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Abstract

Chameleons are charismatic and common lizards across Madagascar, Africa, and
some surrounding regions. Little is known about their diversification dynamics and
how this relates to their ecology, so we estimated diversification rate variation and
consider this in the context of three hypotheses previously proposed in the litera-
ture. First, that the transoceanic dispersal from Africa to Madagascar on two sepa-
rate occasions has resulted in fast radiation of Malagasy chameleons. Second, that
the substantial floral turnover in their distributions within South Africa has resulted
in rapid radiations of the endemic dwarf chameleons (Bradypodion). Finally, that
the evolution of distinct ecomorphs of chameleon has fuelled fast diversification
via adaptive radiations. We use the most recent and complete phylogeny of chame-
leons to estimate the diversification dynamics of the group using three methods:
BAMM (which estimates constant or gradually changing diversification regimes
and tests for shifts in these), MEDUSA (which tests for rate shifts in particular
clades), and ClaDS (which estimates branch-specific diversification rates). Our
results from all analyses estimate a diversification rate increase in a clade contain-
ing most of the genus Bradypodion, a group containing the South African dwarf
chameleons which occur in recognized biodiversity hotspots in diverse habitats. We
find no evidence for shifts resulting from dispersal events to Madagascar or related
to the strong ecomorphological divergence of short-tailed chameleon lineages
(Brookesia, Palleon, Rhampholeon, and Rieppeleon). The single burst of diversifi-
cation within chameleons was in a clade which was associated with geographic
areas which have experienced rapid habitat turnover and vicariance over the last
~10 million years. This suggests that ‘habitat vicariance’ resulting from ecological
changes in vegetation has contributed to the diversity of species in this area by
increasing diversification rates.

Introduction

Chameleons (Chamaeleonidae) are a moderately diverse family
of lizards containing 222 currently recognized species
(Pincheira-Donoso et al., 2013; Uetz et al., 2020), and their
charismatic appearance and behaviour have led some to be
used as flagship species (Gehring et al., 2010) and entrance
into popular culture (e.g. Watterson, 2012). The family has a
large geographic distribution extending throughout Africa (ex-
cluding the Sahara) and Madagascar into parts of Europe and
Asia (Tolley & Menegon, 2014; Fig. 1). Previous phylogenetic
and historical biogeographical analyses have shown that cha-
meleons originated in Africa during the Late Cretaceous (~90
mya), after the break-up of Gondwanaland, and crown group
lineages diversified at around the Cretaceous-Tertiary (KT)
boundary (Tolley et al., 2013).
Although ~53% of chameleons are distributed across the

African continent, two separate dispersal events have resulted

in Madagascar containing ~44% of species (Tolley
et al., 2013), which is consequently a hotspot of chameleon
diversity (Fig. 1). Smaller numbers of chameleon species are
found in southern Europe, south Asia, the Seychelles, the
Comoros, and Socotra, each of these five regions representing
single dispersal events (Tolley et al., 2013). The extent of cha-
meleon species richness in Madagascar has caused difficulties
in explaining the geographic distribution of this diversity since
large clades of both Madagascan and African species originate
near the base of the phylogeny (Fig. 2). Earlier work suggested
a Madagascan origin with multiple dispersals to Africa (Rax-
worthy et al., 2002), but more recent studies were better able
to resolve the history of chameleons, leading to the biogeo-
graphic scenario described above, with an African origin and
two dispersals to Madagascar (Tolley et al., 2013; Fig. 2).
Despite now having good information on phylogeny and

biogeography, the diversification dynamics of chameleons
remain poorly known across the family. Importantly,
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diversification per se has received great interest in chameleons,
for instance, several speciation events have been tied to partic-
ular ecological drivers and hence how speciation occurs has
been well studied (e.g. da Silva & Tolley, 2017; Tolley
et al., 2006; Tolley et al., 2008). However, estimates of the
rates of diversification and how these vary over the phylogeny
are lacking. The time component of rates provides a much
greater understanding of how the diversity of a clade accumu-
lates over time, so estimating diversification rates gives deeper
insight into the dynamics of the clade’s biodiversity over evo-
lutionary time.
Here, we consider three biogeographic and ecological

hypotheses that may have influenced diversification rates in
chameleons and hence the structure of the present-day diver-
sity: (1) transoceanic dispersal from Africa to Madagascar has
resulted in fast radiation of Malagasy chameleons; (2) high
rates of habitat turnover in South Africa has increased diversi-
fication rates of endemic dwarf chameleons (Bradypodion); (3)
the evolutionary change between ecomorphs (distinct mor-
phologies linked to ecology) at three different points in the
phylogeny has fuelled diversification.
Note that, as discussed in more detail below, each of our

hypotheses is tied to events that occurred only 1–3 times on the
phylogeny (Fig. 2). Because of this, we cannot formally test for

statistical associations between these events and diversification
rate shifts. Nevertheless, by estimating shifts in diversification
rates independently of our hypothesised drivers, as above, we
can look for evidence of rate shifts that are either concordant or
inconsistent with each hypothesis. Hence, we can consider the
locations of any detected upshifts in diversification rate as either
supporting or arguing against each of our hypotheses. Specifi-
cally, we consider evidence supporting our hypotheses if we find
evidence for an increase in diversification rates located on the
branches (1) where dispersal to Madagascar occurred, (2) corre-
sponding to the origin of Bradypodion or at least early in the
history of the clade, and/or (3) associated with ecomorph transi-
tions. Note that these are not mutually exclusive and our
approach is capable of supporting any combination of these
ranging from none to all three.

Hypothesis 1: Dispersal to Madagascar

The two dispersal events which occurred early in the evolu-
tionary history of chameleons (approximately 45 mya and 65
mya), and hence potentially have had time to generate substan-
tial diversity, were both to Madagascar (Tolley et al., 2013;
Fig. 2). Colonization of new biogeographical realms has fre-
quently been implicated in faster rates of diversification in a

1 10 19 28 37 46 56 65 74 83 92

Figure 1 Country-level mapping of chameleon species richness, with heat map representing the number of species, based on the Reptile Data-

base (Uetz et al., 2020) accessed on 19th December 2019. Each increment in the scale bar is 10% of the maximum value, shown rounded to

the nearest whole number. As species richness is plotted at country-level, there is no assumption that species are found throughout the whole

country (for instance, Northern Iberia and Northeastern India have no species). Note the markedly high species richness of Madagascar, the

lower but still elevated diversity in non-arid regions of East and Southern Africa, and the relative paucity of species in most other parts of the

distribution.
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wide range of taxa (Garcia-Porta & Ord, 2013; Herrera, 2017;
Kennedy et al., 2016). Such dispersal events result in physical
isolation of populations, which may contribute to speciation,
but also introduces the colonizers to new environments
(Schenk & Steppan, 2018). The new habitats and environmen-
tal conditions provide ecological opportunities that may pro-
mote rapid speciation as the lineage adapts to the variety of
niches available (Price et al., 2014; Stroud & Losos, 2016;
Wray & Steppan, 2017). For these reasons, colonization of
new biogeographic areas is often associated with bursts of
diversification (Burress & Tan, 2017). Nevertheless, various
processes (e.g. high competition with existing species, limited

resource partitioning, or lack of ecological opportunity) can
prevent lineages from diversifying to fill empty niches, pre-
venting an increase in speciation rates, and so faster radiation
is not an inevitable consequence of dispersal to new areas
(Burbrink et al., 2012; Burress & Mu~noz, 2022).
Specifically in the case of Madagascar, the high heterogene-

ity of climatically distinct biomes and the sharp boundaries
between them likely drove evolutionary radiations (Pearson &
Raxworthy, 2009; Vences et al., 2009; Wilm�e et al., 2006).
Indeed, recent work considering the evolutionary and environ-
mental characteristics of biodiversity hotspots globally revealed
that they tended to have such high spatial heterogeneity, and

Palleon

Brookesia

Long-tailed
Short-tailed

Figure 2 Phylogeny of chameleons with schematic representations of the hypotheses considered herein mapped onto the tree. The phylogeny

and locations of dispersal events to Madagascar are taken from Tolley et al. (2013). Ancestral states for long-tailed vs short-tailed ecomorphs

were estimated using the re-rooting method (Yang et al., 1995) implemented in the R v 3.4.1 (R Core Team, 2017) package phytools (Rev-

ell, 2012) under an asymmetrical (Mk2) model. Species were coded for ecomorph following Tolley et al. (2013), Hughes and Blackburn (2020),

and inspection of photographs.
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tropical hotspots typically have higher speciation rates (Igea &
Tanentzap, 2019). Consistent with this, higher rates of diversi-
fication have been found amongst endemic lemurs compared to
continental relatives (Herrera, 2017). Moreover, the predicted
pattern of adaptive radiation following colonization, whereby
diversification rates start high and slow over time (due to niche
filling) has been found in a wide range of Madagascan reptiles
and amphibians, including one clade of chameleons (Brooke-
sia + Palleon) (Scantlebury, 2013). Nevertheless, the latter
study considered only endemic clades and only one of two
Madagascan colonisations by chameleons, and hence it remains
unknown whether the dispersal to Madagascar itself increased
diversification rates beyond the African mainland clades. Con-
sequently, we herein investigate whether dispersal to Madagas-
car (with its high spatial heterogeneity of biomes) has resulted
in faster diversification rates, which have contributed to the
island’s role as a chameleon diversity hotspot (Fig. 1).

Hypothesis 2: Habitat instability in the genus Bradypo-
dion

The South African dwarf chameleons (Bradypodion) are a
group which have several ecological and phylogenetic charac-
teristics that suggest they may have diversified rapidly. Visual
inspection of the chameleon phylogeny shows that the genus is
a very young crown group compared to other clades with simi-
lar diversity (Tolley et al., 2013; Fig. 2). This in itself suggests
the possibility that Bradypodion have experienced a rapid radi-
ation, but the biogeographic history of their habitats provides a
priori reason to suspect they might have experienced higher
diversification rates (Ellis et al., 2014; Hoffmann et al., 2015;
Tolley et al., 2008). The genus is mostly characterized by
highly range-restricted species found in recognized biodiversity
hotspots such as the Greater Cape Floristic and Maputo-Pondo-
Albany regions (Tolley & Menegon, 2014). These areas have
promoted diversification and high levels of endemism in the
native biota due to their high spatial heterogeneity and frequent
turnover and change in the habitats (Ellis et al., 2014; Tolley
& Menegon, 2014). In particular, studies of the diversification
of Bradypodion chameleons in these two regions have revealed
an important role for habitat instability over recent evolution-
ary timescales (da Silva & Tolley, 2017; Tolley et al., 2006;
Tolley et al., 2008).
Throughout the Miocene the climate in South Africa, and

consequently the vegetation and habitats, changed substantially
(Hoffmann et al., 2015; Hopley et al., 2007; Tolley
et al., 2008), with forest reductions in many areas creating iso-
lated forest patches across the landscape (Tolley et al., 2008).
These shifts potentially led to population divergence via vicari-
ance of habitats, especially likely in the case of Bradypodion
since they comprise a mix of forest and shrub/grassland spe-
cies (Tolley et al., 2004; Tolley et al., 2006; Tolley
et al., 2008). The potential consequences of this scenario are
evident in the taxonomic complexity of the genus, with many
predicted cryptic species, and in the evidence that those geo-
graphic and ecological attributes have contributed to an exam-
ple of ecological speciation (da Silva & Tolley, 2013; Tolley

et al., 2004; Tolley et al., 2008). Hence, we predict that habitat
dynamics (the temporal contraction, expansion, and turnover of
habitats) have led to a burst of diversification for the genus
Bradypodion.

Hypothesis 3: Ecomorph transitions

Although geographic isolation is important for speciation,
and is the basis of the hypotheses outlined above (whether dis-
persal to Madagascar or vicariance of habitats), isolation in
itself may not lead to increased rates of diversification, even if
they result in speciation events (Schenk & Steppan, 2018;
Stroud & Losos, 2016). Rapid radiations often result from
adaptive ecological processes such as the combination of eco-
logical opportunity and adaptive evolution that pushes species
into a new ‘adaptive zone’ that can exploit those opportunities
(Schluter, 2000; Stroud & Losos, 2016).
Chameleons exhibit two broad morphological types that are

linked to ecology, or ‘ecomorphs’, which we refer to here as
long-tailed and short-tailed. The chameleons we have called
the ‘short-tailed’ ecomorph are also smaller, typically drab
brown and more terrestrial (though they may also use small
bushes and shrubs [Bickel & Losos, 2002; Luger
et al., 2020]), and due to their shorter tails rely far less on cau-
dal prehension for locomotion than the ‘long-tailed’ ecomorph.
Previous researchers have often subdivided the long-tailed eco-
morph into finer-scale ecomorphs, with diagnostic differences
between them (e.g. Tolley et al., 2013); however, we restrict
our coding to simple and very large scale variation which
should reflect extreme scenarios that are most likely to lead to
ecological radiations (or have greater effects that should
improve our ability to find evidence for associations). The
short-tailed ecomorph is ancestral, with long-tailed chameleons
having evolved on one or two separate occasions early in the
history of the family (Tolley et al., 2008; Tolley et al., 2013;
Hughes & Blackburn, 2020; Fig. 2). Because these ecomorphs
are associated with different habitats and a wide range of func-
tional morphological adaptations to these habitats (Bickel &
Losos, 2002; Herrel et al., 2013; Luger et al., 2020), they are
highly likely to represent transitions to new adaptive zones.
Consequently, we can hypothesise that evolutionary transitions
between ecomorphs have provided both ecological opportunity
and adaptive evolution to promote upshifts in diversification
rate, though these may be temporary and decline to back-
ground levels after the new niches are filled.

Aims and hypotheses

Herein, we estimate the diversification dynamics across the
evolutionary history of chameleons for the first time and test
for shifts in diversification rates. In doing so, we examine evi-
dence for increased speciation rates corresponding to our previ-
ously stated hypotheses:-

(1) Transoceanic dispersal from Africa to Madagascar has
resulted in rapid radiations of chameleons that explain the par-
ticularly high species richness of Madagascan chameleons.
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(2) Vicariance of habitats due to forest fragmentation and cli-
matic/vegetation turnover has caused adaptive radiation via
isolation and ecological speciation in Bradypodion.

(3) The evolution of ecomorphs has led to bursts of diversifi-
cation as a result of ecological opportunity and evolution
towards the new adaptive zone conferred by the morpho-
logical and ecological shifts.

Materials and methods

The phylogenetic tree used as the basis for our analyses was
obtained from Tolley et al. (2013), which represents the most
comprehensive time-calibrated molecular phylogeny available
for chameleons. We note that although this phylogeny remains
the best available phylogeny for chameleons, it was not based
on phylogenomics techniques and did not sample every species
of chameleon, so we do not claim this is the last word in cha-
meleon phylogeny. We recommend consulting Tolley
et al. (2013) for full details of phylogenetic inference but, very
briefly, this phylogeny was estimated using 6 genes (3 nuclear
and 3 mitochondrial), with higher-level relationships estimated
using a reduced taxon sampling approach with 13 genes (10
nuclear and 3 mitochondrial) and used as a topological con-
straint for inference of the more comprehensive 6-gene phy-
logeny. The resulting tree contained 174 of 222 currently
recognized chameleon species (78%) and representing all gen-
era of chameleons. Moreover, sampling of each genus was pro-
portional to its species richness (Fig. S1) such that there was a
strong correlation between total and sampled species richness
of each genus (Pearson’s correlation: r = 0.98, t9 = 14.75,
P = 1.3 9 10�7) and no detectable relationship between the
total species richness of a genus and the proportion of its spe-
cies sampled (binomial GLM: b = �0.01, z1,9 = �0.175,
P = 0.86). Hence, when we control for sampling proportion in
both of our analyses in a way which assumes random sam-
pling, we are confident that the taxon sampling within our
phylogeny meets this assumption and reflects actual diversity
differences between clades.
We estimated diversification dynamics across the phylogeny

using three approaches. The first was Bayesian Analysis of
Macroevolutionary Mixtures version 2.5 (BAMM), with the R
package BAMMtools used to analyse output (Rabosky, 2014;
Rabosky et al., 2014). BAMM uses a Metropolis-coupled MCMC
approach to estimate evolutionary rates (e.g. speciation rates) and
shifts to different macroevolutionary rate regimes. Regimes, in this
context, refers to distinct diversification processes which may be
time-constant or time-varying. Priors for our analysis were
calculated in BAMMtools (expectedNumberOfShifts = 1,
lambdaInitPrior = 2.81041347, lambdaShiftPrior = 0.01773364,
muInitPrior = 2.81041347), equal prior probability was given to
time-constant vs time-varying models, and four Markov chains
were run for 10 million generations, sampling every 1000 genera-
tions. Convergence was confirmed by examining the MCMC trace
of log-likelihoods and effective sample sizes were calculated for
the number of regime shifts and the log-likelihood (>900 in both
cases). We provided the model with the global sampling proportion
(80%) based on current known species richness of chameleons to

control for incomplete sampling. Although BAMM estimates both
speciation and extinction rates, we here present only results based
on speciation rates from this analysis since the latter are estimated
far more reliably with this method, as is common practice (e.g.
Rabosky, 2014; Rabosky, 2020; Shi & Rabosky, 2015; Title &
Rabosky, 2019). In doing so, we ignore extinction rates for the
purposes of interpreting these results, but instead treat their estima-
tion as a background advantage in the method which allows extinc-
tion rate variation to be taken into account when estimating
speciation rates. It should be noted that criticisms of BAMM have
been reported in the literature, centring around implementation of
priors, calculations of the likelihood function, and underestimation
of the number of rate shifts (Meyer & Wiens, 2018; Moore
et al., 2016), but these have been rebutted convincingly
(Rabosky, 2018; Rabosky et al., 2017). Moreover, we also note
that using three different methods to investigate diversification in
our study reduces dependence on the inherent assumptions and
limitations of any single method.
MEDUSA estimates shifts in net diversification rates by first

fitting a single constant-rate birth-death model to the whole phy-
logeny, then systematically adding shifts to different rates at each
branch of the tree in a step-wise manner (Alfaro et al., 2009).
MEDUSA finds the best single shift (two-rate) model and
assesses the support for it compared to a no shift model using
AICc, with the threshold for support computed internally based
on the total species richness of the clade. If a one-shift model is
supported over a no-shift model, the procedure is continued with
one more shift each time until no more rate shifts are supported.
We ran MEDUSA in the R package geiger (Harmon et al., 2008),
allowing rate shifts to occur either at nodes or on branches and
permitting combinations of pure birth and birth-death models. As
with our BAMM analysis, we controlled for incomplete sampling
of the clade by providing MEDUSAwith the sampling proportion
of our dataset compared to the currently described species rich-
ness. We note that May and Moore (2016) explored the statistical
behaviour of MEDUSA and described a tendency for the method
to inflate rate estimates and numbers of rate shifts as a result of
likelihood calculations which do not appropriately account for
survival of the process and the existence of extinct lineages.
Hence, we caution against interpreting the results from this
approach individually, but use it here as part of a multi-pronged
strategy to ensure results are consistent across diverse and con-
trasting limitations of the different methods and provide stronger
conclusions via consilience, demonstrating robustness to issues
with individual methods.
Finally, we used the ClaDS model (Maliet et al., 2019) to

estimate branch-specific diversification rates across the phy-
logeny. This model is substantially different to both BAMM and
MEDUSA as it assumes constant extinction rates across the phy-
logeny and speciation rates that change at each speciation event
(resulting in frequent small changes in speciation rates through-
out the tree). We fit the ClaDS model in the R package
RPANDA (Morlon et al., 2016) incorporating sampling propor-
tion to control for incomplete sampling of the clade as with our
other analyses. We ran 3 Markov chains for 100 000 genera-
tions, sampling every 200 generations, and mapped speciation
rate estimates for each branch onto the phylogeny.
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Results

BAMM estimated a background regime of decreasing specia-
tion rates over time, but with a single rate shift at the base of
Bradypodion as the most likely pattern of diversification
dynamics with a posterior probability of 0.53 (Fig. 3a). How-
ever, the next most likely scenario is a decreasing speciation
rate with no rate shifts, which is estimated with a posterior
probability of 0.43 (Fig. 3b). Nevertheless, the branch-specific
marginal odds ratios for shifts strongly support a shift either at
the base or very early in the history of Bradypodion (Fig. 3d),
and comparison of prior and posterior distributions of the num-
ber of shifts also support a single shift (Fig. S2). Moreover,
extracting the estimated speciation rates for Bradypodion and
comparing them to other chameleons suggests an approxi-
mately two-fold increase in this genus (Fig. 4) with slightly
lower rates in species from earlier diverging lineages compared
to their congeners (Fig. 3c). The mean estimated speciation
rate for Bradypodion was 0.115/my (95% CI 0.046/my–0.225/
my) compared to that for other chameleons of 0.058/my (95%
CI 0.050/my–0.068/my). Taken together, our results from
BAMM suggest that the most likely scenario is decreasing spe-
ciation rates over time but with an increase to twice the back-
ground rate at or near the base of Bradypodion.
Despite being restricted to time-constant diversification (sub-

)models, MEDUSA found concordant results to our BAMM
analysis – a positive sign given that the limitations of MEDUSA
are very different from those of BAMM (May & Moore, 2016).
Specifically, the best-fitting model consisted of one rate shift
(DAICc = 8.91 over a single rate model) estimated to occur very
near the base of the genus Bradypodion (Fig. 5). This genus
was completely sampled in the phylogeny and the shift excluded
only 3 of the 17 species (B. damaranum, B. pumilum, and
B. caffer), which were also estimated to have the slowest specia-
tion rates in the genus by BAMM (the earliest diverging three
species in Fig. 3c). The estimated net diversification rate follow-
ing this shift was 0.163/my (95% CI 0.089/my–0.268/my),
almost 49 higher than the background rate across the rest of the
tree (0.048/my; 95% CI 0.041/my–0.056/my), further supporting
a substantial burst of diversification early in the Bradypodion
lineage. We also note that despite a documented tendency for
MEDUSA to inflate rate estimates and numbers of rate shifts
(May & Moore, 2016) our finding of similar estimates and shifts
(concordant in number, location, and broadly in magnitude)
between BAMM and MEDUSA lend additional confidence to
our main findings.
Finally, and despite being limited to assuming constant

extinction rates and that speciation rate changes at every speci-
ation event (in sharp contrast to our other methods), our ClaDS
model estimates also gave concordant results (Fig. 6). Specifi-
cally, there is a pattern of an ‘early burst’ in speciation rates
where high rates occur earlier in the phylogeny followed by
generally slower rates later in the tree, consistent with our
results from BAMM. There is also evidence of markedly
higher speciation rates within the genus Bradypodion starting
at a location consistent with the rate shift from MEDUSA (and
near that inferred by the most likely BAMM estimates).

f=0.53 f=0.43

(a) (b)

(d)

Bradypodion

(c)

Figure 3 BAMM estimates of speciation rates and regime shifts. The

95% credible shift set contains two scenarios, a single regime shift

at the base of Bradypodion (a) and no regime shifts throughout the

phylogeny (b); f is the frequency of each scenario in the posterior

distribution, rates increase from blue to red, and the black circle in (a)

shows the location of the estimated shift. Speciation rate estimates

within the genus Bradypodion (c) show generally high rates but

slightly lower in earlier-diverging species. Phylogeny with branch

lengths representing the marginal odds ratio for a shift in that branch

(d) shows that the strongest support for the location of the rate shift

is at the branch leading to Bradypodion but with staggered support

for other relatively basal branches within the genus.
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Despite a range of variation across the phylogeny, including a
relatively high rate in three branches clustered around a single
node within the genus Trioceros, there is little evidence of
additional distinct shifts in speciation rates across the phy-
logeny beyond Bradypodion, particularly at locations consistent
with our proposed hypotheses. Moreover, since the ClaDS
model enforces (typically small) changes in speciation rates on
every branch, we are cautious about overinterpreting rare and
isolated changes inferred from individual methods that may be
linked to model assumptions. Hence, we focus our interpreta-
tion on the consistently inferred rate increase within Bradypo-
dion since the consilience across all methods greatly reduces
the chance of putting too much weight on potentially spurious
model-specific findings.

2

Bradypodion

Figure 5 MEDUSA identified one net diversification rate shift across the evolutionary history of chameleons, shown as a small circle and

descendant lineages in red. This shift is located near the base of Bradypodion, approximately where the speciation rates estimated by BAMM

peak within the genus (Fig. 3c), and represents a 3–4 fold upshift in Bradypodion.
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Figure 4 BAMM estimates of speciation rate over time for all

chameleons (a), chameleons excluding Bradypodion (b), and the

genus Bradypodion (c).
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Discussion

Surprisingly, we find no support for increased diversification
rates as an explanation of the remarkably high chameleon bio-
diversity of Madagascar (Fig. 1) nor do we find any evidence
that evolutionary transitions between ecomorphs have resulted
in adaptive radiations. In contrast, we find that most of the
phylogenetic history of chameleons is characterized by rela-
tively simple diversification dynamics, with a regime of
decreasing speciation rates from ~0.2/my to ~0.05/my over the
last ~60 my. The one exception for which our results provide
evidence is a burst of speciation coinciding with the origin or
very early radiation of the genus Bradypodion in South Africa,
corresponding to a 2–4 fold increase in speciation rate over the
background rate. Interestingly, we find no evidence of substan-
tial slowing of this radiation (Figs 3,4 and 6), though given
the relatively short time period involved this may simply be an
artefact of limited information to detect the exact shape of the
temporal distribution of diversification dynamics in this genus.

One concern and possible reason for shifts in diversification
rates in one particular clade, and which would likely impact all
three of our methods, is potential variation in taxonomic opin-
ion. Faurby et al. (2016) highlight that spurious variation in
diversification rates can be found in clades if taxonomists work-
ing in that clade tend to be ‘splitters’ (or ‘lumpers’) compared to
taxonomists working on other clades in the phylogeny. Faurby
et al. (2016) suggest two warning signs of such problems. First,
if shifts in diversification rates are found close enough to the tips
of the tree that they may plausibly be in an area where
intraspecific and interspecific variation diverge (and this ‘thresh-
old’ could lead to differences in taxonomic opinion). Second, if
an inferred shift occurs at a node representing a clade that is
treated by different taxonomists than other clades on the phy-
logeny then it may simply represent differences in opinion of
species delimitation. We note that the inferred shift at or near
the origin of Bradypodion occurred on the order of ~10 mya,
but previous estimates of the duration of speciation have been
far shorter than this (<<1 mya to 5 mya in extreme cases) for

0.02 0.05 0.1 0.2

Speciation rate
Figure 6 Branch-specific speciation rate estimates from the ClaDS model showing a general pattern of decreasing rates over time and a cluster-

ing of high rates in the genus Bradypodion consistent in location with the inferred rate shift from MEDUSA. Note the general concordance

between these results and those from both MEDUSA and BAMM in terms of magnitudes of rate estimate, locations of major shifts, and (for

BAMM) an ‘early burst’ pattern across the whole tree.

8 Journal of Zoology �� (2022) ��–�� ª 2022 The Authors. Journal of Zoology published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

Diversification dynamics of chameleons S. A. W. Giles and K. Arbuckle



other taxa (Etienne et al., 2014; Etienne & Rosindell, 2012) so
this seems unlikely to explain our results. Moreover, of the cha-
meleon species described since 2000 (Uetz et al., 2020), the
group responsible for all but one Bradypodion species descrip-
tion have been prominent in at least African chameleon taxon-
omy, including describing species in another 3 genera
(Kinyongia, Nadzikambia, and Rhampholeon), 33% of all cha-
meleon genera including Bradypodion, which again suggests this
is unlikely to explain our results. Consequently, we believe our
results are unlikely to be misled by differences in taxonomic
opinion.
Since dispersal to (or presence on) Madagascar does not

appear to have been associated with increased diversification
rates in chameleons, the remarkable species richness must be
predominantly a result of clade age (McPeek & Brown, 2007).
This is consistent with the estimated timing of dispersal events
in the history of the clade, with one occurring at the basal split
of the crown group and the other occurring only ~25% of the
time from root to tips (Tolley et al., 2013; Fig. 2). In other
words, Madagascar is a biodiversity hotspot of chameleons not
because it has resulted in rapid radiations, as in some other taxa
(Herrera, 2017; Wood et al., 2015), but because it has had suffi-
cient time to steadily accumulate large numbers of species. Pre-
vious work has revealed slowdowns in diversification rates of
one clade of Madagascan chameleons (Brookesia + Palleon),
amongst other endemic reptile and amphibian clades, and inter-
preted this as evidence for adaptive radiation following dispersal
to the island (Scantlebury, 2013). Our results support the finding
of diversification slowdowns in the Brookesia + Palleon clade,
but as this is merely an extension of the diversification dynamics
of chameleons in general it cannot be taken as revealing any
special processes related to dispersal to Madagascar and the
island’s environment. This highlights that studies aiming to
assess support for adaptive radiations following dispersal to
islands by examining patterns of diversification can be uninten-
tionally limited by excluding continental outgroups. In the case
of chameleons, a decline in speciation rate was in progress
before the dispersal events and was not altered after arriving in
Madagascar, reducing support for adaptive radiation as an expla-
nation for the high observed species richness.
Beyond Madagascar, other dispersal events lend additional

support to our suggestion that dispersal has not been an impor-
tant driver of diversification in chameleons. Tolley
et al. (2013) document four distinct dispersals out of Africa to
areas other than Madagascar, one each to Asia, Europe, the
Seychelles, and Socotra Island. These dispersal events have
resulted in very few extant species: one over ~10 my in Eur-
ope, three over ~8 my in Asia, one over ~35 my in the Sey-
chelles, and one over ~20 my on Socotra (Tolley et al., 2013).
The association of both fast and slow life histories with suc-
cessful dispersal in chameleons (Weil et al., 2022) may help
explain the lack of influence of dispersal on diversification.
Fast life histories are expected to convey faster speciation rates
(and also lower extinction rates) and have been associated with
greater diversity in a wide range of taxa (Marzluff &
Dial, 1991). If successful dispersers amongst chameleons
included both species showing fast and slow life histories, then
contrasting effects on diversification rates may cancel out any

general signal of dispersal with rate shifts. Consequently, dis-
persal is not always associated with burst of diversification
(Hearn et al., 2018). Whatever the underlying mechanism, our
results provide evidence that dispersal has not been an impor-
tant driver of chameleon biodiversity in general.
The lack of evidence for ecomorph evolution as a driver of

diversification dynamics is also surprising, particularly since
finer scale ecomorphs (related to structure of vegetation rather
than our broadscale short-tailed/long-tailed dichotomy) have
shown good evidence of being related to early stages of eco-
logical speciation in Bradypodion chameleons (da Silva & Tol-
ley, 2013; da Silva & Tolley, 2017). Nevertheless, explicit
studies of relationships between discrete ecomorphs and diver-
sification rates are rare, and those considering quantitative eco-
morphological measurements often find no or variable evidence
for a relationship (Alhajeri & Steppan, 2018; Cantalapiedra
et al., 2017; Seeholzer et al., 2017). Ecomorphs are highly
likely to lead to ecological speciation since they typically meet
the criteria for this process (Rundle & Nosil, 2005; Sch-
luter, 2000), especially when they lead to occupancy of distinct
habitats that therefore create spatial separation, as is the case
in chameleons (Bickel & Losos, 2002; da Silva & Tol-
ley, 2013; Luger et al., 2020). We suggest that, in the case of
discrete ecomorphs, ecological speciation may happen as a
result of the ecological shift involved in the evolution of the
ecomorph, but once the ecomorph exists it does not prime the
lineage for further diversification. In this scenario, no effect of
ecomorph evolution would be found in speciation rates, even
if particular speciation events are driven by this trait.
Our finding of substantially faster diversification in Bradypo-

dion over the last ~10 my (peaking ~6 mya) is consistent with
previous emphasis in the literature on ecological causes of past
and incipient speciation in this genus (da Silva & Tolley, 2013;
Tolley et al., 2004; Tolley et al., 2008). Moreover, we note
that our diversification rate estimates for Bradypodion are
likely to be underestimates given that the genus is predicted to
harbour several cryptic, incipient and/or undescribed species
that would further increase the diversity (Tilbury et al., 2006;
Tolley et al., 2004; Tolley et al., 2022). The concentration of
Bradypodion species in the Greater Cape Floristic and Maputo-
Pondo-Albany biodiversity hotspots, combined with their
(often) small ranges, suggests biogeographic or local ecological
factors driving their exceptional diversification. These areas
have been characterized by dynamic fluctuations in habitat
types and distributions over the last ~10 my (Ellis et al., 2014;
Tolley et al., 2006; Tolley et al., 2008; Tolley et al., 2014),
and hence frequent separation of chameleon populations as
their habitats shifted (combined with occasional shifts in habi-
tat selection) may have been sufficient to drive rapid diversifi-
cation in this genus (da Silva & Tolley, 2013; Tolley &
Menegon, 2014). While changing habitats do not seem to have
universally led to diversification in African reptiles (Barlow
et al., 2019), phylogeographic and niche modelling analyses
have demonstrated its importance in the genus Bradypodion
(da Silva & Tolley, 2017; Tolley et al., 2006). Indeed, the clear
linking of such patterns to speciation events in previous litera-
ture generated this hypothesis for our current study, and we
add to previous findings by demonstrating that the rate of
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diversification has also increased in this group. We therefore
suggest that the association of Bradypodion with geographic
areas which have experienced rapid habitat turnover and vicari-
ance over the last ~10 million years has contributed to the
unusually high speciation rates in the genus.
East Africa, particularly Tanzania, represents another hotspot

of chameleon species richness (Fig. 1) and, although we did
not explicitly address this in the current study, our results
allow us to comment briefly on the diversity in this region.
The substantial tectonic activity along the Rift Valley and East-
ern Arc Mountains has led to many speciation events of cha-
meleons via vicariance in this region (Matthee et al., 2004;
Tolley et al., 2011); however, our results found no consistent
evidence for increased rates of speciation in any chameleons
except the Southern African Bradypodion. Similar to our
explanation for the high species richness of Madagascar, we
therefore suggest that the diversity of East African chameleons
derives from a long period of time over which lineages gradu-
ally accumulated diversity. In agreement with this idea, Tolley
et al. (2011) found that chameleons of the East African ende-
mic genus Kinyongia consist of several clades which have
diversified in situ within distinct areas of East Africa, and have
remained in isolation in those areas since the mid-Miocene
(with the whole genus remaining in East Africa since its origin
in the Oligocene). Given the lack of diversification rate shifts
across the chameleon phylogeny and the relative proximity of
East Africa to Madagascar, combined with the early dispersal
from Africa to Madagascar (Tolley et al., 2013), we speculate
that chameleons originated in East Africa and that dispersals
from that region have been infrequent. This would contribute
further to explaining the distribution of chameleon diversity in
Africa, and a historical biogeographic analysis with finer scale
coding (including regions within Africa) across the whole cha-
meleon phylogeny would enable this hypothesis to be tested in
future studies.
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