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1 | INTRODUCTION

| John J. Wiens?

Abstract

Climate may play important roles in speciation, such as causing the range fragmenta-
tion that underlies allopatric speciation (through niche conservatism) or driving diver-
gence of parapatric populations along climatic gradients (through niche divergence).
Here, we developed new methods to test the frequency of climate niche conservatism
and divergence in speciation, and applied it to species pairs of squamate reptiles
(lizards and snakes). We used a large-scale phylogeny to identify 242 sister species
pairs for analysis. From these, we selected all terrestrial allopatric pairs with sufficient
occurrence records (n = 49 pairs) and inferred whether each originated via climatic
niche conservatism or climatic niche divergence. Among the 242 pairs, allopatric pairs
were most common (41.3%), rather than parapatric (19.4%), partially sympatric
(17.7%), or fully sympatric species pairs (21.5%). Among the 49 selected allopatric
pairs, most appeared to have originated via climatic niche divergence (61-76%,
depending on the details of the methods). Surprisingly, we found greater climatic niche
divergence between allopatric sister species than between parapatric pairs, even after
correcting for geographic distance. We also found that niche divergence did not
increase with time, further implicating niche divergence in driving lineage splitting.
Overall, our results suggest that climatic niche divergence may often play an important
role in allopatric speciation, and the methodology developed here can be used to

address the generality of these findings in other organisms.

KEYWORDS
climatic niche, lizards, niche conservatism, niche divergence, snakes, speciation

Moritz et al., 2000). The first mechanism, climatic niche divergence,
is the most intuitive. Populations of a species may occur under

Speciation is a fundamental topic in evolutionary biology (Futuyma,
2013), and species’ climatic niches may be crucial for this process
(e.g., Hua & Wiens, 2013; Moritz, Patton, Schneider, & Smith, 2000).
The realized climatic niche is the set of large-scale temperature and
precipitation conditions where a species occurs (e.g., Soberén, 2007).
The climatic niche (along with other factors) may help determine
where species are distributed geographically (Soberén, 2007), which
may have important consequences for speciation. The climatic niche
can promote speciation via two main mechanisms, which are poten-

tially related to different geographic modes (Hua & Wiens, 2013;

divergent climatic conditions (e.g., different elevations), and if condi-
tions are mutually unsuitable for adjacent populations, this could
reduce gene flow between these populations and thereby facilitate
reproductive isolation and speciation. This mechanism can be consid-
ered a subset of the general process of ecological speciation (e.g.,
Nosil, 2012; Schluter, 2001, 2009), in which adaptation to divergent
ecological conditions reduces gene flow and drives speciation. The
most obvious geographic mode of speciation through climatic niche
divergence involves populations distributed parapatrically along a

climatic gradient.
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The second mechanism, speciation via climatic niche conser-
vatism (Hua & Wiens, 2013; Wiens, 2004a), is considerably less
obvious. Under this scenario, different populations of a species
become separated by a zone of unsuitable climatic conditions, either
through dispersal across this zone or vicariance (i.e., populations that
formerly occurred within the zone of now unsuitable conditions go
locally extinct). For example, a pair of montane, mesic-adapted spe-
cies may be separated by warmer, drier lowland conditions. This pat-
tern presumably arises because their ancestral species was
widespread in the lowlands during periods of cooler, wetter climate
but could not adapt quickly enough to lowland climatic conditions
when climate warmed (e.g., Hua & Wiens, 2013; Wiens, 2004a). In
general, niche conservatism (climatic or not) may be the primary dri-
ver of allopatry and thus the initial stage of allopatric speciation
(with subsequent evolution of intrinsic reproductive isolation,
depending on one’s species concept; Wiens, 2004b). Intrinsic isola-
tion between populations in similar habitats could evolve through
both genetic drift and selection (e.g., via Dobzhansky-Muller incom-
patibilities or mutation-order speciation; Coyne & Orr, 2004; Sch-
luter, 2009). The process of populations becoming allopatric is
important because allopatry may be the most common geographic
mode of speciation (e.g., Barraclough & Vogler, 2000; Coyne & Orr,
2004). Niche conservatism should be an essential component of
allopatry and therefore allopatric speciation, based on first principles
(i.e., with unlimited niche evolution, species would rarely be allopa-
tric; Wiens, 2004a). However, allopatry need not be caused by
unsuitable climatic conditions. Instead, allopatric populations may be
separated by unsuitable ecological conditions unrelated to climate
(e.g., island populations separated by marine habitat). Consideration
of niche conservatism suggests that speciation is not necessarily syn-
onymous with evolutionary divergence and reinforces the impor-
tance of geographic modes (i.e., allopatric, parapatric, sympatric) for
understanding speciation. Importantly, to our knowledge, niche con-
servatism is only a potential mechanism of allopatric speciation and
not other geographic modes (Wiens, 2004b).

The roles of climatic niche divergence and conservatism in speci-
ation have been explored in numerous studies, but many studies had
important limitations. First, many studies simply compared climatic
niches of sister species (e.g., niche overlap; Warren, Glor, & Turelli,
2008), without testing if climatically unsuitable habitat separates the
geographic ranges of allopatric sister species. In these cases, species
ranges may be separated by nonclimatic factors (e.g., barriers of
unsuitable microhabitat, such as rivers or marine habitat), making
their climatic niche similarly irrelevant to their allopatry and lineage
splitting. These studies could also underestimate the importance of
niche conservatism, if species diverged climatically over time after
their original splitting through niche conservatism. Other studies
have compared niches of sister species with respect to the niches of
the background area, that is, a larger area surrounding the current
species ranges (e.g., Loera, Sosa, & Ickert-Bond, 2012; McCormack,
Zellmer, & Knowles, 2010). However, this approach could also falsely
infer that climatic niche conservatism caused allopatric speciation
when it did not. The climatic niches of the two species may be more
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similar to each other than to climatic conditions from random loca-

tions from the background area, but their climatic niches might not
differ significantly from the area of allopatric habitat that separates
them (e.g., if they are separated by nonclimatic factors). Conversely,
species ranges might be more similar to the background area than to
the intervening habitat between them, which could cause niche con-
servatism to be rejected when it actually occurred. The approach of
Glor and Warren (2011) is intended to identify climatic barriers, but
requires that at least one species be present in the habitat between
the ranges of the compared species, making it “not applicable” for
testing if allopatric species are separated by climatically unsuitable
habitat (p. 678). We argue that species niches must be compared
with respect to each other and to the area of intervening habitat
that is potentially causing their allopatric distribution (e.g., Hua &
Wiens, 2010; Kozak & Wiens, 2006). Furthermore, we argue that
sister species are the species pairs that should be compared to
address speciation (contra Glor & Warren, 2011). Some studies have
also compared climatic niche models of putative species for species
delimitation (e.g., Bond & Stockman, 2008), but without an explicit
methodology for testing speciation mechanisms.

Herein, we build on the methodological frameworks of Kozak
and Wiens (2006) and Hua and Wiens (2010) by comparing climatic
niches of allopatric species pairs with the climate of the intervening
area that separates them. However, we advance their methodology
in several ways. First, we use the n-dimensional hypervolume (Blon-
der, Lamanna, Violle, & Enquist, 2014) to estimate climatic niches.
This method can quantify niches in high dimensions, which may be
preferable to low-dimensional approaches (e.g., Broennimann et al.,
2012), especially when the niche is described by many variables
(Blonder et al., 2014). Further, hypervolume overlaps can estimate
the proportion of the entire climatic niche shared between species.
In comparison, Kozak and Wiens (2006) and Hua and Wiens (2010)
used mean distances between niches of sister species (and the inter-
vening area), an approach that cannot assess whether niches of two
species intersect (a potential problem when testing between niche
conservatism and divergence, see Section 4). As in these previous
studies, we also use Maxent niche models (Phillips & Dudik, 2008)
to assess the climatic suitability of the area separating the ranges of
allopatric species pairs (and assess whether each species’ range is
suitable for its sister species). We also developed a framework to
assign a single speciation mechanism (niche conservatism vs. diver-
gence) to each species pair for both methods, as opposed to estimat-
ing a mechanism for each species separately (as in Hua & Wiens,
2010). Finally, unlike most previous studies, we test whether climatic
niches of allopatric species may have diverged over time after an ini-
tial origin through niche conservatism by testing for a correlation
between ages of species pairs and their level of niche divergence.
Overall, we develop a methodology to test the roles of climatic niche
conservatism and divergence that can be applied to most organisms.

Herein, we use this new methodology to conduct the first large-
scale analysis of climate and speciation in squamate reptiles (lizards
and snakes). We also estimate the frequency of different geographic
modes of speciation in this group, based on hundreds of sister
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species pairs. Several previous studies have addressed climate-
related speciation mechanisms in squamates. However, these studies
all suffered from the issues described above. Furthermore, they were
restricted to groups of closely related species (e.g.,, Ahmadzadeh
et al., 2013; Gongalves et al., 2012; Knouft, Losos, Glor, & Kolbe,
2006), rather than analysing patterns across squamates. Some stud-
ies found evidence for climatic niche conservatism (e.g., Gongalves
et al., 2012), whereas others found niche divergence (e.g., Ahmadza-
deh et al, 2013), and others found both modes within the same
group (Knouft et al., 2006; Pyron & Burbrink, 2009; Rato et al.,
2015; Raxworthy et al., 2008). Thus, both mechanisms appear to
drive allopatric speciation in squamates. The open question is as fol-
lows: How frequent is each mode?

In this study, we test the relative frequency of these two climatic
modes across a large number of allopatric sister species pairs, using
our new approach. We first identify the most common geographic
modes among 242 pairs of squamate sister species, the largest anal-
ysis of geographic modes in squamates. We then focused on all allo-
patric species pairs separated by land and with adequate occurrence
records (n = 49 pairs) to test whether speciation is more frequently
caused by climatic niche conservatism or divergence. If allopatric
speciation is driven by climatic niche conservatism, the climatic
niches of sister species will be significantly more similar to each
other than to the intervening habitat. Further, climatic niche similar-
ity between sister species should be negatively correlated with their
time since splitting (i.e., very similar immediately after splitting but
potentially diverging over time, like any other trait). Alternatively, if
allopatric speciation is mostly driven by climatic niche divergence,
climatic niches of sister species will be more similar to the interven-
ing habitat than to each other, and niches should already be diver-
gent at the time of their initial separation (and not necessarily
diverging over time). Furthermore, niche divergence of allopatric spe-
cies pairs should be similar to that of parapatric species pairs (which
are often thought to arise through ecological divergence). Our results
suggest that allopatry is the most common geographic mode in squa-
mates and that climatic niche divergence is the most common cli-
matic mechanism in allopatric pairs. To our knowledge, our study
represents the largest analysis of the relative frequencies of niche
conservatism and divergence in allopatric speciation for any group of

organisms.

2 | MATERIALS AND METHODS

2.1 | Selecting species pairs

We started with a time-calibrated phylogeny of 4,162 extant squa-
mate species (Zheng & Wiens, 2016), containing 1,342 potential sis-
ter species pairs. Given ~10,000 described squamate species (Uetz &
Hosek, 2016), some sister species in the tree would not be sister
species if all species were included. To increase the likelihood that
selected pairs actually represent sister species, pairs were only
included if they: (i) diverged <20 Ma (including 1,094 pairs), and (ii)
belonged to a genus in which >75% of currently recognized species

were included in the tree (Uetz & Hosek, 2016; last queried Decem-
ber 2016). This second threshold excluded all but 351 pairs.

We acknowledge that without complete taxon sampling (or even
with it) it is not guaranteed that all sampled species pairs are actually sis-
ter species. However, we show that our conclusions would be the same

if we excluded all species pairs from incompletely sampled genera.

2.2 | Obtaining locality data

We queried the VertNet online database (http://www.vertnet.org/in
dex.html) to obtain a list of catalogued museum specimens and their
georeferenced localities for the selected species. For each species, we
examined all known variations in their taxon names to maximize locali-
ties found. Species pairs for which one or both species lacked georef-
erenced localities on VertNet were excluded. We initially used only
georeferenced localities from VertNet. However, for allopatric pairs
for which only one or two unique georeferenced localities were avail-
able, we georeferenced any additional records lacking coordinates but
having detailed locality data in the VertNet database. We included
these species if we could obtain at least three unique georeferenced
localities. Species with few localities usually had small geographic
ranges, so greatly increasing their number of localities would be diffi-
cult (and should have little impact on their estimated climatic niche).
Furthermore, excluding species with small ranges could strongly bias
the estimated frequencies of speciation modes. A total of 242 species
pairs passed all criteria, with a mean of 115 localities/species (me-
dian = 18). Localities are given in Supporting Information Data S1.

2.3 | Developing range maps for sister species

We next estimated range maps for each species to classify their geo-
graphic modes. We plotted all occurrence records for each species on a
map using the r package raster (Hijmans & van Etten, 2012; R Develop-
ment Core Team, 2015) and compared them to a distribution map for
that species. Distribution maps were obtained from The Australian Rep-
tile Online Database (AROD.com.au) for Australian species and from The
Reptile Database (Uetz & Hosek, 2016) for all others. For species lacking
detailed distribution maps in these databases (e.g., outside Australia, Eur-
ope and North America), we searched for range maps in the primary lit-
erature (using Google Scholar). Specimen records outside the known
range were excluded. These erroneous records seemed to represent
either: (i) human introductions, (i) misidentified specimens or (iii) incor-
rect coordinates. We then created a minimum convex polygon (MCP)
around the final set of localities for each species (Supporting Information
Appendix S1).

24 |
species

Determining geographic overlap of sister

We used the range maps to classify the level of geographic overlap
of each sister species pair (i.e., allopatric, parapatric, partially sym-
patric or sympatric). Allopatric pairs had no overlap in their MCPs,
and all localities were at least 20 km from those of their sister
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species. Thus, there was an uninhabited area between the ranges of
sister species. Parapatric pairs had no overlap in their MCPs but at
least one locality of one species was <20 km from the nearest local-
ity of its sister species. We recognize that 20 km is arbitrary, and a
pair separated by a smaller distance could be considered allopatric.
We used this distance as a buffer, in case the sampled localities did
not reach the most extreme limits of the actual species distributions.
Sympatric pairs were those in which the MCP of one species was
entirely nested within that of its sister species. Finally, partially sym-
patric pairs were those in which their MCPs partially overlapped. All
geographic modes inferred from the MCPs were confirmed with spe-
cies’ range maps (from the sources listed above) to ensure that few
localities for some species did not lead us to infer an erroneous geo-
graphic mode.

We used these patterns of geographic overlap of species to
make tentative inferences about geographic modes of speciation.
Thus, the simplest explanation for currently allopatric species pairs is
that they originated through allopatric speciation. However, we rec-
ognize that geographic ranges can change considerably after specia-
tion (e.g., Barraclough & Vogler, 2000). Therefore, we conducted a
regression analysis to test whether geographic overlap increased
with time since the species split (i.e., crown-group age). We did this
for sympatric and partially sympatric species pairs and then for all
species pairs (with range overlap for allopatric and parapatric pairs
set to 0). If currently nonallopatric pairs originated via allopatric spe-
ciation, range overlaps should generally increase with time (e.g., Barr-
aclough & Vogler, 2000). Range overlap was calculated as the area
(km?) over which species MCPs intersect. Divergence times were
obtained from the tree of Zheng and Wiens (2016).

2.5 | Testing the role of climate in allopatric species
pairs

For each allopatric species pair, we tested whether speciation
occurred via climatic niche conservatism or divergence. As noted
above, allopatric speciation is presumably the only geographic mode
related to climatic niche conservatism (i.e., conservatism causing
allopatry due to a barrier of climatically unsuitable habitat). Under
this model, the geographic range of each species should be more cli-
matically suitable for its sister species than the area separating their
geographic ranges. If not, then factors other than unsuitable climatic
conditions should explain the absence of both species in the inter-
vening area. We excluded species separated by marine habitat, as
they are almost certainly isolated by nonclimatic factors.

For each allopatric species pair, we first defined the intervening
area. We generated a MCP around the combined occurrence records
of both species from which we subtracted the MCP of each species.
The remaining polygon represented the area between the species
ranges, constrained by the minimum and maximum coordinate values
of each species. This polygon was further buffered inwards (i.e., its
extent was reduced) to avoid selecting random intervening points (see
below) that were too close to known localities. The intervening area
was buffered by 0.1 degrees (~11 km at equator) when the minimal
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distance between the two species was >100 km, and by 0.01 degrees

(~1.1 km at equator) when the distance was <100 km. These values
were chosen to compensate for possible sampling bias (i.e., if known
localities were not at the edge of the actual species range) while still
leaving the intervening area large enough for drawing random points.

For all localities, we extracted values from 19 bioclimatic vari-
ables from the widely used WorldClim dataset (Hijmans, Cameron,
Parra, Jones, & Jarvis, 2005) using raster. This dataset is based on
average values from weather stations from 1950 to 2000, spatially
interpolated to span areas lacking weather stations. We used the fin-
est spatial resolution available (30 s, ~1 km?).

For each species pair, we first estimated the climatic niche of each
species using the n-dimensional hypervolume (Blonder et al., 2014).
The hypervolume method creates an n-dimensional space reflecting
the species’ niche. We obtained climatic data from the intervening
area using a number of random localities equal to the number of
summed localities for both species. We then extracted climatic data
from these localities as described above. The number of climate vari-
ables was reduced using principal components analysis (PCA) based on
a correlation matrix in R (the correlation matrix was used rather than
the covariance matrix as temperature and precipitation variables are
on different scales). We used PCA rather than raw variables given
potential correlations among bioclimatic variables. Following Blonder
et al. (2014), the number of principal components (PCs) initially
retained equalled the number of localities (for the sister species with
fewer localities) divided by ten. From this initial set of PCs, we then
retained only PCs with eigenvalues >1 (Kaiser, 1960). For example, if
species A had 200 records and species B had 30, we would retain
three PCs, assuming both had eigenvalues >1. We calculated the
hypervolume for each species’ niche and the niche of the intervening
area, and calculated hypervolume intersections (i.e., climatic niche
overlap) between the two species and between each species and the
intervening area. The hypervolume was calculated using the r package
hypervolume (Blonder et al., 2014) with the following recommended
settings: bandwidth estimated from the data, quantile of 0.1, and
1,000 replicates. The entire process was replicated 100 times, with dif-
ferent random localities from the intervening area selected in each
replicate. For each species, we inferred the climatic speciation mecha-
nism (i.e., conservatism or divergence) by comparing climatic niche
intersection between the sister species’ niches and the niche of the
intervening area. We defined Ha as the hypervolume of species A, Iapg
is the hypervolume intersection between species A and species B, and
Iac is the hypervolume intersection between species A and the inter-
vening area. Given these definitions, climatic niche conservatism was

inferred for species A when
Iag/Ha > Iac/Ha

and climatic niche divergence was inferred when
Ing/Ha<Iac/Ha

In other words, conservatism was inferred for species A when
the relative hypervolume intersection between A and B (i.e., inter-
section of A and B divided by hypervolume of A) was larger than
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the relative intersection between A and the intervening area. Like-
wise, divergence was inferred for species A when the relative hyper-
volume intersection between A and B was smaller than the relative
intersection between A and the intervening area. The support for a
given speciation mechanism in a given species (i.e., climatic niche
conservatism vs. climatic niche divergence) was considered signifi-
cant if the same mechanism was inferred in 95 of 100 replicates.

The overall niche-related mechanism for each species pair was
inferred as follows. Note that our goal here was to infer the relative
frequency of these mechanisms, and so we considered the relative
support for each mechanism rather than simply whether there was
strong support for one mechanism in both species in a pair. When
the same mechanism was significantly supported for both species (or
if the same mechanism was significant for one species and nonsignif-
icant for the other), we inferred the significant mechanism as the
mechanism for that pair. When the same mechanism was supported
in the majority of replicates but was still nonsignificant for both spe-
cies, we inferred that mechanism. When one mechanism was signifi-
cant for one species and the alternative mechanism was
nonsignificant for the other, we considered the significant mecha-
nism the most likely explanation. When each species supported a
different mechanism (significant or nonsignificant), we considered
the results in conflict and did not assign a mechanism to that pair.
We also tallied results that were only significant for both species in
a pair. However, there can only be one mechanism for each pair.
Therefore, we generally prefer the less conservative approach even
if the support for the same mechanism was not significant in both
species.

For our second approach, we used Maxent with the r package
dismo (Hijmans, Phillips, Leathwick, & Jane, 2015). We used logistic
probabilities from Maxent niche models to compare the niches of
sister taxa and the climate of the intervening area. We selected 500
random localities from the intervening area, extracted bioclimatic
variables from localities and intervening points and reduced the
number of variables with PCA. We kept all PCs with eigenvalues >1
(Kaiser, 1960). Maxent was run with default parameters (all features
included, beta multiplier = 1). For each species, logistic probability
values were extracted from all its localities, all randomly selected
intervening points, and all localities of its sister species. We calcu-
lated the mean, standard deviation, 90th percentile and 10th per-
centile of probabilities for the localities from the species of interest,
its sister species, and intervening area. The entire process was repli-
cated 10 times with a different set of 500 random points from the
intervening area selected in each replicate.

From these analyses, we first determined whether the suitable
climatic niche of one species also occurred within the distributional
area of its sister species and within the intervening area between
them. The climatic niche of species A was considered suitable for its
sister species B (or the intervening area) if the 10th percentile of the
logistic probabilities extracted from localities for species A was smal-
ler than the 90th percentile of logistic probabilities extracted from
localities for species B (or the random points of the intervening
area). In other words, the niche of species A was considered suitable

for species B when at least 10% of localities of species B had higher
logistic probability values than the 10% of localities of species A
with the lowest logistic probability values. Otherwise, the niche was
considered unsuitable. Use of the 10th percentile is arbitrary. How-
ever, standard deviations of logistic probabilities were generally low
(Supporting Information Appendix Sé), yielding very similar values
using the 5th and 15th percentiles. The final suitability or unsuitabil-
ity between the two species and the intervening habitat was
assigned based on the majority of the 10 replicates.

Niche conservatism was strongly supported when each species’
geographic range was climatically suitable for its sister species, but
the intervening habitat was unsuitable for both. Niche divergence
was strongly supported when each species’ range was climatically
unsuitable for its sister species, but the intervening habitat was suit-
able for one or both. However, many pairs showed different combi-
nations of suitability and unsuitability (Table 1). Therefore, we also
compared the mean logistic probability values predicted from a
model for species A for the intervening area and the range of spe-
cies B (and vice versa). For example, if the model for species A pre-
dicted the intervening area and the range of B to be unsuitable, but
the mean logistic probabilities for species B were higher than the
mean logistic probabilities for the intervening area, we tentatively
inferred niche conservatism. This allowed for the possibility that the
species niches were originally suitable for each other, but later
diverged and became unsuitable. This possibility was further tested
by examining niche overlap over time (see below). A key to deter-
mining the mechanism given all possible combinations of suitability
and unsuitability is listed in Table 1. The mechanism was considered
significant, if it was inferred in at least nine of the 10 replicates. For
both assessments (hypervolume and Maxent), we conducted a
regression analysis between niche divergence and the number of
localities to ensure that our results were not affected by different

numbers of localities for different species pairs.

2.6 Relationship between niche similarity and
time in allopatric species pairs

Climatic niches of sister species may diverge over time, especially if
they originated by niche conservatism. Thus, simply finding niche
divergence between allopatric pairs may not fully rule out niche con-
servatism. Therefore, we tested whether the climatic niche similarity
between sister species is correlated with the time since they split
(i.e., divergence time). If allopatric species arose predominantly via
niche conservatism (niches that were initially very similar), we expect
a negative correlation between niche similarity and time across spe-
cies pairs. Divergence times were obtained from the tree of Zheng
and Wiens (2016). We assessed niche similarity from niche overlap

values calculated from the n-dimensional hypervolumes as
(Iag/Ha +1ag/HB)/2

where Hp is the hypervolume of species A, Hg is the hypervolume of
species B and Iag is the intersection between species A and
species B.
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TABLE 1 A key to distinguishing niche conservatism and niche divergence in allopatric species pairs using Maxent niche modelling. First, for
species A, we determined whether suitable climatic conditions were present within the geographic range of its sister species B (column 1) and
in the intervening area between the ranges of the two species (column 2). Next, for species B, we determined whether suitable climatic
conditions were present within the geographic range of species A (column 3) and in the intervening area (column 4). Suitability was inferred
from the logistic probabilities of a Maxent model (see Section 2.5 for details). The last column explains the conditions under which
conservatism or divergence was inferred for a given species pair, based on comparing the mean logistic probabilities between sister species
and the intervening area. For example, in the first row, if the geographic ranges of both species were unsuitable for the other and the
intervening area was unsuitable for both species, conservatism was supported if (a) for the niche model built for species A, the mean logistic
probability of the intervening area was lower than the mean logistic probability of the range of species B (i.e., SpA-Intv < SpA-SpB) and (b) for
the model built for species B, the mean logistic probability of the intervening area was lower than the mean logistic probability of the range of
species A (i.e., SpB-Intv < SpB-SpA). Some outcomes gave conflicting results (“Conflict”), and in these cases, a mechanism was not inferred for
that species pair

Species Species
A-Species B A-Intervening area

Species Species
B-Species A B-Intervening area Climatic speciation mechanism

Unsuitable Unsuitable Unsuitable Unsuitable Conservatism if SpA-Intv < SpA-SpB and SpB-Intv < SpB-SpA; Divergence if
SpA-Intv > SpA-SpB and SpB-Intv > SpB-SpA

Suitable Suitable Suitable Suitable Conservatism if SpA-Intv < SpA-SpB and SpB-Intv < SpB-SpA; Divergence
if SpA-Intv > SpA-SpB and SpB-Intv > SpB-SpA

Unsuitable Suitable Unsuitable Suitable Divergence

Unsuitable Suitable Suitable Suitable Divergence if SpB-Intv > SpB-SpA

Unsuitable Suitable Unsuitable Unsuitable Divergence if SpB-Intv > SpB-SpA

Suitable Unsuitable Suitable Unsuitable Conservatism

Suitable Unsuitable Suitable Suitable Conservatism if SpB-Intv < SpB-SpA

Suitable Unsuitable Unsuitable Unsuitable Conservatism if SpB-Intv < SpB-SpA

Unsuitable Suitable Suitable Unsuitable Conflict

Suitable Unsuitable Unsuitable Suitable Conflict

Suitable Suitable Unsuitable Unsuitable Conservatism if SpA-Intv < SpA-SpB and SpB-Intv < SpB-SpA; Divergence

if SpA-Intv > SpA-SpB and SpB-Intv > SpB-SpA

We also used Maxent models to calculate mean niche similarity test to compare mean niche similarity between allopatric (49) and

of species pairs: parapatric (44) species pairs. However, we might expect allopatric
species pairs to have lower similarity than parapatric pairs, simply
(Pag/Pan + Paa/Pes)/2 ; ;
because their geographic ranges are further apart. We therefore per-

where Ppg is the mean logistic probability among localities for
species B extracted from the Maxent model built from localities for
species A, Paa is that among species A localities from the model for
species A, Pga is that for species A localities from the model for spe-
cies B, and Pgg is that among species B localities from the model for
species B. We then performed Spearman’s rank correlation between
these two measures of niche similarity and time. Normality was
rejected based on Shapiro-Wilk tests and Q-Q plots.

2.7 | Comparison of niche similarity in allopatric
and parapatric species pairs

If allopatric species pairs generally originate via climatic niche con-
servatism, then we expect their niche similarity should exceed that
of parapatric species pairs, given that niche divergence is expected
to drive parapatric speciation (e.g., Coyne & Orr, 2004; Moritz et al.,
2000). Conversely, if both allopatric and parapatric species generally
originated via climatic niche divergence, then their mean niche simi-
larity should be similar. We calculated the two measures of niche
similarity described above for all parapatric species pairs with at least

three localities (n = 44). We then conducted a Wilcoxon rank-sum

formed a second test that corrected for geographic distance. Specifi-
cally, we divided estimates of niche divergence (1-overlap for
hypervolume, and 1-suitability for Maxent) by the In-transformed
distance (in km) between the range centroids. r scripts for all analy-
ses are available as Supporting Information Data S2 (hypervolume

analyses) and Supporting Information Data S3 (Maxent analyses).

2.8 | Major assumptions

We acknowledge that our analyses depend on many assumptions
(e.g., Merow, Smith, & Silander, 2013; Phillips & Dudik, 2008). First,
we assume that the included localities adequately reflect the geo-
graphic range and climatic niche of each species. Second, we assume
that species’ present-day distributions and climatic niches are rele-
vant to the ranges and climatic conditions when speciation occurred.
Nevertheless, we do conduct analyses that address how ranges and
niches changed over time. We did not conduct analyses using paleo-
climatic data because such datasets are generally only available for
younger timescales (e.g., Last Glacial Maximum) that would be irrele-
vant for the species analysed here (which split >1 million years ago).

Third, we assume that the climatic variables analysed are actually
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relevant to determining the geographic distributions of these species.
However, these analyses should also reveal if climate was irrelevant
in determining their distributions (e.g., if niche models predict both
the sister species’ ranges and intervening area as climatically suit-
able). Finally, our overall goal was to estimate the relative frequen-
cies of climatic niche conservatism versus divergence in speciation.
Thus, unless there are systematic biases that favour one mechanism
over the other, our overall conclusions should be robust, despite
potential errors associated with some species pairs. We address

these and other assumptions further in the Discussion.

3 | RESULTS

3.1 | Frequency of geographic modes in squamates

We identified 242 species pairs with adequate distributional data
(Supporting Information Appendix S1). Pairs were broadly distributed
among clades and regions, including 59 pairs of snakes and 183 of
lizards. Lizard pairs were broadly distributed among major clades
(80 = Scincoidea, 64 = Iguania, 25 = Gekkota,
1 = Anguimorpha). Further, 114 pairs were tropical and 128 temper-

13 = Lacertoidea,

ate: pairs were considered tropical if the latitudinal mid-point of their
combined localities was between 23.5°S and 23.5°N (following Hua
& Wiens, 2010). Many pairs were Australian (91) but others were
broadly distributed among biogeographic regions (35 Ethiopian, 55
Nearctic, 37 Neotropical, 13 Oriental, 11 Palearctic; regions from
Kreft & Jetz, 2010).

Among the 242 species pairs, 100 were allopatric, 47 parapatric,
43 partially sympatric and 52 fully sympatric (Supporting Information
Appendix S1). Thus, based on current overlap alone, allopatric speci-
ation appeared to be the most common mode, but other modes
might also be relatively common. The 100 allopatric pairs included
69 separated by terrestrial habitat and 31 separated by marine habi-
tats (i.e., both insular species or one insular and one mainland). The
degree of range overlap in sympatric and partially sympatric species
pair is not significantly correlated with time since the species split
(* = 0.01, p = 0.351; Supporting Information Appendix $2). How-
ever, range overlap was significantly correlated with time using all
species pairs, albeit weakly (> = 0.02, p = 0.043).

3.2 | Testing climatic mechanisms in allopatric
species pairs

We calculated hypervolumes for all allopatric species pairs separated
by terrestrial habitat and having at least three localities/species.
Forty-nine pairs met these criteria, including nine snakes and 40
lizards, and 20 tropical and 29 temperate (Table 2). Some phyloge-
netically well-studied genera were represented by multiple pairs (e.g.,
Lerista, Sceloporus), but this need not be problematic for our analy-
ses. Hypervolumes and their overlaps for pairs and intervening area
are given in Supporting Information Appendix S3. Mean values
across 100 Information

Appendix S4.

replicates are given in Supporting

On average, hypervolume overlaps were higher between allopa-
tric species pairs and their intervening areas (46%) than between sis-
ter species (26%; Figure 1a). This difference was significant
(p < 0.0001; Wilcoxon rank-sum test). Thus, climatic niches occupied
by allopatric species were less similar to each other than to the
intervening area between them. Following our criteria (Table 1),
four pairs originated through climatic niche conservatism and an
additional four most likely originated this way (Table 2). Conversely,
32 pairs originated through climatic niche divergence and an addi-
tional five most likely originated this way (Table 2). Four pairs
showed conflicting results between sister species. Two showed con-
flicting nonsignificant results and both had small sample sizes (3-4
localities/species). The other two had significant but conflicting
results. In both, the species with the larger range size supported
conservatism and that with the smaller range size supported diver-
gence (see Section 4). When we considered only pairs for which the
same mechanism was significantly supported for both species, 22
pairs supported divergence and two supported conservatism
(Table 2).

We used Maxent to determine the suitability or unsuitability of
each species’ geographic range relative to its sister species and to
the intervening area for these 49 allopatric pairs. The mean suitabil-
ity of the intervening area across all species pairs (0.37) was higher
than the mean suitability for sister species (0.30; Figure 1b), but not
significantly (p = 0.091; W.ilcoxon rank-sum test). Thus, climatic
niches occupied by allopatric sister species were less similar to each
other than to the habitat separating them. Using Maxent, 10 pairs
supported niche conservatism, 30 supported niche divergence and
nine could not be assigned to either mechanism (Table 2). Consider-
ing only pairs with significant support, 23 supported divergence and
four supported conservatism (Table 2). Full results are given in Sup-
porting Information Appendices S5 and Sé.

In summary, results from the niche hypervolume and Maxent
approaches were generally similar. However, for several pairs, a dif-
ferent mechanism was supported by each method (Table 2). In these
cases, there were either few localities for one or both species (e.g.,
small range sizes), the two species had very different range sizes, or
species niches were not very different from the intervening area.
Additionally, out of these pairs, only one pair (pair 124) exhibited
significant results for both methods. Considering only species pairs
from genera with complete species sampling gave similar frequencies
for each mechanism (hypervolume: 82% divergence, 18% conser-
vatism, 11 pairs; Maxent: 77% divergence, 23% conservatism, 13
pairs; Table 2).

3.3 | Relationship between niche similarity and
divergence times among allopatric species pairs

We found no relationship between the two measures of niche simi-
larity and the time since sister species split among the 49 allopatric
pairs (hypervolume: rho = 0.083; p = 0.569; Figure 2a; Maxent:
rho = —0.075; p = 0.606; Figure 2b). Under niche conservatism, cli-
matic niches should be similar initially but might diverge over time.
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FIGURE 1 Boxplot showing niche similarity across 49 allopatric
species pairs. We compared niche similarity between each species’
geographic range and the intervening area (left) and between the
geographic ranges of sister species (right). (a) Niche similarity is calculated
from niche hypervolume overlap ranging from 0% (the hypervolumes of
sister species do not overlap) to 100% (the hypervolumes are identical).
(b) Niche similarity is calculated from Maxent logistic probabilities
ranging from O (the geographic range of the sister species is unsuitable
for the modelled species) to 1 (the geographic range of the sister species
is as suitable as the range of the modelled species). Boxes show the
median, the 25th and 75th percentiles, and the range

These results do not support this prediction, further implicating

niche divergence as the most common mechanism here.

3.4 | Comparison of niche similarity in allopatric
and parapatric species pairs

Allopatric species pairs exhibited significantly lower niche similarity
than parapatric pairs (Supporting Information Appendix S7, S8). Mean
hypervolume overlap was 26% for allopatric pairs and 45% for parap-
atric pairs (Figure 3a; p < 0.0001; Wilcoxon rank-sum test). Similarly,
mean suitability of sister species niches from Maxent was 0.17 for allo-
patric pairs and 0.42 for parapatric pairs (Figure 3b; p < 0.0001).
Niche similarity was uncorrelated with geographic distance among
allopatric species pairs (hypervolume: rho = 0.081, p = 0.582; Maxent:
rho = —0.100, p = 0.497). Niche similarity in allopatric species pairs
was significantly lower even after correcting for geographic distance
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FIGURE 2 Relationship between climatic niche similarity and
time since splitting (crown-group age) among 49 allopatric species
pairs. (a) Niche similarity is calculated from niche hypervolume
overlap ranging from 0% (the hypervolumes of sister species do not
overlap) to 100% (the hypervolumes are identical). (b) Niche
similarity is calculated from Maxent logistic probabilities ranging
from O (the geographic range of the sister species is unsuitable for
the modelled species) to 1 (the geographic range of the sister
species is as suitable as the range of the modelled species). Each
circle represents an average value for the two species in each pair

(hypervolume: allopatric = 11.9; parapatric = 8.7; p = 0.0002; Max-
ent: allopatric = 11.1; parapatric = 9.2; p = 0.029).

4 | DISCUSSION

Climatic niches may play an important role in speciation, as climatic
niches may determine (to a large extent) where species and popula-
tions can and cannot occur. There are two major hypotheses for
how climate drives speciation (e.g., Hua & Wiens, 2013; Moritz
et al., 2000; Schneider, Smith, Larison, & Moritz, 1999). Under cli-
matic niche divergence, the geographic range of each species is
unsuitable for its sister species. Under climatic niche conservatism,
incipient allopatric species pairs are separated by a barrier of climati-
cally unsuitable habitat. Many previous studies addressed the preva-
lence of these mechanisms (e.g., Graham, Ron, Santos, Schneider, &
Moritz, 2004; Hua & Wiens, 2010; Kozak & Wiens, 2006, 2007;
McCormack et al., 2010; Rato et al., 2015; Raxworthy et al., 2008).
However, we argue that most studies used approaches that suffered
from various limitations, especially ignoring the suitability of
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FIGURE 3 Boxplot comparing niche similarity in allopatric

(n = 49) and parapatric (n = 44) species pairs. (a) Niche similarity is
calculated from the hypervolume overlap, ranging from 0% (the
hypervolumes do not overlap) to 100% (the hypervolumes are
identical). (b) Niche similarity is calculated from Maxent logistic
probabilities ranging from O (the geographic range of the sister
species is unsuitable for the modelled species) to 1 (the geographic
range of the sister species is as suitable as the range of the
modelled species). Boxes show the median, the 25th and 75th
percentiles, and the range

intervening habitats for allopatric species pairs. Here, we developed
new methods to address these limitations. We then applied these
approaches to many species pairs of squamate reptiles. We also pro-
vide the first large-scale analysis of the frequency of geographic spe-
ciation modes in squamates. Overall, our results suggest that
allopatric speciation is the most widespread geographic mode in
squamates (although other modes seem to be common also). We
also find that allopatric speciation occurs most frequently through
climatic niche divergence, rather than climatic niche conservatism.
Nevertheless, we supported speciation through climatic niche con-
servatism in ~20% of the allopatric species pairs examined. Below
we discuss our conclusions about mechanisms of speciation and then
discuss our methodological conclusions.

4.1 | New insights on climate and speciation

Climate may drive speciation through two main mechanisms: niche

conservatism and niche divergence. Climatic niche conservatism has

been suggested as a potential driver of allopatric speciation (i.e.,
causing the initial allopatry that splits populations), as when two sets
of populations of a species become separated by a zone of climati-
cally unsuitable habitat (Hua & Wiens, 2013; Wiens, 2004a). This ini-
tial lineage splitting may be considered speciation, or there may be
subsequent change within allopatric populations leading to intrinsic
reproductive isolation (Hua & Wiens, 2013; Wiens, 2004a,b). Con-
versely, niche divergence is often hypothesized to be associated with
parapatric speciation, where niche dissimilarity between populations
in different parts of the species range impedes gene flow between
them and promotes speciation (e.g., Coyne & Orr, 2004; Hua &
Wiens, 2013; Moritz et al., 2000; Rundle & Nosil, 2005; Schluter,
2001, 2009). More specifically, theoretical studies suggest that speci-
ation via climatic niche divergence will occur in parapatric taxa with
low niche lability when climate varies over space but not time or in
species with high niche lability under temporally fluctuating climate
(Hua & Wiens, 2013).

In contrast to these expectations, we found that most allopatric
species pairs supported the niche divergence model (Table 2). More-
over, allopatric pairs were more climatically divergent (on average)
than parapatric ones. Despite these overall results, ~20% of the 49
allopatric species pairs supported climatic niche conservatism. This is
consistent with other analyses (using appropriate methods that anal-
yse intervening regions) finding strong support for climatic niche
conservatism in some cases (e.g., 75% of eight allopatric species
pairs in salamanders; Kozak & Wiens, 2006). On the other hand,
other analyses have found little evidence for speciation via climatic
niche conservatism (e.g., 0% of nine allopatric pairs in frogs; Hua &
Wiens, 2010). Also, we found similar frequencies of niche conser-
vatism (i.e., cases supported by at least one method) among tropical
(n = 6; 30%) and temperate (n = 8; 28%) species pairs, rather than
finding more frequent conservatism in the tropics (per Cadena et al.,
2012; see also Hua & Wiens, 2010). Our results here represent the
largest survey so far (49 species pairs) and show both modes occur
but that niche divergence is more frequent (~60-80%). Using more
stringent statistical criteria for each pair yields fewer pairs but even
stronger support for niche divergence (92% of 24 pairs and 85% of
27 for each method; Table 2).

Intriguingly, our results are consistent with macroevolutionary
studies showing that climate niche divergence drives large-scale pat-
terns of diversification (speciation—extinction) in other groups, includ-
ing amphibians (Gomez-Rodriguez, Baselga, & Wiens, 2015; Kozak &
Wiens, 2010; Moen & Wiens, 2017) and birds (Cooney, Seddon, &
Tobias, 2016). Although comparable analyses have not been carried
out in squamates, new climatic datasets (e.g., Pie, Campos, Meyer, &
Duran, 2017) should facilitate this.

Our results raise a particularly perplexing question: How exactly
does climatic niche divergence drive allopatric speciation? We sug-
gest two initial possibilities. First, it is intuitive that speciation should
be accelerated between allopatric species occurring under divergent
climatic conditions, analogous to the scenario of ecological specia-
tion proposed for parapatric species (see above). But then why are
these lineages allopatric in the first place? For example, allopatric
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species may be separated by areas of unsuitable microhabitats (e.g.,
rivers), rather than unsuitable climatic conditions. But if this were
the case, it is unclear why their climatic niches should be signifi-
cantly divergent so often. One possibility is that many lineages might
initially become allopatric through nonclimatic factors (e.g., unsuit-
able microhabitats, biotic interactions, stochastic long-distance dis-
persal or extinction of intervening populations [as in Ahmadzadeh
et al.,, 2013]). However, these cases of allopatry may be more likely
to lead to the formation of permanently isolated allopatric species
when the allopatric populations occur under divergent climatic con-
ditions. We note that if these nonclimatic factors were the only dri-
vers of allopatry, then climatic niche divergence might be expected
to increase over time or be greater in parapatric pairs. Our results
do not support either prediction. We speculate that climatic niche
divergence might help ensure the successful speciation of popula-
tions that became allopatric through nonclimatic factors, and which
otherwise might simply merge without speciating. Some authors
have suggested that such “ephemeral” speciation events might be
very widespread (Rosenblum et al., 2012).

A similar scenario is that many climatically divergent allopatric
pairs arose through parapatric speciation but local extinctions (e.g.,
due to nonclimatic factors) resulted in their current allopatric dis-
tributions. This scenario is consistent with our findings that parap-
atric species are younger than allopatric species pairs (mean
divergence time between parapatric sister species = 6.89 Ma;
allopatric = 9.04 Ma; p = 0.014).

Unexpectedly, we found that climatic niche divergence is higher in
allopatric species pairs than parapatric ones. Even if some allopatric
species originated in parapatry (as suggested above), parapatric spe-
cies are expected to originate exclusively via niche divergence and
should therefore exhibit lower niche similarity than allopatric species.
Yet, we found that niche similarity between allopatric species pairs
was significantly lower than between parapatric pairs, even after cor-
recting for greater geographic distance between allopatric pairs.

Why should parapatric species have lower climatic niche diver-
gence? One possibility is that parapatric species pairs are not always
driven by niche divergence. Remarkably, many parapatric species
pairs exhibited large climatic niche overlap and high mutual suitabil-
ity (Supporting Information Appendix S7, S8), in stark contrast to the
standard scenario of parapatic speciation through niche divergence.
One potential explanation is that many parapatric species arose as
allopatric species (possibly even through niche conservatism), but
later came into secondary contact, with their current geographic
ranges limited by competition with their sister species (Weir & Price,
2011). If this were the case, parapatric pairs should be older than
allopatric pairs. Our results show just the opposite (see above).
Another explanation is that parapatric species pairs may diverge
along gradients related to microhabitats (e.g., rocky vs. sandy), with
climatic niches being generally conserved. Conversely, some parap-
atric species may occur in similar microhabitats but have patchy dis-
tributions due to microhabitat specialization, leading to
microallopatry and eventually to speciation, again with climatic

niches being conserved.

2765
MOLECULAR ECOLOGY s\VVAR ) A%

Overall, our results provide surprising observations relevant to

both allopatric speciation (given that the exact mechanism by which
niche divergence drives allopatry is difficult to explain) and parap-
atric speciation (given that parapatric species are more climatically
similar than expected, making their parapatry difficult to explain).
We suggest that understanding these speciation modes in the future
may require new analyses that incorporate microhabitat and other
factors. They may also require new theoretical work on climate and

speciation.

4.2 | Speciation in squamate reptiles

Our study represents the first large-scale analysis of geographic
modes of squamate speciation. We recognize that current geo-
graphic distributions of sister species may not always reflect the
geographic mode by which they originated (e.g., Pontarp, Ripa, &
Lundberg, 2015), but the impossibility of inferring geographic
modes from present-day range overlaps may be overstated (see
Cardillo, 2015; Phillimore et al., 2008). Furthermore, there are
methods for inferring the potential impact of postspeciational dis-
persal on the inference of geographic modes, such as testing for
increasing range overlap over time (e.g., Barraclough & Vogler,
2000).

Overall, we found that allopatry was the most frequent mode
among squamates (~41% of 242 species pairs), supporting the
widespread view that allopatric speciation is the most prevalent
geographic mode (e.g., Barraclough & Vogler, 2000; Coyne & Orr,
2004; Hua & W.iens, 2010; Kozak & W.iens, 2006; Lieberman,
2000; Phillimore et al., 2008). Nevertheless, we found that parap-
atric and sympatric pairs were also common (~20% each). Of
course, currently, sympatric and parapatric pairs may have origi-
nated via allopatric speciation, followed by secondary contact (e.g.,
Barraclough & Vogler, 2000). In this case, we would expect allopa-
tric pairs to be younger than parapatric and sympatric species.
We found that allopatric species (9.04 Ma) were not significantly
younger than sympatric pairs (9.64 Ma; p = 0.068) nor parapatric
pairs (6.89 Ma; p = 0.014; Supporting Information Appendix S1).
We also found that range overlap of partially sympatric species
was not correlated with time (Supporting Information
Appendix S2) although range overlap was significantly correlated
with time across all species (mainly driven by parapatric pairs
being younger than allopatric and sympatric pairs). Furthermore,
we found several very young pairs with completely or predomi-
nantly overlapping ranges which likely did not originate in allopa-
128, 234 in
Appendix S1). These cases could be interesting subjects for future

try (e.g., pairs 102, Supporting Information
research on nonallopatric speciation.

Finally, among all 100 allopatric species pairs, 31% were associ-
ated with islands, strongly supporting the importance of islands in
speciation (Lomolino, Riddle, & Brown, 2006). Interestingly, these
results suggest that niche conservatism in microhabitat (i.e., aquatic
vs. terrestrial) plays a frequent role in allopatric speciation, rather

than climate.
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4.3 | Methodology for testing the role of climate in
speciation

Studies that have tested whether climatic niche conservatism or
divergence drives speciation have used a variety of methods to
address this question (e.g., Graham et al., 2004; Hua & Wiens, 2010;
Kozak & Wiens, 2006; Loera et al., 2012; McCormack et al., 2010;
Pyron & Burbrink, 2009). We believe that a crucial part of any
methodology to address this question is to address the climatic suit-
ability of the area separating the ranges of sister species (Hua &
Wiens, 2010; Kozak & Wiens, 2006). Approaches that fail to include
this component may give misleading results, because (to our knowl-
edge) the only mechanism by which niche conservatism may drive
speciation is by causing allopatry. Species climatic niches might be
similar to each other or relatively divergent, but what is critically
important for speciation via climatic niche conservatism is whether
they are separated by a barrier of unsuitable climatic conditions
(Hua & Wiens, 2010; Kozak & Wiens, 2006).

Kozak and Wiens (2006) and Hua and Wiens (2010) both
included tests of whether the climatic niches of sister species
were significantly different from each other and from the area
separating them. We advanced the methodology of these earlier
studies in several ways. First, we used the multidimensional hyper-
volume (Blonder et al., 2014) to define climatic niches of species
and niche similarity was calculated from niche overlap. The hyper-
volume overlap estimates the proportion of the niche that is simi-
lar between the two species and therefore seems appropriate
even for species with broad, overlapping niches. In comparison,
Kozak and Wiens (2006) and Hua and Wiens (2010) compared cli-
matic niches of sister species (and intervening areas) by calculating
distances between multivariate distributions. This can be problem-
atic in some cases. For example, two species may have broad
niches that partially overlap. The two species may occupy identical
climatic conditions in the areas adjacent to the intervening area
(in support of conservatism) but the two species might still exhibit
large mean distance between their niches (because their niches
are broad with only a partial overlap), which may incorrectly lead
to inferring niche divergence.

Like Kozak and Wiens (2006) and Hua and Wiens (2010), we
also used Maxent niche modelling to compare niche suitability of
each species’ range to the other and to the area separating them.
We assigned a single speciation mechanism to each species pair (as
in Kozak & Wiens, 2006), as opposed to assigning a speciation
mechanism to individual species (as in Hua & Wiens, 2010). We
think that there should be a single mechanism driving each splitting
event, not a different mechanism for each species.

There are also ways that our analyses could vyield incorrect
results. However, we think that these issues are more related to data
than to our methodology and would also mislead other methods.
First, if only a small portion of the niche of a wide-niched species is
captured with the sampled localities, the estimated niche similarity
between species may be inaccurate. Additionally, following Blonder

et al. (2014), the number of hypervolume dimensions used was

based on the number of localities. Thus, for species with <10 locali-
ties, only a single PC was used. The hypervolume overlap might
therefore be larger for pairs with fewer localities. Indeed, Qiao, Esco-
bar, Saupe, Ji, and Soberén (2017) suggested that the hypervolume
methodology may overestimate niche volumes in low dimensions
and constrict niche volume estimates in high dimensions. Fortu-
nately, we found no significant negative relationship between the
summed number of localities per pair and niche overlap (Spearman’s
rho = —0.13, p = 0.37). Additionally, as each species pair was anal-
ysed separately, the niches of the two species and of the intervening
habitat should be affected in a similar way (all three may be overes-
timated or underestimated), which should not affect the relative suit-
ability of the species pair with respect to the intervening habitat.
The problematic case would be if each species had very different
numbers localities. Indeed, we found inconsistent results in such
cases (see below).

Second, results could be biased by incomplete sampling of locali-
ties within the intervening habitat (e.g., if one or both species actually
occur in portions of the intervening area). Our approach might infer
the intervening area to be suitable (or more suitable than the niche of
the sister species) and we could incorrectly conclude niche divergence
to be the mechanism of speciation. We attempted to ameliorate this
problem by including a buffer in the intervening area that prevented
random points from being too close to known localities. Similarly,
biased sampling of occurrence records (e.g., high sampling in some
parts of the species range and sparse sampling in others) can cause
overfitting in Maxent (i.e., model fits too tightly to calibration data) as
this method assumes that all locations are equally likely to be sampled
(Merow et al., 2013). The hypervolume, on the other hand, is much
less sensitive to sampling bias (Blonder et al., 2014).

Third, an unequal number of localities caused by differences in
geographic range sizes could result in different mechanism being
inferred for each species in a species pair (i.e., conservatism for one,
divergence for the other). When the ranges (and niches) have very
different sizes, the species with a bigger range and larger niche will
often predict the niche of the sister species as suitable but not vice
versa, resulting in conservatism being inferred for the larger ranged
species and divergence for the smaller ranged species. We found
some evidence for this possibility (pairs 98, 143, 199). However,
most pairs (~80%) were unambiguously assigned to one mechanism
by both methods.

Our analyses were based on species’ realized climatic niches (i.e.,
conditions where they occur), not fundamental niches (i.e., considering
only conditions they can physiologically tolerate). Thus, we may some-
times underestimate the climatic suitability of species ranges and
intervening areas, if nonclimatic factors are limiting the ranges of many
species. However, this scenario seems unlikely to explain our overall
results, which show that most allopatric pairs have mutually unsuitable
ranges separated by suitable intervening habitats. If our results were
primarily driven by errors related to underprediction, we would not
expect a strong pattern across most species pairs.

Our analyses do not identify the specific mechanisms that might

prevent sister species from occurring in each other’s ranges or in the
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areas that separate them. Thus, the proximate range-limiting factors
might be related to physiological tolerances to climate, or instead to
effects of climate on the distribution of relevant biotic factors (e.g.,
prey, predators, pathogens or vegetation important for microhabitat).
The specific factors might also vary considerably among the dozens
of species analysed. Nevertheless, our results set the stage for future
analyses of these factors. Importantly, the fact that range limits
might be set by interactions between climate and biotic factors
rather than physiology alone does not invalidate our results. Our
main goal was to test the general mechanisms by which climate is
related to speciation (i.e., divergence vs. conservatism), and if it is

related at all.

5 | CONCLUSIONS

In conclusion, we developed methods to test two competing mecha-
nisms of climate-driven speciation (niche conservatism vs. niche
divergence). These methods can be applied to any allopatrically dis-
tributed sister species. We applied these methods to a large number
of sister species of squamate reptiles (lizards and snakes), yielding
the most extensive comparison of these climatic mechanisms to
date. We also provide the first large-scale assessment of the fre-
quency of different geographic modes in squamate reptiles. Our
results revealed that climatic niche divergence is the most common
mechanism of allopatric speciation (~60-80%), although climatic
niche conservatism was supported for several species pairs (~20%).
Overall, our results raise many important questions for future empiri-
cal and theoretical research, such as how exactly climatic niche
divergence drives allopatric speciation, and why do parapatric

species pairs have such similar climatic niches.
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