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Adaptive radiation (AR), the product of rapid diversification of an ancestral species into novel adaptive zones, has become pivotal

in our understanding of biodiversity. Although it has widely been accepted that predators may drive the process of AR by

creating ecological opportunity (e.g., enemy-free space), the role of predators as selective agents in defensive trait diversification

remains controversial. Using phylogenetic comparative methods, we provide evidence for an “early burst” in the diversification of

antipredator phenotypes in Cordylinae, a relatively small AR of morphologically diverse southern African lizards. The evolution of

body armor appears to have been initially rapid, but slowed down over time, consistent with the ecological niche-filling model.

We suggest that the observed “early burst” pattern could be attributed to shifts in vulnerability to different types of predators

(i.e., aerial versus terrestrial) associated with thermal habitat partitioning. These results provide empirical evidence supporting the

hypothesis that predators or the interaction therewith might be key components of ecological opportunity, although the way in

which predators influence morphological diversification requires further study.

KEY WORDS: Body armor, comparative methods, diversification rate, early burst, ecological opportunity, model fitting, preda-

tion.

Ever since Darwin’s encounter with finches on the Galápagos Is-

lands, naturalists and evolutionary biologists have been intrigued

by the process of adaptive radiation (AR)—the rapid diversifi-

cation of an ancestral species into an array of descendants that

occupy a variety of ecological resources and differ in the phe-

notypic traits used to exploit these resources (Schluter 2000;

Gavrilets and Losos 2009; Glor 2010; Losos 2010). Ecological

opportunity, in which the ancestral species enters a new environ-

ment with abundant, underexploited resources (Muschick et al.

2014), habitat heterogeneity (Mahler et al. 2010), and/or novel

microclimates (Algar and Mahler 2016) is widely thought to reg-

ulate the tempo of AR (Simpson 1953; Rainey and Travisano

1998; Losos 2010; Losos and Mahler 2010; Yoder et al. 2010;

Wellborn and Langerhans 2015). The entry into newly accessed

ecological zones is assumed to shift natural selection acting on

ecologically important traits, resulting in an “early burst” (EB)

of trait diversification followed by a slow down in diversification

rates as interspecific competition increases (Losos and Schluter

2000; Yoder et al. 2010; Ingram et al. 2012). Consequently, re-

cent research has focused on characterizing ecologically relevant
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phenotypic traits and determining whether these adaptive traits

diversify along similar patterns and at similar rates to disentangle

the processes underlying ARs (e.g., Ackerly et al. 2006; Sallan

and Friedman 2012; Lopéz-Fernández et al. 2013; Muschick et al.

2014; Colombo et al. 2015; Pincheira-Donoso et al. 2015).

Predation has been suggested to play an important role in

macroevolution (Nosil and Crespi 2006; Vamosi 2005; Meyer and

Kassen 2007). First, the enemy release hypothesis posits that the

extinction of predators or absence thereof in a novel environment

may create ecological opportunity and initiate ARs, for example,

on newly emerged islands (Joyce et al. 2005; Meyer and Kassen

2007; Givnish et al. 2009; Riesch et al. 2013). Second, the evolu-

tion of a novel defensive trait could release prey from predators,

thereby facilitating radiation into a predator-free space (Schluter

2000). Similarly, the evolution of a defensive trait that allows prey

to tolerate predators might lead to a burst of diversification. Un-

der this escape-and-radiate scenario, repeated bursts of predator

and prey diversification are often predicted as a consequence of

their interactions (Ehrlich and Raven 1964; Thompson 1994; Janz

2011), resulting in a constant net diversification rate over time, as

predator and prey lineages iteratively coevolve in an arms race.

The escape-and-radiate scenario frequently involves escalation,

wherein defensive trait efficacy increases from the ancestral to the

derived state (Vermeij 1987).

Predation could also play a secondary role during diversi-

fication once ecological opportunity is created, yet, its signifi-

cance has largely been overlooked in previous research. For in-

stance, resource partitioning (e.g., diet and habitat) might have

correlated effects on the vulnerability to predation (Lima and Dill

1990; Lima 1998) and consequently, the niche filling expected of

defensive traits should be directly related to niche filling of traits

associated with resource exploitation. Under this scenario, rapid

diversification of both sets of traits is to be predicted, followed by

diversity-dependent slowdowns resulting from interspecific com-

petition for limited resources or niches (Moen and Morlon 2014).

The hypothesized defensive trait diversification scenario is most

likely an outcome of resource-specific predation risk, associated

with the presence of multiple distinct types of predators with a

trade-off in the ability of prey to avoid these different predators

(Abrams 2000).

Surprisingly, studies investigating the diversification rate of

phenotypic traits actively involved in defense against predators

are scarce (Vamosi 2006) and often limited to plant defenses

(Agrawal 2007). Here, we address this issue by examining the

rate and patterns of defensive trait evolution in the girdled lizards

(Squamata: Cordylidae). Cordylinae, a rather small subfamily of

southern African lizards, comprises approximately 56 morpho-

logically and ecologically distinct and diverse taxa (Stanley et al.

2011). Unique to the Cordylinae is the extensive variation in an-

tipredator phenotypes, ranging from an almost complete lack of

body armor to elaborated body armor, including long spines and

thick osteoderms (Losos et al. 2002; Broeckhoven et al. 2015).

Various authors have proposed that the degree of body armor is

related to the type of predation: the lack of body armor and/or long

limbs might facilitate escape and reduces the likelihood of get-

ting captured by aerial predators, such as birds of prey, whereas

long spines and/or thick osteoderms are more effective against

terrestrial predators, including snakes and mongooses (Mouton

and Flemming 2001; Losos et al. 2002; Broeckhoven et al. 2015).

We hypothesize that if predators play a key role during eco-

logical opportunity, the diversification rates and evolution of de-

fensive traits are initially rapid, but slow down as the available

resources or niches become filled. More specifically, we predict

that (1) the net rate of diversification has slowed down over time,

consistent with a niche-filling pattern and (2) the diversification

of body armor in cordyline lizards will follow an “EB” process,

in which the rate of trait evolution declines over time (Blomberg

et al. 2003; Harmon et al. 2010). Following Slater and Pennell

(2013), we use three approaches for detecting an “EB” of defen-

sive trait evolution: maximum likelihood (Harmon et al. 2010),

disparity through time (DTT) analysis (Harmon et al. 2003) and

the node height test (Freckleton and Harvey 2006).

Materials and Methods
DATA COLLECTION

We acquired 3D image datasets from micro-CT scans of 28 species

(4.29 ± 1.27 specimens per species) representing all of the major

clades within the subfamily Cordylinae (except the serpentiform

genus Chamaesaura) using a GE Phoenix v|tome|x L240 dual tube

CT instrument (Phoenix X-ray; General Electric Sensing & Tech-

nologies, Wunstorf, Germany) located at Stellenbosch University

(du Plessis et al. 2016). Measurements of 20 morphological traits,

characterizing spine, limb, and head dimensions, were collected

from each lizard using the VGStudio Max 3.0 software (Volume

Graphics GmbH, Heidelberg, Germany). Body length, measured

as the distance between the posterior end of the skull and the pos-

terior end of the pelvis, was used as a proxy for size (Revell et al.

2007a). Phylogenetic regression analyses were conducted, follow-

ing Revell (2009) using the “phyl.resid” function in the R pack-

age PHYTOOLS (Revell 2012). Each log-transformed species’

average trait measurement was regressed against log-transformed

body length and the residuals were retained. Next, size-corrected

measurements were subjected to a principal component analysis

(PCA). Fitting models of evolution to PC scores might increase

support for an “EB” scenario (Uyeda et al. 2015), hence we con-

ducted a phylogenetic PCA (pPCA) using the “phyl.pca” func-

tion in PHYTOOLS (Revell 2009, 2012). The first three principal

components obtained using this analysis accounted for 75% of

the total variation and were retained for subsequent phylogenetic
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Figure 1. 3D-rendered images of cordyline lizards illustrating the

dichotomy in body armor, described by pPC1. Lightly armored fast-

moving species have relative long hind limbs and toes, whereas

heavily armored slow-moving species possess relatively short hind

limbs and toes. From left to right: Pseudocordylus microlepidotus,

Smaug breyeri, and Ouroborus cataphractus.

comparative analyses (Supporting Information Table S1). pPC1

correlated positively with all spine measurements and negatively

with toe and hind limb length, hence it represented a gradi-

ent from heavily armored species with relatively long spines to

lightly armored species with relatively long hind limbs and toes

(Fig. 1). Relative limb size, pelvic, and pectoral width were

strongly correlated with pPC2 and are directly associated with

structural microhabitat specialization in lizards (Revell et al.

2007b). The third phylogenetic principal component (pPC3)

was correlated with head morphology, especially head width

and height, and could serve as proxy for dietary specialization

(Broeckhoven and Mouton 2014).

PHYLOGENETIC TREE

Partial gene fragments generated by Stanley et al. (2011) were ob-

tained from three mitochondrial (12S, 16S, and ND2) and three

nuclear (PRLR, MYH2, and KIF24) DNA gene regions, repre-

senting the same 28 species as for the morphological dataset and

accounting for approximately half of all known species in Cordyli-

nae. Five outgroup taxa were selected, namely two platysaurids

(Platysaurus capensis and Platysaurus intermedius) and thee ger-

rhosaurids (Cordylosaurus subtesselatus, Gerrhosaurus nigrolin-

eatus, and Matobosaurus validus). Because of the monophyletic

nature of the selected taxa (Stanley et al. 2011), a single specimen

was chosen to represent each species. All sequences were down-

loaded from Genbank, aligned, and edited using MEGA version

6 (Tamura et al. 2013). For each of the protein-coding gene frag-

ments (ND2, PRLR, MYH2, and KIF24), a substitution model

was calculated for each codon position, whereas a single substi-

tution model was calculated for the nonprotein coding 12S and

16S, implementing the Akaike information criterion with correc-

tion (AICc) for sample size using JModeltest (Posada 2008). To

obtain an ultrametric tree with relative divergence times between

the in-group taxa, the BEAST package version 2.1.3 (Bouckaert

et al. 2014) was employed to analyze the concatenated dataset.

The models obtained from JModeltest for all six loci, along with

their parameters, were used to specify the site models in BEAUti.

As we were interested in relative, rather than absolute node ages,

a relaxed lognormal clock model was selected, estimating around

the clock rate of 1.0. The birth–death (BD) model was selected as

tree prior. The Markov Chain Monte Carlo was run for 20 million

generations, sampling every 2000 generations. Tracer version 1.6

(Rambaut et al. 2013) was employed to assess the chain conver-

gence before discarding the first 10% as burn-in using TreeAnno-

tator version 2.1.2 (available within the BEAST software pack-

age), while the remaining 9001 trees were summarized as a maxi-

mum clade credibility tree. Finally, FigTree version 1.4 (Rambaut

2012) was used to visualize the resulting tree.

PHYLOGENETIC COMPARATIVE ANALYSES

Tempo of lineage diversification
Declining net diversification may reflect diversity-dependent pro-

cesses, consistent with an EB niche-filling pattern (Burbrink and

Pyron 2010; Derryberry et al. 2011; Tran 2014). The summary

statistic γ was assessed for the cordyline phylogeny to determine

the tempo of lineage diversification. A Monte Carlo constant rates

(MCCR) test, taking the number of missing taxa into account, was

conducted using the “mccrTest” function (10,000 repetitions) in

the LASER package version 2.4-1 (Rabosky 2006a). Further-

more, the fit of a constant rate pure birth and BD was compared

with two diversity-dependent diversification models (i.e., expo-

nential or diversity-dependent exponential and linear or diversity-

dependent linear) using AIC to test whether the diversification

rate has slowed down over time (Rabosky 2006b; Rabosky and

Lovette 2008).

Rates and patterns of trait evolution
To investigate whether the evolution of body armor in cordyline

lizards follows an “EB” model (Blomberg et al. 2003; Harmon

et al. 2010), in which the rate of trait evolution decelerates through

time, we fitted several evolutionary models to the pPCA scores.

The White Noise (WN) model, whereby a trait evolves indepen-

dently of the phylogeny, served as our reference model. By doing

so, we first tested the assumption that EB, which assumes phylo-

genetic signal, will have a better fit than the WN model, which

eliminates phylogenetic signal. Next, we compared the fit of the
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EB model to that of two alternative models using the R pack-

ages GEIGER version 2.0.6 (Pennell et al. 2014) and PMC ver-

sion 1.0.2 (Boettiger et al. 2012): (1) the Brownian motion (BM)

model in which the trait change follows a constant rate (Felsen-

stein 1985) and (2) a single-optimum Ornstein–Uhlenbeck (OU)

model (Butler and King 2004), in which a trait evolves toward an

optimal value α. It must be noted that the OU model is known to

suffer from elevated Type I errors, especially for small phyloge-

netic trees (Cooper et al. 2016) and the result for this model fitting

was interpreted cautiously.

To determine the preferred model of evolution, we deployed

two procedures. First, the mean AICc, difference in mean AICc

among models (�), and AICc weights (ω) were calculated using

the “fitContinuous” function in the R package GEIGER version

2.0.6 (Pennell et al. 2014) to simultaneously compare the likeli-

hoods of several models of evolution. Second, considering that the

low number of taxa (n = 28) may reduce the power to differentiate

the models using the AICc, we used phylogenetic Monte Carlo

power analyses, which allow for a direct estimate of model fit and

power to choose between the models (Boettiger et al. 2012). Pair-

wise comparisons of evolutionary models were performed using

the likelihood ratio test approach implemented in PMC version

1.0.2 (2000 bootstrap replicates). In each comparison, the more

complex of the two models was considered the “test” model,

whereas the other was considered the “null” model. Next, the

probability of rejecting the “null” model was determined by the

proportion of the simulated likelihood ratios of the “null” model

(δnull) greater than the observed likelihood ratio (δ). The power of

the test is determined by the proportion of simulated likelihood

ratios of the “test” model (δtest) greater than the 95th percentile of

the δ null distribution (see Boettiger et al. 2012 for further details).

To assess the adequacy of the best-fit model, we used pos-

terior predictive simulation, implemented in ARBUTUS version

1.1 (Pennell et al. 2015). The maximum likelihood parameter es-

timates from the preferred model for each PC score were used

to construct a unit tree and 10,000 datasets were simulated based

on this unit tree. Next, six test statistics were calculated for both

the original and simulated datasets, and we tested whether the

observed test statistic fell within the distribution of the respective

simulated test statistic. For a detailed explanation of the test statis-

tics, see Pennell et al. (2015). Briefly, MSIG is a measure of overall

evolutionary rate and provides an indication, if violated, of over-

or underestimation of the rate of trait evolution. CVAR detects de-

viations from rate heterogeneity; SVAR tests whether contrasts are

smaller of larger than expected based on their branch lengths; SASR

evaluates whether variation in rates is relative to the trait value;

SHGT is used to capture variation with respect to time; DCDF is

used to capture deviations from normality.

The time dependence of trait evolution was assessed using

the rate change parameter a of the EB model, which measures

acceleration (negative a) or deceleration (positive a) of trait evo-

lution through time. In addition, we estimated the δ parameter

of Pagel’s (1999) δ model. If δ < 1, trait disparity is more con-

centrated toward the roots, whereas if δ > 1, trait disparity is

concentrated toward the tips of the tree. Although the Pagel’s

δ parameter scales branch lengths, rather than models an evo-

lutionary process, it can imitate the behavior of the EB model

(i.e., δ < 1).

Trait disparity
To test the hypothesis that trait values in cordyline lizards slowed

down through time, first, a node-height test was performed using

the “nh.test” function in GEIGER version 2.0.6 (Pennell et al.

2014). The node-height test calculates the absolute value of stan-

dardized independent contrasts and compares those to the con-

trasts expected under a BM model of evolution (i.e., no covariation

between the contrast and age of the respective node). The presence

of a statistically significant positive relationship between the ab-

solute contrast value and node age suggest a deceleration of body

armor through time, consistent with the ecological niche-filling

model (Freckleton and Harvey 2006). Second, we calculated how

trait disparity changed through time by using the “dttFullCIs”

function implemented in GEIGER version 2.0.6 (Pennell et al.

2014). By simulating body armor evolution 10,000 times across

the Cordylinae tree, we calculated the morphological disparity

index (MDI) to quantify the difference in observed disparity in

relation to the disparity expected under BM (Harmon et al. 2003).

High disparity followed by a decline toward the tips, as indicated

by a negative MDI value, suggests an EB pattern of diversification

(Harmon et al. 2003).

In addition, a posterior predictive simulation approach was

employed to assess the adequacy of the EB and BM models

(Slater and Pennell 2013). For both DTT and node-height test,

summary statistics were produced and compared to the predictive

distributions. Posterior predictive simulation was performed using

the “pp.mcmc” function implemented in GEIGER version 2.0.6

(Pennell et al. 2014). Each chain was ran for 1,000,000 gener-

ations, sampling every 1000 generations and the first 200 sam-

ples were discarded as burn-in. The fit of the BM or EB model

to the simulated datasets was assessed using posterior predictive

P-values generated for each statistic. If trait diversification follows

an EB-like process, P-values of �0.5 are expected for simulations

under EB, while P-values < 0.05 are expected for simulations

under BM.

Results and Discussion
LINEAGE DIVERSIFICATION AND AR

The cordyline tree used for our phylogenetic comparative analyses

(Fig. 2) closely resembles a recent study of Cordylidae phylogeny
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Figure 2. The maximum clade credibility tree attained for the BEAST analysis indicating relative divergence times. Posterior probabilities

are indicated at each node. Branches are colored according to the values obtained from the first phylogenetic principal component axis

(pPC1). Negative values (light) are representative of lightly armored species, whereas positive values (dark) are representative of heavily

armored species. Images on the right illustrate representatives of the major clades of cordyline lizards. From top to bottom: Ouroborus

cataphractus, Karusasaurus polyzonus, Smaug breyeri, Pseudocordylus microlepidotus, Ninurta coeruleopunctatus, Hemicordylus capen-

sis (south), Namazonurus peersi, Cordylus tropidosternum, and Cordylus cordylus. The disparity through time (DTT) curve for body armor

in cordyline lizards shows a decline in subclade disparity toward the tips, indicative of a slowdown. The lower solid line represents the

actual data, while the median DTT based on 10,000 simulations across the Cordylinae tree and following a BM model of evolution is

indicated by the upper dashed line. The 95% confidence interval for the simulated data is indicated by the shaded area. In addition, a

lineage-through-time plot of the cordyline phylogeny is presented and shows a declining diversification rate following a rapid increase.

(Stanley et al. 2011), with the exception of the basal phylogenetic

positioning of the Karusasaurus–Ouroborus clade. However, the

current placement is in accordance with the revised squamate

classification by Pyron et al. (2013) and Zheng and Wiens (2016).

Compared to the sister clade Platysaurinae, the diversification of

cordyline lizards (Cordylinae) has generally been described as

rapid, conforming to the prediction of an AR (Mouton and Van

Wyk 1997; Stanley et al. 2011). Indeed, the γ-statistic calculated
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Table 1. Results from fitting four models of diversification mod-

els to the cordyline tree.

Model ln L AIC � ω

DDL 123.3 –242.6 0 0.66
DDX 122.6 –241.2 1.4 0.33
PB 118.2 –234.4 8.2 0.01
BD 118.2 –232.4 10 0

Models are ranked from best to worst according to the log-likelihood (ln

L), mean AIC value, difference in mean AIC value among models (�) and

Akaike weights (ω).

DDL, diversity-dependent linear; DDX, diversity-dependent exponential; PB,

pure birth; BD, birth–death model.

by the MCCR test indicates a significant decline in diversification

rate (γ = –2.78, P = 0.03), despite our incomplete taxon sampling

(critical γ-value = -2.55), as illustrated by a lineage through time

plot (Fig. 2). Comparison of diversification rate models revealed

more support for diversity-dependent diversification models than

for those that assume a constant rate (Table 1). The model fitting

results provide evidence of a declining diversification rate fol-

lowing rapid increase (Fig. 2), and corroborate the theory of AR

that predicts that declining diversification rates are a consequence

of ecological niche filling (Schluter 2000; Rabosky and Lovette

2008).

DEFENSIVE TRAIT DIVERSIFICATION IN CORDYLID

LIZARDS

Extensive variation in body armor between species is present in

cordyline lizards, ranging from relatively elaborate spines, short

hind limbs, and toes in Ouroborus cataphractus and the genus

Smaug to relatively long hind limbs, toes, and an almost complete

lack of armor in the genera Hemicordylus and Pseudocordylus

(Figs. 1 and 2). The first axis of the phylogenetically informed

PCA (pPC1) represented the dichotomy between armor and speed

(Mouton and Flemming 2001; Losos et al. 2002). Hence, degree

of body armor was subjected to various phylogenetic comparative

methods to test the prediction that the evolution of defense mecha-

nisms in cordyline lizards follows an EB process. Following Slater

and Pennell (2013), maximum likelihood analysis (Harmon et al.

2010), DTT analysis (Harmon et al. 2003), and the node-height

test (Freckleton and Harvey 2006) were deployed to detect an EB

in defensive trait evolution.

The results of the model fitting, based on the AICc weights

(ω), show support for the EB model and suggest that rapid di-

versification in defensive traits occurred early in the evolution-

ary history of the cordyline lizards, followed by relative stasis

(Table 2). The slowdown in defensive trait values over time is

supported by a highly negative rate change parameter of the EB

model (a = –25.9) and the δ parameter of Pagel’s δ transformation

(δ = 0.35). These findings are corroborated by the parametric

bootstrapping method, which indicated that the observed likeli-

hood ratio clearly falls within the distribution of the simulated

likelihood ratios of the EB model (P = 0.02; Fig. S1). The ob-

served power (i.e., 0.48) of the pairwise comparison of the EB and

BM model is, however, relatively low. The adequacy of the EB

model was further explored using posterior predictive simulation

(Pennell et al. 2014). Although a good absolute fit of the EB model

was indicated, a significant departure from the MSIG statistics was

detected (Supporting Information Fig. S2): the EB fitted model

seems to underestimate the actual rate of evolution (two-tailed P

< 0.0001), suggesting that the actual process of trait evolution is

more complex than one explained by EB.

Early diversification, coupled with rapid defensive trait di-

versification, is further supported by the DTT analyses. The DTT

analysis of defensive trait morphology recovered a MDI value

of –0.20. It is very unlikely that this is the result of morphologi-

cal evolution following a Brownian model because the probability

(P) of obtaining a negative MDI when the underlying evolutionary

process is BM was <0.0001 (Fig. 2). Posterior predictive distri-

bution for MDI confirms that EB is much better fit than the BM

model, where the expected value of 0 falls at the 99th percentile

(Supporting Information Fig. S3). In addition, the node-height

test showed a positive, but nonsignificant relationship between

relative node age and the absolute values of the PC1 score con-

trasts (β = 0.31, r = 0.31, P = 0.11; Supporting Information Fig.

S4). However, this trend needs to be interpreted cautiously as the

absence of data for several cordyline species at the tips could have

biased the results of the node-height test (Freckleton and Harvey

2006). Closer inspection of the scatter plot of the absolute contrast

values against time revealed large contrast values for two young

splits: Cordylus vittifer and Cordylus tropidosternum, on the one

hand, and Pseudocordylus spinosus and Pseudocordylus melan-

otus, on the other hand (Figs. 2 and Supporting Information Fig.

S4). By excluding these potential outliers from the node-height

test, a statistically significant positive relationship was revealed (β

= 0.47, r = 0.47, P = 0.02). The posterior predictive P-values for

the simulated slopes under an EB model using least squares and

robust regression were P = 0.03 and P = 0.16, respectively, for

the exponential model (Supporting Information Fig. S3) and P =
0.78 and P = 0.81, respectively, for the linear model (Supporting

Information Fig. S3). In contrast, P-values for BM simulations

were statistically significantly (OLS: P = 0.001, RLM: P = 0.01;

Supporting Information Fig. S3), suggesting that EB provides a

better fit than BM (Slater and Pennell 2013).

PREDATORS AS SELECTIVE AGENTS IN TRAIT

DIVERSIFICATION

It is well known that the extinction of predators or the absence

thereof in new environments might provide opportunities for
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Table 2. Summary of the results of the model fitting analysis of body armor (pPC1), microhabitat specialization (pPC2), and dietary

specialization (pPC3) in cordyline lizards.

Model σ² θ a α ln L AICc � ω

pPC1
EB 29.9 0.16 –25.9 – –24.2 55.4 0 0.56
BM 7.46 0.09 – – –25.9 56.3 0.98 0.34
OU 7.46 0.09 – 0 –25.9 58.8 3.50 0.10
WN 0.87 –0.08 – – –37.8 80.0 24.7 0

pPC2
BM 6.74 0.05 – – –24.50 53.47 0 0.57
OU 10.0 0 – 9.00 –24.11 55.21 1.73 0.24
EB 6.74 0.05 0 – –24.50 55.99 2.52 0.16
WN 0.22 0.04 – – –18.83 42.14 5.94 0.03
pPC3
OU 10.4 0.02 – 22.8 –17.22 41.44 0 0.40
WN 0.22 0.04 – – –18.53 41.54 0.10 0.38
BM 4.66 –0.02 – – –19.33 43.15 1.71 0.17
EB 4.66 –0.02 0 – –19.34 45.67 4.23 0.05

Models are ranked from best to worst according to the mean AICc value, difference in mean AICc value among models (�), and Akaike weights (ω). In

addition, the log-likelihood (ln L), parameter values of each model (σ² and θ), and model parameters of EB (a) and OU (α) are shown.

diversification of lineages (Meyer and Kassen 2007; Losos and

Ricklefs 2009). The role that predators may play as selective

agents in diversification, however, remains ambiguous and has

largely been overlooked in previous studies. The most widely

accepted hypothesis is that coevolutionary diversification under-

lies morphological disparity (Ricklefs 2010; Althoff et al. 2014;

Núñez-Farfán and Kariñho-Betancourt 2015). Although the di-

versification of cordyline lizards appears to coincide with the di-

versification of various predator clades present in southern Africa

(e.g., mongooses: Patou et al. 2009; birds of prey: do Amaral

et al. 2009), the results from the MCCR test indicate a diversity-

dependent rate of diversification, thereby suggesting that the eco-

logical niche-filling theory is a more likely explanation for the ob-

served pattern than predator–prey coevolution. Moreover, trade-

offs may constrain evolutionary responses and limit the escalation

of defensive traits (Cacho et al. 2015). On the one hand, an in-

crease in spine length reduces running speed (Losos et al. 2002)

and might have major consequences for other behaviors (e.g.,

feeding). On the other hand, an increase in traits associated with

running speed may negatively affect climbing, which might be im-

portant for rock-dwelling taxa (Vanhooydonck and Van Damme

2001; Revell et al. 2007b).

The results from the phylogenetic comparative analyses sug-

gest early partitioning of niches or resources where body armor

is important, followed by a decrease in diversification rate and

morphological diversification as these niches/resources became

filled, consistent with the ecological opportunity theory (Harmon

et al. 2003, 2010). The most plausible explanation is that traits

that affect resource exploitation (e.g., diet and habitat) might

have correlated effects on vulnerability to predation (Lima and

Dill 1990; Lima 1998). Our predictions was that morphological

traits associated with resource partitioning would follow an EB

process of evolution, similar to that observed for defensive traits.

In contrast to our expectations, the phylogenetic comparative

analyses conducted on pPC2 (i.e., microhabitat specialization;

Table 2 and Supporting Information Table S1) provide significant

support for the BM model, whereas WN and OU models were a

better fit for pPC3 (dietary specialization; Table 2 and Supporting

Information Table S1). Thus, defensive trait diversification does

not appear to be related to differences in predation risk associated

with structural microhabitat or dietary resource partitioning.

The diversification of Cordylinae, however, appears to co-

incide with global cooling during the late Eocene–Oligocene

(Zachos et al. 2001) and a shift from oviparity to viviparity in

the cordyline ancestor (Mouton and Van Wyk 1997; Stanley et al.

2011). These events would have permitted the dispersal of an

ancestral species into novel environments and allowed for ther-

mal habitat partitioning along microclimate axes. Thermal habi-

tat partitioning has been observed among ectothermic vertebrates

(Magnuson et al. 1979) and could drive defensive trait diversi-

fication if it directly affects the vulnerability to different types

of predators in cordyline lizards. Along a thermal gradient, the

utilization of colder microclimates might have forced individuals

to increase the time spent basking that, given the conservative

nature of optimal body temperature in lizards in general (Grigg

and Buckley 2013), would have resulted in an increased vulner-

ability to visually orientated predators (e.g., birds of prey; Carter

et al. 2010). Consequently, an increase in speed (and reduction in
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armor) would have been favored to reduce the likelihood of getting

captured by aerial predators (Mouton and Flemming 2001; Losos

et al. 2002). In contrast, the utilization of warmer microclimates

might have reduced the time spent basking, which in the case

of rock-dwelling sit-and-wait foragers such as cordyline lizards

would have resulted in increased vulnerability to terrestrial pre-

dation. Here, an increase in body armor would have been favored

to avoid extraction from the crevice by terrestrial predators, such

as mongooses and snakes (Cooper et al. 2000; Broeckhoven and

Mouton 2015). Further support is provided by the fact that species

that differ in antipredator phenotype occur sympatrically, suggest-

ing that ecological interactions, besides competition for food or

microhabitat, might have influenced diversification. Broeckhoven

and Mouton (2015) provide such an example of temporal thermal

resource partitioning between O. cataphractus and Karusasaurus

polyzonus.

In summary, the results from our phylogenetic comparative

analyses provide evidence for an “EB” in defensive trait diver-

sification in cordyline lizards, despite the rare occurrence of EB

patterns in comparative data (Harmon et al. 2010). Moreover, our

findings support the hypothesis that predation can play an im-

portant role during diversification. We suggest that diversification

along a microclimate niche axis resulted in shifts in vulnerability

to different types of predators that require opposing morpholog-

ical demands (e.g., armor vs. speed), leading to rapid divergent

evolution of defensive traits.
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