direct normal irradiance, DNI and

global horizontal irradiance, GHI) was obtained from the SolarGIS

database [41]. Bioclimatic variables, elevation, aridity and cloud

cover were obtained at a spatial resolution of approximately

1 km2, whereas global surface vegetation cover and solar radiation

were obtained at a spatial resolution of 250 m2. The environmental

variables were extracted for each distribution record and averaged

across all localities to obtain a species mean value.

(d) Phylogenetic comparative analyses
To test for associations between degree of body armour and the

ecological/environmental variables while accounting for shared

ancestry, all analyses were conducted within a phylogenetic

context. A phylogenetic tree with relative divergence times was

constructed following the methodology of Broeckhoven et al. [15],

which is presented in the electronic supplementary material.

Firstly, to account for phylogenetic autocorrelation among sets of

variables, i.e. closely related species tend to have more similar

trait values than expected at random, phylogenetic principal com-

ponent analyses (pPCA) [42] were conducted on the morphological

and environmental datasets, respectively. Phylogenetic PCA sum-

marizes data into principal components after controlling for the

phylogenetic relationships among taxa [42]. A first pPCA was

conducted on the three osteoderm measurements to obtain an

index of osteoderm expression, whereas a second pPCA was con-

ducted on the six spine measurements to obtain an index of

spinosity. Although both osteoderms and spines constitute body

armour in cordyline lizards, they were analysed separately because

osteoderm expression appears to be shaped by factors unrelated to

predation as well (see Broeckhoven et al. [11,25]). A third and last

pPCA was conducted on the environmental variables to obtain

an index of habitat use. The pPCAs on the correlation matrices

were conducted using the function ‘phyl.pca’ implemented in the

R package phytools [43].

To address whether, and which, environmental and ecological

variables explained the variation in defensive morphology,

we chose a twofold approach. Firstly, univariate phylogenetic

regression analyses were run using the function ‘phylolm’ of the

R package phylolm [44]. Osteoderm expression and spinosity

(pPCA scores) were the dependent variables, whereas RTPPRES,
RTPRISK and habitat use (pPCA scores), were the explanatory

variables. The interaction effects between habitat use and RTPRISK

were also included in the model. The diversification of defensive

traits in cordyline lizards is best explained by an ‘Early Burst

(EB)’ mode of evolution [15], hence all phylogenetic regression

analyses were performed assuming an EB process for the residual

error. Secondly, a multivariate approach was used to investigate

the combination of variables that best explained the degree of

body armour in cordyline lizards. Model selection was based on

the Akaike information criterion corrected for small sample size

(AICc) [45] and the model with the lowest AICc value was con-

sidered the ‘best’ model given the current set of explanatory

variables. Results from any competing models with DAICc , 2

[45] were also taken into account. In addition, stepwise model

selection for phylogenetic linear models was conducted using for-

ward selection implemented in the function ‘phylostep’ of the R

package phylolm. [44].
3. Results
(a) Morphological variation in defensive traits
Substantial disparity in body armour is present among

cordyline lizards (figures 2 and 3). The majority of members

of the genus Pseudocordylus, Hemicordylus and Ninurta have

reduced spines, whereas others, such as Ouroborus, Cordylus
and Namazonurus, are characterized by relatively long spine

lengths (figures 2 and 3). With regards to the osteoderm

expression in the trunk region, three distinct phenotypes can

be discriminated: (i) complete absence of osteoderms, as is

the case in Pseudocordylus (figure 2), (ii) isolated disc-like

elements, as is the case in Ninurta, Hemicordylus and Smaug
(figures 2 and 3), and (iii) imbricating rectangular osteoderms

in the trunk region, as is the case in Ouroborus, Cordylus, Nama-
zonurus and Karusasaurus (figures 2 and 3). A summary of the

spine and osteoderm measurements of the cordyline species

used in this study is provided in the electronic supplementary

material (table S3). All measurements (except SNECK, OVOL and

OTHICK) showed a significant positive relationship with body

size (electronic supplementary material, table S4). Hence,

prior to statistical analyses, a phylogenetic size correction

was performed on these measurements [42] using the function

‘phyl.resid’ implemented in the R package phytools [43]. A first

pPCA conducted on OVOL, OTHICK and the phylogenetic

residuals for OSURF, revealed one axis, coined osteoderm

expression, which explained 86.2% of the total variation (elec-

tronic supplementary material, table S5). A second pPCA

conducted on SNECK, as well as the phylogenetic residuals

for SEAR, STRUNK, SFLEG, SHLEG and STAIL, revealed one axis,

coined spinosity, which explained 79.2% of the total variation

(electronic supplementary material, table S6). Both axes

describe a gradient from lightly armoured phenotypes (low

scores) to heavily armoured phenotypes (high scores).

(b) Ecological and environmental correlates of
body armour

To test for the influence of ecological and environmental

variables on variation in body armour, we extracted the

scores for osteoderm expression and spinosity from the

pPCA and correlated these with the relative terrestrial preda-

tion pressure/risk and habitat use. For the latter, we firstly

conducted a pPCA on the 18 environmental variables. This

analysis revealed four axes that explained 92% of the variation
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(electronic supplementary material, table S7). The first axis cor-

related positively with annual precipitation, surface vegetation

cover, cloud cover and the aridity score, but negatively with

solar radiation (electronic supplementary material, table S7).

Hence, this axis described a gradient from arid to humid

environments and was coined pPCARID. The second axis

was positively correlated with several temperature measures

and described a thermal gradient from warm to cold environ-

ments (electronic supplementary material, table S7). This axis

was consequently coined pPCTEMP. The third and fourth

axes were not strongly related to environmental variables

meaningful for our study and hence, were not included in

the statistical analyses.

Both univariate and multivariate phylogenetic linear

regression analyses demonstrated that aridity (pPCARID)

had a significant effect on osteoderm expression (table 1,

figure 4). Species inhabiting arid environments, characterized

by low rainfall and cloud cover, but high summer temperatures

and solar radiation, had a higher osteoderm expression than

those inhabiting non-arid environments (figures 3 and 4).

Four competing models within 2 DAICc units were present:

the null (intercept-only) model and three models that added

pPCTEMP, RTPPRES and RTPRISK to the model, respectively

(table 2). A stepwise model selection procedure for phylo-

genetic linear models selected a model with only pPCARID as

the explanatory variable. In contrast to osteoderm expression,

there were no clear relationships between spinosity and any

of the environmental/ecological factors (table 1, figure 4),

with the null model receiving the best support (table 2).

Likewise, the model selection procedure for phylogenetic
linear models demonstrated that the intercept-only model

had the best support. We further explored the relationship

between ecological variables and body armour by separating

terrestrial predation risk/pressure into relative snake and

mammal predation risk/pressure. Univariate phylogene-

tic linear regressions, however, did not reveal any novel

significant relationships (electronic supplementary material,

tables S8 and S9).
4. Discussion
Predation is believed to be one of the primary selective forces

affecting the evolution of defensive strategies and morphologies

[6–8], yet evidence is accumulating that defensive traits might

not evolve in response to predators directly [46]. We proposed

three non-mutually exclusive scenarios that could explain how

predators can shape the evolution of defensive traits directly

(i.e. predator-driven defensive trait diversification), or indirectly

through habitat use (i.e. habitat-mediated defensive trait diversifica-
tion). The results of our study fail to support a general hypothesis

of predator-driven evolution of body armour. Instead, we show

that osteoderm expression coevolved with climatic conditions,

thereby corroborating the idea that defensive morphologies

might not be driven directly by predators. Either the exploitation

of novel habitats might secondarily favour defensive trait diver-

sification if the novel habitat favours a different defence mode or

shift in defensive morphology [6,47], or body armour is the evol-

utionary result of another selective pressure unrelated to

predation [11,25].



Table 1. Results of univariate phylogenetic linear regression analyses examining the effect of indices of predation risk/pressure and habitat use on osteoderm
thickness and spinosity. Statistically significant results are given in italics. a, model parameters of the Early Burst (EB) evolutionary model; s2, maximum-
likelihood estimate of the variance rate.

estimate StdErr t-value p-value a s2

osteoderm expression

pPCARID 20.21 0.10 22.15 0.04 224.83 8.36

pPCTEMP 0.05 0.12 0.45 0.65 231.46 14.60

RTPPRES 0.08 0.71 0.11 0.91 231.71 14.94

RTPRISK 0.26 0.53 0.49 0.63 231.47 14.59

spinosity

pPCARID 20.13 0.14 20.88 0.39 227.35 21.26

pPCTEMP 0.05 0.16 0.32 0.76 230.61 26.62

RTPPRES 0.18 0.98 0.18 0.86 231.22 27.70

RTPRISK 0.38 0.74 0.51 0.61 230.99 27.07
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Figure 4. Scatterplots depicting the relationships between the two constituents of body armour, i.e. osteoderm expression and spinosity, as well as indices of
habitat use ( pPCARID and pPCTEMP), relative terrestrial predation pressure (RTPPRES) and relative terrestrial predation risk (RTPRISK). Aridity had a statistically significant
effect on osteoderm expression (a), with species inhabiting arid environments being more likely to possess well-developed osteoderms.

Table 2. The top supported models (DAICc , 2) from phylogenetic multivariate regression analyses examining the associations between body armour (i.e.
osteoderm expression and spinosity), relative terrestrial predation pressure/risk and habitat use in cordyline lizards. Models are ranked from best to worst, with
the best-fitting model given in italics. k, number of parameters; D, difference in mean AICc value among models; v, Akaike weights; a, model parameters of
EB evolutionary model; s2, maximum-likelihood estimate of the variance rate.

model k AICc DAICc v a s2

osteoderm

pPCARID 4 25.03 0 0.22 224.83 8.35

pPCARID þ RTPPRES 4 24.35 1.19 0.12 224.93 8.15

pPCARID þ RTPRISK 4 24.78 1.61 0.10 224.27 7.95

pPCARID þ pPCTEMP 4 24.76 1.60 0.10 223.79 7.71

null 3 25.03 1.86 0.08 231.83 15.05

spines

null 3 43.23 0 0.26 231.30 27.87
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Habitat divergence might be associated with increased vul-

nerability to predators or shifts in the vulnerability from one

predator guild to another [15,19]. For instance, Stankowich &

Campbell [10] proposed that vulnerability to predators in

general might change as a function of habitat openness.

Medium-sized mammals utilizing open habitats are more

likely to possess some form of body armour presumably due

to the increased exposure to predators [10]. A similar trend is

observed in cordyline lizards, showing that species inhabiting

open, arid environments, characterized by high summer temp-

eratures, low precipitation and low surface vegetation cover

([48], also see electronic supplementary material, table S7) are

more likely to possess elaborated body armour. The observed

trend can be attributed to the fact that lizards inhabiting arid

environments might spend considerable time hiding in rock cre-

vices (e.g. reduced need for basking [49] or reduced chance of

overheating [50]). Within these retreat sites, species might be

more susceptible to extraction by terrestrial predators such as

snakes and selection should favour adaptations (e.g. body

armour) that minimize the risk of extraction by this type of pred-

ator. In addition, the availability of suitable retreat sites might be

low in arid environments, thereby further increasing terrestrial

predation risk. Alternatively, environmental conditions in

open, arid environments might cause species to engage in

risky behaviours. Ouroborus cataphractus, for example, visits har-

vester termite colonies far away from the safety of the refuge,

rendering individuals prone to terrestrial predation, particularly

mongooses [49]. Outrunning a predator might not be an option

and selection should favour alternative strategies, such as the

evolution of elaborated body armour [11].

Non-arid environments, on the contrary, are characterized

by high cloud cover (and mist) and low solar radiation (elec-

tronic supplementary material, table S7). These conditions,

often experienced by species inhabiting montane habitats,

might necessitate individuals to increase basking time to

attain optimal body temperatures [51]. Outside of their retreat

sites, species might be more susceptible to aerial predators and

selection should favour a reduction in body armour to facilitate

rapid escape. However, the relationship between body armour

and habitat use held only for the expression of dorsal osteo-

derms, which presumably play an insignificant role in

reducing extraction risk. We did not find any association

between spinosity and aridity, despite strong coevolution

between spinosity and osteoderm expression (pGLS; p ,

0.001). This lack of association might be attributed to the fact

that, regardless of the risk that the dominant predator guild

poses, species are still preyed upon by members of the other

predator guild. For instance, lightly armoured taxa, such as

Pseudocordylus and Hemicordylus, might be well-adapted to

rapidly escape from aerial predators, they remain vulnerable

to terrestrial predation within their retreat sites. Cordyline

lizards frequently use their tails to prevent predators from

accessing the lizard’s body when inside of a retreat site [52].

Enlarged spines, especially those on the tail and limbs, might

be an effective strategy to prohibit predators from accessing

the body, and remain useful in the lightly armoured pheno-

type. Hence, the absence of an association between spinosity

and aridity might solely be attributed to the fact that lightly

armoured species have reduced osteoderm expression but

retained some degree of spinosity.

Although the above-mentioned results suggest that shifts in

vulnerability to predator guilds following the exploitation of

novel environments might have been a major selective pressure
in the diversification of defensive traits, we cannot preclude that

different or additional selective pressures have played an

important role. In addition to providing protection against

predatory bites [11,25], osteoderms appear to have unique ther-

mal properties [25] and it has been suggested that they play an

important role in reducing evaporative water loss (EWL)

through the skin [53]. The latter would make the possession

of osteoderms highly advantageous to sit-and-wait foraging

lizards inhabiting arid environments characterized by

long periods of drought. Given that squamates inhabiting

(semi-)arid environments might experience higher EWL than

those inhabiting more humid environments [54], adaptations

that minimize cutaneous water loss are expected to be particu-

larly important to survival [54,55]. The EWL hypothesis is

further supported by a recent study by Broeckhoven et al. [56]

who found that O. cataphractus individuals inhabiting more

arid environments possess relatively thicker osteoderms than

those found elsewhere. In support of this argument, popu-

lations of the lightly armoured species Hemicordylus capensis
that occur in arid environments [26] are always found in close

association with water bodies, such as waterfalls [57]. Based

on the aforementioned evidence, we propose that osteoderms

might have played a key role in the historical colonization of

arid environments by cordyline lizards. This idea of a physio-

logical role of osteoderms is further supported by the fact that

species inhabiting non-arid environments appear to have com-

pletely lost osteoderm expression in the trunk region, despite

similar predation pressure/risk as that experienced by species

occupying arid environments.

In summary, while several studies have demonstrated the

antipredatory function of spines and osteoderms, our results

fail to support the hypothesis that the evolutionary trajectory

of these defensive morphologies is driven directly by preda-

tors. Instead, we suggest that behavioural changes associated

with habitat use might shift the balance in predation risk and

consequently, determine the type of defence favoured. In

addition, climatic conditions might further shape morphology,

through their effects on physiology. In light of these results, it

must be noted that our approach only allowed for an estimation

of the potential predation risk/pressure experienced by cordy-

line lizards. The presence of few, but significant, predators

might constitute a notable strong risk for particular species in

particular habitats [11,51]. Exposed (arid) environments are a

more dangerous ground than closed (humid) environments

and the evolution of robust defensive morphologies is therefore

to be expected [10].
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