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Abstract

The diversification of life on Earth has been ongoing for ∼4.5 billion years.
Throughout this time multicellular life has evolved, forming complex body
plans, and from this a vast diversity of vertebrates. The distribution of this
diversity is not equal, with biodiverse hotspots and environments depauper-
ate of species. A substantial number of vertebrates are the amphibians, a
species-rich group of ∼8,000 species. Originating ∼330 million years ago
they are derived from the earliest land-dwelling tetrapods. However, they
are also the most at threat of extinction of any vertebrate class. In this
thesis I investigate the diversification dynamics of amphibians from two as-
pects. Firstly, I investigate the spatial pattern of recent speciation rates
across the most expansive phylogenetic tree to date. I test the latitudinal
and elevational speciation gradient for over 6,000 species, finding that con-
trary to the evolutionary hypothesis that the species richness gradients are
formed via higher speciation, speciation rate is near constant across space.
Environmental variables are then used to test whether these patterns of spe-
ciation rate across space can be explained by species ecology. Amphibian
diversification is positively affected by UV-B. This is due to UV-B having
a positive relationship to recent speciation rate across Anura and Caudata
species. Gymnophiona showed a contrasting relationship of speciation and
ecology to the other amphibians orders with positive NPP effects on speci-
ation rate. Most environmental factors did not show substantial effects on
amphibian speciation rate at broad-scale analyses. When investigating am-
phibian genera, there were few similar findings between groups, but there
was also differences between speciation rate metrics. Thus environmental
predictors of speciation rate do not explain variation in the data well and
indicate that over macroecological scales species-specific speciation rate is
largely independent of temperature, productivity, environmental stability
and heterogeneity. Whether the latitudinal diversity gradient was formed
from high tropical diversification followed by a slowdown to produce the
equal rates across space found in this study is not known. The answer lies
in whether tropical hotspots can saturate, at which point amphibian speci-
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ation is suppressed. In order to understand whether ecological saturation is
a valid hypothesis for amphibian diversification the second part of the thesis
tests the hypothesis that diversification is governed by a process of niche-
filling. By investigating island amphibians, niche-filling could be detected in
spatially-bounded insular groups. Diversification tempo consistently showed
a slowdown towards the present in these groups, which could be explained by
ecological limits to island diversity. Ecological limits are shown to arise due
to competitive interactions between species within a radiation and ecologi-
cally limiting factors, which were productivity, island area and precipitation.
The theory that dimorphic species diverge across niche space saturating more
niches was rejected as sexual size dimorphism had no significant relationship
to island diversity. Overall, this thesis demonstrates that macroevolution
and ecology are interconnected. However, disentangling the effects at both
large and small scales is difficult. Ecological factors can explain spatial het-
erogeneity and diversification slowdowns in diversity for island radiations,
but global macroecological patterns of speciation rate show a more complex
dynamic.
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Chapter 1

General Introduction

‘whilst this plant has gone cycling on according to the fixed law of gravity,
from so simple a beginning endless forms most beautiful and most wonderful
have been, and are being, evolved’ - Charles Darwin, On the Origin of Species
(1859)

1.1 Macroevolution

The theory of natural selection was originally formulated by Darwin (1859)
to explain the mechanism driving the evolution of organisms over genera-
tions, mediated by their differential ecological and reproductive performance
to a state of higher fitness in an environment. As environmental landscapes
are heterogeneous, natural selection predicts populations subject to environ-
mental pressures will evolve across the adaptive landscape to fitness peaks in
‘adaptive zones’ (Simpson, 1953; Schluter, 2000). This process of population
divergence is influential in the process of speciation - defined by the evolu-
tion of reproductive isolation between populations to produce distinct species
(Mayr, 1942) - due to populations that inhabit ecologically disparate environ-
ments experiencing divergent selection pressures and form incipient species
by ecological speciation (Nosil, 2012). This is evident when natural selection
drives adaptive radiations into different niches (Schluter, 2000; Losos, 2010;
Pincheira-donoso et al., 2015), alternatively, species can form under equal se-
lection regimes becoming reproductively incompatible (mutation-order spe-
ciation, Schluter (2009)). Sexual selection has also been implicated with the
formation of new species, as divergent selection pressures and reinforcement
upon secondary contact both act to promote species formation (Seehausen
et al., 2008; Kraaijeveld et al., 2011; Wagner et al., 2012). Under the more
traditional perspective of geographic speciation, speciation can take place
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when populations are geographically isolated - allopatric - with and without
divergent selection pressures, as reduced gene flow enables divergence into
distinct species (Wright, 1931; Coyne and Orr, 2004; Nosil, 2008). Collec-
tively the mechanisms underlying the process of speciation are varied and
can act in combination (Gavrilets, 2014). However, there is still ambiguity
in the process, partly due to the lack of a concrete definition for species (see
De Queiroz (2007) for review of concepts).

Biodiversity is governed by the frequency of speciation events and the
extinction of species (i.e. diversification). Over hundreds of millions of years
the interacting processes of speciation and extinction has shaped the diver-
sity of the tree of life. The historical net diversification of life on Earth
has resulted in an estimated 8.7 million eukaryotic species at present (Mora
et al., 2011); although strikingly, recent estimates of over one billion species
have been proposed (Larsen et al., 2017). However, species diversity is not
homogeneous through space and time, or across taxonomic groups. For ex-
ample, the history of life has seen periods of extreme diversification, notably
the Cambrian radiation, during which the evolution and diversification of
complex animals took place (Marshall, 2006). On the other hand, global
biodiversity has undergone multiple mass extinction events, leading to large
species turnover, the most extreme being the End-Permian extinction which
wiped out over 90% of species (Chen and Benton, 2012). Differences in the
diversification tempo through time is evident in terrestrial diversity versus
marine diversity, where terrestrial diversity exceeds that of marine diversity,
even though marine life pre-dates life on land by 3 billion years (Benton,
2001; Schopf et al., 2007). Likewise, asymmetries in macroevolutionary rates
across space have led to hotspots of diversity and diversity clines, and are
hypothesised to be responsible for the latitudinal diversity gradient (LDG)
of decreasing diversity towards the poles (Mittelbach et al., 2007). However,
disentangling this biodiversity trend is complex due to the interplay of speci-
ation, extinction, dispersal, ecological limits and historical aspects (Rabosky,
2013; Fine, 2015; Alves et al., 2017). The differences in diversity between tax-
onomic groups observed across the eukaryote tree (Rabosky et al., 2012) are
postulated to result from extrinsic traits (i.e. ecological) or intrinsic traits
(i.e. phenotypic or genomic evolution) (Maddison et al., 2007; Jablonski,
2008; Lanfear et al., 2010).
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1.2 Phylogenetic Methods in Macroevolution

The fossil record provides systematic data to reconstruct the diversity and
the relationships of clades, and from this infer speciation and extinction dy-
namics through time (Sepkoski, 1998; Alroy, 2008). The fossil record is the
only data available to model these dynamics for extinct species. However,
for extant species the fossil record for most clades remains predominantly
incomplete. This limitation has been partially abated by the development
of phylogenetic trees that quantify the evolutionary history and relation-
ships of extant species from their genomic or protein sequences (Felsenstein,
2004). The advancement of computational capacities and genetic sequencing
techniques have facilitated the production of more numerous and expansive
phylogenetic trees (Goldman and Yang, 2008). Trees joined via ‘supertree’
approaches (Thomas et al., 2004), or the recent advance of soft taxonomic
inference when genetic data is absent (Kuhn et al., 2011; Thomas et al., 2013)
have resulted in macrophylogenies with several thousand taxa. Furthermore,
the coverage of some vertebrate macrophylogenies is extremely high, con-
taining almost all species (Jetz et al., 2012; Tonini et al., 2016; Jetz and
Pyron, 2018). Consequently, the study of macroevolutionary dynamics is be-
ing conducted ever more using phylogenetic methods (Ricklefs, 2007; Morlon,
2014). Phylogenetic trees can be structured at species-level or higher-level
taxonomic units, for the latter, each tip corresponds to a genus or higher
taxonomic classification. Phylogenetic trees contain information on species
richness of a clade (i.e. number of tips), age of a clade, and branch length
information (Fig. 1.1).

The reconstruction of diversification patterns of a group through time
enables an understanding of its evolutionary history. A variety of techniques
have been developed to estimate diversification parameters. The richness
and age of a clade has been used to calculate net diversification (Magallón
and Sanderson, 2001). To isolate speciation rate from net diversification rate,
metrics utilising branch lengths and branching events have been devised (Jetz
et al., 2012; Bromham et al., 2016). The most prominent models in phyloge-
netic comparative methods to describe speciation and extinction dynamics
are based on the birth-death model. A seminal paper explained how phy-
logenetic information can be modelled to estimate speciation and extinction
rates (Nee et al., 1994). Estimates are approximated using the birth-death
process to assess diversification from the phylogenetic tree (Nee, 2006). Vari-
ations of the birth-death model describe alternative scenarios of evolutionary
diversification that differ in assumptions and trajectories. The birth-death
process can be applied in modelling diversification in the pure-birth or Yule
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(a) Ultrametric phylogeny
(b) Non-ultrametric phylogeny

Figure 1.1: (a) An ultrametic (reconstructed tree from extant species) phy-
logenetic tree with 10 species, clade age shown by length x1, and one of
the branch lengths shown by length x2. The last known common ances-
tor between two lineages is represented on the tree by the bifurcation of a
lineage (node) which is interpreted as a speciation event. (b) A complete
(non-ultrametric including extinct species) tree including lineages that have
gone extinct before the present. The trees were produced using the ‘pbtree’
function in the R package ‘phytools’ (Revell, 2012)

.
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model, which has a constant non-zero speciation rate and zero extinction
(Yule, 1924); and the constant-rate birth-death model which has constant
non-zero speciation and extinction rates through time (Nee et al., 1994).
These models are useful for testing the shape of the species accumulation
curve through time, however, models that allow for the model parameters to
vary through time provide a better fit (Morlon et al., 2010). The aforemen-
tioned models are not based on a biological mechanism, and as a result do not
describe empirical phenomena based on evolutionary and ecological theory.
Several models based on evolutionary theories have been developed. These
include: diversity-dependent models (Rabosky and Lovette, 2008; Etienne
et al., 2012; Silvestro et al., 2015); environmental-dependent model (Con-
damine et al., 2013); protracted speciation model (Etienne and Rosindell,
2012; Lambert et al., 2015); community-assemblage model (McPeek, 2008);
mass-extinction birth-death model (Höhna, 2015); age-dependent extinction
model (Alexander et al., 2016); and trait-dependent models (Maddison et al.,
2007; FitzJohn, 2010). Certain models can also detect diversification rate
heterogeneity, modelling macroevolutionary rate shifts onto the phylogenetic
tree (Alfaro et al., 2009; Rabosky, 2014). Birth-death models can also model
neutral processes, whether modelling speciation through geographic separa-
tion (Pigot et al., 2010) or genetic differentiation (Manceau et al., 2015). In
addition, summary statistics such as the gamma (γ) statistic, test for hetero-
geneous diversification through time by measuring branch lengths from root
to tips of the phylogenetic tree (Pybus and Harvey, 2000).

The phylogenetic comparative approach can also be used to investigate
trait evolution between species. Due to common ancestry there is statisti-
cal non-independence between species (Felsenstein, 1985) and a variety of
models have been used to correct for and model trait evolution. The most
common and simplest being the Brownian motion (BM) model of constant
variance through time (Felsenstein, 1973). A slightly more complex model is
the Ornstein-Uhlenbeck (OU) model of trait evolution which has the param-
eters of a selective optimum (θ), and a rate of adaptation to that optima (α)
(Hansen, 1997). Both of these models have been extended to incorporate:
time varying rates for different parameters (O’Meara et al., 2006; Beaulieu
et al., 2012), multiple OU optima (Uyeda and Harmon, 2014; Khabbazian
et al., 2016), as well as multivariate traits (Revell and Harmon, 2008). Models
of trait evolution are continually being developed with incorporation of trait
evolution with environmental and inter-lineage interactions (Drury et al.,
2016; Clavel and Morlon, 2017).

Phylogenetic analysis is not without its limitations and trees have some
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inherent degree of uncertainty (Huelsenbeck et al., 2001). The lack of ex-
tinct lineages in reconstructed trees causes large uncertainty in extinction
rate estimation (Paradis (2004); Rabosky (2010, 2015a) but see Beaulieu
and O’Meara (2015)); with discrepancy between phylogenetic estimates and
palaeontological estimates (Liow et al., 2010; Quental and Marshall, 2010).
Due to the uncertainty in phylogenetic trees, new approaches make use of
many probable trees in analysis to accommodate phylogenetic uncertainty
(Jetz et al., 2012; Rubolini et al., 2015); or directly accounting for uncertainty
(de Villemereuil et al., 2012). This reduces the potential bias from using a sin-
gle maximum clade credibility tree which inevitably leads to unknown biases
in results. The minimal information contained in small phylogenies leads to
low statistical power of estimates (Boettiger et al., 2012; Davis et al., 2013).
On the other hand macrophylogenies enable analysis across previously unob-
tainable scales; but also have uncertainty in parameter estimates (Title and
Rabosky, 2017). Phylogenetic trees are rarely complete and correcting for
missing species generally assumes random sampling (FitzJohn et al., 2009).
When this assumption is made incorrectly it has been shown to bias results
(Höhna et al., 2011). Branching events in a phylogeny are instantaneous,
which does not accurately portray the time elapsed for speciation to reach
completion in nature. The difference in duration of speciation alters the di-
versification dynamics through time, and thus require future consideration
(Weir and Schluter, 2007; Etienne and Rosindell, 2012). Lastly, phylogenies
are inferred without accommodating for processes known to occur such as
hybridisation and gene flow between distinct lineages on the tree (but see
Bastide et al. (2018)).

1.3 Macroecology of Diversification

Macroecology explores the patterns of large scale biodiversity organisation
and emergent properties that arise at the scale of continents and globally.
Macroevolutionary dynamics take place within ecological systems, and there-
fore the question arises of whether diversification dynamics are independent
of ecology, and whether differences between clades is due to the stochasticity
in the process of lineage accumulation (Raup et al., 1973)? One hypoth-
esis posits that species are neutral with respect to their ecology and thus
all species have the same rate of speciation, extinction and dispersal, in-
dependent of species identity and ecology (Hubbell, 2001). If diversity is
ecologically neutral, species richness across space may be arranged under the
‘mid-domain effect’ which would describe regional and global patterns of di-
versity as a having a peak diversity in the centre of a bounded space due to
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intra-population clustering and random positioning of populations (Colwell
et al., 2004). This model has produced mixed results but across large tax-
onomic studies the model has been rejected (Pyron and Wiens, 2013; Pigot
et al., 2016a). Therefore, the ecological impact of species richness consis-
tently non-neutral.

As species interact with ecological factors (biotic and abiotic) they expe-
rience perpetual selection pressures as a result. When species’ ecology differs
divergent natural selection causes ‘ecological speciation’ (Rundle and Nosil,
2005; Nosil, 2012). Schluter (2000) stated ecological speciation as a central
tenet of adaptive radiations, whereby diversification in ecological space causes
species proliferation and phenotypic adaptation. Extinction is also linked
to a species’ ecology and climatic niche (Ezard et al., 2011). Background
extinction events of several mammalian clades were found to be due to en-
vironmental degradation (Quental and Marshall, 2013). Stochastic events of
extreme environmental damage (ecological collapse) cause mass extinctions,
further highlighting the importance of a functioning ecosystem in the main-
tenance of biodiversity (Jablonski, 1991). The contrasting hypotheses that
conjecture diversification is a result of either biotic or abiotic interactions
are termed the ‘Red Queen’ and ‘Court Jester’ hypothesis respectively (Van
Valen, 1973; Barnosky, 2001). Benton (2009) found that over evolutionary
time scales (>1 million years) ecology is the major determinant of species di-
versity. However, neither biotic nor abiotic factors determine diversification
exclusively (Benton, 2009; Ezard et al., 2011).

Ecological variables can explain species-richness and diversification rate
across vertebrate groups (Phillimore et al., 2006; Davies et al., 2007). Area
and energy are the clearest predictors of species-richness (Rosenzweig, 1995;
Evans et al., 2005). Time for species to accumulate in a given region is also
posited as a key factor for regional species diversity (Stephens and Wiens,
2003; Wiens and Donoghue, 2004). These factors alone have not ubiquitously
explained the species richness gradients at present or through time. Another
explanation is the area-time hypothesis which can better describe present day
patterns (Fine and Ree, 2006; Jetz and Fine, 2012; Belmaker and Jetz, 2015).

A rapid proliferation of species early in the clade’s history, or ‘early burst’,
has been shown in numerous extinct and extant clades, followed by a slow-
down and possible plateau in diversification (Phillimore and Price, 2008;
Morlon et al., 2010; Etienne et al., 2012). The pattern of diversification
slowdowns in empirical studies has been proposed to result from a process
of diversity-dependent diversification (Simpson, 1953). Diversity-dependent
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theory states that either environments have a zero-sum dynamic whereby
diversity reaches an equilibrium, likely via exhaustion of resources, or that
competition and competitive exclusion produce a limit on diversity (Etienne
et al., 2012; Rabosky, 2013; Rabosky and Hurlbert, 2015). Recent multi-clade
analysis also reveals the competition of ecologically similar species produce
diversity-dependence (Silvestro et al., 2015; Pires et al., 2017). Recovery dy-
namics - rapid diversification after a mass extinction - support the theory of
diversity-dependence (Jablonski, 2005; Chen and Benton, 2012). Subclades
that diversify at a different rate when they encounter new ecological con-
ditions is evidence for decoupling from diversity-dependence (Etienne and
Haegeman, 2012; Rabosky, 2014).

Contrasting theories of ecological limits of biodiversity have been previ-
ously debated in a palaeontological context with an equilibrium (bounded)
model (Sepkoski, 1978) or a non-equilibrium (unbounded) model (Benton,
2001). The bounded versus unbounded debate is ongoing at both regional
and global scales (Harmon and Harrison, 2015; Rabosky and Hurlbert, 2015;
Marshall and Quental, 2016). The bounded model is disputed due to a lack
of evidence over a palaeontological time frame (Benton and Emerson, 2007).
However, limitations of palaeontological data mean that accurately inferring
bounded or unbounded dynamics are problematic. Non-ecological explana-
tions for a slowdown in diversification have been presented: diversification
slowdowns may be a statistical artefact (Revell et al., 2005; Cusimano and
Renner, 2010; Brock et al., 2011; Moen and Morlon, 2014), a protracted
speciation model explains the slowdown (Etienne and Rosindell, 2012), or
that host-pathogen coevolution dampens early-bursts (Ricklefs, 2010). Con-
trary to diversity-dependent diversification within and between groups, the
positive-feedback cycle of species facilitating other species diversification may
operate in opposition to diversity limits for some groups (Whittaker, 1972;
Bruno et al., 2003).

The prominent variable used to explain the carrying capacity of species
diversity is environmental energy (Hutchinson, 1959; Brown, 1981; Evans
et al., 2005; Hurlbert and Stegen, 2014). It is postulated to affect species
diversity by enabling speciation and reducing extinction when environmen-
tal energy is high. Mechanistically, it is likely that energy-rich environments
contain more diverse niche space and can facilitate more ecological divergence
and thus speciation. Higher energy environments can also maintain higher
population sizes, which are more likely to split geographic and subsequently
become reproductively isolated. Extinction rate is potentially lowered by
reduced competition intensity between ecologically similar species. Energy
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is measured in several units: net primary productivity (NPP), ambient tem-
perature, annual evapotranspiration (AET), and solar radiation, with several
of these linked to diversity gradients (Waide et al., 1999; Evans et al., 2005).
In addition to energy, climatic stability and environmental heterogeneity are
linked to diversity. Tropical regions have greater climatic stability over both
annual and evolutionary time scale; the later being due to Milankovitch cycles
cause higher fluctuations at higher latitudes (Janzen, 1967). Environmental
heterogeneity is though to facilitate more species per unit area, potentially
through higher ecological divergence (Tews et al., 2004).

1.4 Model System

Amphibians are a species-rich, geographically and ecologically widespread
clade of vertebrates, with a latitudinal and elevational diversity gradient
(Wells, 2007; Pyron and Wiens, 2013). They therefore represent an ideal
model system to investigate macroecological aspects of diversification. The
evolutionary history of amphibians is complex, deriving from an early tetra-
pod dated at ∼330 million years ago (Mya) from the fossil record (Ruta
and Coates, 2007) and ∼315 Mya from molecular phylogenetic reconstruc-
tion (San Mauro (2010); see Ruta et al. (2003); San Mauro et al. (2005);
Zhang et al. (2005); Roelants et al. (2007) for other divergence dates). Am-
phibians’ deep phylogenetic history contains radiations and mass extinctions
(Roelants et al., 2007; Jetz and Pyron, 2018). Roelants et al. (2007) detected
two radiations occurring in the early Tertiary and late Cretaceous, the first
taking place after most amphibians went extinct in the end-Permian mass
extinction; the latter followed by the ‘mass-survival’ of amphibians through
the Cretaceous-Paleogene mass extinction. The second radiation of amphib-
ians was paralleled and potentially facilitated by the rise of angiosperms and
insect groups (Wang et al., 2009).

Strong evidence that ecology has played a role in the diversification of am-
phibians is the high species richness in the tropics, a pattern not explained by
the time-for-speciation effect, and which shows a positive relationship with
environmental energy and higher diversity limits (Pyron and Wiens, 2013).
The effect of ecology is evident as tropical Anura and Caudata constitute a
large proportion of species but both groups are ancestrally temperate and
seemingly do not have novel phenotypic traits driving rapid diversification
compared to temperate sister clades (Wiens, 2007). Several Caudata clades
show niche-conservatism, the most diverse caudate clade - Bolitoglossa - has
dispersed into the tropics but lives at high altitude with a stable temperate-
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like climate (Wiens, 2007). Climatic niche evolution is related to diversi-
fication in Plethodontidae salamanders (Kozak and Wiens, 2010), however
this relationship is not found across all amphibian groups (Pyron and Wiens,
2013). Caecilians are anomalous as they have the fewest species of the three
orders but are endemic to tropical regions, a pattern likely due to their spe-
cialised ecology (Wells, 2007; Pyron, 2014a).

The Anthropocene - the current geological epoch defined by human’s in-
delible footprint on the Earth - has threatened extinction for many species,
potentially producing a sixth mass extinction (Barnosky et al., 2011; Ce-
ballos et al., 2015, 2017). Amphibians are at the highest risk of extinction
among vertebrates (Wake and Vredenburg, 2008). The spread of disease
Chytridiomycosis globally has led to extensive death of amphibians (Cheng
et al., 2011). Pincheira-Donoso et al. (in press) found that species ecology
(i.e. diurnal activity and stable temperature), UV-B radiation and human
activity were prominent factors in amphibians at risk of extinction. Conser-
vation measures are lacking as amphibian biogeography is generally outside
of protected areas (Roll et al., 2017). Much work on amphibian conservation
and quantifying the areas in which conservation efforts are required has been
and is continuing to be carried out (Jetz and Pyron, 2018; Pincheira-Donoso
et al., in press).

1.5 Thesis Objective

The integration of ecology into macroevolution has only been recent. The
divide has meant that many empirical studies have lacked explicitly incorpo-
rating ecology into diversification analyses, but still implied ecological mech-
anisms. This thesis aims to define how macroevolutionary dynamics are de-
termined by macroecological patterns. Investigating diversification dynamics
at class-, order-, and genera-level and the ecological systems they reside in
will allow dynamics to be mapped and test whether equivalent dynamics
take place in ecologically equivalent systems; causal mechanisms that pro-
mote and suppress speciation can be identified; and ecological and spatial
theories of diversification can be examined.

Investigating the evolutionary and ecological aspects of diversification al-
lows the spatial distribution of amphibian diversification to be tested. The
thesis is split into two chapters, the first investigates the distribution and
potential gradients of speciation on two major environmental clines: latitude
and elevation. Using amphibians as a model system, I fit linear models to
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assess the relationship between recent speciation rate, latitude, elevation and
macroecological variables for energy, productivity, stability and heterogeneity
using the largest amphibian phylogenetic tree to date. This will indicate the
prominence of evolutionary mechanisms for amphibian biodiversity across
space and uncover the predictors of recent speciation rates. Chapter 2 in-
vestigates the spatial patterns of biodiversity but focuses on the coexistence
of amphibian species at present. Investigating ecological limits of species
richness, by testing for diversity-dependence, macroecological predictors of
saturation, trait diversification and competition, and species sexual size di-
morphism to try and understand whether niche space is being saturated and
if so how. In all the thesis aims to reveal the diversification dynamics of
amphibians, with potential extrapolation to all ectotherms, and make pre-
dictions on the future of biodiversity and gradients of terrestrial vertebrates.

14



Chapter 2

The global macroecology of
amphibian speciation along
spatial gradients

2.1 Abstract

The global distribution of biodiversity is organised consistently in spatial pat-
terns known as the latitudinal and elevational diversity gradients - species
richness generally decreases towards higher latitudes, while it shows a linear,
monotonic, or modal (hump-shaped) relationship towards higher elevations.
For decades a range of theories have been formulated to explain these consis-
tent gradients of biodiversity. One of the most prominent hypothesis for how
these gradients arose, termed the evolutionary hypothesis, posits that biodi-
versity hotspots arise through the dynamics of higher speciation and/or lower
extinction rate. However, this hypothesis has not been reliably supported and
the influence of environmental conditions on evolutionary dynamics is still
undetermined. Here I employ a global-scale dataset of amphibians and use
phylogenetic approaches to investigate whether there are spatial gradients in
recent speciation rate. In addition I test for the relationship between envi-
ronmental factors for energy, heterogeneity and stability against speciation
rate at different taxonomic scales in amphibians. Results reveal no clear gra-
dient between recent speciation rates across latitude or elevation, rejecting
the recent speciation aspect of the evolutionary hypothesis. Interestingly,
however, UV-B radiations act as a prominent driver of amphibian diversi-
fication in Anura and Caudata. While net primary productivity positively
affects speciation rate in Caudata and Gymnophiona. Analyses at genus-level
reveal that different lineages have diversified under different environmental
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conditions. Overall, this set of environmental drivers of speciation have in-
consistent and neutral effects, though UV-B shows a large effect, therefore,
the interactions of the environment with species phenotypic traits likely re-
sults in varied responses.

Key words: Macroevolution, biodiversity, speciation, macroecology, am-
phibians.
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2.2 Introduction

Global biodiversity varies extensively across space, time and taxonomic groups
(Jetz et al., 2012). Such asymmetries in the distribution of biodiversity are
determined by the interaction between speciation and extinction rates, while
at regional scales dispersal is a key determinant of diversity fluctuations. The
most intriguing pattern of biodiversity are the strikingly consistent gradients
of species richness along latitudinal and altitudinal clines (Rahbek, 1995;
Hillebrand, 2004). Hypothesised mechanisms that underlie the differences
in species richness have been formulated, and rest upon three general hy-
potheses that capture a spectrum of drivers (see Mittelbach et al. (2007) for
review): (1) the ‘historical’ hypothesis, whereby species richness is the result
of the duration of time for which species have inhabited a region (i.e. time-
for-speciation, Stephens and Wiens (2003)); (2) the ‘ecological’ hypothesis,
whereby ecological factors (i.e. temperature or productivity) govern species
coexistence (Rabosky, 2009a); (3) the ‘evolutionary’ hypothesis, whereby gra-
dients of species richness result from geographic gradients in diversification
rates (Schluter and Pennell, 2017).

Among the biodiversity gradients, the dominant focus of research histor-
ically has been the latitudinal diversity gradient (LDG), which describes the
consistent decline in species richness with increasing latitude. Remarkably
the LDG holds across both terrestrial and marine organisms, both animals
and plants, and in some groups stretching back over a hundred million years
(Willig et al., 2003). Testing whether a pattern of high tropical diversity re-
sults from a random distribution of species across space (mid-domain effect)
has been equivocal (Colwell et al., 2004). Dunn et al. (2007) found the mid-
domain model would better fit geographically wide-spread groups, however,
it has been rejected in amphibians and birds which show vast geographic
distributions (Pyron and Wiens, 2013; Pigot et al., 2016a).

In testing the evolutionary hypothesis in terrestrial vertebrates, correla-
tions of latitude with diversification rate and speciation rate are conflicting.
The evolutionary hypothesis for the LDG has been supported by high trop-
ical diversification rates in birds (Cardillo et al., 2005), mammals (Rolland
et al., 2014), and amphibians (Pyron and Wiens, 2013). However, other
studies found no correlation for diversification rate and latitude in mammals
(Soria-Carrasco and Castresana, 2012) as well as no latitudinal speciation
gradient in birds and mammals (Jetz et al., 2012; Belmaker and Jetz, 2015;
Rabosky et al., 2015) or an inverse relationship between diversification rate
and regional richness (Weir and Schluter, 2007). Differences are partially
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a result of different methodologies between studies, with patterns of lati-
tudinal diversification gradients from state speciation and extinction (SSE)
models cautioned when not using an appropriate null model (Maddison and
FitzJohn, 2015; Rabosky and Goldberg, 2015; Beaulieu and O’Meara, 2016).
Studies that use recent rates (estimated around 10-20 Mya) have shown the
latitudinal gradient in speciation rate is uniform and even may be slightly
higher in temperate regions for both terrestrial and marine groups (Weir
and Schluter, 2007; Rabosky et al., 2015, 2018). The inconsistent results
across latitude for both endo- and ectothermic species suggest the ‘evolu-
tionary speed’ hypothesis - that higher energy accelerates speciation rate
in ectotherms - is not the underlying mechanism (Mittelbach et al., 2007;
Fine, 2015). The other side of the evolutionary hypothesis, extinction rate,
is potentially producing the geographic pattern of biodiversity as high tem-
perate extinction has been shown in birds, mammals, amphibians, lizards
and snakes (Weir and Schluter, 2007; Pyron and Wiens, 2013; Pyron, 2014b;
Pulido-Santacruz and Weir, 2016). However, fossil data is needed to ensure
these extinction rate estimates are reliable (Rabosky, 2010; Quental and Mar-
shall, 2010). A higher speciation rate and lower extinction rate in the tropics
are not mutually exclusive as both young and old species reside in tropical
regions (Jablonski et al., 2017).

The independence of clade age and species richness and the inability for
time to singularly predict diversity differences between tropical and temper-
ate regions has been used to refute the historical hypothesis (Jetz and Fine,
2012; Rabosky et al., 2012). It is known that larger habitats can accommo-
date more species (Rosenzweig, 1995), and integrating time and area (‘time-
area hypothesis’ Fine and Ree (2006)) has shown to be a good predictor
of biodiversity (Belmaker and Jetz, 2015). The ecological limits hypothe-
sis is still the subject of debate (Harmon and Harrison, 2015; Rabosky and
Hurlbert, 2015), and may explain diversification slowdowns at regional bio-
diversity equilibria, with lower diversity limits in temperate regions (Pyron
and Wiens, 2013).

The elevational diversity gradient (EDG) is an analogous biodiversity gra-
dient to the LDG whereby species richnes has a linear, monotonic or modal
decline as altitude increases (Rahbek, 2005; Nogués-Bravo et al., 2008). This
pattern is hypothesised to have arisen through the same evolutionary, ecolog-
ical and stochastic processes as the LDG (McCain, 2004; Weir, 2006; Price
et al., 2014). As with the LDG, the highest recent speciation rates occur
in regions of lower diversity (Schluter and Pennell, 2017; Quintero and Jetz,
2018). Collectively, the debate on the governing dynamics of species diversity
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across space is still open and requires studies at a global scale for regional
comparison, and that integrate evolutionary and ecological factors (Pianka,
1966; Fine, 2015; Schemske and Mittelbach, 2017).

Biotic and abiotic interactions affect species diversification dynamics (Phillimore
et al., 2006; Ezard et al., 2011; Condamine et al., 2013; Quental and Mar-
shall, 2013; Ezard and Purvis, 2016). Environmental variables are frequently
proposed as the casual mechanism of spatial heterogeneity in biodiversity
(Wright, 1983; Davies et al., 2007). If variation in species richness is pro-
duced via the evolutionary hypothesis, in particular speciation rate, it is
postulated that environmental energy and complexity are primary factors.
Energy proxies are of two classes: kinetic (i.e. temperature, solar radia-
tion, potential evapotranspiration) (Currie, 1991; Rohde, 1992) and produc-
tive (i.e. net primary productivity (NPP) and biomass) (Waide et al., 1999;
Evans et al., 2005). Kinetic energy is thought to alter the tempo of speciation
via increased mutation and metabolic rate (Allen et al., 2006; Lanfear et al.,
2010). In support of kinetic energy theories, palaeo-temperature covaries
with biodiversity, however, the LDG diminishes with a rise in temperature
(Mayhew et al., 2012; Mannion et al., 2014). Environmental complexity and
high NPP ecosystems are thought to provide more niche space and thus
opportunity for speciation (Schluter, 2016). In addition to environmental
energy, the emergence of environmental complexity (i.e. topographic uplift)
has facilitated species diversification, likely via ecological opportunity from
new niche space (Pincheira-donoso et al., 2015).

Here I assess the spatial and macroecological patterns of recent amphibian
speciation rate. Amphibians are a prominent class with an estimated ∼8,000
known extant species to date that have evolved to ecologically widespread
lineages with almost global distribution (Wells, 2007; Frost, 2018). There is
a great disparity in diversity between the three orders, as well as in spatial
richness, with a prominent LDG and a hotspot in South America, though
Caudata show a temperate hotspot in North America (Pyron and Wiens,
2013; Pincheira-Donoso et al., in press). Amphibians underwent major radia-
tions in the Mesozoic and Palaeogene, as well as a mass extinction of Caudata
at the Cretaceous-Palaeogene extinction event (Roelants et al., 2007; Wiens,
2007; Jetz and Pyron, 2018). Ecological effects on diversification have been
investigated in some clades; finding time-for-speciation important in regional
species richness and niche space generally conserved throughout diversifica-
tion (Wiens et al., 2011; Kozak and Wiens, 2012). Pyron and Wiens (2013)
found higher tropical diversification, higher tropical carrying capacities, and
a positive effect of NPP and area on diversification rate. However, with
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aforementioned limitations of SSE models and less phylogenetic coverage, a
comprehensive study of whether species-level speciation rate is in accordance
with the present diversity gradients and which factors cause these patterns
across the amphibian tree of life is still needed. I test the hypothesis that
higher recent speciation rates in the tropics and at low elevation will reflect
higher species richness, and explore the influence macroecological factors have
on amphibian speciation rates.

2.3 Methods

2.3.1 Data Collection and Preparation

To investigate the spatial distribution of the recent macroevolutionary dy-
namics of the world’s amphibians and the macroecological variables poten-
tially driving these patterns, speciation rates were estimated, models were
fitted to latitude and elevation, as well as models built based on a range
of environmental predictors. All data on species localities and ecological
data was compiled and extracted from The Global Amphibian Biodiversity
Project (GABiP). Species’ locality was determined using species range maps
from IUCN archive (www.iucnredlist.org accessed August 2017). The latitu-
dinal midpoint of each species was calculated from range maps using ArcGIS
10.2. Elevation data was compiled at a spatial resolution of 30 arc-seconds
(0.86km at the equator) using WorldClim version 2 data archive and each
midpoint was calculated using ArcGIS (www.worldclim.org/, Fick and Hij-
mans (2017)). Species-specific averages of may not accurately represent the
conditions of all populations especially if range size is large. In addition,
the range maps used to calculate midpoints contains a small amount of error
when contrast to high-quality species point data (Ficetola et al., 2014).

To gather each environmental predictor, the range of each species was
divided into a series of n spatial points from which a value of each par-
ticular variable was obtained and then averaged across the entire range of
each species to obtain one value per variable per species using ArcGIS. Al-
though this method does not capture the variability of environment condi-
tions for each species, it does give a reliable point estimate. The environ-
mental variables were gathered at a spatial resolution of 30 arc-seconds (Fick
and Hijmans, 2017) and include: annual mean temperature (0C), annual
temperature range (0C), annual precipitation (mm), precipitation seasonality
(mm). UV-B (Jm2day−1) and net primary productivity (NPP) (gCm−2yr−1)

20



were collected from the NASA Earth Observations (neo.sci.gsfc.nasa.gov) at
a spatial resolution of 0.1 degrees (∼11km at the equator). Net primary
productivity was chosen as a measure over leaf area index as the metrics
are collinear and show a correlation coefficient of 0.645 for 6,297 amphibian
species (Fig. S1). Concentration of available atmospheric oxygen calculated
from species-specific air pressure estimates (see Seinfeld and Pandis (2016)
for equation) was not used due to high collinearity to annual mean temper-
ature (r = 0.735; Fig S2). The variation in climate and topography were
quantified as climatic heterogeneity (%), and topographic heterogeneity (%).
Climatic heterogeneity is calculated by the principal component scores of
all 19 bioclimatic variables (annual mean temperature, mean diurnal range,
isothermality, temperature seasonality, maximum temperature of warmest
month, minimum temperature of coldest month, temperature annual range,
mean temperature of wettest quarter, mean temperature of driest quarter,
mean temperature of warmest quarter, mean temperature of coldest quar-
ter, annual precipitation, precipitation of wettest month, precipitations of
driest month, precipitation seasonality, precipitation of wettest quarter, pre-
cipitation of driest quarter, precipitation of warmest quarter, precipitation of
coldest quarter) from the WorldClim version 2.0 of a given area using species
distribution modelling (SDM) in ArcGIS v10.2 (see Jara et al. (2018)). To-
pographic heterogeneity is the elevational variance from each raster pixel and
the eight cells neighbouring the focal cell. All environmental variable were
scaled prior to analysis as the environmental variables are on different scales,
and in doing so reduces the magnitude of the difference, this allows direct
comparison of environmental variables in model fitting.

2.3.2 Phylogenetic Tees

To perform phylogenetic analyses of amphibian diversification, both a consen-
sus and 100 pseudo-posterior species-level time-calibrated phylogenetic trees
containing 7,238 amphibian species were analysed (hereafter called J&P tree,
Jetz and Pyron (2018)). The phylogenetic trees are inferred from molecu-
lar sequence data (N = 4,061) and soft taxonomic inference (N = 3,177)
(Thomas et al., 2013; Jetz and Pyron, 2018). The trees were pruned to
7,128 taxonomically classified species from Frost (2018) for all subsequent
diversification analyses. A range of species in the Jetz and Pyron (2018)
phylogeny could not be taxonomically matched to the currently valid species
or to historical names recorded in the Frost (2018) database, and were there-
fore discarded. The use of soft taxonomic inference on a molecular backbone
as a method of tree assembly has proved reliable in macroevolutionary analy-
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ses (Kuhn et al., 2011). However, trait analyses using phylogenies assembled
using this method are unreliable (Rabosky, 2015b). Thus, in order to carry
out large-scale phylogenetic analyses, I used a purely molecular phylogeny of
3,126 species (hereafter called Pyron tree, Pyron (2014a)). Genus-level phy-
logenies were isolated from the phylogeny using the package ‘ape’ (Paradis
et al., 2004) in R version 3.4.3 (R Core Development Team, 2018). Taxon-
omy and specie-richness of genera were tabulated from data in Frost (2018).

The consensus tree and all pseudo-posterior trees used in diversification
analyses were transformed from non-ultrametric to ultrametric prior to anal-
ysis using the ‘nnls.tree’ function in the R package ‘phangorn’ (Schliep,
2011). This computes the branch lengths from the non-ultrametric tree us-
ing a non-negative least squares approach to calculate branch lengths from
pairwise distances between tips. The residual sum of squares (RSS) value for
the consensus tree was 0.00545, and ranged from 0.00372 - 0.00859 (mean
= 0.00552) for the pseudo-posterior trees, thus the discrepancy between the
non-ultrametric phylogenies and computed ultrametric phylogenies was min-
imal.

To ensure reliable results from genera the phylogeny must have suffi-
cient species coverage and size (i.e. number of tips) (Boettiger et al., 2012).
Therefore species-poor genera with low coverage in the phylogeny would only
produce unreliable results. Criteria for which genera could be included were:
at least 50% species coverage in the Pyron phylogeny and a minimum of
15 species in the phylogeny. Bias-correction for missing species in Bayesian
Analysis of Macroevolutionary Mixtures (BAMM) assumes random sampling
when assigning missing species (FitzJohn et al., 2009), which can produce
unreliable results if the species across the phylogenetic tree were not sam-
pled uniformly (Cusimano and Renner, 2010; Brock et al., 2011; Höhna et al.,
2011). A minimum species richness of 15 ensures phylogenies contained suf-
ficient information to reliably estimate Pagel’s λ to correct for phylogenetic
non-independence in generalised least square models (Pagel, 1999; Freckleton
et al., 2002). In addition, as each species is a datum this minimum ensures
an adequate ratio of data to parameter estimates in model selection (Harri-
son et al., 2018). A total of 23 genera met these criteria, 16 of which were
members of the order Anura (frogs and toads), and seven of the order Cau-
data (salamanders). Although these criteria exclude species-poor genera it
allows reliable results to be gained from several amphibian groups that will
highlight the ecological factors underlying diversification.
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2.3.3 Diversification Analyses

Estimating diversification parameters can be carried out by methods that
assume diversification is constant through the clade’s history by using the
age of a clade (i.e. crown or stem age) and its species richness. These time-
homogeneous techniques have been criticised for their assumption of positive
correlation of clade age and richness, and that diversification rates are incor-
rectly positive due to this assumption (Rabosky (2009a, 2010); Rabosky and
Adams (2012) but see Kozak and Wiens (2016)). Diversification rate param-
eters can also be estimated using models that allow the diversification rate to
vary through time and across the phylogeny, and in doing so allow for poten-
tially each lineage to have an individual macroevolutionary regime. Here I use
BAMM version 2.5, a programme that allows for measures of lineage-specific
speciation and extinction rates while allowing for rate-heterogeneity, to anal-
yse diversification in the pruned J&P consensus tree (N = 7,128) (Rabosky,
2014). BAMM has been widely evaluated, finding limitations in its likeli-
hood function, prior-sensitivity, and subsequently, diversification, speciation
and extinction rate estimate accuracy (Moore et al., 2016; Meyer and Wiens,
2017; Kodandaramaiah and Murali, 2018; Meyer et al., 2018). Rebuttals to
these critiques have justified its reliability (Rabosky et al., 2017; Rabosky,
2018a,b), while other tests have evidenced its accuracy (Title and Rabosky,
2018). In particular BAMM provides reliable speciation rate estimates for
large phylogenies (>4,000 tips), as is used in this study. Phylogeny-specific
priors of speciation and extinction rates were estimated by age of the clade
and a pure-birth model in the R package ‘BAMMtools’ (Rabosky et al., 2014).
Incomplete sampling is given as a genus-specific sampling percentage across
the tree under the assumption of random sampling (FitzJohn et al., 2009).
Sampling percentages were calculated from the Frost (2018) taxonomic clas-
sification, with incertae sedis considered their own monotypic genus. BAMM
uses a reversible jump Markov Chain Monte Carlo (MCMC) approach, the
pruned J&P tree was run for 3 × 108 iterations on four metropolis-coupled
MCMC chains (deltaT = 0.1, swapPeriod = 1000), recording ‘event data’

and ‘mcmc data’ every 40,000 runs. The first 10% was discarded as burnin.
Each species can show individual diversification rate parameters and have its
own macroevolutionary regime as ‘minCladeSizeForShift’ is set to one.
BAMM was run twice, first with a low rate shift prior of 50, and a second
with a high prior of 100 rate shifts. By running twice with different priors I
reduce the chance of running an uninformative prior which biases the poste-
rior distribution due to prior sensitivity (Moore et al., 2016).

To ensure the posterior distribution was representative of the data, MCMC
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convergence was tested (effective sample size [ESS] for likelihood and number
of shifts of >200) using the R package ‘coda’ after a 10% burnin (Plummer
et al., 2006). Species-specific speciation rates from the tip of the phylogeny
are extracted using the ‘getTipRates’ function in the ‘BAMMtools’ R pack-
age. This function averages the posterior distributions from the reversible
jump MCMC analysis and gives a recent or ‘present-day’ estimate of rates
(see Rabosky et al. (2015)).

Additionally, I ran a pure-birth method for measuring the speciation rate
- the diversification rate (DR) statistic (Jetz et al., 2012). Although this does
not calculate diversification rate of each species at the tip of the phylogeny
and therefore does not represent present-day rate, the DR statistic measures
the sum of the phylogenetic branch lengths between the root and tip for each
lineage in the tree with each branch nearer the tip weighted twice as much
as other branches. The measure is used as representative of speciation rate
towards the present as near-tip branches contribute more to the rate esti-
mate. I ran the DR statistic across 100 pruned pseudo-posterior J&P trees.
It measures lineage-specific branch lengths and is therefore independent of
extinction rate, and not a measure of net diversification (Jetz et al., 2012;
Belmaker and Jetz, 2015). The statistic does not correct for species missing
from the phylogeny.

2.3.4 Latitudinal and Elevational Analyses

Speciation rate from the 100 shifts model was used over the 50 shifts model,
though speciation rates from each were highly correlated (r = 0.9998) and had
similar model likelihoods (see results). Both speciation rate from BAMM and
the DR statistic were tested against the latitudinal mid-point and elevational
mid-point data. To test for a relationship between latitude and elevation I
ran a phylogenetic correlation called ES-sim using the DR statistic (Harvey
and Rabosky, 2018). Using a Pearson’s correlation it tests for a linear trait-
dependency in speciation rate - with latitude or elevation as the tip state
- with Brownian covariance while avoiding the excessive type I error rates
common in trait-dependent analyses (Maddison and FitzJohn, 2015; Rabosky
and Goldberg, 2015). To test for a linear correlation between latitude and
elevation against speciation rates from BAMM I used structured rate permu-
tations on phylogenies (STRAPP) to test for trait-dependency which simu-
lates a null model from rate shifts in the given phylogeny to be compared to
the Pearson’s correlation coefficient (Rabosky and Huang, 2016). Using the
J&P and Pyron trees ES-sim analysed amphibians (J&P N = 6,198, Pyron
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N = 2,980), as well as individual orders of Anura (J&P N = 5,497, Pyron
N = 2,500), Caudata (J&P N 536, Pyron N = 426), Gymnophiona (J&P
N = 154, Pyron N = 54). For STRAPP, speciation rates from BAMM were
run for the J&P tree (Amphibia N = 6,198, Anura N = 5,497, Caudata N
= 536, Gymnophiona N = 154) as well as a pruned J&P tree (J&Pm) to
only include species with molecular data corresponding to the species in the
Pyron tree (Amphibia N = 2,971, Anura N = 2,491, Caudata N = 426,
Gymnophiona N = 54). Discrepancy between the J&Pm tree and the Pyron
tree is nine Anuran species (Atelopus longirostric, Craugastor montanus, Hy-
perolius angolensis, Limnonectes laticeps, Nymphargus puyoensis, Osteopilus
brunneus, Bufo vertebralis, Scinax parkeri, and Vitreorana oyampiensis).

Additionally, I ran a phylogenetic analysis of variance (phyloANOVA)
using the R package ‘phytools’ (Revell, 2012) to test for differences between
tropical and temperate as well as high-altitude and low-altitude taxa for:
all amphibians, and for Anura, Caudata and Gymnophiona separately. The
phyloANOVA was run for 10,000 simulations (Garland et al., 1993). The
23.50 absolute latitude was used as the standard boundary between tropical
and temperate; I also used the subtropical-temperate boundary of 350 abso-
lute latitude. As there is no absolute definition of high-altitude species I ran
the phyloANOVA at a lower-bound of 1,000m and an upper bound of 2,000m.

2.3.5 Macroecological Analyses

To test the effect of environmental factors on diversification rate I ran mul-
tiple phylogenetic linear regression models for amphibians as a whole, and
order- and genera-specific models. Environmental factors were: annual mean
temperature (0C), annual temperature range (0C), annual precipitation (mm),
precipitation seasonality (mm), UV-B (Jm2day−1), NPP (gCm−2yr−1), cli-
matic heterogeneity (%), and topographic heterogeneity (%). A multiple
generalised least squares (GLS) regression and multiple phylogenetic GLS
(PGLS) regression were run on global models (i.e. all environmental vari-
ables) against DR rates and speciation rates from BAMM using the R pack-
age ‘nlme’ (Pinheiro et al., 2014). Models were fit using maximum likeli-
hood parameter estimation. PGLS regressions corrected for statistical non-
independence using two methods, ‘corBrownian’ and ‘corPagel’ functions
in the R package ‘ape’ (Paradis et al., 2004). The first method assumes the
covariance is that of Brownian motion, and thus proportional to time since
split (Felsenstein, 1985). The latter method measures the phylogenetic sig-
nal of the data and sets the non-independence accordingly, whereby Pagel’s
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λ = 1 when covariance is equal to Brownian motion and Pagel’s λ = 0 when
species are statically independent (Pagel, 1999; Freckleton et al., 2002). The
likelihood distribution for values of Pagel’s λ was plotted for each tree, and
from this a fixed value of λ was chosen, with an upper bound restriction of
1.0. The Breusch-Pagan test and regression diagnostic plots (residuals ver-
sus fitted values and quantile-quantile plots of residuals) were run to ensure
GLS assumptions - normality of residuals, homoscedasticity - were adhered
to (Table S1 and S2). Variance inflation factors were calculated using the
‘vif’ function in the R package ‘car’ for all predictor variables in the model
to check for collinearity (vif ∼ 3, Zuur et al. (2010)) (Table S1 and S2).

Models were ranked using an information theoretic approach, by con-
trasting bias-corrected Akaike information criterion (AICc) to get the best-
fitting model (Burnham and Anderson, 2002). Bias-correction is used as
some groups have a phylogenetic sample size to model parameter ratio of
less than 40; the sample size of a phylogeny is the number of tips minus two
as each speciation event (node) except the root, instead of a sample size of
one for a single phylogenetic tree (Höhna, 2014). To ensure the environmen-
tal variables are biologically relevant to the diversification rate I fit the global
model in a multiple linear regression using the marginal R2

GLMM value to as-
sess fit (Nakagawa and Schielzeth, 2013) in the R package ‘MuMIn’ (Barton,
2018).

To quantify the importance of each environmental predictor on diversifi-
cation I used an information theoretic methodology of model selection and
averaging. I used the all-subset approach by ‘dredging’ the best-fitting re-
gression models using the R package ‘MuMIn’. This method of multimodel
inference runs models including all possible combinations of explanatory vari-
ables. This process of dredging from a global model is known to have limi-
tations and has been suggested to just be employed for exploratory purposes
(Freckleton, 2009). However, as recommended the number of environmental
variables is reduced to the most important based on prior studies (Lukacs
et al., 2010).

To reduce all the models produced from dredging to a confidence set, all
models with a standard fit of ∆AIC > 6 to the data are excluded. This
approach removes any models that have spurious parameter estimates due
to poor model fit and has been shown to be a suitable threshold (Richards,
2008; Harrison et al., 2018). From this subset the conditional average model
is computed using the ‘model.avg’ function in the ‘MuMIn’ package to cal-
culate model-averaged parameter estimates and errors from an average of
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parameters weighted based on their model fit. This process is beneficial as
information is contained in well-fitting but non-optimal models for parame-
ter estimates (with confidence intervals), which would be lost with a single
‘best-fit’ model (‘step-wise approach’) (Burnham et al., 2011). I use model-
averaged effect size as this has better statistical properties for informing the
impact of a predictor than the sum of Akaike weights (Harrison et al., 2018).

2.4 Results

2.4.1 Speciation rates across the Amphibian tree of life

Diversification rate estimates from the MCMC birth-death modelling ap-
proach implemented by BAMM requires chain convergence for accurate pa-
rameter estimates. Both BAMM models converged (50 shifts prior model
ESS number of shifts = 2631.189, ESS log likelihood = 785.676). The aver-
age speciation rate for the 50 shift prior model was 0.061 species per million
years (Sp/My) and ranged from 0.027 - 0.213 Sp/My, in contrast, the 100
shift prior model had a mean speciation rate of 0.061 and a range of 0.027 -
0.215. Recent speciation rates from both 50 shifts and 100 shifts models in
BAMM were highly correlated (r = 0.9998, Fig. S3), however, speciation rate
from the 100 shift model was used as this model likelihood was slightly higher
(50 shifts log likelihood = -27,756.3, 100 shifts log likelihood = -27,714.5).
Speciation rate calculated from the DR statistic had a mean of 0.081 Sp/My
and ranged from 0.005 - 0.801 Sp/My. Comparison of speciation rate against
DR statistic has a correlation coefficient of 0.514, thus there are substantial
differences between the metrics (Fig. S4).

Table 2.1 shows the mean and range of speciation rate for both metrics
for the species for which latitude and elevation data was available. Caudata
had the highest mean speciation rate, while Gymnophiona had the slowest
speciation rate (Table 2.1). The speciation rates estimated from the J&P
tree for species in the Pyron tree showed that comparatively speciation rate
averages are consistent for both phylogenies (Table 2.1). At a finer taxonomic
resolution, Anura, Caudata and Gymnophiona speciation rate averages also
correspond across phylogenies (Table 2.1).
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Phylogeny Taxonomic group BAMM DR

J&P tree

Amphibia (N = 6,198) 0.060 (0.027 - 0.215) 0.079 (0.005 - 0.801)

Anura (N = 5,497) 0.058 (0.027 - 0.215) 0.078 (0.005 - 0.552)

Caudata (N = 547) 0.097 (0.027 - 0.129) 0.107 (0.007 - 0.801)

Gymnophiona (N = 154) 0.027 (0.027 - 0.030) 0.039 (0.010 - 0.071)

Pyron tree

Amphibia (N = 2,980) 0.063 (0.027 - 0.215) 0.080 (0.005 - 0.801)

Anura (N = 2,500) 0.058 (0.027 - 0.215) 0.077 (0.005 - 0.543)

Caudata (N = 426) 0.093 (0.027 - 0.129) 0.100 (0.007 - 0.801)

Gymnophiona (N = 54) 0.027 (0.027 - 0.030) 0.033 (0.010 - 0.071)

Table 2.1: Speciation rate means and ranges (in parenthese) for Amphibia,
Anura, Caudata and Gymnophiona for BAMM and DR rates, for both J&P
and Pyron trees. The species richness of each taxonomic group is shown in
parentheses.
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2.4.2 Latitudinal and Elevational Speciation Gradient

Across all phylogenies there was uniform speciation rates across absolute
latitude for amphibians (Table 2.2). Both correlation methods revealed non-
significant results with minimal negative and positive correlations. A similar
lack of speciation rate gradient was found across elevation for the amphib-
ian tree of life (Table 2.3). Therefore, global amphibian biodiversity pat-
terns of tropical and low-elevation species hotspots are not reflected in re-
cent speciation rates. At the taxonomic level of orders a similar pattern of
non-significant speciation gradients was revealed by the analyses (Table 2.2).
Caudata showed a negative relationship with latitude when tested with the
J&P tree, though the correlation is non-significant (Table 2.2). This pattern
is from a group of species which have a rapid macroevolutionary regime, the
most rapdily speciating are members of the genus Pseudoeurycea, a predomi-
nantly tropical clade, and Bolitoglossa, a completely tropical clade. However,
the Caudata genus with the greatest speciation rate is the temperate genus
Eurycea.

When investigating elevational speciation gradient within amphibian or-
ders the gradient of the correlations are all approximate to zero (Table 2.3).
I eliminate the possibility that the gradients are the result of sampling frac-
tions of each genera, as there is no relationship between percentage species
sampled to BAMM (r = 0.015) and DR (r = 0.086) rates (Fig. S5 and S6).
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Phylogeny Taxonomic Group
ES-sim STRAPP

r P r P

J&P tree

Amphibia -0.007 0.935 0.156 0.175

Anura -0.032 0.729 0.127 0.305

Caudata 0.006 0.985 -0.622 0.117

Gymnophiona 0.092 0.707 0.013 0.914

Pyron/J&Pm tree

Amphibia 0.016 0.864 0.165 0.192

Anura -0.013 0.871 0.160 0.161

Caudata 0.025 0.893 -0.621 0.150

Gymnophiona 0.041 0.838 0.005 0.966

Table 2.2: Phylogenetic correlation coefficient (r) and P value (P) for latitude
against speciation rate using both ES-sim and STRAPP methods, across
both the J&P and molecular (J&Pm and Pyron) trees, as well as across
Amphibia, Anura, Caudata and Gymnophiona.
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Phylogeny Taxonomic Group
ES-sim STRAPP

r P r P

J&P tree

Amphibia -0.011 0.902 0.086 0.270

Anura -0.017 0.847 0.049 0.570

Caudata 0.052 0.815 0.246 0.186

Gymnophiona -0.025 0.915 0.010 0.963

Pyron/J&Pm tree

Amphibia 0.020 0.839 0.109 0.112

Anura 0.067 0.418 0.057 0.443

Caudata 0.123 0.480 0.264 0.182

Gymnophiona 0.293 0.120 0.010 0.963

Table 2.3: Phylogenetic correlation coefficient (r) and P value (P) for el-
evation against speciation rate using both ES-sim and STRAPP methods,
across both the J&P and molecular (J&Pm and Pyron) trees, as well as
across Amphibia, Anura, Caudata and Gymnophiona.
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Analyses testing for differences in speciation rates between tropical and tem-
perate amphibian species revealed that there was no significant difference
for both DR speciation rate and BAMM speciation rate on both phylogenies
(Table 2.4). This non-significant difference of speciation rate held when con-
trasting subtropical with temperate taxa for the J&P tree and Pyron tree
(Table 2.4).

Comparisons of Anura speciation rates in latitude found some significant
differences between tropical and temperate. Speciation rate differences were
larger when using the subtropical threshold. The comparison of tropical and
subtropical species against temperate species using DR on the J&P tree re-
vealed no significant difference, using the subtropical threshold on the Pyron
tree showed the same relationship. However, this was not shown when using
the Pyron tree for the tropical threshold, with a significant difference (Table
2.4). When using the speciation rate from BAMM there was significant differ-
ence across tropical and subtropical, as well as J&P and Pyron phylogenies.
Temperate Caudata species are only found in the northern hemisphere. The
same results as Anura were detected for Caudata, whereby differences be-
tween subtropical and tropical for DR are non-significant. Opposing these,
BAMM is significant across all analyses. Gymnophiona were only tested
for tropical versus temperate as no species reside outside the subtropics.
Gymnophiona show no significant relationship between the tropics and tem-
perate for DR and BAMM (Table 2.4). However, on the Pyron tree only two
species are outside the tropics, both of these are southern hemisphere species
(Chthonerpeton indistinctum and Luetkenotyphylus brasiliensis).
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Taxonomic Group Phylogeny Speciation Rate Metric Absolute Latitudinal Threshold F statistic P value

Amphibia

J&P DR 23.5 F(1,6197) = 50.521 0.451

J&P DR 35 F(1,6197) = 4.751 0.851

J&P BAMM 23.5 F(1,6197) = 170.456 0.140

J&P BAMM 35 F(1,6197) = 148.670 0.259

Pyron DR 23.5 F(1,2979) = 29.547 0.585

Pyron DR 35 F(1,2979) = 1.537 0.911

Pyron BAMM 23.5 F(1,2979) = 105.218 0.275

Pyron BAMM 35 F(1,2979) = 82.409 0.382

Anura

J&P DR 23.5 F(1,5496) = 91.055 0.111

J&P DR 35 F(1,5496) = 43.151 0.087

J&P BAMM 23.5 F(1,5496) = 236.802 0.006

J&P BAMM 35 F(1,5496) = 179.823 <0.001

Pyron DR 23.5 F(1,2499) = 63.399 0.039

Pyron DR 35 F(1,2499) = 30.559 0.086

Pyron BAMM 23.5 F(1,2499) = 169.705 0.001

Pyron BAMM 35 F(1,2499) = 141.406 <0.001

Caudata

J&P DR 23.5 F(1,546) = 58.175 0.420

J&P DR 35 F(1,546) = 63.881 0.161

J&P BAMM 23.5 F(1,546) = 473.427 0.004

J&P BAMM 35 F(1,546) = 177.075 0.004

Pyron DR 23.5 F(1,425) = 34.028 0.415

Pyron DR 35 F(1,425) = 43.417 0.146

Pyron BAMM 23.5 F(1,425) = 354.037 0.004

Pyron BAMM 35 F(1,425) = 130.945 0.005

Gymnophiona

J&P DR 23.5 F(1,153) = 0.643 0.506

J&P DR 35 N/A N/A

J&P BAMM 23.5 F(1,153) = 3.940 0.085

J&P BAMM 35 N/A N/A

Pyron DR 23.5 F(1,53) = 0.025 0.881

Pyron DR 35 N/A N/A

Pyron BAMM 23.5 F(1,53) = 0.143 0.720

Pyron BAMM 35 N/A N/A

Table 2.4: Phylogenetic ANOVA for tropical-temperate and subtropical-
temperate comparisons for Amphibia, Anura, Caudata and Gymnophiona
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The contrast of high- and low-altitude amphibian species at two thresholds
(1,000m and 2,000m) revealed that there is significant difference across al-
most all molecular and J&P phylogenies (Table 2.5). The relationship is also
shown using DR and BAMM to estimate speciation rate. At a threshold of
1,000m DR was significant, whereas for BAMM J&P was insignificant, while
the Pyron tree was significant. When the threshold was raised to 2,000m re-
sults were mostly non-significant. The phyloANOVA for DR across amphib-
ians on the Pyron phylogeny was significant. Investigating this relationship
in Anura showed a non-significant relationship at both thresholds with the
exception of Pyron DR at 1,000 (Table 2.5). Of the Caudata species tested,
significant difference was found between <1,000m and ≥1,000m for BAMM
rates on the J&P and Pyron trees. When using DR or a higher elevation
threshold some relationships are close to significant indicating a slight differ-
ence. Using BAMM at a threshold of 1,000m found a significant difference, all
other analyses of Gymnophiona for both phylogenies and elevational thresh-
olds had no significant difference between high- and low-elevation species.
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Taxonomic Group Phylogeny Speciation Rate Metric Elevational Threshold F statistic P value

Amphibia

J&P DR 1,000 F(1,6197) = 70.804 0.039

J&P DR 2,000 F(1,6197) = 70.852 0.097

J&P BAMM 1,000 F(1,6197) = 58.410 0.065

J&P BAMM 2,000 F(1,6197) = 49.840 0.174

Pyron DR 1,000 F(1,2979) = 49.533 0.004

Pyron DR 2,000 F(1,2979) = 54.597 0.009

Pyron BAMM 1,000 F(1,2979) = 53.370 0.003

Pyron BAMM 2,000 F(1,2979) = 30.776 0.072

Anura

J&P DR 1,000 F(1,5496) = 53.609 0.103

J&P DR 2,000 F(1,5496) = 50.466 0.246

J&P BAMM 1,000 F(1,5496) = 8.851 0.536

J&P BAMM 2,000 F(1,5496) = 27.032 0.407

Pyron DR 1,000 F(1,2499) = 44.389 0.002

Pyron DR 2,000 F(1,2499) = 35.454 0.091

Pyron BAMM 1,000 F(1,2499) = 8.283 0.233

Pyron BAMM 2,000 F(1,2499) = 12.610 0.366

Caudata

J&P DR 1,000 F(1,546) = 5.879 0.546

J&P DR 2,000 F(1,546) = 10.250 0.165

J&P BAMM 1,000 F(1,546) = 53.405 0.019

J&P BAMM 2,000 F(1,546) = 14.798 0.088

Pyron DR 1,000 F(1,425) = 3.030 0.568

Pyron DR 2,000 F(1,425) = 13.276 0.074

Pyron BAMM 1,000 F(1,425) = 43.997 0.015

Pyron BAMM 2,000 F(1,425) = 14.270 0.062

Gymnophiona

J&P DR 1,000 F(1,153) = 0.589 0.519

J&P DR 2,000 F(1,153) = 2.852 0.165

J&P BAMM 1,000 F(1,153) = 0.012 0.929

J&P BAMM 2,000 F(1,153) < 0.001 0.991

Pyron DR 1,000 F(1,53) = 1.076 0.371

Pyron DR 2,000 F(1,53) = 0.010 0.918

Pyron BAMM 1,000 F(1,53) = 1.778 0.253

Pyron BAMM 2,000 F(1,53) = 3.550 0.065

Table 2.5: Phylogenetic ANOVA for high-low elevation species, at a threshold
of 1,000m and 2,000m for Amphibia, Anura, Caudata and Gymnophiona.
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2.4.3 Macroecology of Amphibia, Anura, Caudata and
Gymnophiona Speciation

Amphibians as a whole are positively affected by UV-B, but show a strong
negative relationship to mean annual temperature (Fig. 2.1). Anurans show
a highly negative relationship with annual mean temperature. Several fac-
tors show minimal positive effects, with temperature range and precipitation
seasonality having the major positive effects for DR and UV-B for BAMM
(Fig. 2.1). NPP and UV-B had the largest positive effect on Caudata specia-
tion rate while temperature range was the only major negative effect variable
(Fig. 2.2). Gymnophiona speciation rate was negatively affected by UV-B,
whereas climatic heterogeneity was a positive effect on speciation rate, as
well as NPP (BAMM) and precipitation seasonality (DR) (Fig. 2.2).

2.4.4 Macroecological Effects on Speciation Rate in
Amphibian Genera

There is no general pattern of particular variables consistently predicting
variation in the species-level speciation rates within genera (Fig. 2.3, 2.4,
2.5, 2.6). All variables show positive and negative effects across different
genera for both BAMM and DR rates. Environmental variables which were
hypothesised to have a consistently positive effect size on speciation rate (i.e.
NPP and mean temperature) have an inconsistent and commonly neutral
effect.

Across Anuran genera there are few congruent relationships between ecol-
ogy and speciation rate, with inconsistency between BAMM and DR, as well
as differences between clades occupying similar latitudes and elevations (Fig.
2.3, 2.4). NPP is positive in Incilius and Mantella species for DR, and
in Ameerega and Anaxyrus for BAMM. Both speciation rate metrics found
Phyllomedusa and Rana were negatively affected by NPP. Mean temperature
largely explained BAMM speciation rate heterogeneity for several groups, in
contrast using DR the effect sizes were minimal, the largest effect sizes were
found in Gephyromantis and Xenopus. For Mantidactylus, a tropical genera,
precipitation is a key ecological factor in speciation. Precipitation volume and
seasonality had different effect magnitudes on genera. Annual precipitation
has a near neutral effect across many genera. However, precipitation season-
ality showed a large effect size across several genera, with positive effects in
Hyla, Mantella, Xenppus (DR) and Gephyromantis (BAMM), conversely it
showed large negative effects in Incilius, Litoria, and Eleutherodactylus.
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(a) Amphibia ∼ BAMM
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(b) Amphibia ∼ DR
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(c) Anura ∼ BAMM
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(d) Anura ∼ DR

Figure 2.1: Model-averaged effect size and standard error from regres-
sion models for Amphibia (top row) and Anura (bottom row) for BAMM
rates (right column) and DR rates (left column). Macroecological vari-
ables are: sMeanTemp = standardised mean annual temperature, sTem-
pRange = standardised annual temperature range, sAnnualPP = standard-
ised mean annual precipiation, sPPRange = standardised precipitation sea-
sonality, sUVB = standardised UV-B, sNPP = standardised net primary pro-
ductivity, sClimHetero = standardised climatic heterogeneity, sTopoHetero
= standardised topographic heterogeneity

.

37



sTopoHetero

sClimHetero

sNPP

sUVB

sPPRange

sAnnualPP

sTempRange

sMeanTemp

−0.002 −0.001 0.000 0.001 0.002

model−averaged effect size

pr
ed

ic
to

r

●

●

●

●

●

●

●

●

(a) Caudata ∼ BAMM
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(b) Caudata ∼ DR
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(c) Gymnophiona ∼ BAMM
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(d) Gymnophiona ∼ DR

Figure 2.2: Model-averaged effect size and standard error from regression
models for Caudata (top row) and Gymnophiona (bottom row) for BAMM
rates (right column) and DR rates (left column). For macroecological variable
names see figure 2.1 legend.
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(a) Ameerega ∼ BAMM
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(b) Anaxyrus ∼ BAMM
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(c) Ansonia ∼ BAMM
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(d) Centrolene ∼ BAMM
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(e) Eleutherodactylus ∼ BAMM
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(f) Gephyromantis ∼ BAMM
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(g) Hyla ∼ BAMM
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(h) Incilius ∼ BAMM
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(i) Leptobrachium ∼ BAMM
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(j) Litoria ∼ BAMM
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(k) Mantella ∼ BAMM
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(l) Mantidactylus ∼ BAMM
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(m) Phyllomedusa ∼ BAMM

sTopoHetero

sClimHetero

sNPP

sUVB

sPPRange

sAnnualPP

sTempRange

sMeanTemp

−2e−04 −1e−04 0e+00 1e−04 2e−04

model−averaged effect size

pr
ed

ic
to

r

●

●

●

●

●

●

●

●

OΔ‡ 

(n) Rana ∼ BAMM
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(o) Uperoleia ∼ BAMM
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(p) Xenopus ∼ BAMM

Figure 2.3: Anuran genera model-averaged effect size using BAMM rates. †
= species within the genera are temperate (>23.5 absolute latitude). ‡ =
species within the genera are tropical (<23.5 absolute latitude). O = species
within the genera reside below 2,000m. ∆ = species within the genera re-
side above 2,000m. Genera with both latitudinal and/or elevational symbols
indicate widespread genera.
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(a) Ameerega ∼ DR
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(b) Anaxyrus ∼ DR
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(c) Ansonia ∼ DR
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(d) Centrolene ∼ DR
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(e) Eleutherodactylus ∼ DR
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(f) Gephyromantis ∼ DR
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(g) Hyla ∼ DR
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(h) Incilius ∼ DR
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(i) Leptobrachium ∼ DR
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(j) Litoria ∼ DR
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(k) Mantella ∼ DR
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(l) Mantidactylus ∼ DR
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(m) Phyllomedusa ∼ DR
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(n) Rana ∼ DR
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(o) Uperoleia ∼ DR
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(p) Xenopus ∼ DR

Figure 2.4: Anuran genera model-averaged effect size using DR rates. †
= species within the genera are temperate (>23.5 absolute latitude). ‡ =
species within the genera are tropical (<23.5 absolute latitude). O = species
within the genera reside below 2,000m. ∆ = species within the genera re-
side above 2,000m. Genera with both latitudinal and/or elevational symbols
indicate widespread genera.
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Caudata genera in the study spanned tropical and temperate environ-
ments. Bolitoglossa is the sole genus to be exclusively tropical. For this
clade most variables showed little effect size, as well as contradictory effects
when analysed using different speciation rate metrics (Fig. 2.5, 2.6). Using
BAMM rates climatic heterogeneity gave the only positive effect, and for
DR rates, NPP is the only positive effect on speciation, while temperature
range has a large negative effect. The small negative effect of topographic
heterogeneity is puzzling as the genus resides across widespread altitudinal
habitats (species elevation range = 3029.0). Contrasting Bolitoglossa to Ba-
trachoseps and Hynobius which both showed large positive effects of UV,
these groups are temperateand widespread respectively. Mean temperature
showed a robust positive relationship with Plethodon species across DR and
BAMM. Eurycea and Desmognathus species both reside in temperate low
elevation habitats but show opposite effects of NPP on speciation rate, posi-
tively effecting Eurycea, while negatively effecting Desmognathus. Precipita-
tion seasonality is seemingly unimportant in the diversification of Caudata,
with the only notable effects in Desmognathus (DR), Batrachoseps (BAMM),
and Pseudoeurycea (BAMM) which showed an increase in speciation rate and
a negative effect in Plethodon which showed a negative effect robust to both
rate metrics (Fig. 2.5, 2.6). Topographic heterogeneity has predominantly
negative effects on Caudata genera for both BAMM and DR rates - only
Hynobius (DR) has clear but not substantial positive effect size. Climatic
heterogeneity has a near neutral effect on most groups.
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(a) Batrachoseps ∼ BAMM
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(b) Bolitoglossa ∼ BAMM
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(c) Desmognathus ∼ BAMM
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(d) Eurycea ∼ BAMM
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(e) Hynobius ∼ BAMM
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(f) Plethodon ∼ BAMM
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(g) Pseudoeurycea ∼ BAMM

Figure 2.5: Caudata genera model-averaged effect size using BAMM rates.
† = species within the genera are temperate (>23.5 absolute latitude). ‡ =
species within the genera are tropical (<23.5 absolute latitude). O = species
within the genera reside below 2,000m. ∆ = species within the genera re-
side above 2,000m. Genera with both latitudinal and/or elevational symbols
indicate widespread genera.
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(a) Batrachoseps ∼ DR
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(b) Bolitoglossa ∼ DR
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(c) Desmognathus ∼ DR
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(d) Eurycea ∼ DR
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(e) Hynobius ∼ DR
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(f) Plethodon ∼ DR
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(g) Pseudoeurycea ∼ DR

Figure 2.6: Caudata genera model-averaged effect size using DR rates. †
= species within the genera are temperate (>23.5 absolute latitude). ‡ =
species within the genera are tropical (<23.5 absolute latitude). O = species
within the genera reside below 2,000m. ∆ = species within the genera re-
side above 2,000m. Genera with both latitudinal and/or elevational symbols
indicate widespread genera.
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2.5 Discussion

This study provides a global-scale analysis investigating geographic patterns
of speciation rate across lineages of modern amphibians. The phylogenetic ev-
idence reveals that recent speciation rates are not consistent with geographic
gradients of species richness described by the latitudinal and elevational di-
versity gradients. However, analyses identified an effect of UV-B on Anura
and Caudata, while NPP affected Caudata and Gymnophiona speciation
rate. While the lack of effects observed in a range of environmental factors
have traditionally been linked with geographic gradients of trait evolution
(e.g. Bergmann’s rule), the identification of UV-B and NPP as substantially
influencing amphibian speciation rate variation are consistent with a sub-
stantial body of literature (Evans et al., 2005; Wells, 2007). Collectively, the
effects on temperate and tropical taxa indicates that the lack of latitudinal
and elevational speciation gradient is not driven by a gradient in macroeco-
logical factors.

2.5.1 The Macroecological Patterns of Evolutionary
Diversification

The geographic patterns of biodiversity distribution around the planet are
determined by the interacting effects of speciation, extinction and dispersal.
The only previous study on the global amphibian diversity gradient found
that tropical species had higher speciation rate than temperate species, in
addition to net positive dispersal into the tropics (Pyron and Wiens, 2013).
In light of the high type I error of the SSE models used by Pyron and Wiens
(2013), and inaccuracies of extinction rate estimates from molecular phyloge-
nies when diversification is heterogeneous across tree, as found in this study,
understanding of why amphibian species richness is spatially heterogeneous
remains lacking (Rabosky, 2010; Quental and Marshall, 2010; Rabosky and
Hurlbert, 2015). Using recent speciation rate - which is the most accurate
macroevolutionary parameter (i.e. more reliable than speciation rate through
deep time and extinction rates) - this study sheds light on how speciation may
not have been the key driver in latitudinal and elevational diversity gradients.
Contrary to Pyron and Wiens (2013) tropical speciation rate is not higher
than temperate lineages. Consistent with studies utilising recent speciation,
spatial gradients of diversity across latitude are not explained by speciation
rate in birds and marine fish (Jetz et al., 2012; Rabosky et al., 2015, 2018).
The finding that high-altitude amphibian species are diversifying as rapidly
as low-altitude species, a pattern also shown in birds (Quintero and Jetz,
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2018), demonstrates that montane regions are potentially less diverse due
to higher species extinction rates, producing high species turnover, or dis-
persal once speciation is complete into a lower elevation habitat. Therefore,
the montane species pump hypothesis for amphibian diversification could be
operating but requires high rates of dispersal to produce the uniform rates
across elevation presented here (Brown et al., 2014; Hutter et al., 2017).

The time at which the amphibians LDG was established is unknown,
with estimates at ∼30 Mya from Anuran families (Wiens et al., 2006) and
the present-day ‘steep’ gradient is also estimated at ∼30 Mya (Mannion
et al., 2014). Slightly older estimates of ∼50 Mya have been proposed from
palaeo-climatic reconstruction (Rolland et al., 2018). Spatially homogeneous
speciation rates of diversification over the recent past from the DR rates and
BAMM tip-rates is an indication that if the hypothesis that speciation rate
has produced the LDG, then rates in tropical regions have declined relative
to temperate rates, whether through a slowdown through time, or the recent
rise of temperate rates cannot be delineated in this study. Results presented
here suggest the estimated time at which the current LDG in amphibians
formed exceeds 10-20 Mya. The equal speciation rates of higher latitude and
elevation species may be due to the gradually accessible high-temperate and
high-altitude regions which have previously been uninhabitable, and would
reflect amphibian radiations in past palaeoclimatic warming events (Vieites
et al., 2007), thus reinforcing the evidence that biodiversity has been shown
to track palaeoclimate (Mayhew et al., 2012; Mannion et al., 2014). Rightly
the latitudinal- and elevation-speciation gradient results from partly molec-
ular phylogenies should be interpreted with caution, however, with over half
the species having genetic data the phylogeny gives insight into the pattern
at a broader scale than attainable from a purely molecular phylogeny (Clavel
and Morlon, 2017; Gearty et al., 2018). Additionally, two factors which may
bias results slightly but would not produce significant difference is the effects
of cryptic species and recent species dispersal. Amphibians have more cryptic
species that other vertebrate groups and most are predicted to be tropical
(Funk et al., 2012). As cryptic species are usually recently diverged from
recognised species, recent speciation rate would be bias downward if cryptic
species are undetected. Recent net-dispersal into temperate or high-elevation
zones may mask higher diversification in highly diverse regions. I note that
these effects would not dramatically alter the latitudinal or elevational gra-
dient of speciation.
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2.5.2 Environmental Drivers of Speciation

The three environmental factors hypothesised to affect species richness on a
macroecological scale are: energy (productive or kinetic), climatic stability
and environmental heterogeneity. In amphibians UV-B shows a positive re-
lationship to speciation rate. The mechanism for this increased speciation
rate is likely via the increase in mutation which in turn drives diversifica-
tion (Lanfear et al., 2010), and/or environmental energy which can lead to
higher species abundance without inhibiting speciation (Evans et al., 2005).
UV-B is the prominent macroecological factor for Anura and Caudata, but
not Gymnophiona. The relationship does not occur in Gymnophiona, likely
owing to their burrowing ecology (Wells, 2007). Environmental drivers of
speciation are harder to infer for Gymnophiona due to the smaller sample
size of species, with larger discordance between the effect sizes of BAMM
and DR rates to variables, effect size from BAMM are more reliable as it is
a more accurate estimate of lineage-specific speciation rate (Title and Ra-
bosky, 2018). The main difference in macroecological effect size on speciation
between Anura and Caudata is NPP. Anura have a neutral relationship be-
tween productivity and speciation, but Caudata demonstrate positive effects.
However, this positive effect is not the result of tropical radiations of Caudata
- Bolitoglossa and Pseudoeurycea - which show a minimal effect of NPP on
speciation rate. Ecological opportunity might explain the higher speciation
rate of these groups with a broad spectrum of available niche space allowing
fine-scale niche differentiation, relative to the same processes towards hgier
latitude and elevation where niche space is less broad (Yoder et al., 2010;
Schluter, 2016), and the high recent speciation rate suggests that although
these groups are speciose, speciation rate has not slowed through time.

The variability of effects that environmental predictors have on the spe-
ciation of different genera suggest that different groups diversify into niche
space across axis of altitude, productivity, and climate, with differing levels
of environmental- and climatic-stability. The environmental variables used
to disentangle the diversification heterogeneity among amphibian species has
not included the effects of phenotypic traits. Phenotypic trait-dependent di-
versification has been detected across many vertebrates; specifically amphib-
ians show high diversification associated with a high rate of morphological
evolution, sexual dimorphism, and life-history (Eastman and Storfer, 2011;
Rabosky and Adams, 2012; De Lisle and Rowe, 2015b). Extrinsic traits
(i.e. rate of climatic niche evolution and range size) also increase diversifica-
tion rate in amphibian groups but were not tested in this study (Kozak and
Wiens, 2010; Eastman and Storfer, 2011). Here I propose neither intrinsic
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nor extrinsic traits completely account for the speciation rate heterogene-
ity across the amphibian tree, but that environmental-trait interactions can
facilitate radiations. This infers that ecological opportunity varies between
groups, but that this alone cannot account for rapid diversification, espe-
cially in Anura which are not largely effected by NPP. Climatic stability,
represented in this study and temperature range and precipitation seasonal-
ity, show a negative relationship with speciation rate for Eleutherodactylus
and Litoria, both are speciose clades. Environmental stability gives an in-
dication whether species are niche generalists or specialists. These groups
suggest stable environments are conducive to species diversification. The
general negative effect of topographic heterogeneity and climatic heterogene-
ity on Caudata genera indicates that species in undulating environments are
potentially confined, unable to adapt, and thus population fragmentation
and differentiation is reduced. Caudata groups have previously been defined
as non-adaptive, indicating they undergo species diversification with min-
imal ecological divergence (Kozak et al., 2006). The adaptive restrictions
of Caudata species are also highlighted by the lack of phenotypic disparity
in the presence of competition (Kozak et al., 2009). The positive effect of
topographic heterogeneity in Mantidactylus species - a high altitude group
(mean species elevation = 887.5m) indicates that this group have diversified
by partitioning species across the elevational gradient of the montane regions
of Madagascar. As a non-adaptive genera - both ecologically and morpholog-
ically conservative - Mantidactylus have likely speciated in allopatry across
altitudinal ranges maintaining their stream-dwelling microhabitat (Riemann
et al., 2015).

2.5.3 Alternative Evolutionary Mechanism for Diver-
sity Gradients

The finding that recent speciation is not concordant with biodiversity and
thus may not be the prominent driver leaves two other processes that directly
control regional diversity as viable mechanisms: extinction rate and disper-
sal. The ecology of amphibian extinction is well defined, with small range
size, UV-B and human footprint all increasing risk of extinction (Cooper
et al., 2008; Pincheira-Donoso et al., in press). Phylogenetically, the extinc-
tion rates of Gymnophiona are low, as are certain lineages within Anura and
Caudata (Jetz and Pyron, 2018), while spatially extinction rate has been
found to be higher in temperate regions (Pyron and Wiens, 2013); however
this may be drastically altered as many tropical regions show hotspots of

53



extinction risk (Pincheira-Donoso et al., in press). With recent speciation
rate relatively homogeneous across space, high temperate extinction is a pri-
mary hypothesis for vertebrate biodiversity gradients (Pyron, 2014b; Pulido-
Santacruz and Weir, 2016). Alternatively, amphibian biodiversity hotspots
might be formed via range movement instead of diversification dynamics (see
Huang et al. (2017)). Pyron and Wiens (2013) found support for the ‘into-
the-tropics’ hypothesis for amphibians (though see Alves et al. (2017) for
limitations on inference), although at smaller scales (e.g. hylid frogs), orig-
ination within the tropics with recent dispersal into temperate regions has
been found (Wiens et al., 2006). For all amphibians, climatic niche conser-
vatism is high and latitudinal shifts are infrequent, and therefore dispersal is
though to be less influential on diversity clines than speciation and extinc-
tion (Hof et al., 2010; Rolland et al., 2018). From a physiological perspective
the upper bound of temperate and high altitude ranges are limited by the
requirements of ectotherms. Temperature decline with increased elevation
causes lower body temperature in Anuran species limiting the diversity in
high montane regions (Navas et al., 2013). Additionally, net dispersal into
and out of the tropics may fluctuate through time. Interglacial periods may
result in net movement into high latitude regions and subsequent diversifi-
cation, whereas in glacial periods the movement may be inversed with high
temperate extinction, especially given the physiological tolerances and habi-
tat requirements of extant amphibian species (Wells, 2007).

2.6 Conclusion

Recent speciation across latitude and elevation in the world’s amphibians is
spatially homogeneous. This supports dates for the amphibian LDG at 30-
50 Mya as high tropical speciation is not higher than temperate rates over
the recent past (∼20 My). Therefore, although speciation rate which forms
the basis for the evolutionary hypothesis may have produced biodiversity
hotspots before the Miocene, it is rejected for recent rates. This pattern
indicates that the future of biodiversity hotspots in amphibians are dynamic
through time and with access to temperate regions in geological periods of
high temperature the future LDG may be much shallower than at present
(Mannion et al., 2014; Schluter and Pennell, 2017). This process will alter
the EDG in parallel with higher altitude environments increasing in species
richness. The higher threat of extinction in the tropics coupled with the
equal rates of speciation suggest that the LDG could be diminished in the
Anthropocene and spatial patterns of biodiversity may alter on a global scale
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(Pincheira-Donoso et al., in press).
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Chapter 3

Ecological Constraints and
Competitive Niche-Filling
Slows Diversification of Island
Amphibians

3.1 Abstract

The evolution and spatial organisation of biodiversity is hypothesised to be
fundamentally driven by the availability of niche space. Therefore, theory
predicts that species diversity is bounded and reaches an equilibrium as it
proliferates. Testing this theory has proved a challenge for both palaeon-
tological or phylogenetic approaches. The macroevolutionary dynamics of
many taxonomic groups have undergone diversification slowdowns through
time, inferred to have been induced by a gradual process of niche-filling -
whereby an environment reaches ecological saturation. Hypothesised mech-
anisms of niche-filling vary, but generally infer competitive interactions, and
in some cases potential niche divergence between sexes. This study investi-
gates whether species and ecological diversification of several island amphib-
ian radiations is bounded. Amphibians are unable to traverse sea water and
thus usually remain spatially constricted to a single island or archipelago.
Using phylogenetic methods I test whether diversification shows diversity-
dependence, and whether the tempo of evolution for three niche-proxies or
sexually dimorphic species show characteristics of niche-filling. I find that
diversification consistently declines as a function of species richness, and that
this is due to both competitive interactions and ecological limits, but not the
saturation of niche space at the level of sexes. Sympatric niche-partitioning
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occurs in speciose regions, however niche disparity remains minimal for most
clades. The limiting factor in island richness is generally found to be produc-
tivity, island area and precipitation. In summary amphibian diversification
at small taxonomic scales shows clear evidence for niche-filling.

Key words: Macroevolution, diversity-dependence, niche-filling, ecology,
competition.
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3.2 Introduction

The global diversity of species is not symmetrically spread across space or
taxonomic groups. Some taxonomic groups are exceptionally diverse, while
others contain a single species (Alfaro et al., 2009). Likewise, geographi-
cally species richness is broadly known to gradually decline towards higher
latitudes and elevations (Rahbek, 1995; Hillebrand, 2004). These consis-
tent biodiversity asymmetries raise the question whether some clades reach a
diversity limit, at which diversification rate is bounded - a question that re-
mains strongly debated (Cornell, 2013; Harmon and Harrison, 2015; Rabosky
and Hurlbert, 2015; Marshall and Quental, 2016). Although the fossil record
shows plateaus of diversity through time, the overall macroevolutionary tra-
jectory of species richness is unclear (Foote, 2000a,b; Alroy, 2008; Benson
et al., 2016). Additionally, it is possible that limits to species diversity exist
but current biodiversity is far below ecological limits - with plenty of vacant
niche space (Walker and Valentine, 1984) - and thus does not influence spe-
ciation and extinction dynamics.

Speciation occurs through a number of mechanisms. The biogeographic
setting in which the process of diversification takes place is one of the most
important factors. Insular environments, in particular, have a threshold area
below which speciation cannot take place (Losos and Schluter, 2000; Kisel
and Barraclough, 2010). Species richness on islands which exceed this area
is determined by speciation in addition to the dispersal and extinction rates
(MacArthur and Wilson, 1967; Valente et al., 2015). Both phenotypic traits
and ecological factors can promote in-situ diversification and can facilitate
radiations (Gavrilets and Losos, 2009; Yoder et al., 2010; Wagner et al., 2012).
In adaptive radiations, lineages usually undergo an early-burst of diversifica-
tion, followed by a diversity-dependent slowdown as niche space is saturated
across a spectrum of ecological conditions, a pattern shown by individual-
level and species-level models (Etienne et al., 2012; Aguilée et al., 2018;
Herrera-Alsina et al., 2018). Yet radiations are not exclusively adaptive, dif-
fering in their ecology and geography, with variable evolutionary trajectories
(Schluter, 2000; Simões et al., 2016). Some radiations diversify by exploiting
spatial opportunity to form allopatric species with minimal ecological diver-
sification, and thus their geographic distribution can define their speciation
dynamics (Lambert et al., 2019).

The upper limit of species richness, especially on islands, is hypothesised
to be determined via a process of niche-filling (Rabosky and Glor, 2010). This
mechanistic model has been used to explain species- and trait-diversity slow-
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downs through time (Harmon et al., 2003; Price et al., 2014; Cooney et al.,
2017). Ecological limits (i.e. the exhaustion of resources as species diversity
accumulates in a given area) have been hypothesised to suppress speciation
and/or increase extinction (Phillimore and Price, 2008; Rabosky and Lovette,
2008; Rabosky, 2009a,b). Islands are especially well-suited to investigate eco-
logical saturation as range expansion is limited compared to large continental
clades, thus without island dispersal, newly formed species remain confined
to the region. Phylogenetic slowdowns are consistently detected across tax-
onomic groups, however, this pattern is not necessarily through niche satu-
ration - especially when studies do not account for biogeography - and can
arise via other evolutionary processes or statistical artefacts (Revell et al.,
2005; Cusimano and Renner, 2010; Moen and Morlon, 2014; Diaz et al., 2019).

Competition between species causes phenotypic diversity by character dis-
placement, and is hypothesised to drive specialisation of eco-types in adaptive
radiations (Schluter, 2000; Losos and Ricklefs, 2009). Competitive interac-
tions within and between radiations also affect species diversity, either by
causing niche-partitioning (Pigot et al., 2016b) or driving extinction through
competitive exclusion (Pires et al., 2017). The interplay of biotic interac-
tions and environmental factors impact the limit to species diversity (Ezard
and Purvis, 2016). Diversity limits imposed via competitive interactions are
termed ‘Darwinian diversity-dependence’ (Rabosky, 2013).

In addition to these views of species as units of niche-filling, the ‘niche
packing equivalency’ theory hypothesises that sexes can diversify across niche
space when evolving sexual dimorphism, and thus saturate niches at the level
of sexes (Pincheira-donoso et al., 2018). Sexual dimorphism has been shown
to cause niche-filling in island and continental herpetofauna (Butler et al.
(2007); Pincheira-donoso et al. (2018) but see Meiri et al. (2014)). Evolu-
tion of sexual dimorphism from monomorphic species is hypothesised when
interspecific competition is minimal and niche space is vacant, allowing diver-
gent natural selection from intraspecific competition to produce dimorphism
(Meiri et al., 2014; De Lisle and Rowe, 2015a). The effect of sexual dimor-
phism on macroevolutionary dynamics are largely unknown, and in opposi-
tion to the niche packing equivalency theory, sexually dimorphic lineages of
amphibians have higher speciation and lower extinction rates (De Lisle and
Rowe, 2015b).

Understanding macroevolutionary patterns revealed from phylogenetic
comparative methods requires identifying the microevolutionary processes
that produced them (Weber et al., 2017; Pincheira-donoso et al., 2018). The
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integration of microevolution with macroevolution requires spatial and eco-
logical information to understand the dynamics of niche evolution, which can
have influenced diversification (Kozak and Wiens, 2010; Pianka et al., 2017).
Determining the relationship between microevolutionary processes and emer-
gent macroevolutionary patterns will reveal the dynamics of species diversi-
fication that have thus far only been shown in theoretical models (Aguilée
et al., 2018); as well as test hypotheses of biotic (i.e. Red Queen; Van Valen
(1973)) versus abiotic (i.e. Court Jester; Barnosky (2001)) drivers of species
diversification.

In this study I investigate whether amphibian radiations that have di-
versified on islands in-situ or across archipelagos have experienced a slowing
of diversification through time, potentially via ecological and/or competitive
niche-filling. Amphibians are a substantial component of vertebrate biodi-
versity and many of these species, particularly Anurans, have radiated on
archipelago systems (Setiadi et al., 2011; Blackburn et al., 2013). Amphib-
ians’s intolerance to saltwater tends to prevent frequent oceanic dispersal
(Pyron, 2014a). Scantlebury (2013) found Madagascan clades of amphibians
show a decline in diversification through time, without identifying an evo-
lutionary or ecological mechanism. I hypothesise that diversification is gov-
erned by niche-filling, from competitive interactions between closely related
species and ecologically limiting factors. I also theorise that niche-filling can
occur at the level of sexes when species diverge intra-specifically to different
domains of niche-space in accordance with the niche packing equivalency the-
ory. I test these hypotheses by investigating whether species diversification
and niche evolution has decreased through time; whether ecological factors
limit island diversity; and whether dimorphic clades have lower island species
richness using phylogenetic comparative approaches and linear models.

3.3 Methods

3.3.1 Phylogeny and Data

I classify radiations as at least 10 species within a genus diversifying from a
common ancestor, independent of the time since the common ancestor. Eco-
logical saturation within a given space requires either species in sympatry
or bordering ranges in allopatry. The presence of amphibian species on an
island was determined using island distribution data collated from Amphib-
iaWeb (2018). Investigating island radiations globally I identified 6 suitable
Anuran (Pseudophilautus in Sri Lanka, Eleutherodactylus in the Greater An-
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tilles, Boophis, Mantella, Mantidactylus, and Gephyromantis in Madagascar)
and one Caudata (Hynobius in Japan and Taiwan) genera that offer ideal
model systems to test the core hypothesis.

I extracted phylogenies of each radiation from both the Jetz and Pyron
(2018) time-calibrated phylogeny (hereafter named J&P tree) including 7,238
species and the Pyron (2014a) time-calibrated phylogeny (hereafter named
Pyron tree) of 3,126 species. The J&P tree is composed of molecular data
and soft taxonomic inference, and although diversification analysis using this
phylogeny is reliable, the phylogeny has limitations when applied for trait
analysis due to the use of a polytomy resolver (Kuhn et al., 2011; Thomas
et al., 2013; Rabosky, 2015b). I therefore use the completely molecular Pyron
tree for all trait analysis. Genus-specific phylogenies were extracted using the
‘drop.tip’ function in the package ‘ape’ (Paradis et al., 2004) in R version
3.4.3 (R Core Development Team, 2018). The J&P and Pyron trees were
non-ultrametric, so once clade-specific phylogenies were extracted they were
transformed to ultrametric by computing branch lengths from pairwise dis-
tances between tips using the non-negative least squares approach using the
‘nnls.tree’ function in the R package ‘phangorn’ (Schliep, 2011). Discrep-
ancy between the non-ultrametric and ultrametric trees were minimal (Table
S3).

Ecological and morphological data were collected for each species to quan-
tify a species’ niche space. Body size, measured as snout-to-vent length
(SVL), is a significant trait in a species’ ecology and evolution (Peters, 1983;
Labarbera, 1989). I used maximum SVL, which may overestimate some
species’ size but nevertheless provides a reasonable representation of species
size with asymptotic growth curves when at maximum size (Brown et al.,
1999). The Global Amphibian Biodiversity Project collated measurements
from the literature and were log-transformed prior to analysis. Species sexual
size dimorphism (SSD) was calculated as |ln(SV LMale/SV LFemale)|, which
has good statical properties (Smith, 1999; Fairbairn, 2007). To maximise the
coverage of species for which SSD data has been collected I use both max-
imum SV LMale over maximum SV LFemale, and mean SV LMale over mean
SV LFemale. As SSD is a relative measure the use of these different calcula-
tions of SSD will not distort SSD values across species.

The climatic niche describes the multivariate climatic conditions of a
species and has been a common proxy for niche space, especially in am-
phibian macroevolution (Kozak and Wiens, 2010; Bonetti and Wiens, 2014).
Climatic and elevation data was compiled by extracting data from locality
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points of IUCN range maps for each species, with the average calculated using
ArcGIS 10.2. A range of variable from WorldClim version 2.0 were extracted
at a resolution of 30 arc-seconds (Fick and Hijmans, 2017). In this study the
variables used to construct the climatic niche are: annual mean temperature
(BIO1), mean diurnal temperature range (BIO2), maximum temperature of
warmest month (BIO5), minimum temperature of coldest month (BIO6), an-
nual temperature range (BIO7), annual precipitation (BIO12), precipitation
of wettest month (BIO13), precipitation of driest month (BIO14), precip-
itation seasonality (BIO15), precipitation of wettest quarter (BIO16), and
precipitation of driest quarter (BIO17) (Fick and Hijmans, 2017). Phyloge-
netic principal component (pPC) analysis was performed on scaled variables
to reduce magnitude and reduce a single variable dominating the pPC score.
Phylogenetic non-independence of species is accounted for using a lambda
statistic of phylogenetic signal on the phylogeny using the R package ‘phy-
tools’ (Pagel, 1999; Revell, 2009, 2012). This model removes biases of as-
suming traits evolve under Brownian motion; and in addition I used 5 pPC
scores which covered at least 98% of the variance for each group (Table S4)
to remove potential biases of using a single PC score (Uyeda et al., 2015).
Lastly, I use elevation mid-point to define how species diversify across al-
titudinal gradients, as amphibians diversify across montane regions (Brown
et al., 2014; Hutter et al., 2017).

3.3.2 Diversity-Dependent Diversification

To examine whether niche saturation plays a role in the diversification of am-
phibian species, I assessed whether a radiations’ diversification rate slowed
through time. To qualitatively analyse the tempo of diversification for each
radiation a lineage-through-time (LTT) was plotted using 100 pseudo-posterior
J&P phylogenies using the R package ‘paleotree’ (Nee et al., 1992; Bapst,
2012). The LTT plot is the median value of the 100 pseudo-posterior phylo-
genies with a 95% confidence interval of species at a given time. Additionally
I plotted each radiation’s mean LTT from 100 pseudo-posterior trees on a nor-
malised LTT (nLTT) plot for comparison of radiations with different crown
ages and species diversities using the R package ‘nLTT’ (Janzen et al., 2015).

Models of the phylogenetic pattern of diversification were fitted using the
R package ‘DDD’ on 100 pseudo-posterior J&P phylogenies (Etienne et al.,
2012). This maximum-likelihood analysis uses a hidden Markov model to test
three different models of diversification: a diversity-independent constant-
rate birth-death model (Nee et al., 1994) and two diversity-dependent mod-
els which reduce diversification rate as a function of species richness (linear
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diversity-dependent (DDL+E) and exponential diversity-dependence (DDE+E)).
All models correct for the effect of missing species, as species known not to be
in the phylogeny are assumed randomly positioned throughout the tree. The
latter two models calculate a carrying capacity (K) parameter. Model selec-
tion on pseudo-posterior phylogenies used sample-size corrected Akaike infor-
mation criterion (AICc). Parametric bootstrap likelihood ratio test (BLRT)
was employed as information criteria have been shown to yield high type I
errors (Etienne et al., 2016). The bootstrap approach samples from the em-
pirical distribution of maximum likelihood estimates over many iterations to
determine accuracy (Efron and Tibshirani, 1993). Using the consensus phy-
logeny the BLRT uses the likelihood ratio test (Tekle et al., 2016) to compare
the constant rate birth-death model to the best-fitting diversity-dependent
model (either DDL+E or DDE+E). The BLRT calculates the distribution of
likelihood ratios. The distribution is computed by running 1,000 bootstrap
iterations of each model, at a significance value (α) set to 0.05. The diversity-
dependent model is robust to diversification across two geographic regions
linked by non-negligible rates of dispersal and extinction (Xu and Etienne,
2018), however, the model’s adequacy in multi-island clades is untested.

3.3.3 Trait and Ecological Diversification

To model body size, elevation, and climatic niche evolution, I fitted Brownian
motion (BM), and Ornstein-Uhlenbeck (OU) models of trait evolution using
the R package ‘geiger’ to the molecular Pyron phylogeny (Harmon et al.,
2008; Pennell et al., 2014). BM models trait evolution between species as a
random constant variance determined by the scaling parameter (σ) (Felsen-
stein, 1973, 1985). OU models trait evolution under Brownian motion with
an additional stabilizing selection term, driving towards an optimum value
(θ) at rate α that provides maximum ecological fitness (Hansen, 1997; Butler
and King, 2004). I also used models which explicitly model biotic interactions
as a driver of phenotypic disparity by treating trait evolution in sympatri-
cally interacting lineages as non-independent (Nuismer and Harmon, 2015;
Drury et al., 2016). I tested two diversity-dependent models. The linear
diversity-dependent model (DDlin) tests trait evolution as a linear function
of clade richness, and the exponential diversity-dependent model (DDexp) as
an exponential function of clade richness (Weir and Mursleen, 2013; Drury
et al., 2016), using the R package ‘RPANDA’ (Morlon et al., 2016). These
models can measure trait evolution as a positive and negative function of
diversity and thus elucidate whether trait evolution is higher in speciose re-
gions. I also used the matching competition model (MC) which estimates
an exclusively divergent character displacement parameter (MC ≤ 0) from
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divergence in phenotypically similar species in sympatry, from the R package
‘RPANDA’ (Drury et al., 2016). In addition to diversity-dependent models,
the delta model was used to test for a time-dependency in the tempo of trait
evolution in the ‘geiger’ R package. This model detects acceleration or decel-
eration through time (Pagel, 1999). Best-fit models were chosen using AICc
which has good statistical properties for model selection (Drury et al., 2016).
I tested for a correlation between average competition across all traits with
radiation richness and average SSD.

To reconstruct ancestral biogeographic ranges, species were assigned to
an island. For species on the Greater Antilles, Sri Lanka, Japanese islands
and Taiwan, species are assumed in sympatry in keeping with the spatial
scale of previous studies that employ spatially-explicit trait models (Drury
et al., 2016, 2018), while for Madagascar I designate three biogeographic
regions for sympatry based on the ecoregions defined by Vieilledent et al.
(2016). Delineation of amphibian communities using these boundaries was
reasoned on the known restriction of Malagasy amphibians to particular
habitat types (Glaw and Vences, 2003; Brown et al., 2014), with the ecore-
gions used largely congruent to boundaries of Madagascar’s biomes (Yoder
and Nowak, 2006). Biogeographic ancestral states were reconstructed for
all groups using the dispersal-extinction-cladogenesis (DEC) and DEC plus
jump (DEC+J) stochastic biogeography models in the ‘BioGeoBEARS’ R
package (Matzke, 2014), with the best fitting model used in trait analysis
(Table S5). Spatially explicit trait models (DDlin, DDexp, MC) were run
50 times, with 50 stochastic maps constructed using the best fitting DEC or
DEC+J model parameters, to account for biogeographic uncertainty.

The disparity between species has commonly been used to show how an
adaptive radiation has diversified in morphospace. Disparity through time
analysis was run for body size, climatic niche and elevation using the R
package ‘geiger’ using the Pyron phylogeny. Reconstructing the ancestral
states of all of these niche-proxies from extant species data the analysis uses
the average squared Euclidean distance between species on a multivariant
space (Harmon et al., 2003). The null model is a rank envelope test which
uses BM simulations to detect significant disparity (Murrell, 2018). The
morphological disparity index (MDI) quantifies the disparity from species
and the median trait values under Brownian simulations (Harmon et al.,
2003; Slater et al., 2010; Murrell, 2018).
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3.3.4 Testing the Ecological Limiting Factors on Di-
versity

Ecological limits on species diversity are hypothesised to arise from the pro-
gressive saturation of ecosystem resources preventing new species from form-
ing. Here I employ quantile regression to test whether ecological variables
dictate the upper bound for community species richness on islands (Cade
et al., 1999). The method fits linear regressions to the data at different
quantiles to model the relationship between variables at intervals of the dis-
tribution. Under this approach, the hypothesis of ecological limiting factors
predicts that species richness has no relationship with an ecological variable
at lower quantiles but a positive relationship at higher quantiles (i.e. slope
of regression increases as quantile increases) (Koenker and Bassett, 1978). I
used the R package ‘quantreg’ (Koenker, 2018) to run quantile regressions
every 5th quantile to the 95th quantile (0.05 ≤ τ ≥ 0.95) to asses whether
the gradient of the regression slope altered at different quantiles (Cade and
Noon, 2003). The limiting factors on island species richness were tested us-
ing the mean value across all species on an island for: NPP, mean annual
precipitation, and annual mean temperature, as well as standard deviation
of elevation, islands with a single species used raw elevation. These variables
were chosen as they represent environmental energy and habitat availabil-
ity which are a priori limits of diversity (Evans et al., 2005). I also tested
whether island area or time since colonisation - calculated using phylogenetic
crown/node age from the Pyron phylogeny as an estimate for colonisation of
the island (Valente et al., 2015) - limited island diversity. Given the low dis-
persal ability of amphibians between islands crown or node age gives a good
approximation of time when the island was first colonised by a radiation. This
tests whether diversity is restricted under the species-area relationship and
the time-for-speciation hypothesis (Losos and Schluter, 2000; Stephens and
Wiens, 2003). The quantile regression framework does not incorporate phy-
logenetic non-independence. Therefore, the dataset was transformed prior to
analysis using the ‘macrocaic’ function for independent contrasts of species
richness and traits using the R package ‘caper’ to transform the data using a
pruned phylogeny of one lineage per radiation per island (Felsenstein, 1985;
Agapow and Isaac, 2002; Orme et al., 2018). Quantile regressions were then
run using this corrected dataset at every 5th quantile with independent con-
trasts forced through the intercept at zero (Garland et al., 1992; Jovani et al.,
2015).
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3.3.5 Testing the Niche-Packing Equivalency Theory

I tested whether communities which exhibit sexual size dimorphism have
lower species richness as hypothesised by the ‘niche packing equivalency’
theory, whereby intraspecific divergence can fill niche space and thus result
in lower species richness than if niches were filled by sexually monomorphic
species. Using the molecular phylogeny, I tested whether absolute sexual di-
morphism exhibits phylogenetic signal using Pagel’s lambda statistic in the
R package ‘phytools’ (Pagel, 1999; Revell, 2012).

To test the relationship between SSD and species richness I ran a Pear-
son’s correlation of average SSD against island species richness per radia-
tion. This method loses most of the information at smaller scales, there-
fore, in order to assess species-specific SSD and account for phylogenetic
non-independence I also ran a Bayesian mixed-effects phylogenetic linear re-
gression using the MCMCglmm R package (Hadfield, 2010). Phylogenetic
non-independence was accounted for using a covariance matrix from the Py-
ron phylogeny (Hadfield and Nakagawa, 2010). Island identity was used as
a random effect to prevent pseudoreplication (Hurlbert, 1984; Bolker et al.,
2009). MCMC chains were run for 1,000,000 iterations with a burn-in of
10% and a thinning interval of 100. Species that occur on more than one
island (Eleutherodactylus coqui, E. planirostris, Hynobius nebulosus, and H.
nigrescens) were represented by a phylogenetic lineage per island. In other
words a species inhabiting two islands would have two lineages in the phy-
logeny each labelled with a separate island for the random effects in the
model. These proxy lineages to account for multiple island inhabitance were
the phylogenetically closest sister-species (not already in the dataset). This is
similar to the soft-taxonomic inference approach used by Wagner et al. (2012)
to account for multiple ‘opportunities to diversity’ and the proxy phylogeny
approach used by Pincheira-donoso et al. (2018).

As total niche diversity will differ between regions, I ran a multiple linear
regression of SSD with environmental predictors of niche space (NPP, mean
annual temperature, mean annual precipitation). Additionally, I included
elevation and latitude to detect whether niche space varied across clines which
show a biodiversity gradient. A multiple generalised least squares regression
was run including phylogenetic control for species non-independence (PGLS)
in the R package ‘ape’ and ‘nlme’, using the Pagel’s lambda value (above).
The PGLS model was dredged using the R package ‘MuMIn’, and from this
the best-fitting models (∆ AICc < 6) were used for model-averaging effect
size per predictor variable (Barton, 2018).
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3.4 Results

3.4.1 Ubiquity of Diversification Slowdowns

All the radiations investigated in this study, except from Mantella, showed
a diversification slowdown through time. Pronounced asymptotic lineage ac-
cumulation curves are seen in Boophis, Gephyromantis, Mantidactylus, and
Hynobius ; while Pseudophilautus has a less obvious diversification slowdown
through time from the LTT plots (Fig 3.1A-E). Eleutherodactylus shows a
fluctuating diversification tempo (Fig 3.1F). Conversely, Mantella showed a
near constant rate of species increase (Fig. 3.1G).

Diversification slowdowns are established in most groups while one shows
a more linear accumulation of lineages through time, the direct comparison
of diversification tempo between groups shows that even amongst groups
that show comparable LTT lines there is temporal disparity in pulses of
diversification (Fig 3.2). However, a general pattern of proliferation early
in the clades’ history is found in groups that show a LTT diversity plateau,
whereas other clades exhibit a late-burst of diversification on the normalised
plot (Fig 3.2). The nLTT also shows the difference between archipelago
groups as well as the difference between in-situ radiations.
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(a) Boophis LTT
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(b) Gephyromantis LTT
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(c) Mantidactylus LTT
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(d) Hynobius LTT
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(e) Pseudophilautus
LTT
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(f) Eleutherodactylus
LTT
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(g) Mantella LTT

Figure 3.1: Lineage-through-time plots with median lineage accumulation
curve (black line) and 95% confidence intervals from phylogenetic uncertainty
from 100 pseudo-posterior trees for (A) Boophis, (B) Gephyromantis, (C)
Mantidactylus, (D) Hynobius ; (E) Pseudophilautus, (F) Eleutherodactylus,
and (G) Mantella.
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Figure 3.2: Normalized LTT plot for all seven radiations. In-situ radiations
have a solid line, and archipelago radiations have a dashed line.
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Comparative phylogenetic models found linear diversity-dependent diver-
sification was the best fit model for all Boophis, Eleutherodactylus,Mantidactylus,
and Hynobius pseudo-posterior phylogenies (Table 3.1). Exponential diversity-
dependent diversification was the next best-fitting model. For Gephyromantis
and Pseudophilautus most pseudo-posterior phylogenies were linear diversity-
dependent, while others were exponential diversity-dependent diversification,
though for Pseudophilautus certain trees better fit the constant-rate over ex-
ponential diversity-dependent birth-death model. Mantella pseudo-posterior
phylogenies best-git constant-rate birth-death and diversity-dependent mod-
els (Table 3.1). Finding the linear diversity-dependent model is the better
fit over exponential diversity-dependence, the bootstrapping approach found
6 genera showed a significant pattern of diversity-dependence (Boophis P =
0.001; Eleutherodactylus P = 0.001; Gephyromantis P = 0.020; Hynobius
P = 0.024; Mantidactylus P = 0.037; Pseudophilautus P = 0.010); only in
Mantella was the constant-rate model not rejected (P = 0.759). For most
genera the power of the bootstrapping at the critical value was high (>0.8),
two had moderate power (0.7-0.8), and only Mantella had poor ability to
reject the null model (power = 0.159) (Table S6).
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Genus Model λ̄ (± SD) µ̄ (± SD) K̄ (± SD) Mean LogL (± SD) D.F. Mean AICc (± SD)

Boophis

crBD 0.054 (0.006) 1.427× 10−4 Inf -287.295 (8.289) 2 578.757 (16.579)

DDlin 0.140 (0.019) 7.885× 10−3 (0.007) 85.409 (3.651) -276.956 (7.923) 3 560.250 (15.847)

DDexp 0.597 (0.252) * 2.129× 10−3 (0.003) *† 1.353× 105 (4.727× 105) *† -280.553 (7.853) * 3 567.183 (15.707) *

Eleutherodactylus

crBD 0.046 (0.006) 5.824× 10−5 (1.208× 10−4) Inf -514.031 (14.593) 2 1032.159 (29.186)

DDlin 0.084 (0.013) 2.188× 10−4 (5.187× 10−4) 175.089 (8.316) -504.817 (15.0.33) 3 1015.828 (30.067)

DDexp 0.229 (0.062) * 2.860× 10−3 (0.004) * 1.233× 106 (2.143× 106) * † -508.734 (14.556) * 3 1023.663 (29.111) *

Gephyromantis

crBD 0.052 (0.004) 1.102× 10−4 (1.800× 10−4) Inf -154.873 (2.628) 2 314.062 (5.256)

DDlin 0.154 (0.033) 0.011 (0.011) 45.095 (2.099) -148.708 (2.475) 3 304.064 (4.944)

DDexp 0.786 (0.203) * 0.002 (0.002) * 1.885× 104 (9.042× 104) * -149.195 (2.552) * 3 305.038 (5.105) *

Mantella

crBD 0.164 (0.024) 0.127 (0.032) Inf -45.637 (1.319) 2 96.197 (2.638)

DDlin 1337.630 (1.335× 104) 0.198 (0.023) 15.174 (0.171) -44.271 (1.486) 3 96.541 (2.973)

DDexp 2.403 (1.240) 0.189 (0.026) 15.071 (0.339) -44.979 (1.409) 3 97.957 (2.817)

Mantidactylus

crBD 0.052 (0.004) 5.667× 10−5 (6.848× 10−5) Inf -115.013 (2.324) 2 234.454 (4.649)

DDlin 0.146 (0.021) 0.006 (0.007) 33.414 (1.033) -109.986 (2.158) 3 226.861 (4.316)

DDexp 0.507 (0.202) 0.001 (0.002) 5.717× 104 (2.102× 105) -111.814 (2.118) 3 230.517 (4.236)

Hynobius

crBD 0.060 (0.007) 2.288× 10−5 (3.640× 10−5) Inf -78.861 (2.169) 2 162.353 (4.338)

DDlin 0.207 (0.061) 0.012 (0.011) 28.827 (0.886) -73.868 (2.363) 3 155.070 (4.726)

DDexp 0.913 (0.543) 0.001 (0.002) 1.309× 104 (4.983× 104) -75.353 (2.413) 3 158.039 (4.825)

Pseudophilautus

crBD 0.087 (0.006) 4.605× 10−5 (7.627× 10−5) Inf -252.072 (4.973) 2 508.311 (9.946)

DDlin 0.269 (0.059) 0.062 (0.024) 80.194 (5.698) -248.068 (4.600) 3 502.474 (9.200)

DDexp 0.423 (0.155) 0.015 (0.016) 3.519× 105 (1.229× 106) † -249.344 (4.571) 3 505.025 (9.143)

Table 3.1: Diversity-dependent and constant rate birth-death model param-
eters averaged across 100 pseudo-posterior phylogenies with standard devi-
ation (SD) in brackets. * indicates mean excluded models that failed to
converge. † indicates mean excluded parameter estimates at infinity.
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3.4.2 Niche Evolution

Modelling niche-proxies as species traits through time revealed that the OU,
delta or exponential diversity-dependent (DDexp) model generally fit the data
best indicating either evolution around a stationary optimum trait value, or
an increase in rate of trait evolution with time or as the number of interacting
species increases (δ and r repeatedly > 0) (Table 3.2). A moderate number
of traits across genera showed stochastic evolution under BM. DDexp was
better fitting than other models incorporating species interactions. Increase
in trait evolution with species richness and clade age was found by the DDlin

and delta models which almost always estimated positive b and δ parameters
respectively (although the delta model failed to converge for Eleutherodacty-
lus). The MC model showed the worst fit to most of the datasets, without
being the best-fit model for any trait across the radiations. When the MC
model had inferior fit to the BM model the niche disparity between species
is likely the result of random variance not ecological character displacement.
The correlation between the average of the competition parameter across
all traits and species richness was positive but not significant (r = 0.463,
P = 0.295), while for SSD and competition the correlation was higher but
still non-significant (r = 0.618, P = 0.092). For genera that showed high
levels of variation in the stochastic maps used in trait models incorporating
species’ biogeography, the uncertainty is high in the distant past (>50 Mya)
for Eleutherodactylus and relatively constant through time for Hynobius (Fig.
S7; Table S7).
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Genus Trait Model σ2 z0 LogL D.F. AICc α δ b r S

Boophis

SVL BM 0.003 3.687 -13.238 2 30.919

SVL OU 0.008 3.708 -12.208 3 31.338 0.025

SVL Delta 0.002 3.703 -11.976 3 30.875 2.628

SVL DDlin 1.779× 10−10 3.696 -12.024 3 30.971 1.416× 10−4

SVL DDexp 2.825× 10−4 3.709 -12.129 3 31.181 0.098

SVL MC 0.003 3.687 -13.238 3 33.398 −2.160× 10−9

Boophis

Elevation BM 0.008 6.499 -23.015 2 50.530

Elevation OU 0.030 6.635 -19.915 3 46.874 0.058

Elevation Delta 0.004 6.641 -19.942 3 46.928 6.705

Elevation DDlin 1.308× 10−8 6.592 -21.367 3 49.778 3.356× 10−4

Elevation DDexp 6.252× 10−9 6.642 -19.983 3 47.010 0.551

Elevation MC 0.008 6.499 -23.016 3 53.074 0

Boophis

PC1 BM 0.182 0.467 -65.885 2 136.269

PC1 OU 2.248 -0.005 -63.154 3 133.352 0.178

PC1 Delta 0.102 -0.006 -63.153 3 133.350 18.868

PC1 DDlin 2.974× 10−6 0.022 -64.617 3 136.277 0.008

PC1 DDexp 3.451−20 0.008 -63.151 3 133.345 1.638

PC1 MC 0.182 0.467 -65.885 3 138.813 −7.183× 10−9

Boophis

PC2 BM 0.092 -0.434 -56.645 2 117.790

PC2 OU 0.379 -0.027 -51.693 3 110.429 0.070

PC2 Delta 0.044 -0.021 -51.679 3 110.402 7.590

PC2 DDlin 1.386× 10−9 -0.185 -54.238 3 115.519 0.004

PC2 DDexp 7.175× 10−8 -0.017 -51.697 3 110.437 0.548

PC2 MC 0.092 -0.434 -56.645 3 120.333 −2.505× 10−10
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Genus Trait Model σ2 z0 LogL D.F. AICc α δ b r S

Boophis

PC3 BM 0.034 -0.110 -43.407 2 91.314

PC3 OU 4.839 1.500× 10−5 -36.776 3 80.594 2.711

PC3 Delta 0.014 1.500× 10−5 -36.775 3 80.594 172.207

PC3 DDlin 6.760× 10−10 -0.042 -40.679 3 88.401 0.001

PC3 DDexp 2.407× 10−101 1.481× 10−5 -36.776 3 80.594 8.489

PC3 MC 0.034 -0.110 -43.407 3 93.857 −4.608× 10−9

Boophis

PC4 BM 0.018 0.137 -34.994 2 74.488

PC4 OU 2.946 −2.000× 10−5 -30.060 3 67.164 2.714

PC4 Delta 0.009 −2.000× 10−5 -30.060 3 67.164 172.006

PC4 DDlin 3.004× 10−9 0.028 -32.896 3 72.835 7.887× 10−4

PC4 DDexp 3.218× 10−182 −1.967× 10−5 -30.060 3 67.164 15.367

PC4 MC 0.015 0.137 -35.393 3 77.829 0

Boophis

PC5 BM 0.002 -0.006 -2.585 2 9.670

PC5 OU 0.290 0 1.255 3 4.534 2.718

PC5 Delta 0.001 0 1.255 3 4.534 172.170

PC5 DDlin 6.821× 1012 -0.011 -0.821 3 8.686 7.328× 10−5

PC5 DDexp 2.349× 10−139 2.334× 10−7 1.255 3 4.534 11.626

PC5 MC 1.674× 10−3 -0.006 -2.585 3 12.213 −1.192× 10−9
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Genus Trait Model σ2 z0 LogL D.F. AICc α δ b r S

Eleutherodactylus

SVL BM 0.007 3.683 -54.010 2 112.132

SVL OU 0.012 3.604 -48.680 3 103.586 0.031

SVL Delta error error error error error error

SVL DDlin 2.818× 10−3 3.655 -50.293 3 106.813 9.581× 10−5

SVL DDexp 3.052× 10−3 3.660 -49.769 3 105.765 0.018

SVL MC 5.451× 10−3 3.683 -54.968 3 116.162 0

Eleutherodactylus

Elevation BM 0.135 6.010 -219.873 2 443.859

Elevation OU 3.179 5.726 -192.587 3 391.402 0.792

Elevation Delta error error error error error error

Elevation DDlin 3.143× 10−7 6.071 -197.132 3 400.492 2.891× 10−3

Elevation DDexp 0.012 6.168 -192.892 3 392.013 0.049

Elevation MC 0.135 6.010 -219.873 3 445.974 −1.091× 10−9

Eleutherodactylus

PC1 BM 0.200 -0.011 -241.058 2 486.229

PC1 OU 0.401 0.014 -231.451 3 469.131 0.041

PC1 Delta error error error error error error

PC1 DDlin 0.049 -0.235 -233.193 3 472.615 3.739× 10−3

PC1 DDexp 0.061 -0.208 -231.981 3 470.190 0.026

PC1 MC 0.199 -0.011 -241.058 3 488.344 −3.213× 10−9

Eleutherodactylus

PC2 BM 0.082 -0.032 -192.275 2 388.663

PC2 OU 0.094 -0.037 -191.961 3 390.151 0.006

PC2 Delta error error error error error error

PC2 DDlin 0.112 -0.038 -190.886 3 388.001 −8.245× 10−4

PC2 DDexp 0.117 -0.042 -190.960 3 388.149 -0.010

PC2 MC 0.082 -0.032 -192.275 3 390.778 −1.295× 10−9
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Eleutherodactylus

PC3 BM 0.059 0.026 -174.382 2 352.877

PC3 OU 0.127 -0.033 -161.816 3 329.860 0.049

PC3 Delta error error error error error error

PC3 DDlin 5.233× 10−3 0.091 -166.345 3 338.920 1.430× 10−3

PC3 DDexp 0.020 0.085 -166.758 3 339.745 0.024

PC3 MC 0.059 0.026 -173.382 3 354.993 −9.167× 10−9

Eleutherodactylus

PC4 BM 0.022 -0.036 -121.020 2 246.153

PC4 OU 0.041 0.061 -111.711 3 229.652 0.036

PC4 Delta error error error error error error

PC4 DDlin 1.693× 10−3 -0.013 -115.193 3 236.615 5.733× 10−4

PC4 DDexp 9.404× 10−3 -0.035 -116.376 3 238.980 0.020

PC4 MC 0.021 -0.036 -121.078 3 248.386 0

Eleutherodactylus

PC5 BM 0.004 0.013 -30.313 2 64.738

PC5 OU 0.007 -0.003 -25.966 3 58.160 0.023

PC5 Delta error error error error error error

PC5 DDlin 7.694× 10−4 0.036 -21.917 3 50.063 8.600× 10−5

PC5 DDexp 1.173× 10−3 0.040 -20.855 3 47.938 0.028

PC5 MC 4.472× 10−3 0.013 -30.439 3 67.106 0
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Gephyromantis

SVL BM 0.002 3.541 1.960 2 0.467

SVL OU 0.003 3.538 2.696 3 1.408 0.017

SVL Delta 3.240× 10−4 3.330 13.788 3 -19.393 211.422

SVL DDlin 1.119× 10−6 3.538 2.772 3 1.256 6.930× 10−5

SVL DDexp 5.275× 10−4 3.538 2.679 3 1.443 0.044

SVL MC 1.738× 10−3 3.541 1.960 3 2.880 −1.185× 10−10

Gephyromantis

Elevation BM 0.020 6.306 -36.842 2 78.098

Elevation OU 0.025 6.297 -36.714 3 80.285 0.008

Elevation Delta 0.017 6.298 -36.674 3 80.204 1.388

Elevation DDlin 0.009 6.296 -36.702 3 80.262 4.570× 10−4

Elevation DDexp 0.011 6.298 -36.722 3 80.300 0.024

Elevation MC 0.019 6.307 -36.840 3 80.538 -0.001

Gephyromantis

PC1 BM 0.227 -0.181 -75.985 2 156.383

PC1 OU 0.395 -0.065 -75.278 3 157.414 0.022

PC1 Delta 0.168 -0.106 -75.431 3 157.718 1.924

PC1 DDlin 0.022 -0.101 -75.378 3 157.614 0.009

PC1 DDexp 0.045 -0.064 -75.239 3 157.335 0.064

PC1 MC 0.227 -0.181 -75.985 3 158.826 −5.295× 10−8

Gephyromantis

PC2 BM 0.071 -0.145 -57.405 2 119.223

PC2 OU 0.133 -0.118 -56.505 3 119.868 0.026

PC2 Delta 0.048 -0.135 -56.249 3 119.355 2.407

PC2 DDlin 1.086× 10−8 -0.143 -56.332 3 119.521 0.003

PC2 DDexp 0.011 -0.115 -56.537 3 119.930 0.072

PC2 MC 0.067 -0.145 -57.430 3 121.718 0
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Gephyromantis

PC3 BM 0.031 0.021 -44.005 2 92.423

PC3 OU 0.046 0.042 -43.673 3 94.202 0.015

PC3 Delta 0.024 0.073 -43.674 3 94.206 1.675

PC3 DDlin 0.006 0.056 -43.683 3 94.223 0.001

PC3 DDexp 0.011 0.040 -43.684 3 94.224 0.042

PC3 MC 0.031 0.021 -44.005 3 94.867 −1.460× 10−8

Gephyromantis

PC4 BM 0.014 -0.058 -31.372 2 67.158

PC4 OU 0.035 0.004 -29.173 3 65.203 0.045

PC4 Delta 0.008 0.003 -28.808 3 64.472 3.564

PC4 DDlin 1.182× 10−8 -0.026 -29.466 3 65.790 0.001

PC4 DDexp 4.689× 10−4 0.004 -29.193 3 65.243 0.127

PC4 MC 0.014 -0.058 -31.372 3 69.602 −3.978× 10−9

Gephyromantis

PC5 BM 0.002 0.015 -3.555 2 11.524

PC5 OU 0.004 0.012 -3.066 3 12.989 0.017

PC5 Delta 0.002 0.013 -2.799 3 12.456 1.929

PC5 DDlin 5.890× 10−11 0.013 -2.858 3 12.573 1.049× 10−4

PC5 DDexp 7.873× 10−4 0.011 -3.090 3 13.038 0.046

PC5 MC 2.455× 10−3 0.015 -3.555 3 13.967 −2.401× 10−11
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Mantella

SVL BM 0.003 3.307 6.069 2 -7.139

SVL OU 0.051 3.330 13.787 3 -19.393 2.718

SVL Delta 3.240× 10−4 3.330 13.788 3 -19.393 211.422

SVL DDlin 7.707× 10−4 3.313 7.893 3 -7.604 1.757× 10−4

SVL DDexp 2.800× 10−18 3.330 13.788 3 -19.393 2.381

SVL MC 2.820× 10−3 3.307 6.069 3 -3.957 −1.754× 10−9

Mantella

Elevation BM 0.219 4.991 -27.815 2 60.553

Elevation OU 0.764 5.747 -25.696 3 59.392 0.239

Elevation Delta 0.056 5.749 -25.685 3 59.369 12.903

Elevation DDlin 3.627× 10−9 5.279 -26.291 3 60.582 0.018

Elevation DDexp 7.550× 10−3 5.508 -25.703 3 59.406 0.265

Elevation MC 0.219 4.991 -27.815 3 63.630 −9.551× 10−9

Mantella

PC1 BM 0.649 1.099 -36.501 2 77.926

PC1 OU 1.170 0.448 -35.507 3 79.014 0.078

PC1 Delta 0.257 0.392 -35.347 3 78.695 4.113

PC1 DDlin 2.642× 10−6 0.731 -35.823 3 79.646 0.061

PC1 DDexp 0.140 0.806 -36.117 3 80.234 0.132

PC1 MC 0.649 1.099 -36.501 3 81.002 −8.164× 10−8

Mantella

PC2 BM 0.419 0.140 -33.008 2 70.938

PC2 OU 1.151 0.179 -29.129 3 66.257 0.234

PC2 Delta 0.086 0.180 -29.142 3 66.284 13.088

PC2 DDlin 4.707× 10−8 0.144 -30.720 3 69.440 0.032

PC2 DDexp 0.003 0.122 -29.125 3 66.251 0.374

PC2 MC 0.419 0.140 -33.007 3 74.015 −6.549× 10−8
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Mantella

PC3 BM 0.286 0.203 -29.951 2 64.825

PC3 OU 1.258 0.012 -22.722 3 53.445 0.622

PC3 Delta 0.035 0.013 -22.717 3 53.433 33.534

PC3 DDlin 1.274× 10−8 0.155 -27.107 3 62.214 0.020

PC3 DDexp 2.129× 10−6 0.007 -22.739 3 53.478 0.799

PC3 MC 0.286 0.203 -29.951 3 67.902 −3.636× 10−10

Mantella

PC4 BM 0.212 -0.078 -27.562 2 60.046

PC4 OU 4.112 4.600× 10−5 -20.469 3 48.939 2.718

PC4 Delta 0.026 5.000× 10−5 -20.469 3 48.939 151.897

PC4 DDlin 2.287× 10−8 -0.059 -24.914 3 57.829 0.016

PC4 DDexp 1.782× 10−10 1.613× 10−4 -20.461 3 48.922 1.378

PC4 MC 0.212 -0.078 -27.562 3 63.123 −7.657× 10−10

Mantella

PC5 BM 0.009 0.121 -2.173 2 9.269

PC5 OU 0.226 −3.100× 10−5 2.746 3 2.508 2.718

PC5 Delta 0.001 −2.100× 10−5 2.746 3 2.508 173.201

PC5 DDlin 2.870× 10−7 0.073 0.115 3 7.771 6.801× 10−4

PC5 DDexp 4.730× 10−13 −3.483× 10−4 2.750 3 2.499 1.569

PC5 MC 8.886× 10−3 0.121 -2.173 3 12.346 −1.533× 10−9
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Mantidactylus

SVL BM 0.003 3.800 -3.802 2 12.527

SVL OU 0.003 3.796 -3.795 3 15.590 0.003

SVL Delta 0.002 3.797 -3.781 3 15.563 1.256

SVL DDlin 0.002 3.799 -3.801 3 15.602 1.140× 10−5

SVL DDexp 0.002 3.798 -3.801 3 15.602 0.006

SVL MC 0.002 3.797 -3.545 3 15.090 -0.013

Mantidactylus

Elevation BM 0.016 6.550 -19.109 2 43.074

Elevation OU 0.095 6.610 -17.880 3 43.605 0.099

Elevation Delta 0.009 6.595 -17.828 3 43.502 5.184

Elevation DDlin 5.365× 10−10 6.561 -18.241 3 44.328 0.001

Elevation DDexp 9.298× 10−6 6.607 -17.841 3 43.528 0.483

Elevation MC 0.016 6.550 -19.109 3 46.063 −9.415× 10−8

Mantidactylus

PC1 BM 0.337 0.557 -45.244 2 95.345

PC1 OU 16.403 −9.800× 10−5 -41.605 3 91.057 1.049

PC1 Delta 0.142 −9.800× 10−5 -41.605 3 91.057 105.563

PC1 DDlin 6.851× 10−10 0.391 -43.602 3 95.050 0.023

PC1 DDexp 3.665× 10−79 −9.632× 10−5 -41.605 3 91.057 10.611

PC1 MC 0.337 0.557 -45.244 3 98.334 −4.276× 10−9

Mantidactylus

PC2 BM 0.085 0.004 -33.517 2 71.892

PC2 OU 0.679 0.006 -29.838 3 67.523 0.173

PC2 Delta 0.036 0.009 -29.837 3 67.520 15.720

PC2 DDlin 3.995× 10−9 0.044 -31.742 3 71.330 5.584× 10−3

PC2 DDexp 2.162× 10−13 0.013 -29.832 3 67.510 1.616

PC2 MC 0.085 0.004 -33.517 3 74.881 −4.642× 10−10
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Mantidactylus

PC3 BM 0.014 -0.016 -18.074 2 41.006

PC3 OU 0.077 -0.006 -15.250 3 38.346 0.109

PC3 Delta 0.006 -0.009 -15.219 3 38.285 8.878

PC3 DDlin 5.056× 10−10 -0.018 -16.558 3 40.961 9.358× 10−4

PC3 DDexp 4.167× 10−7 -0.013 -15.150 3 38.145 0.653

PC3 MC 0.011 -0.016 -18.263 3 44.372 0

Mantidactylus

PC4 BM 0.005 0.002 -8.675 2 22.207

PC4 OU 0.279 −8.000× 10−6 -6.182 3 20.209 1.150

PC4 Delta 0.002 −8.000× 10−6 -6.182 3 20.209 115.703

PC4 DDlin 7.423× 10−10 0.002 -7.494 3 22.834 3.222× 10−4

PC4 DDexp 1.217× 10−133 −8.201× 10−6 -6.182 3 20.209 17.745

PC4 MC 0.004 0.002 -8.692 3 25.231 0

Mantidactylus

PC5 BM 0.001 -0.087 2.002 2 0.854

PC5 OU 0.001 -0.085 2.003 3 3.839 0.001

PC5 Delta 0.001 -0.088 2.002 3 3.842 0.976

PC5 DDlin 0.001 -0.084 2.008 3 3.830 1.287× 10−5

PC5 DDexp 0.001 -0.084 2.008 3 3.830 0.011

PC5 MC 8.987× 10−4 -0.069 2.198 3 3.451 -0.011
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Hynobius

SVL BM 0.002 4.310 9.360 2 -14.054

SVL OU 0.003 4.298 9.540 3 -11.669 0.036

SVL Delta 0.001 4.291 9.654 3 -11.896 1.929

SVL DDlin 4.910× 10−4 4.286 9.727 3 -12.042 1.351× 10−4

SVL DDexp 5.187× 10−4 4.283 9.977 3 -12.542 0.121

SVL MC 0.001 4.309 9.432 3 -11.452 -0.015

Hynobius

Elevation BM 0.102 6.284 -30.285 2 65.321

Elevation OU 0.162 6.170 -29.997 3 67.593 0.039

Elevation Delta 0.075 6.128 -29.833 3 67.265 1.977

Elevation DDlin 0.054 6.282 -30.068 3 67.736 0.005

Elevation DDexp 0.058 6.276 -30.037 3 67.674 0.062

Elevation MC 0.080 6.237 -30.185 3 67.969 -0.020

Hynobius

PC1 BM 0.232 -0.467 -38.081 2 80.911

PC1 OU 0.244 -0.452 -38.078 3 83.756 0.004

PC1 Delta 0.206 -0.365 -38.043 3 83.687 1.298

PC1 DDlin 0.390 -0.767 -36.637 3 80.874 -0.021

PC1 DDexp 1.425 -1.214 -35.495 3 78.591 -0.259

PC1 MC 0.232 -0.467 -38.081 3 83.761 −6.620× 10−9

Hynobius

PC2 BM 0.186 -0.165 -35.958 2 76.666

PC2 OU 0.413 0.003 -35.339 3 78.278 0.074

PC2 Delta 0.122 0.043 -35.075 3 77.750 2.735

PC2 DDlin 3.068× 10−7 -0.038 -34.721 3 77.042 0.020

PC2 DDexp 0.031 -0.098 -34.924 3 77.449 0.182

PC2 MC 0.171 -0.150 -35.944 3 79.488 -0.007
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Hynobius

PC3 BM 0.176 -0.677 -35.447 2 75.644

PC3 OU 3.645 4.270× 10−4 -32.445 3 72.490 1.023

PC3 Delta 0.084 0.001 -32.445 3 72.490 36.869

PC3 DDlin 3.594× 10−7 -0.270 -33.973 3 75.545 0.018

PC3 DDexp 0.024 -0.185 -34.040 3 75.680 0.194

PC3 MC 0.176 -0.677 -35.447 3 78.494 −2.001× 10−8

Hynobius

PC4 BM 0.044 0.071 -22.296 2 49.342

PC4 OU 2.643 −1.100× 10−5 -20.111 3 47.821 2.718

PC4 Delta 0.023 −1.100× 10−5 -20.111 3 47.821 109.106

PC4 DDlin 0.026 0.040 -22.168 3 51.936 0.002

PC4 DDexp 0.033 0.043 -22.197 3 51.994 0.036

PC4 MC 0.044 0.071 -22.296 3 52.192 −1.934× 10−8

Hynobius

PC5 BM 0.030 -0.031 -18.687 2 42.124

PC5 OU 0.097 -0.036 -17.189 3 41.977 0.132

PC5 Delta 0.017 -0.043 -17.009 3 41.619 4.092

PC5 DDlin 0.053 -0.073 -17.724 3 43.048 -0.003

PC5 DDexp 0.159 -0.087 -17.306 3 42.213 -0.218

PC5 MC 0.028 -0.031 -18.707 3 45.015 0
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Pseudophilautus

SVL BM 0.004 3.401 -4.600 2 13.722

SVL OU 0.005 3.400 -4.467 3 16.025 0.011

SVL Delta 0.004 3.400 -4.597 3 16.285 1.047

SVL DDlin 0.003 3.400 -4.552 3 16.194 5.870× 10−5

SVL DDexp 0.003 3.399 -4.532 3 16.154 0.022

SVL MC 0.004 3.401 -4.600 3 16.292 −3.293× 10−8

Pseudophilautus

Elevation BM 0.095 6.174 -43.555 2 91.655

Elevation OU 0.435 6.246 -38.311 3 83.766 0.165

Elevation Delta 0.041 6.248 -38.302 3 83.747 9.568

Elevation DDlin 4.586× 10−9 6.173 -41.381 3 89.904 0.004

Elevation DDexp 1.199× 10−7 6.247 -38.326 3 83.794 0.598

Elevation MC 0.095 6.174 -43.555 3 94.253 −1.665× 10−9

Pseudophilautus

PC1 BM 1.109 0.389 -74.256 2 153.058

PC1 OU 42.608 0.007 -61.209 3 129.560 2.718

PC1 Delta 0.243 0.004 -61.204 3 129.552 204.437

PC1 DDlin 3.298× 10−8 0.347 -71.100 3 149.342 0.048

PC1 DDexp 9.881× 10−174 −6.050× 10−5 -61.200 3 129.542 16.039

PC1 MC 1.109 0.389 -74.256 3 155.655 −1.841× 10−9

Pseudophilautus

PC2 BM 0.166 0.112 -50.508 2 105.562

PC2 OU 2.371 -0.017 -40.456 3 88.055 0.790

PC2 Delta 0.047 -0.017 -40.456 3 88.055 49.983

PC2 DDlin 3.135× 10−9 0.101 -47.465 3 102.073 0.007

PC2 DDexp 7.904× 10−28 -0.015 -40.462 3 88.067 2.517

PC2 MC 0.166 0.112 -50.508 3 108.160 −1.387× 10−9
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Pseudophilautus

PC3 BM 0.051 -0.018 -35.725 2 75.995

PC3 OU 0.345 -0.003 -29.534 3 66.210 0.269

PC3 Delta 0.020 -0.003 -29.520 3 66.182 15.991

PC3 DDlin 5.528× 10−9 -0.037 -33.511 3 74.165 0.002

PC3 DDexp 1.723× 10−11 -0.003 -29.515 3 66.173 0.939

PC3 MC 0.051 -0.018 -35.725 3 78.592 −1.673× 10−9

Pseudophilautus

PC4 BM 0.038 -0.017 -31.920 2 68.386

PC4 OU 1.926 −4.110× 10−4 -22.500 3 52.142 2.718

PC4 Delta 0.011 −2.380× 10−4 -22.494 3 52.132 204.437

PC4 DDlin 2.269× 10−9 -0.025 -29.231 3 65.604 0.002

PC4 DDexp 1.801× 10−192 4.599× 10−6 -22.488 3 52.118 17.641

PC4 MC 0.036 -0.017 -31.934 3 71.011 −5.207× 10−10

Pseudophilautus

PC5 BM 0.026 0.077 -27.557 2 59.659

PC5 OU 1.144 5.800× 10−5 -15.987 3 39.116 2.718

PC5 Delta 0.007 2.900× 10−5 -15.978 3 39.098 204.436

PC5 DDlin 5.859× 10−10 0.073 -24.508 3 56.159 0.001

PC5 DDexp 2.624× 10−193 −1.058× 10−5 -15.966 3 39.074 17.697

PC5 MC 0.026 0.077 -27.557 3 62.256 −2.068× 10−9

Table 3.2: Fitting models of trait evolution to niche-proxies. BM = Brow-
nian motion. OU = Ornstein-Uhlenbeck. Delta = Delta time-dependent
model. DDlin = Linear diversity-dependence. DDexp Exponential diversity-
dependence. MC = Matching competition model. Models were fit to snout-
to-vent length (SVL), elevation and the five climatic niche principal com-
ponents (PC1-5). Models estimated a rate parameter (σ2) and an ancestral
trait value (z0), providing a log likelihood of the model (LogL), the degrees
of freedom (D.F.), and bias-corrected Akaike information criterion (AICc).
The rate of evolution towards an optimum (α), temporal dependency (δ),
linear diversity-dependence (b), exponential diversity-dependence (r), and
matching competition divergence (S) were parameters estimated by different
models.
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The disparity of traits across all genera showed mainly insignificant difference
from the Brownian motion null model (Table S8). SVL is only significant
in Mantella which showed a high MDI of 0.716. The other genera showed
surprisingly little disparity for body size, with Gephyromantis, Mantidacty-
lus and Pseudophilautus showing lower disparity than simulated under a
Brownian model. Elevation was significant in only two genera (Eleuthero-
dactylus and Pseudophilautus ; however Boophis P = 0.051). The princi-
pal components of the climatic niche were consistently significant, with at
least one significant PC across six clades (Table S8). In Boophis, Mantella,
and Pseudophilautus at least 4 PCs were significant exemplifying the pres-
ence of climatic niche disparity. Looking at those with significant MDIs, the
rank envelope null model shows most groups evolved disparity late in their
evolutionary history. Eleutherodactylus (SVL, elevation, PC1, PC3-5) and
Mantella (SVL, PC2-5) had significant disparity arise recently in the clade.
Pseudophilautus showed significant disparity temporally earlier than other
groups. There is a slight discrepancy between the significance finding from
the DTT plots and the MDIs though these were minimal (Fig. S8-S14; Ta-
ble S8). Disparity in archipelago groups is highest just after new islands are
colonised (Fig. S9-S10).

3.4.3 Ecological Constraints on Diversity

Quantile regression analysis carried out on independent contrasts showed
that species richness varies with ecological variables. All variables tested
showed an increase in slope with an increase in quantile. The clearest gradient
change as the quantile is increased, especially at the upper bound, was annual
precipitation, island area and NPP, with annual precipitation at τ = 0.9
being the only positive slope, while τ < 0.9 were all negative (Fig. 3.3 A-C).
Time since colonisation and standard deviation of elevation exhibited a slight
increase in regression gradient with quantile, with small differences between
τ = 0.8 and τ = 0.9 (Fig. 3.3 D, E). Mean annual temperature did not differ
in slope between τ = 0.8 admd τ = 0.9, indicating that at the upper limit
of the distribution there is no change in species richness and thus it is not a
substantial limiting factor (Fig. 3.3F).
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Figure 3.3: Quantile regression plots for independent constrasts of (a) an-
nual precipitation, (b) island area, (c) net primary productivity, (d) time
since colonisation, (e) standard deviation of elevation, (f) mean annual tem-
perature. Dashed blue lines are the upper (τ = 0.9) and lower (τ = 0.1)
quantile bounds for the regression, and the green dashed line is the τ = 0.8
quantile. The blue solid lines are the median quantile regression (τ = 0.5),
and the red solid lines are an ordinary least squares regression.
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3.4.4 Niche-Packing Equivalency in Island Amphibians

Testing for phylogenetic signal of SSD between species found a lambda value
of 0.672, which was significantly larger than 0 (LR test, P = 4.859× 10−9);
similarity in body size dimorphism of sexes between species is explained
largely by phylogenetic relationships. The Pearson’s correlation between
mean absolute SSD and species richness found a significantly positive re-
lationship (r = 0.533; P = 0.041) (Fig. 3.4A). The convergence of MCMC
in the mixed-effects model was ensured with an effective sample size of >500
and by inspecting the Markov chain time series (Fig. 3.4B). The phyloge-
netic mixed-effects model showed that SSD has a negligible effect on island
richness (estimate = 1.163× 10−4; 95% CI = -0.007 - 0.007, MCMC proba-
bility (pMCMC) = 0.947) (Fig. 3.4B). The only ecological factors found to
positively affect absolute SSD is elevation, while variables hypothesised to
be correlates of high niche space (i.e. NPP) are negatively correlated (Fig.
3.5). SSD decreases with increasing latitude.
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Figure 3.4: (a) Scatter plot of island mean SSD against island richness, (b)
species-specific SSD against island richness with island identity as a random
effect. MCMC trace plots for regression intercept and coefficient of SSD (left
column), and posterior density distribution of intercept and coefficient of
SSD (right column).
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Figure 3.5: Model-average effect size for ecological factors on sexual size
dimorphism from dredging phylogenetic generalised least squares regression.
sAnnualPP = standardised annual precipitation. sNPP = standardised net
primary productivity. sAnnMnTemp = annual mean temperature. sLat =
standardised latitude. sElev = standardised elevation.
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3.5 Discussion

A key prediction of the theory of niche-filling is that diversification will grad-
ually decrease as a function of species diversity, reaching an asymptote at
ecological saturation. This study provides large-scale comparative evidence
that diversity-dependent diversification is detected in some amphibian ra-
diations that inhabit one or multiple islands. The evolution and disparity
of niche space in the recent past suggests competition operates in speciose
regions. Productivity, island area, and precipitation impose limits of island
radiation richness. Intraspecific divergence between sexes is not saturating
niche space for other species as dimorphism has not significant effect on island
richness and is thus likely a result of sexual or fecundity selection. SSD is also
not positively related to niche space proxies. Overall, accessing ecological op-
portunity once an island is colonised may drive early-bursts of speciation yet
not trait diversification, while stabilising selection around adaptive optima
is prevalent and moderate levels of island richness promote niche evolution.

3.5.1 Diversification is Determined by Species Diver-
sity

The multiple groups found to have diversified under a model of diversity-
dependence is consistent with previous work on islands and continental sys-
tems (Phillimore and Price, 2008; Etienne et al., 2012; Pincheira-donoso
et al., 2015). The significant diversity-dependence in archipelago groups also
gives evidence that once an island is accessed and diversification ensures,
there is a slowdown through time, even when new islands are colonised
throughout the group’s history, as is the case with Eleutherodactylus and
Hynobius. The pulses of diversification are exhibited at times when Eleuthero-
dactylus initially radiate in Cuba and Hispaniola, and again when radiating
in Jamaica, analogous to patterns of other herpetofauna that have radiated
across the Greater Antilles (Rabosky and Glor, 2010). For Hynobius there is
no clear distinguishable periods of rapid diversification; however, I note that
rapid speciation and island colonisation may not be temporally congruent as
biogeographic ancestral state reconstruction and diversification analysis use
different phylogenetic trees.

The diversity-dependent models of diversification are best-fitting, even
when the phylogenies contain a high percentage of species from soft tax-
onomic inference whose branch lengths are biased towards a constant-rate
birth-death model as this is the model used to infer the species’ branch
lengths (Jetz and Pyron, 2018) (Table S9). This strengthens support for
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diversity-dependence when detected. Oceanic dispersal is inhibited by am-
phibians intolerance of salt water, suggesting that dispersal between islands
of archipelago clades is low. The ability to detect diversity-dependence is low
in low-dispersal systems (Xu and Etienne, 2018). In low-dispersal groups the
overall carrying capacity is accurate to the sum of all region specific carrying
capacities, but the carrying capacity should be interpreted with caution as it
is potentially biased towards the species richness of the group, and therefore
saturation is higher than presented by these analyses (Etienne et al., 2016; Xu
and Etienne, 2018). This carrying capacity may vary through time (Marshall
and Quental, 2016), while an island-specific carrying capacity would be more
information to understand spatially explicit niche-filling. Therefore an island
biogeography model may be better suited to these taxonomic groups (Valente
et al., 2015, 2018). Overall, the amphibian radiations are further evidence
for the deterministic nature of niche-filling radiations which will reach an
equilibrium diversity at which point speciation, extinction and net dispersal
are balanced (Losos, 2010). However, another mechanism which would pro-
duce this diversification pattern is a time-dependence. This has been found
for island radiations (Rabosky and Glor, 2010), and is found to be pervasive
across many taxa (Diaz et al., 2019). Interestingly, asymptotic diversification
patterns emerge in both organic and non-organic systems when structured
similarly, and therefore this pattern may be an inherent characteristic of the
system (see Keil et al. (2018) for example).

3.5.2 Competitive and Ecological Constraints

Niche-filling is proposed to inhibit diversification by reducing opportunity for
range expansion, which inhibits reproductive isolation to occur in allopatry
(Price et al., 2014). It can also prevent increases in species richness by in-
creasing extinction rate, likely due to competitive interactions (Reznick and
Ricklefs, 2009; Rabosky, 2013), potentially with species from other clades
(Pires et al., 2017). The mechanism by which diversity-dependence likely
operates in amphibians is via the inability to form allopatric populations.
Competition for niche space in sympatric species is found in several radi-
ations through the DDexp model incorporating biogeographic uncertainty
(Drury et al., 2017). Issues raised about comparing DEC and DEC+J mod-
els are acknowledged, however the DEC model was better fitting in all in-situ
radiations, while the DEC+J model was favoured in archipelago systems, and
therefore realistic biogeography models are selected in each group (Ree and
Sanmartin, 2018). The MC model did not detect divergent character dis-
placement, though it is possible that such a pattern would arise through a
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process of ephemeral speciation (Rosenblum et al., 2012). Extinction rate
estimations are reasonably low (Table 3.1) which suggests that if competi-
tion was present, it could be detected. Therefore, amphibian diversification
is likely bounded by the inability to disperse into new range by competition
and limited oceanic dispersal. Limited disparity in several radiations is con-
sistent with previous studies finding niche conservatism to be prominent in
amphibians (Kozak et al., 2006; Hof et al., 2010; Kozak and Wiens, 2010)
and ectotherms in general (Rolland et al., 2018). These non-adaptive radi-
ations require allopatry for new species to form (Rundell and Price, 2009).
The absence of negative diversity-dependence or deceleration through time
in niche evolution is in accordance with the widespread lack of early-bursts of
trait evolution, even when radiations are considered adaptive (Harmon et al.,
2010). In contrast, adaptive landscapes may be most labile when competi-
tive interactions and niche-partitioning are intense between many sympatric
lineages.

Investigating the behaviour of niche evolution through time found most
groups experienced increase in the rate of trait evolution across all niche-
proxies, indicating that species are partitioning niche space. Positive diversity-
dependent trait evolution and accelerated trait evolution is most certain when
detected across all PCs as in summation they contain almost all variation
in the data. This is due to the first PC containing most variation early in
the tree, therefore recent rapid evolution is falsely recognised (Uyeda et al.,
2015). Cladewise competition was detected from increasing trait evolution as
species richness increased, this is not necessarily evidence for the Darwinian
view of competition, whereby competition is intense between closely related
species, but could be between ecologically similar, distantly related species
(Godoy et al., 2014). The lack of divergent character displacement between
species in all traits analysed is also potentially due to the incomplete sam-
pling of the phylogeny, missing species that potentially underwent competi-
tive phenotypic divergence. Competitive divergence and evolution around an
optimum act antagonistically, therefore the poor fit of the MC model may be
due to the ratio of pull of the optimum and to competitve divergence, when
both are present positive DDexp is best supported as was found in this study
(Drury et al., 2016, 2017). The lack of character displacement may be used
to argue against it as a mechanism for phenotypic divergence (see Stuart and
Losos (2013)), however, although it is not detected in these amphibians, the
evidence of character displacement other island herpetofauna likely means it
can operate in these amphibian radiations (Stuart et al., 2014). Disparity in
the recent past for Eleutherodactylus does not consider island biogeography,
and could have simply resulted from adaptation to different island habitats
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across the Greater Antilles which may provide divergent selection pressures.
It is likely that large clades (e.g. Eleutherodactylus) are not under a single
OU regime. The performance of diversity-dependent and competition models
are unknown in complex adaptive landscapes. Here I do not test for shifts
in divergence/convergence, but if Eleutherodactylus are consistent with other
Greater Antillean diversification events species may show ecologically con-
vergent eco-types (Mahler et al., 2013; Khabbazian et al., 2016).

The prominent limiting factors on species richness were precipitation,
NPP and area, although conclusion should be interpreted cautiously due to
the small sample size (Cade and Noon, 2003). It is very likely that there are
several limiting factors that govern island richness. The effect of NPP and
precipitation give evidence that energy limits may determine diversity upper
bounds, although temperature has the weakest constraint on island diversity
(Hurlbert and Stegen, 2014; Rabosky and Hurlbert, 2015). Precipitation
likely limits richness through habitat availability for larval reproduction and
is less influential for Eleutherodactylus as it has evolved direct development
(Callery et al., 2001). The limiting effect of energy and area is found in other
insular radiations indicating it may be critical in richness equilibria in in-situ
vertebrate radiations (Wagner et al., 2014). Time has an increase in slope
with quantile at the upper range of the the quantile distribution but was
not as clear as other variables, suggesting the time-for-speciation is not a
prominent limiting factor, as shown by early-bursts and diversity-dependent
diversification, and that although clades require a sufficient amount of time
for speciation to occur clade diversity is not determined by time (Stephens
and Wiens, 2003).

3.5.3 Rejecting Niche-Filling at the Level of Sexes

Ecological mechanisms for the evolution of SSD are varied (Slatkin, 1984;
Shine, 1989). The finding that SSD is negatively correlated to community
species diversity in both island and continental herpetofauna has given valid-
ity to the niche packing equivalency theory in this taxonomic group (Butler
et al., 2007; Pincheira-donoso et al., 2018). However, a positive trend be-
tween SSD and speciation rates was found across amphibians, contradicting
the theory unless species for all these groups are well below the carrying ca-
pacity of their given environment (De Lisle and Rowe, 2015b). This study
reinforces the finding that amphibians do not conform to the niche packing
equivalency theory as SSD has a minimal effect on island richness, especially
as sexual dimorphism is usually higher on islands than mainland, thus if
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niche packing equivalency occurred in amphibians it should be detected in
island radiations (Meiri et al., 2014).

This finding is explained as speciation, the main driver of island rich-
ness in these clades, and intra-specific divergence can co-occur as inter- and
intra-specific divergent selection is across different ecological axes as well
as different time scales (Cooper et al., 2011). The reduction in speciation
thought to occur when divergent selection produces sexual dimorphism can
also be negated when the fitness values of traits selected in mating preference
(Bolnick and Doebeli, 2003). The same ecological selection pressures which
act to form reproductive isolation may act to produce ecologically distinct di-
morphic species (Nosil, 2012). The majority of anuran amphibian species in
this study exhibited female size exceeding that of male size, consistent with
most amphibians (Shine, 1979). Therefore the findings of this study may
be due to intraspecific divergence without niche-partitioning between sexes,
as would be predicted if sexual dimorphism is driven by fecundity selection
and still allow speciation via other selective pressures (Pincheira-Donoso and
Hunt, 2017). Conversely, the sole Caudata calde - Hynobius - showed male-
biased size dimorphism, potentially due ot the different magnitude of natu-
ral, sexual and fecundity selection acting on Caudata or of distinct ecological
conditions; it is noted that selection pressure on dimorphism may co-vary
with ecology (Tarr et al., 2018). There was no evidence that environmental
variables other than elevation positively effects SSD. High diversification can
also be explained if sexual selection drives both intra- and inter-specific di-
vergence in parallel (Kraaijeveld et al., 2011). The significant phylogenetic
signal of SSD suggests that it is maintained through species formation and
does not arise in incipient species or as a plastic character trait.

Principally, the interdependence of sexual size dimorphism and species
richness may not be fundamental. The findings of niche packing equivalency
have been shown using architype adaptive radiations - Anolis and Liolaemus
(Butler et al., 2007; Pincheira-donoso et al., 2018). The dynamics of adap-
tive radiation may be more affected by SSD than radiations that are not
exceptionally diverse phenotypically, as evidenced by the finding that the
evolution of SSD is likely environment specific - ecological opportunity for
SSD (Butler et al., 2007; Pincheira-donoso et al., 2018; Tarr et al., 2018). As
most amphibian clades are non-adaptive, diversifying in allopatry without
competitive interaction, SSD and richness are likely not antagonistic. The
hypothesis that SSD is reduced when the presence of interspecific competi-
tion increases is not supported, the correlation between species richness and
SSD with average competition across all traits was positive, opposite to the
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expectation that dimorphism evolves in less competitive environments; the
poor fit of the competition model and negligible competition parameter es-
timates suggest the correlation could be spurious (Meiri et al., 2014).

The utility of the niche in evolutionary ecology is unequivocal (Wiens,
2011), but its validity has been called into question (McInerny and Etienne,
2012). For testing niche conservatism and ecological diversification in radia-
tions it provides substantial insight to evolutionary mechanisms, but a more
unified niche value would allow further testing of the role of niche-filling
plays, if any, in macroevolution (Pianka et al., 2017). The inferences of niche
packing equivalency have inherent limitation when using body size as a sole
measure of sexual dimorphism as it losses many intricate aspects of poten-
tially dimorphic male and female traits (Scharf and Meiri, 2013). Lastly, this
study does not incorporate phenotypic plasticity, which may affect diversifi-
cation, niche evolution, competition and sexual dimorphism (Agrawal, 2001;
Pfennig et al., 2010; Stillwell et al., 2010). Without understanding species’
plasticity in morphology and niche space the dynamics of niche-filling and
coexistence cannot be fully understood (Turcotte and Levine, 2016).

3.6 Conclusion

The finding of diversification slowdowns across several radiations indicates
it is a common occurrence for the diversification tempo of island amphib-
ian genera. The niche-filling diversification dynamics of island radiations
is interpreted that when a clades’ diversity reaches a point of equilibrium
species-richness acts under a zero-sum game, but this does not denote total
island saturation as other ecologically distant amphibians can diversify under
separate, non-zero sum dynamics. Competition for niche space as well as eco-
logically limiting factors indicate that both the Red Queen and Court Jester
determine amphibian speciation and extinction dynamics through time. In
addition, the ecological limits detected are not absolute, and can likely be
exceeded if a species evolves a ‘key innovation’ or the carrying capacity fluc-
tuates depending on climate and species interactions (i.e. predator-prey,
mutualistic and competitive).
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Chapter 4

General Discussion

4.1 Macroecological Patterns of Diversifica-

tion

This thesis examines macrecological patterns of diversification utilising am-
phibians as a model system. Models to test theories of macroevolutionary
dynamics have been developed over several decades (Raup et al., 1973). Ev-
idence from empirical studies has accumulated especially in the recent past
with the application of phylogenetic comparative methods, revealing general-
ities in clade diversification: diversification slowdowns (Etienne et al., 2012),
diversification rate heterogeneity (Rabosky, 2014), and trait-dependency (Mad-
dison et al., 2007) among others. However, although ecological conditions
have been inferred for explained evolutionary phenomena, these are rarely
tested. The integration of ecological information into understanding speci-
ation and extinction has only been recent, but has led to new explanations
for macroevolutionary dynamics (Condamine et al., 2013; Ezard and Purvis,
2016). Environmental impacts on diversification have not been thoroughly
tested on a global scale. The two research papers in this thesis aim to answer
these questions from the perspective of: (1) How is recent speciation rate spa-
tially distributed across latitude and elevation, does it correspond to present
day species richness, and what environmental factors cause spatial differences
in speciation rate? (2) Do island radiations exhibit a diversification slowdown
with increasing diversity, and if detected is diversity bounded by a process
of niche-filling, potentially via competitive or abiotic constraints?

Investigating spatial distribution of speciation rates from the recent past
found homogeneous rates across latitude and elevation for amphibians. This
was consistent for Anura and Gymnophiona for both latitude and elevation.
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Caudata too showed a negligible elevational speciation gradient, but did show
a much steeper latitudinal speciation gradient, though still non-significant,
analysing the correlation using STRAPP. Potential environmental mecha-
nisms for this high tropical diversification were the positive effects of UV-B
and NPP on speciation rate across all Caudata. As both of these environmen-
tal variables show a latitudinal gradient which peaks in the tropics. Although
macroecological clines are known for UV-B and NPP as well as temperature,
the positive effects of UV-B on Anura does not produce a latitudinal nor
elevational gradient in speciation rate. Therefore, the latitudinal position of
a species has no direct effect on speciation, as temperate species with high
UV-B show high speciation rates. Caudata’s speciation gradient is due to
clades of tropical species which have rapidly diversified since dispersing from
temperate regions. The near neutral effects of many macroecological factors
across class-, order- and genus-level suggest that speciation rate differences
within clades are not due solely to differential ecology. The hypothesis that
temperature positively drives speciation is heavily rejected for Anura, and
has no support for Caudata and Gymnophiona. Investigating genera found
precipitation can heavily effect speciation rate both positively and negatively.
The theory that environmental energy facilitates high rates of speciation is
highly dependent on which metric of energy is used.

Testing the diversification of island clades through time found consis-
tent evidence for slowdowns owing to diversity-dependence. The consistent
finding of diversification to an asymptote did not mean that comparisons
of diversification dynamics through time between radiation were equivalent,
finding that both in-situ island radiations and radiations across archipela-
gos had disparity between patterns of lineage accumulation through time.
To uncover what caused this pattern I tested the theory of niche-filling;
testing hypotheses of ecologically limiting factors, competition and niche-
packing equivalency (see chapter 3 introduction and discussion for other
non-ecological mechanisms). Precipitation, productivity and island area all
showed the largest limiting effect on island richness. These likely operate
by mediating abundance of reproducing sites, and environmental energy to
control the upper bound of species richness. Island area as a limiting fac-
tor is expected as small insular environments show a species-area relation-
ship (Losos and Schluter, 2000). Explicitly testing for divergent character
displacement between ecological similar species in sympatry found negligible
niche displacement, however, the finding of positive diversity-dependent trait
evolution, with evolution around an optimum also prominent indicates that
competitive interactions are producing niche evolution, specifically partition-
ing between species (Drury et al., 2017). The theory that sexually dimorphic
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species can diverge across niche space and thus saturate a broad space - niche
packing equivalency theory - was rejected. As the majority of species showed
female-biased sexual size dimorphism it suggests that species maintain niche
space and sexes diversify from fecundity selection.

Linking the macroecological patterns detected in both of these studies
highlights that particular environmental variables do not drive speciation
rates over large geographic scales. However, species diversity is bounded by
environmental variables when operating in confined geographic space (i.e.
islands). Biotic factors also place limits on diversity as niche evolution is
positively affected by species diversity in sympatry. The findings of biotic
and abiotic factors limiting diversity demonstrates that gradual niche-filling
occurs with niche-partitioning at species upper bounds. Although diversifica-
tion slows as species richness increases, species origination is not completely
halted, and niche-partitioning in speciose regions likely permits speciation to
occur by reducing breadth of niche space. The effects this has on continental
systems is unknown, but if niche-filling occurs in other species-rich regions
(i.e. the tropics) then diversity may reach a regional limit. These finding
do however oppose the red queen theory for biotic interactions increasing
speciation (Schemske et al., 2009).

4.2 Amphibian Diversification Dynamics

The history of amphibians from ∼330 Mya to the present has produced a
variety of evolutionary, ecological and biogeographic scenarios. The diver-
sification of amphibians at small scales have been investigated but global
scale patterns are still not adequately explained (Pyron and Wiens, 2013).
Taken together the results of this thesis indicate that clades undergo system-
atic diversity trajectories, determined by diversity-dependent diversification
from biotic and abiotic controls. There is little variation in speciation rate
across space opposing theories that high species origination produce diversity
hotspots. These findings are in line with a growing body of work where the
species-level speciation rate is not directly correlated to that of present day
diversity (Jetz et al., 2012; Rabosky et al., 2015, 2018). The accumulation
of amphibian species has not shown a slowdown (Jetz and Pyron (2018),
Fig. 2) which as noted by Jetz et al. (2012) genera-specific slowdowns may
not represent an overall proliferation of the group as a whole. The evidence
that adaptive diversification and niche-partitioning of birds allows the group
to continue to diversify is also supported in this thesis with the finding of
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adaptive niche-partitioning, allowing amphibians to diversify in speciose re-
gions (Cooney et al., 2017). Caudata have the highest rate of speciation even
though Jetz and Pyron (2018) found a significant downturn in diversification
rates for this group, suggesting that extinction rate has rapidly increased in
the recent past. This extinction may result from competitive displacement
when competition for niches reaches a limit.

Taking these results into the context of current biodiversity and extinction
threat, the landscape of amphibian species richness is going to dramatically
alter over the next thousand years (Pincheira-Donoso et al., in press). If
a sixth mass extinction occurs, which is especially probable in amphibians,
it is unlikely that diversification dynamics post-extinction are going to fol-
low those of the past (Chen and Benton, 2012). The recovery process of
rapid species proliferation compared to pre-extinction rates will not play out
as human activity will limit ecological opportunity, via destruction of viable
habitats. This in turn will fragment species’ ranges, decreasing the ability for
allopatric populations to form. Therefore, although evidence suggests species
diversity has an upper bound, amphibians may fall well below that as mass
extinction ensues. However, in contrast to the empty niches of Walker and
Valentine (1984), human activity will destroy niches and reduce the global
carrying capacity.

4.3 Advances in the Study of Macroevolution

A better understanding of amphibian, and more broadly vertebrate, diversity
heterogeneity across space will come with revealing the processes that have
operated over millennia. The estimation of speciation rate through time us-
ing molecular phylogenies is reliable, however reliable estimates of extinction
through time require the integration of the fossil record which is starting to
be accomplished (Mitchell et al., 2019). Fossil integration also ensures accu-
rate disparity in niche space through time (Mitchell, 2015). This will reveal
the interaction of speciation and extinction rate as well as niche evolution
through time and further elucidate how evolutionary processes affect biodi-
versity across space. As species dispersal also determines the arrangement of
diversity and formation of hotspots, biogeographic models that calibrate the
position of ancestral lineages will aid in understanding ecological restrictions
(Rolland et al., 2018). Phylogenetic comparative methods are continually
being advanced and will allow more aspects of macroevolution to be uncov-
ered (see Uyeda et al. (2018)).
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Raup et al. (1973) discusses the study of biodiversity dynamics through
time as either a nomothetic (i.e. universal laws governing biodiversity) or
idiographic (i.e. single phenomena not necessarily representative of all) ap-
proaches. This thesis satisfies both approaches as it demonstrates the dy-
namics of a vast vertebrate group, but also demonstrates the dynamics at
smaller scales. Findings from this thesis are congruent to others on verte-
brate groups, reinforcing theories of speciation and richness limits (Rabosky,
2010; Price et al., 2014; Rabosky et al., 2015, 2018).
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Figure S1: Scatter plot of net primary productivity against leaf area index.
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Group Model R2GLMM Vif MeanTemp Vif TempRange Vif AnnualPP Vif PPRange Vif NPP Vif UV-B Vif ClimHetero Vif TopoHetero Bptest BP Bptest df Bptest P value

Amphibia ∼ DR PGLS (Pagels lambda) 0.033 1.631 1.955 1.645 1.378 1.601 1.228 1.162 1.392 29.593 8 ¡0.001

Amphibia ∼ BAMM PGLS (Pagels lambda) 0.088 1.335 1.688 1.507 1.261 1.41 1.164 1.105 1.233 129.56 8 ¡0.001

Anura ∼ DR PGLS (Pagels lambda) 0.048 1.741 2.153 1.696 1.433 1.655 1.248 1.195 1.413 44.25 8 ¡0.001

Anura ∼ BAMM PGLS (Pagels lambda) 0.077 1.347 1.772 1.524 1.291 1.445 1.172 1.133 1.249 135.31 8 ¡0.001

Caudata ∼ DR PGLS (Pagels lambda) 0.151 1.402 1.467 1.477 1.437 1.389 1.363 1.165 1.376 17.512 8 0.025

Caudata ∼ BAMM PGLS (Pagels lambda) 0.495 1.376 1.411 1.560 1.369 1.278 1.336 1.099 1.326 76.86 8 ¡0.001

Gymnophiona ∼ DR PGLS (Pagels lambda) 0.316 1.716 2.692 1.838 1.697 1.916 1.625 1.664 1.303 7.714 8 0.462

Gymnophiona ∼ BAMM PGLS (Pagels lambda) 0.244 1.716 2.692 1.838 1.697 1.916 1.625 1.664 1.303 9.078 8 0.336

Table S1: Diagnostic tests for phylogenetic generalised least squares regres-
sion models for Amphibia, Anura, Caudata and Gymnophiona, of model fit
(R2

GLMM), variation inflation factor (Vif) per predictor variable and Breusch-
Pagan test (BPtest) values, degrees of freedom (df) and P values. High-
lighted values indicate high collinearity when Vif values or significant het-
eroscedasticity.
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Group Model R2GLMM Vif MeanTemp Vif TempRange Vif AnnualPP Vif PPRange Vif NPP Vif UV-B Vif ClimHetero Vif TopoHetero Bptest BP Bptest df Bptest P value

Ansonia ∼ DR GLS 0.396 6.725 5.042 6.167 4.954 3.267 2.203 2.484 5.322 8.020 8 0.432

Ansonia ∼ BAMM PGLS (Pagels lambda) 0.458 6.725 5.042 6.167 4.954 3.267 2.203 2.484 5.322 4.457 8 0.814

Phyllomedusa ∼ DR PGLS (Pagels lambda) 0.523 1.421 2.459 1.604 1.884 1.292 3.433 1.393 1.318 6.669 8 0.573

Phyllomedusa ∼ BAMM PGLS (Pagels lambda) 0.321 1.421 2.459 1.604 1.884 1.292 3.433 1.393 1.318 11.917 8 0.155

Hynobius ∼ DR PGLS (Pagels lambda) 0.463 5.310 26.035 5.331 3.371 6.787 8.280 1.980 5.209 10.418 8 0.237

Hynobius ∼ BAMM PGLS (Pagels lambda) 0.689 5.834 13.977 2.547 2.792 4.400 4.677 2.224 4.508 14.644 8 0.066

Eurycea ∼ DR PGLS (Pagels lambda) 0.471 48.481 5.778 9.081 23.516 4.238 38.517 2.725 8.687 8.309 8 0.404

Eurycea ∼ BAMM PGLS (Pagels lambda) 0.936 4.546 4.178 4.080 4.205 3.511 5.143 3.404 4.337 15.387 8 0.052

Plethodon ∼ DR PGLS (Pagels lambda) 0.278 3.049 2.104 2.911 2.122 3.306 2.025 1.561 2.388 17.526 8 0.025

Plethodon ∼ BAMM PGLS (Pagels lambda) 0.922 3.049 2.104 2.911 2.122 3.306 2.025 1.561 2.388 3.769 8 0.877

Eleutherodactylus ∼ DR PGLS (Pagels lambda) 0.136 2.178 1.434 1.696 1.239 1.522 1.370 1.192 2.000 20.935 8 0.007

Eleutherodactylus ∼ BAMM PGLS (Pagels lambda) 0.154 2.613 1.437 1.794 1.335 1.972 1.613 1.802 2.207 18.044 8 0.021

Bolitoglossa ∼ DR PGLS (Pagels lambda) 0.127 1.742 1.561 2.104 2.125 1.865 1.292 1.313 1.641 12.119 8 0.146

Bolitoglossa ∼ BAMM PGLS (Pagels lambda) 0.136 1.742 1.561 2.104 2.125 1.865 1.292 1.313 1.641 9.310 8 0.317

Incilius ∼ DR PGLS (Pagels lambda) 0.428 2.629 3.706 3.209 7.664 4.088 8.765 1.928 2.915 7.866 8 0.447

Incilius ∼ BAMM PGLS (Pagels lambda) 0.302 3.699 5.882 3.632 6.328 4.476 4.835 2.909 4.136 7.357 8 0.499

Litoria ∼ DR PGLS (Pagels lambda) 0.168 3.081 4.677 3.686 3.376 4.594 2.578 1.513 1.892 11.931 8 0.154

Litoria ∼ BAMM PGLS (Pagels lambda) 0.125 3.093 4.319 3.090 6.002 7.591 3.277 2.372 2.651 9.759 8 0.282

Hyla ∼ DR PGLS (Pagels lambda) 0.553 7.272 7.057 17.950 2.405 12.890 2.635 2.743 4.193 8.942 8 0.347

Hyla ∼ BAMM PGLS (Pagels lambda) 0.371 7.272 7.057 17.950 2.405 12.890 2.635 2.743 4.193 9.410 8 0.309

Pseudoeurycea ∼ DR PGLS (Pagels lambda) 0.360 2.091 4.296 8.830 1.264 2.639 3.916 3.558 6.060 15.311 8 0.053

Pseudoeurycea ∼ BAMM PGLS (Pagels lambda) 0.326 2.091 4.296 8.830 1.264 2.639 3.916 3.558 6.060 12.816 8 0.118

Ameerega ∼ DR PGLS (Pagels lambda) 0.098 3.235 2.078 1.766 2.050 2.339 2.027 2.391 5.162 10.271 8 0.247

Ameerega ∼ BAMM PGLS (Pagels lambda) 0.614 3.028 2.054 1.722 2.282 2.465 2.176 2.665 5.676 8.558 8 0.381

Desmognathus ∼ DR PGLS (Pagels lambda) 0.222 111.691 3.630 7.649 17.827 2.828 57.515 4.235 8.559 13.951 8 0.083

Desmognathus ∼ BAMM PGLS (Pagels lambda) 0.295 131.459 4.707 6.723 15.818 3.214 67.221 4.141 7.569 6.615 8 0.579

Uperoleia ∼ DR PGLS (Pagels lambda) 0.589 12.804 21.888 31.516 18.072 8.369 5.280 5.931 8.153 10.657 8 0.222

Uperoleia ∼ BAMM PGLS (Pagels lambda) 0.458 8.154 24.858 26.684 13.594 7.100 3.673 5.525 5.162 7.479 8 0.486

Rana ∼ DR PGLS (Pagels lambda) 0.115 2.590 4.861 3.127 1.581 2.809 2.095 1.189 1.688 7.317 8 0.503

Rana ∼ BAMM PGLS (Pagels lambda) 0.204 2.295 4.954 2.886 1.286 2.307 2.064 1.340 1.667 31.113 8 0.000

Centrolene ∼ DR PGLS (Pagels lambda) 0.251 2.037 2.251 2.690 8.853 4.827 3.686 4.563 2.298 9.614 8 0.293

Centrolene ∼ BAMM PGLS (Pagels lambda) 0.455 2.050 3.711 2.820 12.803 6.955 5.532 6.506 2.214 11.200 8 0.191

Anaxyrus ∼ DR PGLS (Pagels lambda) 0.285 8.220 7.768 63.295 4.868 41.398 4.650 6.593 8.294 9.156 8 0.329

Anaxyrus ∼ BAMM PGLS (Pagels lambda) 0.397 20.604 14.792 73.880 9.661 58.208 10.014 6.997 4.313 9.672 8 0.289

Mantella ∼ DR PGLS (Pagels lambda) 0.388 1.786 1.836 8.003 6.844 6.255 2.048 1.624 2.135 6.417 8 0.601

Mantella ∼ BAMM PGLS (Pagels lambda) 0.423 2.409 2.293 8.489 4.086 10.420 2.167 2.408 2.941 6.550 8 0.586

Xenopus ∼ DR PGLS (Pagels lambda) 0.619 3.200 8.189 3.250 7.821 3.444 6.073 7.006 4.549 6.918 8 0.546

Xenopus ∼ BAMM PGLS (Pagels lambda) 0.707 4.619 4.422 3.598 5.719 4.632 3.898 5.640 3.620 1.743 8 0.988

Batrachoseps ∼ DR PGLS (Pagels lambda) 0.512 3.517 1.781 3.365 7.905 5.330 5.653 1.282 5.235 5.906 8 0.658

Batrachoseps ∼ BAMM PGLS (Pagels lambda) 0.703 3.517 1.781 3.365 7.905 5.330 5.653 1.282 5.235 7.089 8 0.527

Leptobrachium ∼ DR PGLS (Pagels lambda) 0.650 5.356 10.269 3.854 2.880 6.648 6.149 1.668 3.114 13.280 8 0.103

Leptobrachium ∼ BAMM PGLS (Pagels lambda) 0.802 6.169 7.087 2.632 3.376 4.936 4.815 2.491 6.233 5.237 8 0.732

Mantidactylus ∼ DR PGLS (Pagels lambda) 0.696 19.461 17.499 48.270 65.538 4.726 1.956 7.844 1.630 8.360 8 0.399

Mantidactylus ∼ BAMM PGLS (Pagels lambda) 0.660 19.461 17.499 48.270 65.538 4.726 1.956 7.844 1.630 6.658 8 0.574

Gephyromantis ∼ DR PGLS (Pagels lambda) 0.294 2.216 6.085 7.409 5.070 1.787 2.032 1.913 1.513 10.844 8 0.211

Gephyromantis ∼ BAMM PGLS (Pagels lambda) 0.270 2.295 5.786 8.555 5.492 1.571 2.054 2.069 1.658 9.245 8 0.322

Table S2: Diagnostic tests for phylogenetic and non-phylogenetic generalised
least squares regression models for amphibian genera, of model fit (R2

GLMM),
variation inflation factor (Vif) per predictor variable and Breusch-Pagan test
(BPtest) values, degrees of freedom (df) and P values. Highlighted values
indicate high collinearity when Vif values or significant heteroscedasticity.
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Figure S3: Scatter plot of the BAMM models with a prior of 100 rate shifts
against a model with a 50 rate shift prior.
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Figure S4: Scatter plot of DR statistic against speciation rate estimated from
BAMM.
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Figure S5: Scatter plot of BAMM speciation rate against genera-specific
sampling fraction.
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Figure S6: Scatter plot of DR rate against genera-specific sampling fraction.
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Genus Residual Sum of Squares

Pseudophilautus 1.070× 10−10

Eleutherodactylus 4.568× 10−9

Hynobius 1.444× 10−11

Boophis 8.416× 10−11

Gephyromantis 2.436× 10−10

Mantella 2.084× 10−11

Mantidactylus 3.526× 10−11

Table S3: Residual sum of squares for the transformation of non-ultrametric
phylogenetic trees to ultrametric phylogenetic trees for each clades.
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Genus Percentage variance covered by 5 principal components

Pseudophilautus 99.62

Eleutherodactylus 98.44

Hynobius 99.33

Boophis 99.47

Gephyromantis 99.45

Mantella 99.63

Mantidactylus 99.70

Table S4: Principal component variance covered by the first five principal
component scores.
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Genus DEC AIC DEC+J AIC

Pseudophilautus N/A N/A

Eleutherodactylus 187.895 144.551

Hynobius 112.071 108.370

Boophis 105.877 107.878

Gephyromantis 109.368 111.089

Mantella 56.490 58.491

Mantidactylus 42.684 44.684

Table S5: The Akaike information criterion values for DEC and DEC+J
biogeographic ancestral state reconstruction models. Best-fit models are in
bold.
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Genus P value Power

Pseudophilautus 0.010 0.888

Eleutherodactylus 0.001 0.894

Hynobius 0.024 0.840

Boophis 0.001 0.866

Gephyromantis 0.020 0.703

Mantella 0.759 0.159

Mantidactylus 0.037 0.709

Table S6: P value indicating the significance of the diversity-dependent
model and power of test for diversity-dependent diversification bootstrap-
ping.
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Figure S7: Biogeography ancestral state uncertainty using 50 stochastic maps
for (a) Eleutherodactylus and (b) Hynobius.
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Genus Trait Model ±σ2 ± z0 ± LogL ± AICc ± b ± r ± S

Eleutherodactylus

SVL DDlin 1.177× 10−4 0.002 0.170 0.340 2.824× 10−6

SVL DDexp 8.406× 10−5 0.002 0.180 0.360 0.001

SVL MC 0 4.486× 10−16 2.153× 10−14 8.613× 10−14 0

Elevation DDlin 1.094× 10−6 0.012 0.232 0.465 8.989× 10−6

Elevation DDexp 1.221× 10−4 0.006 0.127 0.253 1.650× 10−4

Elevation MC 8.411× 10−17 6.280× 10−15 1.723× 10−13 5.168× 10−13 8.356× 10−25

PC1 DDlin 0.002 0.009 0.153 0.307 3.117× 10−5

PC1 DDexp 0.002 0.005 0.186 0.371 4.629× 10−4

PC1 MC 3.688× 10−5 1.414× 10−9 1.414× 10−5 1.414× 10−5 2.078× 10−10

PC2 DDlin 2.023× 10−4 9.102× 10−4 0.017 0.034 3.419× 10−6

PC2 DDexp 3.521× 10−4 0.001 0.021 0.042 7.401× 10−5

PC2 MC 9.687× 10−6 6.627× 10−9 1.723× 10−13 1.979× 10−5 2.214× 10−9

PC3 DDlin 0.001 0.007 0.309 0.619 4.233× 10−5

PC3 DDexp 0.001 0.003 0.197 0.394 0.001

PC3 MC 6.402× 10−6 4.431× 10−9 8.613× 10−14 0 4.789× 10−9

PC4 DDlin 4.965× 10−4 0.009 0.130 0.260 1.903× 10−5

PC4 DDexp 2.614× 10−5 0.002 0.052 0.103 7.373× 10−5

PC4 MC 7.009× 10−18 2.103× 10−17 7.178× 10−14 1.723× 10−13 0

PC5 DDlin 3.554× 10−5 0.002 0.117 0.233 9.126× 10−7

PC5 DDexp 1.637× 10−5 8.086× 10−4 0.085 0.169 2.416× 10−4

PC5 MC 2.629× 10−18 5.257× 10−18 1.436× 10−14 4.307× 10−14 0

Hynobius

SVL DDlin 3.212× 10−4 0.008 0.203 0.406 3.718× 10−5

SVL DDexp 1.493× 10−4 0.006 0.293 0.585 0.024

SVL MC 1.642× 10−4 8.624× 10−4 0.073 0.146 0.009

Elevation DDlin 0.014 0.021 0.112 0.225 0.001

Elevation DDexp 0.010 0.020 0.127 0.254 0.016

Elevation MC 0.006 0.015 0.057 0.114 0.006

PC1 DDlin 0.017 0.047 0.198 0.395 0.001

PC1 DDexp 0.265 0.088 0.533 1.066 0.022

PC1 MC 2.529× 10−5 3.283× 10−8 2.871× 10−14 1.148× 10−13 7.217× 10−9

PC2 DDlin 1.414× 10−6 0.055 0.293 0.586 0.002

PC2 DDexp 0.011 0.043 0.299 0.599 0.026

PC2 MC 0.015 0.017 0.021 0.042 0.008

PC3 DDlin 1.946× 10−6 0.041 0.198 0.395 0.001

PC3 DDexp 0.005 0.034 0.303 0.605 0.019

PC3 MC 0.001 4.185× 10−8 3.752× 10−4 7.473× 10−4 2.137× 10−8

PC4 DDlin 0.015 0.023 0.176 0.352 0.002

PC4 DDexp 0.007 0.019 0.123 0.245 0.027

PC4 MC 2.009× 10−5 3.476× 10−9 2.828× 10−6 8.003× 10−6 1.605× 10−8

PC5 DDlin 0.002 0.015 0.289 0.579 1.236× 10−4

PC5 DDexp 0.045 0.018 0.540 1.079 0.037

PC5 MC 1.402× 10−17 1.752× 10−17 3.589× 10−15 2.871× 10−14 0

Table S7: Standard deviation of trait parameters for models incorporating
ancestral biogeography (DDlin, DDexp and MC) across stochastic reconstruc-
tion. 149



Genus Trait MDI P value

Boophis

SVL 0.108 0.289
Elevation 0.349 0.051

PC1 0.340 0.031
PC2 0.511 0.013
PC3 0.951 1.000× 10−4

PC4 0.741 0.001
PC5 0.293 0.079

Eleutherodactylus

SVL 0.123 0.192
Elevation 0.340 0.016

PC1 0.138 0.175
PC2 -0.001 0.441
PC3 0.131 0.186
PC4 -0.009 0.414
PC5 -0.084 0.198

Gephyromantis

SVL -0.020 0.370
Elevation 0.147 0.201

PC1 0.080 0.342
PC2 0.307 0.039
PC3 0.099 0.295
PC4 0.250 0.073
PC5 0.076 0.351

Mantella

SVL 0.716 0.002
Elevation 0.240 0.119

PC1 0.315 0.072
PC2 0.441 0.026
PC3 0.786 1.000× 10−4

PC4 0.783 1.000× 10−4

PC5 0.374 0.045

Mantidactylus

SVL -0.116 0.187
Elevation 0.291 0.112

PC1 0.686 0.006
PC2 0.455 0.037
PC3 0.609 0.013
PC4 0.250 0.145
PC5 -0.011 0.417

Hynobius

SVL 0.128 0.242
Elevation -0.019 0.377

PC1 -0.054 0.275
PC2 0.067 0.381
PC3 0.298 0.064
PC4 0.408 0.020
PC5 0.243 0.100

Pseudophilautus

SVL -0.040 0.300
Elevation 0.296 0.027

PC1 0.409 0.007
PC2 0.787 ¡0.001
PC3 0.683 1.000× 10−4

PC4 0.529 0.001
PC5 0.540 8.000× 10−4

Table S8: Morphological disparity index and P value per trait for each genus.
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Figure S8: Boophis disparity-through-time plot with rank envelope test con-
fidence interval for (A) body size, (B) elevation, (C) climatic niche principal
component 1, (D) climatic niche principal component 2, (E) climatic niche
principal component 3, (F) climatic niche principal component 4, and (G)
climatic niche principal component 5.
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Figure S9: Eleutherodactylus disparity-through-time plot with rank envelope
test confidence interval for (A) body size, (B) elevation, (C) climatic niche
principal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Figure S10: Hynobius disparity-through-time plot with rank envelope test
confidence interval for (A) body size, (B) elevation, (C) climatic niche prin-
cipal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Figure S11: Mantella disparity-through-time plot with rank envelope test
confidence interval for (A) body size, (B) elevation, (C) climatic niche prin-
cipal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Figure S12: Mantidactylus disparity-through-time plot with rank envelope
test confidence interval for (A) body size, (B) elevation, (C) climatic niche
principal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Figure S13: Gephyromantis disparity-through-time plot with rank envelope
test confidence interval for (A) body size, (B) elevation, (C) climatic niche
principal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Figure S14: Pseudophilautus disparity-through-time plot with rank envelope
test confidence interval for (A) body size, (B) elevation, (C) climatic niche
principal component 1, (D) climatic niche principal component 2, (E) climatic
niche principal component 3, (F) climatic niche principal component 4, and
(G) climatic niche principal component 5.
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Genus Species in the J&P phylogeny Molecular sequence species Soft taxonomic inference Missing species

Pseudophilautus 75 30 45 1

Eleutherodactylus 127 112 15 4

Hynobius 22 21 1 6

Boophis 75 67 8 2

Gephyromantis 41 39 2 1

Mantella 16 16 0 0

Mantidactylus 31 28 3 0

Table S9: Species in the Jetz and Pyron (2018) phylogeny, number of species
with molecular data, number of species inferred from polytomy resolver, and
the number of species in the genus missing from the phylogeny which were
corrected for in diversity-dependent analysis.
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