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Abstract of the Dissertation
How does climate influence speciation: theoretical and empirical perspectives
by
Xia Hua
Doctor of Philosophy
in
Ecology and Evolution
Stony Brook University
2012

Many people are now familiar with the idea that climate change can cause extinction.
Here, I show how climate change may also lead to the origin of new species. I explore two major
aspects of how climate influences speciation. First, variation in climatic conditions over space
and time can be a direct driver of speciation, via two mechanisms. Climate may drive allopatric
speciation when a geographic barrier that consists of suboptimal climatic conditions for a species
divides the species range and climatic niche conservatism of the species limits its adaptation to
the climatic conditions, preventing gene flow between the two incipient sister species (speciation
via climatic niche conservatism). Climate may also drive gradient speciation by imposing
divergent selection across a strong climatic gradient. The subsequent climatic niche divergence
may then lead to restricted gene flow and reproductive isolation between two incipient sister
species that inhabit different climatic conditions (speciation via climatic niche divergence). The
second aspect that I explore is how the level of elevational climatic stratification may affect the

range of climatic conditions that a species can tolerate, potentially leading to more limited
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dispersal of the species between different climatic conditions at different elevations and thus
promoting speciation. In my dissertation, I examine these two aspects of climate and speciation
from both theoretical and empirical perspectives. Specifically, I develop the first mathematical
models to examine: (1) the relative plausibility of speciation via climatic niche conservatism and
speciation via climatic niche divergence; (2) the conditions under which climatic stratification
affects the evolution of a species’ climatic niche breadth. I also conduct an empirical study on
latitudinal variation in speciation mechanisms in anurans globally. There is a strong latitudinal
gradient in climatic stratification, with greater climatic zonation in the tropics. I examine
whether this latitudinal variation in climatic stratification leads to latitudinal variation in species’
climatic niche breadths and therefore a latitudinal gradient in the relative plausibility of

speciation via climatic niche conservatism versus climatic niche divergence.
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Introduction

Many people are now familiar with the idea that climate change can cause extinction
and anthropogenic climate change is predicted to be a major cause of species extinctions in the
next 100 years (e.g., Dawson et al. 2001; Thomas et al. 2004; Pereira et al. 2010; Hof et al. 2011;
Cahill et al. 2012). As the opposite side of extinction, speciation has also been hypothesized to
be associated with variation in climatic conditions over space and time (e.g. Jansson and
Dynesius 2002; Mittelbach et al. 2007; Kozak and Wiens 2010). Climate may influence
speciation through at least two aspects. First, the responses of organisms to variation in climate
(i.e. climatic niche evolution) can be important drivers of speciation (e.g. Moritz et al. 2000;
Wiens 2004). Second, climate may also influence the climatic niches of a species and therefore
its climatic niche evolution.

Verbal models have suggested two mechanisms linking climatic niche evolution and
speciation. First, when different populations of a species occupy different habitats, the different
climatic conditions they inhabit may impose divergent selection that drives the evolution of
reproductive isolation between them. Under this scenario, climate drives “ecological speciation”
(Rundle and Nosil 2005; Schluter 2001, 2009) or “gradient speciation” (Moritz et al. 2000).
Second, differences in climate over space might serve as an effective barrier to dispersal between
allopatric populations, such that incipient species on either side have lower fitness in this barrier
of unsuitable habitat and fail to adapt to climatic conditions there (Wiens 2004). These allopatric

species may then diverge in response to other climatic or non-climatic factors and evolve
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intrinsic reproductive isolation. Under this scenario, speciation is driven by the species’s failure
to adapt to the climatic conditons in the barrier (i.e. speciation via climatic niche conservatism
(Wiens 2004), also related to “refugial speciation” (Moritz et al. 2000)). Empirical studies have
collectively found evidence supporting both mechanisms, but it remains unclear as to why
speciation seems to occur through climatic niche conservatism in some cases and via niche
divergence in others.

A good example for how climate may influence the climatic niches of a species (and
therefore its climatic niche evolution and speciation) is Janzen (1967)’s hypothesis of “why
mountain passes are higher in the tropics”. Janzen (1967) hypothesized that the limited seasonal
temperature variation in the tropics reduces overlap in thermal regimes between low and high
elevations. The greater temperature stratification across elevational gradients in the tropics then
makes a tropical species more likely to be evolutionarily adapted to a narrower range of
temperature than a species in temperate regions, potentially making mountain passes in the
tropics more effective dispersal barriers (hence “higher”). If true, the limited dispersal between
different elevations may promote gradient speciation along mountain slopes in the tropics (e.g.
Moritz et al. 2000), leading to a potential latitudinal pattern in the relative importance of climatic
niche conservatism and niche divergence in speciation, with niche conservatism being more
common in temperature areas and niche divergence more prevalent in the tropics (Kozak and

Wiens 2007).



In my dissertation, I first present an empirical study in chapter 1 to test whether there is
latitudinal variation in the relative importance of climatic niche conservatism and climatic niche
divergence in speciation, using frogs as a model system. I then develop the first mathematical
model in chapter 2 to examine the relationships between climatic niche evolution and speciation.
Specifically, I examine relative plausibility of speciation via climatic niche conservatism and
speciation via climatic niche divergence under different climatic variation over both space and
time. In chapter 3, I develop the first mathematical model for Janzen’s hypothesis to examine
why and under what conditions tropical species evolve narrower ranges of temperature tolerance

and narrower elevational ranges.
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Chapter 1
Latitudinal variation in speciation mechanisms in frogs
Introduction

It is widely understood that geography is a critical aspect of speciation (e.g., allopatric,
parapatric, and sympatric modes; Futuyma 1998; Coyne and Orr 2004), and that speciation may
have a strong ecological component (see numerous recent papers on “ecological speciation”;
e.g., Schluter 2001; 2009; Ogden and Thorpe 2002; Nosil et al. 2005; Rundle and Nosil 2005).
However, the ecological basis for different geographic modes, particularly allopatric speciation,
has not been as widely studied. For example, despite the general consensus that the allopatric
mode seems to be the most common (e.g., Futuyma 1998; Barraclough and Vogler 2000; Coyne
and Orr 2004; Phillimore et al. 2008), there is relatively little research on what ecological factors

cause sister species to become geographically isolated from each other (e.g., Wiens 2004a, b).

The ecological niche is a crucial concept when considering the geographic ranges of
species (Lomolino et al. 2006), and therefore, the geography of speciation. The fundamental
ecological niche of a species determines the biotic and abiotic conditions where the species is
able to persist and spread (Hutchinson 1957). There are two general models for speciation in
terms of the niche: niche conservatism and niche divergence. Niche conservatism is the
maintenance of ecological similarity within species or clades over time (e.g., Peterson et al.
1999; Wiens and Graham 2005). Niche conservatism may be an important driver of allopatric

speciation, as it may be the initial cause of geographic isolation between two incipient species



(e.g., Wiens 2004a, b; Kozak and Wiens 2006). A species may be split into two descendant
species when a geographic barrier that consists of suboptimal environmental conditions for the
species divides the species range, and niche conservatism limits adaptation to the ecological
conditions at the geographic barrier, preventing gene flow between the two sets of populations
(Wiens 2004a). For example, many sister species that are endemic to montane habitats on
adjacent mountain ranges presumably originated from an ancestral species that was more widely
distributed in the lowlands during periods of cooler climate, and are now confined to higher
elevations by climate change. These species presumably became geographically isolated
because they were unable to adapt to climatic conditions in the lowlands separating their
geographic ranges (Wiens 2004a, b; Wiens and Graham 2005; Kozak and Wiens 2006). This
mechanism is also referred to as refuge speciation (Moritz et al. 2000). This model predicts that
recently evolved sister species will occur in similar but allopatric habitats, which are separated
by less similar habitat in between (Fig. 1.1A). This same basic model could apply to many
different types of ecological barriers (Wiens 2004a,b), from the trivial (e.g., terrestrial species
separated by oceans) to the more subtle (e.g., xeric-adapted species separated by mesic habitats,

stream species separated by rivers).

Under the second model, new species may originate as populations adapt to new niches,
through the process of niche divergence. Niche divergence is potentially important for both
allopatric and parapatric speciation. For allopatric speciation, species may become allopatric

through niche conservatism and subsequently diverge ecologically from their ancestral species’



niches in allopatry, limiting any further gene flow between them. Under this model,
environmental conditions in each sister species’ geographic range are unsuitable for the other
species, as is the area in between their ranges, even though the habitats of sister species could
still be more similar to each other than they are to the barrier habitat that separates them (Fig.
1.1B). Similarly, species may become allopatric via factors other than climatic niche
conservatism, and subsequent niche divergence may then limit further gene flow between them.
Under this mechanism, we expect that allopatric sister species would occur in environments that
are no more similar to each other than they are to the environment separating their geographic
ranges (Fig. 1.1C). Thus, comparing habitats where species occur to where they do not occur is
a critical aspect of distinguishing whether niche conservatism is involved in the initial isolation
of species, even if the niches of sister species have diverged considerably (Wiens and Graham
2005). It is important to note that these two models of allopatric speciation refer to somewhat
different portions of the speciation process: niche conservatism pertains to the initial isolation
and origin of lineages, whereas niche divergence pertains to the subsequent divergence of

lineages that are already allopatric.

For parapatric speciation, niche divergence may be a common mechanism underlying
the initial origin of parapatric lineages (Futuyma 1998; Coyne and Orr 2004). Under this model,
incipient species experience divergent selection across a strong environmental gradient (referred
to as gradient speciation in Moritz et al. 2000), such as high and low elevation populations along

a mountain slope. Adaptation to these different environments eventually leads to restricted gene



flow and reproductive isolation between the populations that inhabit them (Coyne and Orr 2004).
This model predicts that newly evolved sister species will be parapatrically distributed and

occupy adjacent but distinct environments (Moritz et al. 2000).

Recent studies have begun to explore the relative importance of niche divergence and
niche conservatism in speciation, particularly using GIS-based environmental data sets.
However, these studies have found highly divergent results. For example, some studies have
found evidence for speciation by niche conservatism in temperate montane regions (e.g., Kozak
and Wiens 2006) and in the tropics (e.g., Peterson et al. 1999; Peterson and Nyéari 2007). Others
have found evidence for speciation by niche divergence along climatic gradients in the tropics
(e.g., Graham et al. 2004; Kozak and Wiens 2007; Raxworthy et al. 2007), as well as a strong
association between genetic distances and divergence in the ecological niche in temperate
regions (e.g., Rissler and Apodaca 2007; but see Kozak and Wiens 2006; Stockman and Bond

2007).

Kozak and Wiens (2007) suggested that there might be a latitudinal pattern in the
relative importance of niche divergence and niche conservatism in speciation, with niche
conservatism being more common in temperate areas and niche divergence more prevalent in the
tropics (also predicted by Moritz et al. 2000). By comparing climatic data from 16 temperate
sister-species pairs and 14 tropical sister-species pairs in the salamander family Plethodontidae,
they found that temperate sister species tend to occupy similar climatic niches (which are very

different from the intervening “absence” locations) and that tropical sister species tend to occur
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at different elevations and in different climatic zones. Kozak and Wiens (2007) related this
geographic pattern to Janzen’s (1967) hypothesis of “why mountain passes are higher in the
tropics.” Janzen (1967) suggested that more limited temperature seasonality in the tropics
selects for organism that are narrowly adapted to a given elevational band, potentially leading to
more limited dispersal between different elevations in the tropics. If true, this pattern may
promote gradient speciation along mountain slopes in the tropics (e.g., Moritz et al. 2000; Kozak
and Wiens 2007), leading to a higher frequency of parapatric speciation and niche divergence in
the tropics. Such differences in speciation mechanisms might also be important in explaining
why there are more species in the tropics for so many groups of organisms. Indeed, tropical
plethodontids have higher rates of diversification than temperate salamander clades (Wiens
2007), and the species richness of plethodontids in tropical Middle America is nearly twice that
in temperate North America (even though plethodontids seem to have originated in the temperate
zone and spread to the tropics relatively recently). If the results found in plethodontid
salamanders apply widely to other groups of organisms, these latitudinal differences in climatic
zonation may be important for explaining both variation in mechanisms of speciation across

studies and global-scale patterns of species richness.

In the present study, we test whether there is latitudinal variation in speciation
mechanisms related to climate, using frogs as a model system. We focus on frogs because they
are the sister group to salamanders and may show complementary patterns. We select 79 sister

species pairs from across the world and across the phylogeny of frogs. For the first time, we



compare the relative frequencies of allopatric, parapatric (or partially sympatric), and sympatric
distributions of sister species in the tropics versus the temperate zone. We then test for
latitudinal variation in elevational and climatic overlap between sister species. We also evaluate
the relative importance of allopatric speciation via niche conservatism versus niche divergence in
relation to latitude. In contrast to the results of Kozak and Wiens (2007) for salamanders, we
find no tendency for tropical frog species to show greater divergence (or less overlap) in their
elevational or climatic distributions than temperate species. Although our results are consistent
with Janzen’s (1967) hypothesis that tropical species occupy narrower climatic regimes than
temperate species, we show that the relationships between climate, latitude, and speciation are

not straightforward, and may even be clade-specific.

Materials and Methods

Given that our methods are lengthy and somewhat complex, we provide a summary and
overview in a flow chart (Fig. 1.2). Our description of methods follows the order in the

numbered boxes in the flow chart, starting with the identification of sister species.

Identification of sister species

We examined recently published phylogenetic analyses across all major frog clades, and
identified 79 useable pairs of sister species (see Table S1.1). Although dozens of frog

phylogenies have been published recently that collectively include hundreds of species, we only
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included sister-species pairs from phylogenetic studies in which all described species in their
genera or species groups were included. This restriction greatly limited the number of species
pairs, but was necessary to ensure (as much as possible) that included species pairs are actually
sister species. However, we acknowledge the possibility that undescribed or extinct species
might still interdigitate among these species in some cases (although relatively short branch
lengths for many species suggest that they are relatively recent, and that there may have been too
little time for undiscovered or extinct species to have arisen along these branches). To evaluate
whether taxon sampling in a given study was sufficiently complete, we used the summary of
taxonomy from Frost’s (2008) database. When a phylogeny with adequate taxon sampling was
available, we only used sister-species pairs if the stem uniting them had a likelihood or
parsimony bootstrap value >50%, or a Bayesian posterior probability > 0.50 (but 88.6% of the 79
species pairs have a bootstrap value >70% or a posterior probability >0.90). In the few cases
where there were conflicts among different phylogenies from different datasets (e.g., different
genes), we used the phylogeny based on the combined data, if possible. Otherwise, we used the

relationships supported by the majority of phylogenies based on different datasets.

Among the phylogenetic analyses we used, phylogenies for the families
Eleutherodactylidae (sensu Frost 2008), Hylidae (sensu Frost 2008), and Ranidae (sensu Wiens
et al. 2009) are relatively complete. Over 60% (26.6 % from Eleutherodactylidae, 30.4% from
Hylidae, 5.1% from Ranidae) of the sister-species pairs we used are from these families.

However, these are also among the three largest families of frogs (collectively including ~33%

11



of all frog species) and they collectively span nearly the entire geographic range of all frog

species combined (Amphibiaweb 2009).

Species distribution and speciation modes

We used the species distribution maps from the Global Amphibian Assessment (GAA
hereafter; IUCN 2009). The GAA provides a recent estimate of geographic ranges for almost all
amphibian species, based on minimum area polygons (IUCN 2009). We acknowledge that such
maps are not necessarily without error. However, any errors in these maps should only be
relevant to our study if they influence the inferred geographic overlap of sister species. Further,
most of our analyses are based on elevational distribution patterns and climatic data (from
specific localities), and do not depend directly on these maps. For 14 species without
distribution maps available from the GAA, we developed maps in ARCGIS version 8.3 (ESRI,

Redland, CA), based on maps and relevant descriptions from the original literature.

We first classified each species pair as being allopatric, parapatric (or partially
sympatric), or sympatric, and then compared the frequency of each pattern in tropical versus
temperate regions. We defined the tropics as the region between 23.5° S and 23.5° N latitude,
the same angle as the tilt of the Earth's axis, and a standard geographic definition for the tropics.
A sister-species pair was considered to occur in the tropics if its latitudinal mid-point (the
average of the maximum and minimum latitudes of both sister species) falls within this

latitudinal zone. Species pairs were considered allopatric when there was no geographic overlap
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between them, and a geographic gap or barrier (i.e. one species pair is separated by the
Mississippi River) separated their localities. Pairs were considered sympatric if one species’
range was entirely within the range of its sister species. Initially, we intended to have a category
for parapatrically distributed species to represent this important geographic mode of speciation.
However, we found no species pairs with distributions that were truly abutting, only ones that
were allopatric, fully sympatric, or partially sympatric. We therefore created an intermediate,

“partial sympatry” category for distributions that were partially overlapping.

Using these criteria described above, we classified all species pairs as either tropical or
temperate and as either allopatric, partially sympatric, or sympatric. We then compared the
frequency of each geographic pattern in each region using the 2x3 G-test with William’s

correction (Sokal and Rohlf 1995; Fig. 1.2; flow chart step 3).

Elevational and climatic data

In order to test the hypothesis that elevational overlap of sister species decreases at
lower latitudes, we determined the elevational overlap for all 79 species pairs. We obtained the
elevational ranges of most species from the summary provided for each species in the GAA
(IUCN 2009). For species without elevational data in the GAA, we extracted data on elevational
distribution from georeferenced specimen localities (see below for methods) and obtained the

elevational range by subtracting the minimum elevation from the maximum elevation (Fig. 1.2;
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step 4a). The degree of elevational overlap between sister species was calculated using the

following formula (Fig. 1.2; step 4b):

Elevational overlap = 0.5(O/Ra+O/Rp),

where R and Rp are the elevational ranges of species A and B, and O is the absolute elevational
overlap of Ry and Rp. This formula is different from the one used in Kozak and Wiens (2007),
where the degree of overlap was calculated by dividing the elevational overlap by the elevational
range of the species with the smaller elevational range. For their formula, an index of 1.0
describes both sympatric sister species and allopatric sister species distributed over identical
elevational ranges (none of the sister species included in Kozak and Wiens (2007) are sympatric).
In our study, 12 out of 79 pairs are sympatric sister species, in which one species has a narrower
elevational range then the other, whereas allopatric sister species usually share a similar
elevational range. Given this difference, our index should be a better estimation of elevational

overlap between sister species.

To quantify and compare the climatic distribution of sister species at different latitudes,
we first obtained climatic data from each included species using GIS-based environmental layers
from georeferenced specimen localities. Specimen localities were obtained from museum
collections by searching the HerpNet (www.herpnet.org) database (which includes locality data
for all species represented in dozens of U.S. and foreign collections) and from the original

literature. Pseudacris locality data were gathered from Lemmon et al. (2007), in which specimen
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localities were georeferenced by those authors. For species whose specimen localities were not
georeferenced by the original collectors, we georeferenced the localities ourselves. Localities
were only used that were within 1 km of a georeferenced landmark (e.g., 1 km from a village).
All georeferenced localities were then checked against the species distribution maps (e.g., from
TUCN 2009 or the original literature). Localities far away from the mapped ranges were
eliminated as being potentially erroneous. Although we began with a large number of potential
species pairs, we only included pairs if there were at least five useable georeferenced specimen
localities for each species (to provide an adequate description of the climatic distribution). We
also eliminated species whose available georeferenced localities were highly localized compared
to the overall geographic distribution of the species, such that the available climatic data might
not match the species’ overall climatic distribution. We eventually mapped a total of 2,591
georeferenced specimen localities for 28 carefully selected sister-species pairs (see Tables S1.2

and S1.3 for a listing of species and their data).

For each locality, we extracted elevation and climatic variables from the WORLDCLIM
database with 1 km2 spatial resolution (Hijmans et al. 2005), using ARCGIS version 8.3. To
quantify the temperature ranges of each species (Fig. 1.2; step 4a), we extracted the maximum
temperature of the warmest month (Bio 5) and the minimum temperature of the coldest month
(Bio 6) for each locality. The temperature range of the species is the difference between its
maximum observed value of Bio 5 and minimum value of Bio 6. To quantify the temperature
overlap between sister species, we first extracted the maximum and minimum temperature for

15



each month across all of a species’ localities. We then calculated the temperature range of a
species for each month as the difference between the maximum and minimum temperatures.
Finally, the degree of temperature overlap between sister species was calculated using the same

formula in Kozak and Wiens (2007) as follows (Fig. 1.2; step 4b):

12
Temperature overlap = E 0.5(Oi/Rai+Oi/Rg;),

i=1

where Rai and Rg; are the temperature ranges of species A and B for month 7, and O; is the
absolute overlap of Ra; and Rg;. We also calculated the degree of temperature overlap by the
same formula as the one used for elevational overlap in order to account for the possibility that
sister species differ somewhat in which months are coldest and warmest within their geograhic

ranges.

The overall climatic distribution of a species was characterized using 19 climatic
variables derived from monthly temperature and precipitation values in the WORLDCLIM
database (Hijmans et al. 2005). For each species, we extracted the maximum and minimum
values of each variable across all of the species’ localities, and calculated the species’ range for
each climatic variable as difference between the maximum and the minimum values (Fig. 1.2;
step 4a). The overall climatic range of a species, therefore, is a vector of 19 derived variables
(data for each species listed in Table S1.2). Similarly, we calculated the overlap of each climatic
variable between sister species by the same formula as the one used for elevational overlap (Fig.

1.2; step 4b). The overall climatic overlap between two sister species is a vector of another 19
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derived variables (see Table S1.3). To account for the potential redundancy among the 19
variables, a Principal Components Analysis (PCA) was run for each matrix (19 variables with 28
sister-species pairs) of climatic ranges and climatic overlap (see the section below on statistical
analysis), using S-PLUS version 6 (Insightful Corporation 2001). The first several principal
components (PCs) that cumulatively account for over 95% of the variation were used in the

following statistic analyses (see below).

We also tested the hypothesis that niche conservatism causes populations to become
isolated as they track suitable climatic conditions over time (Fig. 1.2; step 5a). We calculated
separately (1) the climatic distance (see below for methods) between allopatric sister species, and
(2) the climatic distance between each species of the sister-species pair and locations in the gap
between their geographic ranges (i.e., “absence localities” where neither species occurs).

Among the 28 species pairs with adequate climatic data, there were 9 allopatric species pairs (i.e.,
no geographic overlap between sister species’ geographic ranges, and a geographic gap
separating their ranges). To obtain climatic data for absence locations, we first drew a maximum
convex polygon in the most narrow part of the gap between the geographical ranges of the two
sister species (i.e., the place where their ranges most closely approach each other). We then
randomly generated pseudoabsence locations within this polygon. The number of
pseudoabsence locations was set to be equal to the average of the number of sampling localities
for both species of the sister-species pair. Data for all 19 climatic variables were then extracted
from each absence location.
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To quantify the climatic distances, we first performed a PCA on the correlation matrix
of the 19 climatic variables extracted from the localities of each species in a sister-species pair
and their corresponding absence locations. Due to the limited number of localities for some
species, we selected the first several PCs by the Kaiser criterion (Kaiser 1960). Using this
criterion, we included fewer PCs than using an arbitrary threshold of the PCs that explain 95% of
the variance, but still included PCs that account for at least 80% of the variance for all the
allopatric sister-species pairs. For a given sister-species pair (species A and species B, for
example), we calculated Mahalanobis distances using the selected PCs, first between species A
and species B, then between species A and absence locations, and then between species B and
absence locations. To test whether the distance between species A and B is significantly smaller
than that between species A and absence locations (the same procedure is applied to species B),
we pooled and reshuffled the localities of species B and the absence locations 1,000 times using
PopTools version 3.0.6 (www.cse.csiro.au/poptools). In each replicate, we recalculated the
Mahalanobis distances between species A and B, and between species A and absence locations.
The difference between these two Mahalanobis distances (Dm hereafter) for species A is then

calculated using the following formula:

D,, = (distance between species A and absence locations - distance between species A and

B)/distance between species A and B.

If fewer than 5% of the 1000 randomizations had a difference larger than the observed

one, we considered the result to be significant support for the potential importance of niche
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conservatism in explaining their allopatric distributions (i.e., the climatic distributions of sister
species are more similar to each other than they are to the intervening absence localities).
Similarly, if more than 95% of the 1000 randomizations had a difference larger than the
observed one, the climatic distributions of sister species are more different from each other than
they are from the absence localities. This could be the result of niche divergence between sister
species or possibly spatial autocorrelation (i.e., a species has more similar climatic distribution to
the absence localities than to its sister species because it occurs geographically closer to the

absence localities).

Warren et al. (2008) proposed a promising statistical test to address whether species
climatic niches are conserved over evolutionary time scales. However, we did not use their test
in the present study, for two main reasons. First, the statistics used in their test are based on
probabilities of occurrence estimated from niche modeling, instead of directly analyzing climatic
data or presence/absence data. Since the accuracy of niche modeling depends on many factors
(see discussion in Warren et al. (2008)), this may introduce unnecessary biases to the final results
as opposed to directly using climatic data. Second, their test does not include the absence
locations (between the ranges of allopatric sister species) in the test of niche conservatism.
Theoretically, we could extend the test by performing niche modeling based on absence
localities and comparing the similarity indices used in Warren et al. (2008) between sister
species and between species and their absence locations. However basing niche modeling on
absence localities could be problematic, especially considering that the absence localities in our
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study are randomly sampled within somewhat arbitrarily defined gap areas between the ranges of

sister species.

We consider a significantly large D,, as potential evidence for niche conservatism in
allopatric speciation. However this test alone cannot distinguish between the model of allopatric
speciation via niche conservatism and niche conservatism followed by major niche divergence,
because it does not address whether the geographic range of one species is climatically suitable
for its sister species, or whether the intervening absence locations are suitable. To distinguish
these two models, we estimated the spatial patterns of predicted climatic suitability of the 9 pairs
of allopatric sister species using ecological niche modeling, as implemented in Maxent version
3.2 (Phillips et al. 2006). The combination of the Dm test with ecological niche modeling allows
us to potentially distinguish among several possible speciation scenarios involving niche

conservatism and/or niche divergence (Fig. 1.1).

Under the scenario of speciation via niche conservatism, we expect each species niche
model to predict its occurence in a substantial portion of its sister species’ geographic range, but
not in the intervening gap area that separates where they are found today (Fig. 1.1A). In addition,
the D,, for each species is expected to be significantly larger than its null distribution. In contrast,
under the scenario of speciation via niche divergence, we expect that niche modeling will show
that each species’ geographic range is climatically unsuitable for its sister species, as is the
intervening gap between their ranges. In addition, when D,, is significantly larger than its null

distribution for both species, the model of speciation via niche divergence may have involved an
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initial isolation by niche conservatism (Fig. 1.1B). However, when D,, is not significantly larger
than its null distribution, the model of speciation may involve an initial isolation by either niche
conservatism or by other factors not included in this study (Fig. 1.1C). Although it is hard to
rule out the role of niche conservatism in initiating allopatry, under this model, niche divergence

maintains the allopatric distribution between sister species.

Theoretically, if species’ niches are fully conserved during the speciation process, we
expect a species to predict 100% of its sister species’ localities as suitable. In contrast, when
species’ niches are completely divergent after an initial isolation, we expect a species to predict
0% of its sister species’ localities as suitable. However, many factors may cause the results to

deviate from these expectations somewhat (e.g., differences in sampling or species range sizes).

To test if sister species distributions were significantly more suitable than the
intervening absence locations (Fig. 1.2; step 5b), we mapped the georeferenced localities of each
species and their absence localities onto the Maxent predictive map of its sister species, and
extracted the occurence probabilities for each locality. For each species, we conducted a one-
sided Wilcoxon rank-sum test between the distribution of occurrence probabilities for its sister
species and the distribution of occurrence probabilities for the absence localities (most
distributions significantly differ from normal distribution as indicated by the Kolmogorov-
Smirnov test). Under the model of niche conservatism, we expect a species to predict its sister
species’ presence localities with significantly greater probability then the absence localities.

Under the model of niche divergence, we expect probabilities for the sister species to be no
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greater than for the absence localities. This general approach follows that of Kozak and Wiens
(2006). However, these differences in probabilities do not directly address if a species should be
able to survive in a substantial portion of its sister species’ range. In order to address this (Fig.
1.2; step 5c), we calculated for each species the proportion of its sister species’ localities and the
absence localities that were predicted as climatically suitable (see below for details). We
considered a species to fail to predict the geographic range of its sister species, or the gap area
that separates their ranges, when < 30% of its sister species’ localities or the absence localities
were predicted as suitable. Although this threshold is arbitrary, we found that use of alternate

thresholds gave similar overall results.

In general, we expect the Wilcoxon test and the proportion of predicted localities to be
concordant. However, to be conservative, we only considered a species pair as supporting niche
conservatism if, for both species: (a) D,, values were significantly large, (b) the Wilcoxon test
was significant, (¢) >30 % of the sister species’ localities were predicted as suitable and (d) <

30% of the absence localities were predicted as suitable.

It is important to note that the three scenarios above assume that the current allopatric
distributions of sister species are maintained by climatic factors, so that species should not be
predicted to occur in the “gap” area between their geographic ranges using ecological niche
modeling. When a species’ predicted distribution includes > 30% of the absence localities, we

assumed that factors other than climate are presumably involved in determining the current
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allopatric distributions of sister species. Under this scenario, the climatic similarity of species

(and similarity to gap locations) may not be relevant to speciation (Fig. 1.1D).

Sometimes, two sister species may have asymmetric results, potentially indicating
different speciation scenarios for each species. For example, if allopatric speciation is completed
by niche divergence, but the current distribution of one species is limited by factors other than
climate, we might expect this species to support the scenario that involves factors other than
climate, while its sister species supports the scenario of niche divergence. To account for these
asymmetric results, we assigned each sister species separately into one of the four possible

speciation scenarios, instead of treating a sister species pair as a unit.

We estimated a species’ climatic niche envelope based on its georeferenced localities,
using the default modeling parameters in Maxent and environmental layers with 1 km® grid
resolution for 7 climatic variables selected from the WORLDCLIM database. These variables
are: Bio2, mean diurnal temperature range; Bio5, maximum temperature of the warmest month;
Bio6, minimum temperature of the coldest month; Bio9, mean temperature of the driest quarter;
Biol5, precipitation seasonality; Biol7, precipitation of the driest quarter; and Biol8,
precipitation of the warmest quarter. Each variable was selected to represent a group of highly
correlated variables in which the selected variable is most likely to set the range limits of anuran
species (e.g., we selected maximum temperature rather than mean temperature). Groups of
variables were identified by Pearson-product correlation analysis of the 19 bioclimatic variables

in SPSS version 11.5 (SPSS, Chicago, IL), and variables were grouped if their r > 0.70. To
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decide the background area used in niche modeling, we first divided the 9 sister-species pairs
into four large-scale geographic regions: northern South America, Mexico-Central America,
North America, and Western Australia. We then drew a rough polygon for each region that
included all its species pairs’ distribution ranges. This polygon was then used as the background
area for each species pair in its corresponding region and the background data (data that
represents the range of environmental conditions in the modeled region) were drawn randomly
from the background area. These analyses confirm that the models for all the species in their
corresponding regions have AUC values (the probability that a tested locality has a higher rank
of presence than a randomly chosen background site; Phillips et al. 2006) larger than 0.75 and
are thus considered useful (Elith 2002). We presented results using logistic values (the default
output value in Maxent version 3.2; it gives an estimate between 0 and 1 of the probability of
presence) and generated binary prediction maps of presence-absence for each species using an
arbitrary threshold of 0.3 (grid value is absence if its logistic value < 0.3). We chose this
threshold because for most species, it appears to include adequate grids that cover the actual
geographic range of the species under estimation, but yields few predicted presence locations
outside the range. However, this threshold also captures the qualitatively similar pattern of
climatic suitability outside the range as those produced using higher threshold values (for
example, a species that is predicted to occur in its’ sister specie’s geographic range when using a

threshold higher than 0.3 is still predicted to occur in that area when using the threshold of 0.3).

Statistical analysis
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To test for regional differences in species’ elevational ranges and temperature ranges (as
predicted by Janzen’s hypothesis), we performed linear regressions, in which elevational range
and temperature range were regressed separately on the latitudinal mid-point of each species’
distribution (Fig. 1.2; step 4a). However, since limited sampling of a species’ localities might
lead to underestimation of its temperature range, we also performed a multiple regression
analysis with the number of georeferenced localities per species and species’ latitudinal mid-
point as the independent variables. Unless otherwise noted, all analyses were carried out using

S-PLUS, version 6 (Insightful Corporation 2001).

To test for regional differences in elevational overlap and temperature overlap between
sister species (Fig. 1.2; step 4b), we regressed the degree of elevational overlap and temperature
overlap separately on the sister-species pair’s latitudinal mid-point (see above). However, sister
species with a larger area of overlap in their spatial distribution may tend to have larger
elevational and temperature overlap as well. In addition, uneven sampling effort along the
latitudinal gradient (i.e., less sampling in the tropics) could also introduce bias in the estimation
of elevational and temperature overlap. To account for the effects of area overlap and sample
size, we performed a multiple regression analysis in which the area of geographic range overlap
between sister species, the number of localities sampled per sister-species pair, and the sister-
species pair’s latitudinal mid-point were the independent variables. The area of geographic
range overlap between sister species was calculated using IDRISI version 14.0 (Eastman 2003)
with 30 second resolution.
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Similarly, to test for regional differences in overall climatic ranges (Fig. 1.2; step 4a)
and climatic overlap between sister species (Fig. 1.2; step 4b), we regressed the matrix of
climatic ranges on the lattudinal mid-point of each species’ distribution, and the matrix of
climatic overlap on the latitudinal mid-point of both sister species’ distribution using
multivariate regression by the General Linear Method (GLM). A PCA was run for each matrix
prior to the regressions and the selected PCs (see above) were used to generate new matrices in
the following regressions. However, lower rank PCs that explain less variation but have a strong
relationship with the independent variable might bias the overall relationship between the set of
dependent variables and the independent variables. To examine the robustness of our results to
this potential bias, we did several additional regressions using fewer PCs (if seven PCs were
originally included, we ran additional regressions based on PC1, then PC1 and PC2, etc.) and
compared the results. We also did multivariate multiple regressions that included the area of
overlap between sister species and the number of localities sampled per sister-species pair in the

set of independent variables.

All the residuals in the above regressions were first tested for normality by the
Kolmogorov-Smirnov test. When data significantly departed from normality, the Robust MM
regression method (Yohai and Zamar 1998) was used for the univariate regressions. This
method is robust to violation of the assumption of normality, but is more efficient than
traditional nonparametric regressions (Insightful Corporation 2001). For multivariate analyses,
variables were normal-score transformed prior to the analyses.
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Results

The frequency of allopatric: partially sympatric: sympatric distribution modes is 42: 25:
12 across a total of 79 sister-species pairs of anurans. The frequency for temperate frogs is 16: 8:
3 out of 27 sister-species pairs. The frequency for tropical frogs is 26: 17: 9 out of 52 sister-
species pairs. The 2x3 G-test indicates no significant differences between the tropical and
temperate regions (Gagj = 0.34, P = 0.84, df = 2). In the category of partial sympatry, 7 out of 25
sister species have geographic overlap < 20% of the area of the sister species with smaller
distribution, indicating that few species have ranges that approach expectations for parapatric

species.

As predicted by Janzen’s (1967) hypothesis, the extents of species’ temperature ranges
are positively related to latitude (F s3=10.36, P <0.0001; Fig. 3B). This relationship remains
significant even after controlling for sample size, which has a significant influence on the
relationship between temperature ranges and latitude (F, s3=3.88, P =0.0003). In contrast,
there is no significant relationship between species’ elevational ranges and latitude (£, 156 = -

1.24, P=0.22; Fig. 1.3A). These results are consistent with those of Kozak and Wiens (2007).

However, contrary to the evolutionary predictions derived from Janzen’s hypothesis
(and the results of Kozak and Wiens 2007), we found no evidence that the extent of elevational
overlap (F,77=0.94, P =0.35; Fig. 1.4A) or temperature overlap (£ 24=-0.36, P = 0.72; Fig.

1.4C) between sister species were higher as latitude increased. Temperature overlap also has no

27



significant relationship with latitude when calculated by the same formula as the one used for
elevational overlap (F26=-0.91, P = 0.37). Neither sample size (F, ;3= 0.00, P =1.00) nor area
of overlap (£}, 13=0.00, P = 1.00) has a significant influence on the relationship between
temperature overlap and latitude. Similarly, area of overlap has no influence on the relationship
between elevational overlap and latitude (£, 33=1.26, P = 0.22). Sister species produced by
allopatric speciation via niche conservatism may have high niche overlap, which might obscure
any latitudinal pattern in gradient speciation. However, a regression analysis that excludes
allopatric sister species also indicated no linear relationship between either elevational overlap
and latitude (£, 33=0.75, P = 0.46; Fig. 1.4B) or between temperature overlap and latitude (£, 13
=-0.00, P =1.00; Fig. 1.4D). These different results of the two studies cannot be explained by
the use of different indices of elevational overlap. Our index estimates a lower degree of overlap
between sympatric sister species than the index used in Kozak and Wiens (2007), and there are
more sympatric sister species in the tropics than in the temperate zone. Thus, the use of our
index makes it even easier to detect a positive relationship between elevational overlap and

latitude, as found in Kozak and Wiens (2007).

The overall climatic range of a species increases significantly as one goes from the
tropics to the poles (regression coefficient for PC1 = 0.050, which explains 49.5% climatic
variance among species; F7 47=18.59, P <0.0001). Results of additional regressions indicate
that this significant result is not caused by lower rank PCs that explain less variation but have
strong relationships with the independent variable (all P <0.0001; Table 1.1). In contrast, the
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degree of overall climatic overlap between sister species does not show a significant tendency to
increase as latitude increases (F19, 15 = 2.48, P = 0.055). Instead, additional regressions with
fewer PCs show a significant trend in the opposite direction (i.e., climatic overlap is higher in
tropical species). In particular, the regression coefficient for PC1 equals -0.026 (P = 0.0076),
which explains 39.1% climatic variance among species (Table 1.1). Regressions that exclude
allopatric sister species indicated no linear relationship between climatic overlap and latitude (F7,

7=131, P=0.366; Table 1.1).

Considering the results of both niche modeling (Table 1.2; see also Figure S1.1) and D,
estimation (Table 1.2), we tentatively assigned 18 species in the 9 allopatric species pairs (with
adequate climatic data) into one of four possible speciation scenarios (Fig. S1.1). The results
show little unambiguous evidence for speciation through niche conservatism, in either tropical or
temperate species pairs. Only one species, Engystomops pustulosus, has results consistent with
scenario B, a scenario that involves both niche conservatism and niche divergence. Results from
10 species support scenario C, which involves significant niche divergence with no evidence for
niche conservatism. The remaining 7 species (of 18 total) support scenario D, indicating that
factors other than climate are involved in determining the current allopatric distributions of sister

species.

To test for potential regional differences in the extent of niche divergence during
allopatric speciation, we also regressed the climatic overlap between these allopatric sister

species on the latitudinal mid-point of their distributions using GLM. The results show that
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allopatric sister species in lower latitudes do not have a significantly higher degrees of climatic
overlap (Fs = 2.30, P =0.330; Table 1.1), although such a trend is nearly significant when only
using PC1, which explains 35.3% of the variance among species pairs (regression coefficient = -

0.154, P =0.066).

Discussion

In this study, we test for latitudinal differences in the relative importance of niche
conservatism and niche divergence in speciation, using frogs as a model system. In general, our
results support Janzen’s (1967) hypothesis that tropical species have narrower climatic ranges.
However, our results do not support the hypothesis that these narrower climatic ranges lead to a
greater tendency for speciation through elevational and climatic divergence in the tropics, in
contrast to recent results from salamanders (Kozak and Wiens 2007). Instead, some of our
results suggest that sister species may be more climatically similar to each other in the tropics
(Table 1.1). To our knowledge, these two amphibian studies represent the first attempts to
systematically test for latitudinal differences in speciation mechanisms related to climatic
distributions (i.e., niche conservatism vs. divergence), although they come to quite different
conclusions. We also present possibly the first test for latitudinal differences in geographic

modes of speciation (or at least, geographic distribution of sister species). Our results suggest
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that there is no significant difference in the frequency of different speciation modes between

tropical and temperate regions.

Our major results are as follow. First, as predicted by Janzen’s hypothesis, we found
that anuran species inhabit significantly wider climatic regimes as one goes from the tropics to
the pole, based on data from 158 species. However, the elevational ranges of species do not
show the same pattern of increasing width with latitude, a surprising result also found by Kozak
and Wiens (2007; but see McCain (2009) for more extensive analyses of this particular
question). Second, there is no evidence that anuran sister species occurring in lower latitude
exhibit less overlap in their elevational and climatic ranges (based on data from 79 and 28
species pairs, respectively). In fact, some analyses even show significant evidence for the
opposite trend (i.e., tropical species pairs tend to be climatically more similar to each other than
temperate pairs). Taken together, these two results suggest that species in lower latitudes,
although having narrower climatic regimes, do not show greater propensity for divergent
speciation along environmental gradients. Finally, our analyses of 9 allopatric pairs suggest that
climatic niche conservatism may not be commonly important in allopatric speciation for anurans.
We find no species pairs that unambiguously support this scenario. Instead, niche divergence
and factors other than climate seem to determine the current distributions of allopatric sister
species. But we find no evidence that tropical allopatric species pairs show greater niche
divergence than temperate pairs. However, these latter results on niche conservatism and
divergence are based on only 9 allopatric sister-species pairs, and so should be taken with
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appropriate caution. In the sections that follow, we discuss the major assumptions of our
analyses and the implications of our results for studies of parapatric speciation and patterns of

species richness.

Major assumptions

Our analyses rest on several assumptions. However it is important to note that our
methods are similar to those of Kozak and Wiens (2007), and so we make very similar
assumptions. Thus, even if the geographic and elevational patterns that we analyze do not fully
address the causes of speciation, the biogeographic patterns found in frogs are still very different
from those found in salamanders. One notable difference between our methods and those of
Kozak and Wiens (2007) is that we only included species pairs in which both species were
represented by at least five localities (for climatic data). However, Kozak and Wiens (2007)
concluded that the different patterns in tropical and temperate species pairs were not explained

by different sample sizes in tropical and temperate species pairs.

First, we assume that the 79 species sampled are representative of overall patterns in
frogs, and not some unusual subset of taxa. Our sampling of species pairs (see Table S1.1)
includes taxa in both the New World and Old World, the primitive and advanced frogs, and in
the two major clades of advanced anurans (Hyloidea, Ranoidea). Our phylogenetic and

geographic sampling for frogs is more diverse than that of Kozak and Wiens (2007) for
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salamanders, although most tropical salamanders occur in only one clade (Bolitoglossinae) in

one geographic region (Middle America).

Second, we assume that the current geographic distributions of sister species reflect
their original geographic modes of speciation. However, many factors can drive significant post-
speciational range shifts that increase or decrease species’ geographic overlap (e.g., Futuyma
1998; Barraclough and Vogler 2000; Losos and Glor 2003). Most importantly, the sister species
in the “partial sympatry” category in our study could be the result of secondary contact between
allopatric species or changes in distributions after parapatric and sympatric speciation. However,
even though there may be some shifts in distribution after speciation, our results from analyses
of geographic overlap, elevational overlap, and climatic distribution are all concordant. These
analyses all suggest that there is no greater propensity for parapatric speciation along

environmental and elevational gradients in the tropics.

Similarly, it is possible that post-speciational climatic changes may influence our
analyses of niche conservatism and divergence. For example, environmental changes after
speciation might cause the geographic area separating the ranges of two allopatric species to
become less hospitable over time, leading to inflated values of D,, and overestimated support for
niche conservatism. However, our analyses do not rely on D,, values alone as a test of niche
conservatism. Perhaps more importantly, our results showed little evidence for allopatric
speciation through niche conservatism in the 9 allopatric species pairs that we examined,

suggesting that such inflation was not important in our study.
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Third, we assume that there is some relationship between the climatic distribution of
species (based on environmental data from known localities) and their climatic tolerances. For
example, when sister species occur in very different climatic regimes, we assume that one
species could not tolerate the climatic conditions experienced by the other, such that the climatic
distributions may serve to isolate them from gene flow. Similarly, if the absence localities
separating members of an allopatric species pair are very different from the presence localities,
we assume that these differences may serve as a barrier to dispersal and gene flow between
species. In partial support of this assumption, Kozak and Wiens (2007) showed a general
relationship between the climatic distribution of selected salamander species and their body
temperatures in the field. However, we acknowledge that this does not directly address
physiological tolerances per se. Thus, the climatic distributions that we analyze here could
overestimate the actual climatic tolerance range of a species, especially given that some
amphibians have effective thermoregulatory behaviors and can hibernate or migrate to avoid

extreme temperatures (Zug et al. 2001).

Further, species distributions may also be influenced by biotic interactions, rather than
by climate alone (Lomolino et al. 2006). For example, Heyer (1967) showed that herpetofaunal
distributions correlated with particular vegetation zones that create necessary microhabitats.
Competition between closely related species may also set limits to species ranges, potentially
resulting in parapatric distributions between sister species (e.g., Twomey et al. 2008).
Consequently, the observed climatic-regime width could underestimate the climatic tolerance
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range of a species. Although it would be useful to have more data on the roles of physiological
tolerances and biotic interactions on species distributions in frogs, our results do not suggest that
there are obvious latitudinal differences in their geographic and climatic patterns of speciation to
be explained. Finally, our own results suggest that climatic factors may not be universally

important in setting geographic range limits in frogs (at least for the 9 pairs we studied in detail).

We also acknowledge that the factors limiting geographic distributions are only one of
many aspects of speciation (Coyne and Orr 2004). Other intrinsic isolating mechanisms may be
important, especially for initiating parapatric or sympatric speciation (Turelli et al. 2001) and
maintaining the reproductive isolation of allopatric lineages that have become partially sympatric.
For example, reproductive isolation based on calls has been recorded for allopatric, parapatric,
and sympatric sister species of frogs (e.g., Littlejohn 1965; Fouquette 1975; Loftus-Hills and
Littlejohn 1992). There is now growing evidence that the evolution of male calls and female
preferences are important drivers of speciation in frogs. For example, Hoskin et al. (2005)
showed that premating isolation caused by natural selection against hybridization drove both
rapid parapatric speciation and rapid allopatric speciation in treefrogs (Hylidae: Liforia) in
Australia. Similarly, Boul et al. (2007) showed that divergent sexual selection on female
preferences and male calls drove premating isolation and speciation in Amazonian frogs

(Physalaemus/Engystomops).

Parapatric speciation along environmental gradients
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Our results from anurans do not support the hypothesis that parapatric speciation along
environmental gradients is more frequent in the tropics (e.g., Moritz et al. 2000; Kozak and
Wiens 2007). This hypothesis is derived partly from Janzen’s (1967) observation that tropical
species have narrower climatic regimes due to limited temperature seasonality, which may lead
to narrower elevational ranges and greater opportunities for parapatric speciation along mountain
slopes. Our results partially support Janzen’s hypothesis by showing that species in lower
latitudes occupy narrower climatic regimes (Fig. 1.1). However, we found no tendency for
greater elevational or climatic divergence between species pairs in the tropics (and some
evidence for the opposite trend; Table 1.1), as would be predicted under a model of parapatric

speciation along environmental gradients.

The prediction of a higher frequency of parapatric speciation and niche divergence in
the tropics is based on two assumptions following from Janzen’s (1967) hypothesis. First, more
limited temperature seasonality in the tropics should select for organism that are tightly adapted
to a narrow elevational band. Second, tropical species should also evolve limited thermal
acclimation, leading to limited dispersal between different elevations (Ghalambor et al. 2006).

In fact, we find that tropical species do not have significantly narrower elevational ranges (see
also Kozak and Wiens 2007; but see McCain 2009), and tropical sister species do not show less
elevational and climatic overlap along elevational gradients. Thus, one of the reasons why we do
not support the prediction of more gradient speciation in the tropic is because the elevational
distribution patterns we observed do not support this prediction from Janzen’s hypothesis. In
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fact, our finding that species in lower latitudes occupy narrower climatic regimes simply
supports the assumption of less climatic seasonality in the tropics, rather than supporting any
direct effects of limited seasonality on the relationship between elevation, climate, latitude and

speciation.

Overall, our results suggest that parapatric speciation along environmental gradients
may be uncommon or absent among the 79 frog species pairs that we sampled, regardless of
whether they are tropical or temperate. Perhaps the best evidence for parapatric speciation is the
finding that sister species have abutting distributions with no obvious geographic barriers in
between. However, we found no species pairs with such a distribution pattern, only species
distributions that are allopatric, sympatric, or partially sympatric. In theory, some species might
have speciated parapatrically and then become partially sympatric, however only 7 out of 25
species pairs in the “partial sympatry” group have overlap < 20%, an arbitrary threshold that has
been used as evidence for parapatric speciation in previous studies (e.g., Lynch 1989).
Moreover, if sister species speciated parapatrically along environmental gradients that limited
their dispersal, then we would not expect any overlap in their geographic ranges after speciation

(assuming that the environmental gradient that caused them to speciate is still present).

Speciation patterns and patterns of species richness

Latitiudinal differences in speciation mechanisms might potentially contribute to the

latitudinal diversity gradient, if different speciation mechanisms influence the rate of speciation.
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Anurans and plethodontid salamanders both seem to be ancestrally temperate, and have
dispersed into the tropics subsequently, and both have high species richness in the tropics (Wiens
2007). Wiens (2007) attributed this pattern to differential diversification rates along the
latitudinal gradient. Indeed, he found that diversification rates in both amphibian groups
increased significantly with decreasing latitude (but in frogs, this only pertains to the largest time
scales, not within diverse, primarily tropical families; Wiens et al. 2006, 2009). Higher
diversification rates may be caused by either higher speciation rates or lower extinction rates,
and distinguishing the relative contribution of these two factors is relatively difficult (e.g.,
Ricklefs 2007). In fact, higher diversification rates in tropical amphibian clades may be due to
higher extinction rates in the temperate zone rather than faster tropical speciation rates (Wiens

2007).

Many factors have been proposed that might promote faster speciation in tropical faunas
(e.g., Willig et al. 2003; Mittelbach et al. 2007). Although climatic stratification in the tropics
does not seem to drive widespread speciation along climatic gradients in tropical frogs (based on
our results), climatic stratification could also make allopatric speciation via niche conservatism
more effective (Ghalambor et al. 2006). However, our findings also show that climatic niche
conservatism may not be widely important in allopatric speciation in anurans. Instead, niche
divergence and factors other than climate may be more important in determining the current
distributions of allopatric sister species in frogs (at least for the 9 species pairs we studied in
detail). Most importantly, our results do not support the idea that speciation mechanisms are
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fundamentally different between tropical and temperate regions. Thus, our results provide little
basis for predicting that speciation rates should be higher in tropical frogs, a finding echoed in
analyses of diversification rates across latitudes in species-rich frog clades (e.g., Wiens et al.
2006, 2009) and across amphibians (Wiens 2007). Overall, our study shows different latitudinal
trends in speciation mechanisms in frogs and in salamanders, suggesting that the relationships

between climatic zonation, speciation mechanisms, and species richness are not straightforward.
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Table 1.1. Regression coefficients () and P-values for the multivariate regressions of sister
species’ climatic overlap on the latitudinal midpoint of the pair, using different numbers of
principal components (PCs) for climatic data. PCs are used in the order of the amount of
variance that each explains. In each row, for example, when the number of PCs is two, the P-
value is the statistical significance for the multivariate regression using PC1 and PC2, and f is
the independent regression coefficient for PC2.

Climatic range Climatic overlap Climatic overlap Climatic overlap
Ng;n. (all species pairs) (no allopatric pairs)  (allopatric pairs)
pes P B P B P B P
1 0.050 <0.0001 -0.026 0.0076 -0.013  0.3617 -0.154  0.0665
2 -0.148 <0.0001  0.016 0.0195 -0.006  0.5594 0.018 0.2869
3 0.022 <0.0001 0.001 0.0516 0.007 0.5721 -0.036  0.3700
4 -0.014 <0.0001  0.000 0.1083 -0.008  0.5771 -0.012  0.5432
5 0.000 <0.0001 -0.001 0.1929 0.005 0.1403 -0.040  0.3303
6 -0.001 <0.0001  0.008 0.0068 0.001 0.2376 -- --
7 -0.010 <0.0001  -0.002 0.0146 0.000 0.3661 -- --
-- -- -0.002 0.0162 - - - -
9 -- -- 0.001  0.0296 -- -- -- --
10 -- -- -0.001 0.0550 -- -- -- --
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Table 1.2. Results of niche modeling and D,, (P-value) estimation for each species in the 9
allopatric sister-species pairs. Positive D, with P-value < 0.05 indicates that sister species
occupy climatic niches that are significantly more similar to each other than they are to the
absence localities that separate them. Negative D,, with P-value > 0.95 indicates that sister
species occupy climatic niches that are significantly less similar to each other than they are to the
intervening absence localities. The P-value in the Wilcoxon rank-sum test represents the
probability that a species predicts its sister species’ localities with greater probability then the
absence localities (significantly greater when P-value > 0.95). The proportion of suitable sister
species localities and absence localities are estimated based on niche modeling for a given
species using 7 climatic variables (see Supplementary Figure 1). Categories of speciation
scenarios correspond to letters in Fig. 1. Species are classified into scenarios based on the
combination of niche modeling and Dm values.

P-valuein  Proportion of  Proportion
‘ . D,, (P-value) Wilcoxon  suitable sister  of suitable Scenari
Sister species " rank-sum species absence ©
test localities localities
Engystomops petersi -0.101 (0.703) 0.016 0.38 0.65 D
E. pustulosus 0.781 (0.013) 0.688 0.23 0.05
Phyllobates vittatus -0.569 (0.982) 0.999 0.20 0 C
P. lugubris 0.028 (0.535) 0.170 0 0 C
Agalychnis annae 0.134 (0.254) 0.092 0.08 0.14 C
A. moreletii -0.572 (1.000) 0.999 0.81 0.36 D
Tlalocohyla picta -0.254 (0.879) <0.001 0 0 C
T. smithii -0.425 (0.907) 0.001 0 0.22 C
Rana tarahumarae -0.256 (0.977) 0.141 0.17 0.38 D
R. pustulosa -0.541 (0.994) 0.004 0.25 0.88
Arenophryne rotunda  -0.415 (0.912) 0.003 0.20 1.00
A. xiphorhyncha -0.644 (1.000) 0.036 0.75 1.00 D
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Bufo californicus

B. microscaphus

Pseudacris brimleyi
P. brachyphona
Ascaphus montanus

A. truei

-0.269 (1.000)
-0.230 (0.996)

-0.074 (0.538)
-0.313 (0.995)
-0.422 (1.000)
0.068 (0.606)

<0.001
<0.001

0.002
0.004
0.003
0.960

0.16
0.13
0.08

0.60
0.25
0.11

a 0

O o a o
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Figure 1.1. Hypothetical example illustrating four potential outcomes of niche modeling and D,,
estimation, with their implications for speciation mechanisms. Significantly positive values of
D,, indicate that the climatic distributions of sister species are more similar to each other than
they are to the intervening absence localities. Squares represent the observed localities of
species 1. Circles represent the observed localities of its sister species, species 2. Triangles
represent locations where both species are known to be absent. The shading represents the
spatial distribution of climatically suitable habitat for species 1 based on ecological niche
modeling. In all four cases, we assume results based on species 1 are similar to those based on
species 2 (but see Materials and Methods for discussion of potentially asymmetric outcomes).
(A) Species 1 is predicted to occur in its sister species’ geographic range, but not in the
intervening gap area. D,, for the species is significantly larger than its null distribution. This
pattern suggests that niche conservatism initiates the isolation between sister species and
maintains their current allopatric distributions, given that results are similar for species 2. (B)
Species 1 is not predicted to occur in either its sister species’ geographic range or in the
intervening gap region. D, is significantly larger than its null distribution. This pattern
(assuming similar results in species 2) suggests that niche conservatism initiates the geographic
isolation between sister species and subsequent niche divergence prevents further gene flow
between them. (C) Species 1 is not predicted to occur in either its sister species’ geographic
range or in the intervening gap, but D,, is not significantly larger than the null distribution. This
pattern suggests that factors other than climatic niche conservatism may have initiated the
geographic isolation of these species and that subsequent niche divergence prevents further gene
flow. (D) Species 1 is predicted to occur both in its sister species’ geographic range and in the
intervening gap between their ranges. This pattern suggests that the current allopatric
distributions of sister species are determined by factors other than climate, and so the climatic
similarity of species (and similarity to gap locations) may not be relevant to speciation.
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1. Identify sister species
using phylogenies

L

2. Obtain data on geographic
overlap, elevational overlap,
and climate for species pairs

/

3. Test for regional
differences in geographic
speciation modes

4. Test for the prevalence
of gradient speciation
(niche divergence)

/

Janzen’s hypothesis predicts
narrower elevational and climatic
ranges in tropics, less overlap
between tropical species

/

N

5. Test for the prevalence
of niche conservatism in

allopatric speciation

/

Four scenarios of
allopatric speciation

~

4a. Test latitudinal

trend in elevational

and climatic range
of a species

4b. Test latitudinal

trend in elevational

and climatic overlap
between sister species

5a. Compare climatic
distance between
sister species and

between species and
intervening area

5b. Compare
occurrence probability
in localities where
species present and
absent using ENM

5c. Test if species is
predicted to occur in
range of sister
species or intervening
area using ENM

Figure 1.2. A flow chart summarizing the methods used in this study. ENM represents

ecological niche modeling.
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Figure 1.3. Regressions of species’ elevational range (A) and temperature range (B) on the
latitudinal midpoint of the species range, using the Robust MM method. (A) There is no
relationship between species’ elevational range and latitude (¢;56=-1.24, P =0.22). (B) Species
temperature ranges are positively related to latitude (¢53=10.36, P < 0.0001).
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Figure 1.4. Regressions of sister species’ elevational overlap (A, B) and temperature overlap (C,
D) on the latitudinal midpoint of the species pair, using the Robust MM method. A and C are
regressions including all the sister species (n = 79 and n = 28, respectively). B and D are
regressions that exclude allopatric sister species (n = 35 and n = 17, respectively). There is no
significant relationship between elevational overlap and latitude (A: #77=0.94, P =0.35; B: t33=
0.75, P = 0.46), nor between temperature overlap and latitude (C: #4=-0.36, P=0.72; D: t;3=
0.00, P =1.00).
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Appendices

Table S1.1. The 79 species included in analyses of geographic mode and elevational
distribution, along with their distribution patterns, latitudinal mid-points, maximum and
minimum elevations, and elevational overlaps, and the literature sources that suggest they are

sister species.

. Species (and C Latitudinal Max. Min. Elev.
Family literature source) Distribution mid-point elevation elevation overlap
Alytidae Discoglossus— pjjooatric 40,9 1770 0 0.92

sardus

D. pictus 38.8 1500 0

Alytes " Afjopatric 39.7 850 10 0.14

muletensis

A. dickhilleni 37.7 2140 700
Bufonidac Bufo " Allopatric 323 240 0 0.87

californicus

B. microscaphus 35.3 2000 365
Dendrobatidae 1 /WHobates Allopatric 9.2 550 20 0.95

vittatus

P. lugubris 9.8 601 10
Eleutherodactylidae L CUtAerodacyl— yyy oaivic 195 650 550 0

us poolei

E. minutus 18.9 2300 879

E. leberi ® Allopatric  20.4 465 394 0

E. melacara 20.1 1974 845

E. fowleri * Allopatric  18.3 1303 1045 0.70

E. lamprotes 18.4 1455 818

E montanus © P 90 op4 1270 039

Sympatric
E. patriciae 18.9 3050 2000
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E. schwartzi ®
E. coqui

E. portoricensis
8

E. wightmanae
E. hedricki ®

E. cochranae

E. martinicensis

o0

E. amplinympha
E. pinchoni ®

E. barlagnei

E. chlorophenax

o0

. nortoni

.8
. glaucoreius
. cundalli

. . 8
. rivularis

SN S B R O

. riparius

8
. cuneatus

b

E. turquinensis
E. darlingtoni ®

E. leoncei
-8
E. armstrongi

E. alcoae

Partially
sympatric

Sympatric

Partially
sympatric

Sympatric

Partially
sympatric

Partially
sympatric

Allopatric

Allopatric

Partially
sympatric

Allopatric

Partially
sympatric

18.4

18.1

18.2

18.2

18.2

18.1

15.9

15.4

16.2

16.2

18.4

18.3
18.1
18.2
20.0
21.5

20.3

20.0
18.4
18.3

18.2

17.9

227

1338

1182

1189

1152

335

1250

1200

1250

1400

1290

1515
1650
635
240
830

1515

1400
2200
2303

1697

600

273

150

455

990

576

455
1720
1182

152

0.58

0.94

0.86

0.95

0.66

0.69

0.60

0.81

0.71

0.52
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Hylidae

E. limbatus
E. jaumei
E. dimidiatus ®

E. emiliae
E. oxyrhyncus ®

E. apostates
E. glandulifer ®
E. sciagraphus

E. ventrilineatus
8

E. brevirostris
E. symingtoni 5

E. zeus

Acris blanchardi
4

A. crepitans

Agalychnis
annae

A. moreletii
A. spurrelli’

A. litodryas

Aplastodiscus
26
cochranae

A. perviridis
. 10
Hyla cinerea

H. gratiosa

Allopatric

Sympatric

Partially
sympatric

Sympatric

Sympatric

Partially
sympatric

Allopatric

Allopatric

Partially
sympatric

Sympatric

Sympatric

21.5
20.0
214
21.9

18.4

18.4
18.4
18.5

18.4

18.4

22.8

22.6

35.6

35.7

32.8

394

41.4

31.1

37.6

35.0
36.8
40.4

1150
950
1375
830

1212

1640
1886
1081

2340

2375

155

182

945

714

1650

1500

750

1000

800

1200
148
109

50
200

350

333

333
300
1060

1700

575

70

75

780

300

15

100

500

300

13

0.84

0.67

0.84

0.51

0.68

0.84

0.88

0.71

0.80

0.67

0.82
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Hyloscirtus.
armatus’

H. charazani
o 1
Litoria. aurea

L. raniformis
L. moorei '
L. cyclorhyncha

Osteopilus
. . . 13
dominicensis

0.
pulchrilineatus

13
O. brunneus
O. crucialis

. 13
O. mariannae

O. wilderi

Pseudacris
. 11,26
cadaverina

P. regilla
P. crucifer ''*°

P. ocutlaris

P. streckeri '
P. illinoensis

P. brimleyi '*°
P. brachyphona

11,26
P. maculata "~

P. clarkii

Allopatric

Partially
sympatric

Allopatric

Partially
sympatric

Sympatric

Sympatric

Sympatric

Partially
sympatric

Allopatric

Allopatric

Partially
sympatric

324

30.6

323

41.7
35.8
18.6

20.7

323

31.7

-14.7
-15.2
-22.5

-27.7

-31.4

-28.8

-33.5
-40.1
-31.4
-33.4
18.2

13.5

8.1

2500

3200

1184

1300
600
600

2000

1091

1500
1200
880
880

2290

3000

1196

52
252
135
83
812

2845

1033

1000

2700

120
120

98
80

88

98

0

0

0.96

0.77

0.90

0.88

0.52

0.46

0.62
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Hyperoliidae

1126
P. nigrita >

P. fouguettei
11,26

P. triseriata

P. feriarum

. . 5
Pseudis minuta

P. cardosoi

Smilisca fodiens
20

S.. dentata

7. . 20
Smilisca sila

S. sordida
S. cyanosticta *
S. puma

Tlalocohyla
.20
picta

T. smithii

Anotheca
. 20
spinosa

Triprion
petasatus

Heterixalus
. . 28
variabilis

H. andrakata
H. betsileo
H. carbonei

H. luteostriatus
28

Partially
sympatric

Partially
sympatric

Partially
sympatric

Allopatric

Partially
sympatric

Allopatric

Allopatric

Allopatric

Allopatric

Allopatric

Allopatric

10.9

17.1

10.4

26.0

21.7

18.9

19.0

18.2

18.2

18.3
18.2
10.2

16.3

4.9

13.5

18.2

-13.3

-13.6
-20.0
-19.1

-18.4

88

310

364

353

500

1200

1490

1900

500

1525
1200
520

770

1000

2000

740

200

500
1600
900

800

800

1800

300
15

95

0.61

0.82

0.66

0.34

0.89

0.61

0.70

0.40
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Leiopelmatidae

Leiuperidae

Limnodynastidae

Mantellidae

H. rutenbergi

H. alboguttatus
28

H. boettgeri

Ascaphus

14
montanus
A. truei

Engystomops
guayaco "’

E. coloradorum
E. montubio "’
E. randi

E. petersi 17

E. pustulosus

Limnodynastes
19
ornatus

L. spenceri
19
L. depressus

L. fletcheri

Blommersia
-6
domerguei

B. blommersae
B. kely ®
B. sarotra

Mantella crocea
24

M.
milotympanum

M. pulchra **

Allopatric

Allopatric

Allopatric

Allopatric

Allopatric

Allopatric

Allopatric

Partially
sympatric

Allopatric

Allopatric

Allopatric

-19.5

-21.6

-24.8

46.0

47.1

0.1

-1.0
-2.4
-5.9
10.9

-22.7

-25.2
-14.8
-29.8

-18.4

-18.5
-17.5
-20.6

-15.9

-20.2

-20.2

1500

800

400

2156

1904

92

1000
330
150
1200
1540

684

1000
200
980

2000

1200
1600
1200

1057

1000

950

1200

541

32

100

o o o O

172

900

800
1000
900

800

900

300

0.75

0.78

0.73

0.89

0.84

0.09

0.51

0.50

0.69

0.55
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Microhylidae

Myobatrachidae

Pelobatidae

Pelodytidae

M.
madagascariens
is

o 24
M. nigricans
M. baroni

Plethodontohyla
ocellata ™

P. brevipes
P. mihanika *°

P. inguinalis

Arenophryne
rotunda >

A. xiphorhyncha

.. 16
Crinia remota

C. bilingua

C.

. . . 16
subinsignifera

C.

pseudinsignifera
C. riparia *°
C. signifera

Pelobates
.3
cultripes

P. varaldii
. 23
P. syriacus

P. fuscus

Pelodytes
ibericus =

Allopatric

Partially
sympatric

Partially
sympatric

Allopatric

Partially
sympatric

Allopatric

Allopatric

Allopatric

Partially
sympatric

Partially
sympatric

-20.1

-19.8

-18.5

-18.3

-21.4

-19.7

-19.6

-14.5

-14.8

-34.3

-32.0

-31.5

-33.6

-26.1
-27.4

41.4

34.0

38.8

50.6

37.7

1050

1000

1200

900

1100

1500

1100

62

194

50

600

300

600

600
1000

1770

350

2000

675

1450

700

100
600

900

500

400

11

105

0.56

0.73

0.54

0.75

0.70

0.60

0.67

0.94
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P. punctatus 43.9 1630 0

Pyxicephalidae fgzler:flip ella— \fjopatric  -34.4 1800 0 0.78

A. lightfooti -34.1 1000 0
. Clinotarsus .

Ranidae alticola ¥ Allopatric  18.4 1000 0 0.42
C. curtipes 12.4 2000 500
Rana 9 Allopatric  28.6 1000 0 0.89
R. pustulosa 21.5 2000 500
R vibicaria® ~ PAHally g 2700 1500 0.17

Sympatric

R.
warszewitschii 1.6 1740 0
R. vaillanti’® Sympatric 9.6 880 0 0.78
R. juliani 16.7 600 100

Sooglossidae feoco}i IOIZ;L;‘;S 2 Sympatric  -4.6 984 240 0.91
S. thomasseti -4.6 994 80
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Table S1.2. The 28 sister-species pairs used in climatic analyses, including the ranges of values
of each species for each of the 19 variables (maximum — minimum), sample size (georeferenced
localities per species), temperature ranges, and additional literature resources for localities (all
others are from museum localities from HerpNet). The 19 climatic variables are: Biol, annual
mean temperature; Bio2, mean diurnal temperature range; Bio3, isothermality
((Bi02/Bi07)*100); Bio4, temperature seasonality (standard deviation of monthly temperate *
100); Bio5, maximum temperature of the warmest month; Bio6, minimum temperature of the
coldest month; Bio7, temperature annual range (Bio5-Bio6); Bio8, mean temperature of wettest
quarter; Bio9, mean temperature of the driest quarter; Biol0, mean temperature of warmest
quarter; Biol 1, mean temperature of coldest quarter; Biol2, annual precipitation; Biol3,
precipitation of wettest month; Biol4, precipitation of driest month; Bio15, precipitation
seasonality (coefficient of variation); Biol6, precipitation of wettest quarter; Biol7, precipitation
of the driest quarter; Biol8, precipitation of the warmest quarter; and Bio19,precipitation of
coldest quarter.

Species (and additional Bio Bio Bio Bio Bio Bio Bio Bio Bio Bio Bio

references) 1 2 3 4 5 6 7 8 9 10 11
Bufo californicus 90 42 17 3815 125 72 136 95 135 95 95
Bufo microscaphus 110 35 12 2721 135 93 80 270 123 131 100
Acris blanchardi 139 69 17 5363 78 214 172 182 350 81 210
Acris crepitans 110 32 14 3146 52 158 121 225 248 68 154
Pseudacris cadaverina 169 71 16 4321 196 132 184 300 190 183 155
Pseudacris regilla 252 127 34 6769 289 294 274 408 271 271 288
Pseudacris crucifer 156 61 20 5053 97 228 168 253 364 108 224
Pseudacris ocularis 55 34 16 3108 17 107 111 12 45 14 94

Pseudacris brimleyi ' 35 29 8 1178 29 42 28 26 40 19 50

Pseudacris 73 21 9 1916 61 90 60 169 238 62 93

brachyphona '

Pseudacris maculata' 230 106 26 6601 174 289 137 210 429 164 299
Pseudacris clarkii ' 43 46 7 3103 29 98 125 41 105 17 80
Pseudacris nigrita ' 79 37 14 3639 34 129 121 166 101 29 125

Pseudacris fouguettei ' 58 25 11 2782 19 101 109 167 233 27 92
Pseudacris triseriata ' 73 43 11 1260 62 62 31 93 250 60 85
Pseudacris feriarum ' 91 40 14 3037 44 120 88 218 238 55 126

Hyla cinerea 105 48 23 4892 65 165 141 183 267 50 168
Hyla gratiosa 65 25 15 2874 28 9 79 161 101 27 102
Triprion petasatus 14 50 12 402 45 23 62 22 30 18 6
Anotheca spinosa 78 43 19 1419 69 112 68 78 95 75 88
Smilisca sila 59 49 7 354 64 67 53 57 6l 61 59
Smilisca sordida 109 34 17 752 129 108 42 103 120 115 109
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Agalychnis annae
Agalychnis moreletii
Ascaphus montanus
Ascaphus truei
Engystomops petersi
Engystomops
pustulosus

Crinia remota
Crinia bilingua

Arenophryne rotunda *

Arenophryne
xiphorhyncha *
Rana vibicaria
Rana warszewitschii
Eleutherodactylus
armstrongi
Eleutherodactylus
alcoae
Eleutherodactylus
schwartzi
Eleutherodactylus
coqui
Eleutherodactylus
dimidiatus
Eleutherodactylus
emiliae
Eleutherodactylus
montanus
Eleutherodactylus
patriciae

Litoria aurea
Litoria raniformis
Osteopilus
dominicensis
Osteopilus
pulchrilineatus
Pelobates syriacus
Pelobates fuscus
Phyllobates vittatus
phyllobates lugubris

103
87
75
98
60

117

42
26

11

177
84

156

17

26

61

70

24

112

154

130
110

109

64

129
78

33

17
69
48
88
36

53

46
35
23

26
43

28

23

30

30

22

25

67
47

50

14

52
34

20

10
23
16
25
19

17

20
13

6

293
1638
7147
4246

715

1015

1308
1744
585

399

260
733

304

444

97

182

675

62

190

238

4007
2457

629

264

4193
6588
51
313

63

106
109
84
165
67

133

53
52
20

16

184
93

150

25

25

71

82

27

119

155

75
156

109

67

56
96

31

103
96
196
117
76

116

68
50
14

175
90

168

27

30

59

60

24

100

162

205
&5

129

65

184
180
7
35

20
72
181
186
77

&3

86
80
34

14

29
42

33

34

26

37

19

19

170
107

57

20

142
209
4
22

93
91
261
106
59

105

33
34

170
&9

153

19

25

60

69

27

119

146

167
153

117

66

162
95
7
28

108
92
325
115
63

129

53
27
30

15

189
94

162

19

23

62

69

25

113

152

165
195

124

68

225
127
6
36

109
87
90
111
63

118

38
34

15

182
91

153

19

26

60

70

24

108

157

93
141

112

61

79
81

36

100
95
168
109
62

122

56
35

177
&3

160

18

27

62

69

25

113

152

172
78

110

67

184
161

31



Rana tarahumarae 135 50 12 2586 83 165 85 104 93 100 157
Rana pustulosa 124 40 12 1523 152 107 47 92 130 122 140
Rana vaillanti 42 61 31 1624 71 74 92 51 57 44 59
Rana juliani 49 10 7 483 40 53 27 49 47 47 51
Tlalocohyla picta 99 36 8 557 8 102 50 90 110 97 101
Tlalocohyla smithii 64 50 15 1937 61 76 69 66 77 6l 73
Sggictlif)ilglmd Bio Bio Bio Bio Bio Bio Bio Bio Sample Temp.
12 13 14 15 16 17 18 19 size range
references)
Bufo californicus 489 105 3 37 273 23 117 274 19 376
Bufo microscaphus 512 80 12 27 191 55 160 145 101 501
Acris blanchardi 1192 119 86 49 286 287 309 373 8 509
Acris crepitans 699 97 61 29 291 182 232 242 20 429
Pseudacris 743 135 7 57 399 59 112 384 47 478
cadaverina
Pseudacris regilla 3653 555 163 111 1354 567 583 1033 10 614
Pseudacris crucifer 1022 103 103 36 274 318 277 399 26 519
Pseudacris ocularis 228 95 29 47 270 113 260 212 19 324
Pseudacris brimleyi 19> 4 50 11 114 27 116 37 25 361
Pseudacris 538 67 34 9 160 125 90 230 6 412
brachyphona
Pseudacris 784 95 57 56 240 179 263 202 15 674
maculata
Pseudacris clarkii ' 252 72 28 29 97 71 58 51 62 350
Pseudacris nigrita’ 489 86 38 28 252 139 222 224 5 362
Pseudacris 724 46 70 22 132 208 209 328 53 405
fouguettei
Pseudacris 499 55 40 14 136 133 78 216 39 428
triseriata
Pseudacris feriarum — c>5 115 45 22 286 117 292 252 810 410
Hyla cinerea 780 118 59 56 353 199 436 294 31 405
Hyla gratiosa 501 73 37 28 196 144 221 65 27 360
Triprion petasatus 1049 144 40 25 285 139 319 389 16 196
Anotheca spinosa 2775 302 155 52 690 517 306 1121 53 232
Smilisca sila 1057 159 69 21 370 227 363 726 49 191
Smilisca sordida 2889 503 172 66 1115 613 795 1336 11 244
Agalychnis annae 2355 179 143 51 592 496 769 705 47 218
Agalychnis moreletii 3966 694 136 52 1709 444 855 1085 15 245
Ascaphus montanus 795 99 33 78 285 124 78 337 11 557
Ascaphus truei 2564 423 56 24 1139 200 1118 1118 6 418
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Engystomops petersi 2513 221 289 58 614 893 842 1059 10 196
Engystomops 3324 601 79 61 1411 275 476 1484 5 276
pustulosus

Crinia remota 980 203 35 45 575 118 470 144 78 222
Crinia bilingua 957 242 2 9 623 11 439 11 81 254
Arenophiyne 55 23 1 13 48 2 10 49 58 254
rotunda

Arenophryne 125 23 2 5 64 8 4 67 26 266
xiphorhyncha

Rana vibicaria 2676 248 169 51 740 582 947 950 9 288
Rana warszewitschii 2527 311 157 57 776 547 720 918 18 214
Eleutherodactylus oo 176 27 10 403 81 433 67 13 301
armstrongi

Eleutherodactylus 55 g5 51 4 264 61 207 62 8 171
alcoae

Eleutherodactylus 20 19 g 4 50 4 109 84 15 125
schwartzi

folzztl.hem‘i“"’y s 5184 201 104 30 607 391 672 391 25 194
Eleutherodactylus g1 151 g7 34 208 254 426 355 26 218
dimidiatus

Eleutherodactylus—— 55) 13 95 o5 51 101 51 7 179
emiliae

Eleutherodactylus g1 161 35 7 331 109 269 101 9 271
montanus

Eleutherodactylus 750 116 41 23 278 117 264 120 11 313
patriciae

Litoria aurea 1488 236 47 42 648 160 726 232 23 303
Litoria raniformis 929 128 46 30 346 150 169 358 9 361
Osteopilus 1769 277 93 50 642 289 542 550 8 276
dominicensis

Osteopilus 220 114 48 32 239 137 229 204 64 198
pulchrilineatus

Pelobates syriacus 1131 220 40 99 559 127 172 312 15 421
Pelobates fuscus 636 76 38 16 203 143 166 151 23 493
Phyllobates vittatus 909 169 44 7 400 141 149 448 28 147
phyllobates lugubris 1991 253 84 7 650 261 392 655 5 147
Rana tarahumarae 437 147 7 58 368 20 337 48 7 473
Rana pustulosa 322 122 9 26 230 42 482 156 5 353
Rana vaillanti 4021 474 189 76 1266 700 1153 1665 28 207
Rana juliani 1096 170 18 6 416 95 488 211 16 171
Tlalocohyla picta 1614 340 67 38 968 217 473 757 6 235
Tlalocohyla smithii 633 193 3 20 589 16 964 39 6 265
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Table S1.3. The 28 sister-species pairs used in the climatic analyses, included along with the

latitudinal midpoint of the species pair (the average of the latitudinal midpoints of the two
species), temperature overlap, geographic area overlap, and overlap in values for each of the 19

climatic variables. The formula for calculating overlap in species values is described in the

Materials and Methods.

Latitude Temp. Area Bio Bio Bio Bio Bio Bio Bio
Species midpoint  overlap overlap 1 2 3 4 5 6 7
Bufo californicus,
B. microscaphus 33.81 10.34 0 091 0.50 0.21 0.03 064 025 0.10
Acris blanchardi,
A. crepitans 35.67 11.00 0 0.90 0.73 091 0.78 0.69 0.87 0.75
Pseudacris regilla,
P. cadaverina 36.12 10.62 0.43 0.84 0.78 0.74 082 0.84 0.72 0.84
Pseudacris crucifer,
P. ocutlaris 36.24 8.32 0.44 020 0.78 0.45 022 059 0.23 0.35
Pseudacris brimleyi,
P. brachyphona 3591 10.38 0 0.66 0.70 094 0.66 0.69 0.65 0.73
Pseudacris maculata,
P. clarkii 36.37 5.64 0.05 0.00 0.65 0.63 0.10 0.34 0.00 0.00
Pseudacris nigrita,
P. fouguettei 31.41 11.03 0.02 0.78 0.77 0.89 0.52 029 0.62 0.49
Pseudacris triseriata,
P. feriarum 38.75 9.82 0.11 044 0.77 041 031 0.60 0.38 0.41
Hyla cinerea,
H. gratiosa 32.01 11.12 0.66 0.81 0.76 083 0.79 0.72 0.79 0.78
Triprion petasatus,
A. spinosa 15.86 8.93 0 0.59 0.78 0.27 0.61 031 0.60 0.74
Smilisca sila,
S. sordida 9.50 10.65 0.09 0.77 0.85 071 052 0.75 0.76 0.85
Agalychnis annae,
A. moreletii 13.26 10.74 0 092 0.62 065 059 0.75 097 0.58
Ascaphus montanus,
A. truei 46.52 8.50 0 047 0.77 031 0.00 0.75 0.11 0.04
Engystomops petersi,
E. pustulosus 2.46 10.18 0 0.76 0.84 0.72 054 0.75 0.73 0.96
Crinia remota,
C. bilingua 14.64 10.12 0.01 0.16 0.70 0.67 0.72 0.38 0.87 0.63
Arenophryne rotunda,
A. xiphorhyncha 26.76 11.21 0 0.00 0.00 0.00 052 0.73 0.00 0.30
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Rana vibicaria,

R. warszewitschii 10.57 10.04 0.40 0.74 0.80 0.73 0.68 0.67 0.76 0.64

Eleutherodactylus

armstrongi, E. alcoae  18.08 8.51 0.16 0.46 091 092 084 026 0.52 0.93

Eleutherodactylus

schwartzi, E. coqui 18.26 9.45 0.20 0.44 0.00 0.00 0.77 0.68 0.05 0.00

Eleutherodactylus

dimidiatus, E. emiliae  21.66 10.14 0.50 0.67 0.60 044 055 0.66 0.70 0.57

Eleutherodactylus

montanus, E. patriciae 18.96 10.00 0.51 0.63 0.85 0.69 056 0.65 0.61 0.95

Litoria aurea,

L. raniformis 36.78 9.68 0.19 0.50 0.74 052 059 0.74 0.50 0.60
Osteopilus dominicn-

sis, O. pulchrilineatus  18.96 10.11 0.72 0.79 0.64 0.71 0.71 0.81 0.75 0.68

Pelobates syriacus,

P. fuscus 44.68 9.38 0.03 051 0.83 044 047 0.76 0.58 0.69

Phyllobates vittatus,

P. lugubris 9.49 10.55 0 0.61 0.00 083 0.58 0.00 0.60 0.00

Rana tarahumarae,

R. pustulosa 25.04 9.82 0 0.82 0.00 0.00 0.00 0.73 0.39 0.00

Rana vaillanti,

R. juliani 13.11 10.42 0.50 0.64 0.58 0.61 0.63 0.59 0.78 0.65
Tlalocohyla picta,

T. smithii 19.65 10.12 0 0.66 0.12 0.77 0.64 024 0.87 0.33
Bio8 Bio9 Biol0 Bioll Biol2 Biol3 Biol4 Biol5 Biol6 Biol7 Biol8 Bio 19
0.68 0.87 0.64 0.46 0.93 0.75 0.21 0.00 0.69 0.40 0.74 0.55
0.88 0.85 0.77 0.87 0.50 0.71 0.50 0.66 0.49 0.48 0.56 0.56
0.87 0.85 0.84 0.77 0.60 0.62 0.52 0.76 0.65 0.55 0.60 0.69
035 056 032 0.20 0.61 0.63 0.64 0.59 0.57 0.68 0.53 0.77
0.00 0.58 0.58 0.65 0.68 0.81 0.79 0.71 0.86 0.61 0.39 0.58
0.10 049  0.00 0.00 0.66 0.61 0.75 0.76 0.70 0.70 0.61 0.63
099 072 0.89 0.68 0.84 0.75 0.77 0.81 0.68 0.83 0.46 0.84
0.71 0.86 0.58 0.37 0.61 0.59 0.46 0.82 0.50 0.59 0.36 0.67
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(A) Engystomops petersi & E. pustulosus

(B) Phyllobates vittatus & P. lugubris

(D) Tialocohyla picta & T. smithii




(E) Rana tarahumarae & R. pustulosa
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(H) Pseudacris brimleyi & P. brachyphona

Figure S1.1. Predicted geographic distributions for each species of the 9 selected allopatric
sister species pairs, based on ecological niche modeling. Squares represent the georeferenced
localities of the species for which a niche model is being estimated. The polygon surrounding
the squares is the known geographic range of that species (e.g., based on the GAA; IUCN 2009).
Circles represent the georeferenced localities of its sister species, with the surrounding polygon
indicating its geographic range. Triangles represent locations where both species should be
absent, based on their known geographic ranges. The polygon surrounds the triangles is the
“gap” area between the geographical ranges of the two sister species (see methods). The white
area represents the spatial distribution of climatically suitable habitats for the species for which a
niche model is being estimated, whereas the gray area represents the spatial distribution of
climatically unsuitable habitats. The black area is not included in the niche modeling. The
general geographic area for each map is as follows: (A) northern South America, (B) Central
America, (C) MesoAmerica, (D) MesoAmerica, (E) Mexico, (F) Western Australia, (G)
southwestern North America, (H) eastern U.S., and (I) northwestern North America.
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Chapter 2

How does climate influence speciation?

Introduction

The responses of organisms to variation in climate (over both space and time) are
thought to be important drivers of speciation. For example, the influence of climate on rates and
patterns of speciation has been hypothesized to influence global patterns of biodiversity,
particularly the high richness of tropical regions (e.g. Mittelbach et al. 2007). Quaternary
climatic oscillations may also have an important role in speciation, but this has been
controversial (e.g. Jansson and Dynesius 2002; Barnosky 2005; Lovette 2005; Hoskin et al.
2011). However, the role of climate is largely unexplored in the theoretical literature on
speciation (e.g. Turelli et al. 2001; Coyne and Orr 2004). Thus, the current literature relating

speciation and climate consists largely of empirical tests of informal verbal models.

These verbal models suggest that climate may drive speciation through at least two
mechanisms. First, when different populations of a species occupy different habitats, the
different climatic conditions they inhabit may impose divergent selection that drives the
evolution of reproductive isolation between them. Under this scenario, climate drives
“ecological speciation” (Rundle and Nosil 2005; Schluter 2001, 2009) or “gradient speciation”

(Moritz et al. 2000). Speciation driven by this mechanism is thought to result in parapatrically
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distributed sister species that have divergent climatic niches (e.g. Moritz et al. 2000; Kozak and

Wiens 2007).

Second, differences in climate over space might serve as an effective barrier to dispersal
between allopatric populations, such that incipient species on either side have lower fitness in
this barrier of unsuitable habitat and fail to adapt to climatic conditions there (Wiens 2004).
These allopatric species may then diverge in response to other climatic or non-climatic factors
and evolve intrinsic reproductive isolation. Speciation driven by this mechanism should result in
allopatric sister species with similar climatic niches, separated by a barrier with very different
climatic conditions (i.e. speciation via climatic niche conservatism (Wiens 2004), also related to
“refugial speciation” (Moritz et al. 2000)). The idea that geographic isolation involves the
separation of suitable habitats by unsuitable habitats is certainly not new (e.g., Mayr 1963), but
the ecological and evolutionary basis for allopatry is only recently hypothesized to be associated

with the ability of a species to evolve its niches (Wiens 2004).

Speciation via climatic niche conservatism and speciation via climatic niche divergence
can be seen as two ends of a continuum of the tendency of a species to evolve its climatic niche
to the climatic conditions where the species inhabits (related to “niche conservatism” (Wiens and
Graham 2005)). Whether its climatic niche is conserved or labile may depend on the intrinsic
degree of niche lability of the species and the extrinsic forces of natural selection, such as the
geographic and temporal variation in the climatic conditions of the species’ habitats (Wiens and

Graham 2005). A species may be intrinsically niche conserved if it lacks genetic variation in the
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appropriate traits that are related to climatic niche evolution (e.g., the lack of mutations to
develop freezing tolerance) or these traits may have pleiotropic effects that are antagonistic to
the direction of selection exerted by the climatic conditions (e.g., Jenkins and Hoffman 1999;

Etterson and Shaw 2001).

Speciation via climatic niche conservatism may be the dominant speciation mechanism
for a species that is intrinsically niche conserved because the species remains maladapted to
unsuitable habitats, which restricts gene flow between populations in suitable habitats if they are
geographically separated by an unsuitable habitat. These allopatric populations may then
accumulate reproductive incompatibility as a result of genetic drift or a by-product of niche
divergence in other climatic or non-climatic factors. If the populations also lack appropriate
mutations that are related to the evolution of those niches, then speciation between them is
purely driven by climatic niche conservatism that leads to populations in allopatry and the

subsequent evolution of reproductive isolation between them via genetic drift.

In contrast, speciation via climatic niche divergence may be the dominant speciation
mechanism for a species that is intrinsically niche labile because the species may rapidly adapted
to an initially unsuitable habitat, so that the unsuitable habitat is not likely to serve as a dispersal
barrier that is essential for speciation via climatic niche conservatism. Meanwhile, mutations
that cause reproductive incompatibility between populations can be fixed rapidly if they are
genetically correlated with mutations underlying the adaptation of populations to difference

climatic conditions in their habitats.
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A burgeoning number of empirical studies have now addressed these two possible
speciation mechanisms, based mostly on comparisons of the climatic distributions of sister
species (e.g. Peterson et al. 1999; Kozak and Wiens 2006, 2007; Raxworthy et al. 2007; Warren
et al. 2008; Hua and Wiens 2010; McCormack et al. 2010; Cadena et al. 2012). These studies
have collectively found evidence supporting both mechanisms. Some studies have also tried to
explore the linkage between species niche lability and the relative plausibility of the two
speciation mechanisms (Kozak and Wiens 2007; Hua and Wiens 2010). However, it remains
highly unclear as to why speciation seems to occur through climatic niche conservatism in some

cases and via niche divergence in others.

Numerous mathematical models have been developed to examine how disruptive
selection imposed by habitat differences (e.g. Endler 1977; Barton 1999) or biological
interactions (e.g. Doebeli and Dieckmann 2000, 2003; Mizera and Meszéna 2003) may lead to
reproductive isolation among populations (see the extensive review by Gavrilets 2004). This
body of work is very useful to understand speciation through niche divergence. In fact, any
model that considers local adaptation could be modeling “climate”. Our study is also based on
several previous models (Pease and Lande 1989; Gavrilets 1999; Case and Taper 2000).
However, no studies have focused on speciation via niche conservatism nor have any tried to
understand both speciation mechanisms under the same framework. Therefore, we still know
little about the processes of speciation via climatic niche conservatism and its plausibility
relative to speciation via climatic niche divergence. Furthermore, we know little about how
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climatic variation over time may influence speciation via niche divergence, because the literature

on how habitat differences drive speciation is mostly based on static habitats over time.

In this study, we develop a numerical model to test the plausibility of these two basic
verbal models of how climate drives speciation (niche conservatism vs. niche divergence).
Specifically, we ask: under what conditions of climatic variation (over both space and time) is
one speciation mechanism more plausible than the other? How do those conditions depend on

the intrinsic niche lability of a species?

Methods

Climatic Background

Our model starts with three habitats of a species (habitats 0, 1, and 2; Fig. 2.1). These
habitats differ on one axis of the multivariate climatic niche (e.g. temperature), and take the
values Z,, Z,, 2, We assume that most climatic variation occurs between rather than within
habitats. For example, the three habitats could represent different forest types that occur at
different elevations and which experience very different climatic regimes (e.g. oak vs. pine vs.
fir forest). Initially, only one of the three habitats is populated by the species. Over time, the
ancestral population may invade adjacent habitats and reproductive incompatibility may then
accumulate among populations in different habitats. We assume that a trait (e.g. physiological

tolerances to temperature) influences individual fitness under the given climatic niche axis. We
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refer to this trait as the “climatic trait” hereafter. The climatic trait values follow a normal
distribution in the ancestral population. The trait distribution initially has a mean equal to the
climatic value of the ancestral habitat and its genetic variation (V) is at linkage equilibrium.
Higher levels of genetic variation correspond to higher heritability for the climatic trait and thus
more rapid response to selection (e.g. Bulmer 1980). Therefore, we use V;x as a measurement of

the intrinsic degree of climatic niche lability of the species.

We first examine how spatial variation in climate influences speciation by assuming
spatially variable but temporally constant climate. We then examine how temporal variation in
climate influences speciation by assuming two patterns of climate change over time. Under the
first pattern, climate changes at a constant rate b in the same direction until the initially
inhospitable habitat (see Fig. 2.1) becomes suitable for the species. Under the second pattern,
climate oscillates as a sine wave. The sine wave has an amplitude equal to half the maximum
difference in climatic conditions across the three habitats. The frequency is equal to
b/(2xamplitude), where b is the rate of directional climate change. The sine wave takes the same
amount of time as the directional pattern of climate change does to make the initially
inhospitable habitat suitable for the species. Thus, the two temporal patterns are roughly

comparable.

We focus on two types of spatial variation in climate: mountain-slope scenario and
valley-mountain scenario. Under the mountain-slope scenario, the three habitats occur at

different elevations along a mountain slope and in which the ancestral population occupies the
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lowland habitat (habitat 0; Fig. 2.1A,B). Under constant climate over time (Fig. 2.1A), the
ancestral population colonizes the high montane habitat (habitat 2) by first adapting to the mid-
elevation habitat (habitat 1). Under changing (warming) climate (Fig. 2.1B), climatic niche
divergence occurs when the lowland population adapts to increasing temperature at the same
time as warming climate helps the species to colonize to higher elevations. Under this spatial
variation in climate, climatic niche divergence is essential to population expansion along the

mountain slope and therefore to speciation.

Under the valley-mountain scenario, the three habitats are a series of lowland and
montane habitats, where the “middle” habitat (habitat 0) is in lowlands and the two “end”
habitats (habitats 1 and 2) are in montane regions (Fig. 2.1C,D). The ancestral population again
occupies the lowland habitat. Under warming climate (Fig. 2.1D), the lowland habitat becomes
less suitable and the montane habitats more suitable over time. The lowland population may
then go extinct if the species fails to adapt to higher temperatures, which should lead to
geographic isolation and eventual speciation of the montane populations. Under this spatial and
temporal variation in climate, population expansion into different mountaintops is facilitated by
climate change and climatic niche conservatism may be essential to speciation by causing

population isolation.

Nevertheless, under constant climate (Fig. 2.1C), climatic-niche evolution is necessary
for the species to colonize montane habitats. Depending on the migration rate and niche lability

of the species, the lowland population may become less adapted to lowland temperatures over
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time, if there is (a) gene flow from montane populations that swamps stabilizing selection and
leads maladaptation of lowland populations, or (b) reproductive incompatibility develops
between montane and lowland populations, which produces hybrids with low fitness. In these
cases, the species’ failure to maintain well-adapted populations in the lowlands results in

allopatric montane sister species with similar climatic niches.

In addition, we also examine alternate scenarios in which the ancestral habitat has a
different location on the niche gradient. First, we examine speciation via niche divergence under
the scenario that the ancestral population occupies the middle habitat (i.e. habitat 1 in Fig. 2.1A).
Second, we examine speciation via niche conservatism under the scenario that the ancestral

population occupies an end habitat (e.g. habitat 1 in Fig. 2.1C).

Given these different patterns of climatic variation over space and time, we modeled
speciation processes for each set of conditions by numerically approximating changes in four
properties of each population. These properties are: (1) population size (N); (2) the mean (z) and
variance (V) of the climatic trait; (3) the degree of gametic incompatibility (or hybrid
dysfunction for individuals from other populations; D); and (4) mating probability between
individuals (D;). The degree of gametic incompatibility and the mating probability are then used
to estimate the plausibility of speciation. In each generation, two gametes can produce a fertile
adult if they survive gametic selection (related to D) and if their offspring survive phenotypic
selection related to climate (related to z and V). After the offspring become adults, m proportion

of adults migrate to adjacent habitats. After migration, mating occurs along with sexual
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selection (related to D). In the following sections, we describe in detail how we model each of
these four properties (population size, climatic niche evolution, hybrid dysfunction, mate

choice).
Population Size

To estimate population size (N), we start with the differential equation of population growth,
using population 1 as an example: dN, /dt = w,(t)N, (), where w,(#) denotes the average fitness
of individuals in population 1. Assuming that individual fitness under the climatic conditions of
a habitat does not influence the strength of competition between individuals within and among

populations, we can write w, () as:

Flg) [N1(l) + Nm(z‘) + N21(l)]— IEI —Zl(t)IZ ) Vl(l‘) |

2V, 2V

N N

W (1) = 7 (1) -

The first term 7(#) denotes the intrinsic growth rate of population 1 that is independent of its
climatic niche but associated with reproductive success within and among populations (see the
section below on reproductive success). The second term gives the total amount of competition
on population 1 in its habitat, where C denotes the carrying capacity for individuals with
optimum climatic trait value of the habitat; N,,(¢) and N,,(¢) are the number migrants from
population 0 and population 2 to habitat 1 (where population 1 occurs). The last two terms
represent the stabilizing selection on the climatic trait (mean z,(¢) and variance V() ) around the
optimum that equals the climatic value of the habitat z,, where V, measures the strength of
selection, with larger values corresponding to weaker selection. We then use the Beverton-Holt
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equation (Beverton and Holt 1957) to approximate discrete population growth over non-

overlapping generations.
Climatic-Niche Evolution

Following standard quantitative genetic theory (Bulmer 1980), we assume that the climatic trait
is approximately normally distributed before and after selection. This assumption holds even
under disruptive selection, if the trait is affected by many loci with small and additive effects
(Turelli and Barton 1994). The mean and variance of the trait after selection become (Bulmer
1980):

Z(t+ D) =z, +[2, - z(OIV,, (D /V,(1) + V]
V(e +1) =V, ()= Vi) /[V(D) + V]

b

where V,,(7) is the additive genetic variance and V|(¢) =V, (1) +V,, with V, denoting

environmental variance. The mean and additive genetic variance after migration become

(Bulmer 1980):

Z;k(l‘ +D) =z +D)+m,qlz,(t + D) -z,(t + D]+ m,, [2,(t+1) -z, ( +1)]
Vo (t+ D)=V, (t+ D)+ (L= m,y = m o ){mo [ 2o(t +1) = 2(t + D + m | 2,(1 + 1) = 2, (1 + D}

where m,,, and m,,, are the effective migration rates from population 0 and population 2 to

population 1. The variance after reproduction further becomes (Bulmer 1980):

Vi +1) = (= 5V (4 D+ LV, 14V,

where V,, is the genetic variance at linkage equilibrium and N, is the effective population size

of population 1. Effective migration rate and effective population size are associated with
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reproductive success between populations, thus we describe the estimation of them in the section

on reproductive success.

Hybrid Dysfunction

The evolution of hybrid dysfunction is commonly attributed to the accumulation of incompatible
gene interactions between gametes (the Dobzhansky-Muller model; Dobzhansky 1936; Muller
1942; Matute et al. 2010; Moyle and Nakazato 2010). Therefore, we assume that a set of loci is
associated with hybrid dysfunction and each mutation on these hybrid dysfunction loci has a
complementary mutation on a different locus. These complementary mutations build the genetic
backgrounds that resemble the adaptive ridge metaphor under the Dobzhansky-Muller model.
For example, if there is a hybrid dysfunction locus with two alleles A/a and allele b is the
complementary mutation for the allele a, then only under the genetic background with allele b,
gametes with allele 4 are compatible with gametes with allele a. Consequently, the number of
incompatible genes (variable D) between two gametes is the number of mutations on hybrid
dysfunction loci in one gamete that do not have complementary mutations in the other gamete.
Following Gavrilets (1999), we assume that two gametes can produce viable and fecund
offspring only if the number of incompatible genes between them is no more than K loci. We
modified the model of Gavrilets (1999) to be more in line with the Dobzhansky-Muller model
because Gavrilets (1999) assumed reproductive incompatibility as a result of heterozygous

disadvantage within a locus rather than deleterious epistatic interactions among alleles on
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different loci. Using population 1 as an example, the average probability of gametes from

population 1 producing fertile and viable offspring is:

w o DK =k +1.D, - k)
1 (K -k +1)

where D; is the average number of incompatible genes between gametes in population 1 and 4 is
the number of the incompatible genes that are fixed in population 1. Similarly, the average
probability of gametes from different populations (e.g. population 1 and population 2) producing

fertile and variable offspring is:

_T(K -k, +1,D;, - k)
. (K -k, +1)

9

where D, is the average number of incompatible genes between population 1 and population 2;

k1> 1s the number of the incompatible genes that are fixed in both populations.

Following Gavrilets (1999), the expected change in D; and D, per generation is:

AD, = —s,(D, - k) + 2u+2m,, (D,, - D,) + 2m,, (D,, - D) - 24

2N,

AD, = _¥(D12 —kp)+2u+2m,, (D, - Dy,)+2m,,(D, - D,),

where the first term describes decrease in D; and D as a result of selection against low-fit
genotypes (i.e., genotypes with large number of incompatible genes), with

o oW, _ e PO (D =k ) *H)
' oD, T(K-k+1,D -k)

being the selection coefficient against incompatible genes in
population 1 (s, for population 2). The second term describes increase in D; and D as a result
of new mutations on hybrid dysfunction loci occurring in one generation, with u being the total

mutation rate on the hybrid dysfunction loci. The next two terms describe changes in D; and D,
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as a result of gene flow between populations. The last term in the equation for AD, describes

decrease in D; as a result of genetic drift.

In the equations for the expected change in D; and D), per generation, k; (the number of
the incompatible genes that are fixed in population 1) is modeled as:
k=L +Ly+L, -1 -1,-1,,with L denoting the number of mutations on the hybrid
dysfunction loci that arise in population 1 and get fixed in population 1, L, and L,, denoting the
number of mutations that get fixed in population 1 but arise in population 0 and population 2,
and [, [, l,, denoting the number of the L,, L,,, L, mutations whose complementary
mutations also get fixed in population 1. Using the same notation, &, (the number of the
incompatible genes that are fixed in both populations) is modeled as:

k,=L+L,-1,-1,,+max{L,,Ly,}-min{l,,l,}.

We follow the method of Lynch & Abegg (2010) to approximate changes in the number
of fixed mutations (L, L,,, L,,) and their complementary mutations ([, ,,, /,;) over the course
of a generation. The review of Presgraves (2010) on the genetic basis of hybrid dysfunction
suggests that the evolution of hybrid dysfunction often involves neutral (e.g., duplicated genes)
or deleterious (e.g. selfish genes) mutations. Those mutations may also have pleiotropic effects
on adaptation to different environments (e.g., Lee et al. 2008) or have tight physical linkage to
genes under divergent selection (e.g., Via 2009). Therefore, we assume two scenarios of
mutations on hybrid dysfunction loci. Under one scenario (climate independent scenario

hereafter), mutations on a fixed number of loci are selfish genes and mutations on all the other
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hybrid dysfunction loci are neutral except for their deleterious effect on reproductive
incompatibility. Under this scenario, climatic niche evolution influences speciation mainly by
influencing the geographic distributions of populations and consequently the level of gene flow
between populations as well as the level of genetic drift within population. The other scenario
(climate dependent scenario hereafter) is similar except that mutations on the fixed number of
loci are not selfish genes but have pleiotropic effects on adaptation to different climatic
conditions. Under this scenario, climatic niche evolution influences speciation not only by
influencing the geographic distributions of populations, but also directly influencing the fixation

rates of hybrid dysfunction loci.

Using population 1 as an example, changes in the fixation rate of selfish genes are

(Lynch & Abegg 2010):

=24

1 e-4Ng] (d-5)

ALI = VR12‘4N51(mc01 +m521), 121 = 2]\,1

where v is the mutation rate of the selfish genes and d is the intensity of meiotic drive for the

selfish genes. Changes in the fixation rate of their complementary mutations are (Lynch &

Abegg 2010):
1 1 B 1 =25,
—-e Pcl
All = AL1 * VCRC12_4Ne1(m‘,01+m(,21) RCI = 2N11—€_—4Nq\d’ s

where v, is the mutation rate of a complementary mutation, s, is selective advantage of carrying
a complimentary mutation. Using similar arguments, changes in the fixation rate in population 1

of mutations arising in population 0 are:
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Solutions for nearly neutral mutations are similar to those for selfish genes, except that
[—e* . . . . . i
R, =2N, ———and the fixation of mutation on hybrid dysfunction loci can be accelerated if its
l_ e el

complementary mutations arise prior to its fixation (Lynch & Abegg 2010). After accounting for

these differences, the term in the square brackets in Al becomes:
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Solutions for mutations that have pleiotripic effects on adaptation to different climatic
conditions are also similar to those for selfish genes, except that the intensity of meiotic drive (d)
is replaced by the selection advantage (s.4) of the mutations in local climatic conditions.
Because the climatic niche of a species is modeled as a quantitative trait, the selective coefficient
of a single mutation on one of the loci that determine the climatic niche is modeled as, using

population 1 as an example: s, ,(¢) = Aé'_—é'((t)), where A4 is the effect size of the mutation that
s + 1 t

describes the amount by which individuals carrying the mutation deviate from the population
average climatic niche z; (Kimura and Crow 1978; Chevin and Hospital 2008). Since the

climatic niche of the ancestral population is initially set to zero, we follow the number of fixed
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mutations that either make the climatic niche more positive or more negative. For example, if
the local climatic condition Z <0, mutations with negative effects should be selected over those
with positive effects. We arbitrarily assume that mutations on each locus have equal effect size

A=0.1.

Mate Choice

Besides hybrid dysfunction, populations may also become reproductively isolated if individuals
from different populations do not mate. We model the evolution of mate choice as done for
hybrid dysfunction, by making an analogy between a set of male traits and mutations on hybrid
dysfunction loci and between female preference and complementary mutations. Using

population 1 as an example, the average mating probability between individuals in population 1

_ F(Kv - ksl + I’Dsl - ksl)

is W,
i (K, -k, +1)

, where Dy is the average number of traits a male carries that are

not preferred by females in population 1; 4;; is the number of such traits that are fixed in
population 1; two individuals will mate only if the number of such traits is no more than K.
When different male traits become fixed in different populations, the females’ preference for the
male trait of their own population becomes advantageous (to avoid low-fit hybrid progeny from
matings between individuals of different populations; see section below on Reproductive

Success).

In the set of male traits and female preferences, we assume that each male trait and

female preference for the male trait are each determined by a single separate locus. Similar to
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hybrid dysfunction loci, we also assume two scenarios of mutations on male traits. Under one
scenario (climate independent scenario), we assume a fixed number of male traits, for which
females initially have no preference. Mutations on these male traits should not affect mating
success and are therefore neutral. The other male traits are assumed to be already preferred by

females. Thus, mutations on these male trait loci should suffer a selective disadvantage

S = e (D — k)T
TI(K, -k, +1,D,—k,)

because the mutant male has a trait that is not preferred by any

existing females in the population. Under the other scenario (climate dependent scenario),
mutations on the fixed number of male traits are not neutral but arise as the pleiotropic effect of

adaptation to different climatic conditions (i.e., the classic magic traits; Servedio et al. 2011).

Solutions for male traits are similar to those for the mutations on hybrid dysfunction

. N, . . . .
loci, except that R, = —L for the neutral male traits under the climate independent scenario and,

el

using population 1 as an example, s, (the selection coefficient against incompatible genes) is
replaced by sy (the selection coefficient against mutant male traits); s.; (the selective advantage
of carrying a complimentary mutation) is replaced by s, (the selective advantage of developing
female preferences for male traits in the same population in order to avoid mating with
individuals from different populations that produces low-fit hybrids; see the section on

reproductive success).

Reproductive Success

&9



An individual can reproduce if it finds a mate with compatible gametes. For
mathematical simplicity, we assume that females mate once and males mate multiple times in

their life spans. Using habitat 1 as an example, the number of matings between individuals that

‘/VSIZVI2
2(Ws1N1 + WsOlNOI + Ws12N12)

are both from population 1 is n, = ; the number of matings between

WoilNoV, + WoilNoV,
2IWyN, + W Ny + WoNy,)  2(W Ny + W N))

population 1 and population 0 is n, = and so

is the number of matings between population 1 and population 2 (75).

Win, + Wyn, + Wp,n,

Consequently, the average growth rate of population 1 is 7 =r__
n +n,+n,

with 7 denoting the maximum intrinsic growth rate (i.e. when both probability of mating and

probability of producing viable offspring equals to 1). The effective migration rate from

. . . Wyn . . D
population 0 to population 1 is m,,, = o and so is the effective migration
2Wn +Wyn,+W,n,)

rate from population 2 to population 1 (m.n; with corresponding changes in notations). The
effective population size of population 1 is

r(n +ny+ny)ln(n, +ny+n,)—1]
- 1) + WOlrmaxno(WOIrmax - 1) + WIZrm

Nel=
W r

1" max

n,(Wir,

max

axn2(W12rmax - 1) '
When a complementary mutation for hybrid dysfunction arises, it increases population
growth rate by increasing the reproductive success between individuals from the same

population. Thus, the mutation has a selective advantage:

_JInf oW, n, e P (D - k) o
cl W, 9D, W +Won,+Won, T(K—k+1) When a female preference arises, it

increases population growth rate by increasing the mating probability between individuals from
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the same population relative to the mating probability between different populations. Thus the

female preference has a selective advantage:

_ dlnr W, M e_(D”_k”)(Dxl - 'lﬂl)Kv_kx1 2WW N, + W, + W )W o No, + (W, + W, )W, N, _ 2W N, +2W Ny, +2W N,

21
= 1
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scl

Speciation Criterion

Based on the biological species concept (which is widely used in speciation theory;
Coyne and Orr 2004), incipient species are considered distinct species if they are intrinsically
reproductively isolated. Using this criterion, one can consider speciation to have been achieved
if the product of hybrid viability (W1,) and the intrinsic mating probability between individuals
from the two incipient species (W;12) equals to zero. Nevertheless, reproductive isolation is not
an all-or-none phenomenon and hybridization between species is commonly observed in nature
(Coyne and Orr 2004). Speciation occurring under the limited parameter space examined in the
present study does not guarantee that it will occur under other parameter values. Therefore,
besides setting cut-off on the number of incompatible genes between two gametes that leads to
complete inviable offsprings or zero mating probability (see the section on parameter values).
We also include a scale bar, values on which are the probability of individuals from different
populations to successfully produce offspring. This probability equals the product of hybrid

viability (W1,) and intrinsic mating probability (Wj12).

We focus on speciation between populations in the end habitats because (1) the

population in the middle habitat tends to have low reproductive success because it hybridizes
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with both populations in the end habitats; (2) the middle population is of less interest, especially
for speciation via niche conservatism, where population 0 is located in the barrier between

populations 1 and 2.

Parameter Values

To examine how spatial variation in climate influences speciation, we set the climatic
value in the ancestral habitat (see fig. 1) to 0 and the climatic values in the other habitats to
random values from a uniform distribution between -10 and 10. Species either have low degree
of niche lability with genetic variation (V) of the climatic trait at linkage equilibrium equal to
0.01 or have high degree of niche lability with V7= 0.9. To examine how temporal variation in
climate influences speciation, we use a wide range of values for the initial climatic conditions in
each habitat and report representative results with z,=-10 (or -15), z, =0, z,=-10 (or -15) for
mountain-valley scenario (fig. 1C,D) and Z,=-15 (or -20), z,=-7.5 (or -10), z,=0 for mountain-
slope scenario (fig. 14,B). Rate of climate change is set to vary between 0 and 1 unit on the axis
of climatic niche per generation. Values for V; is set to vary between 0 and 1, a range that
includes previously reported intraspecific variation in trait values related to climatic tolerance
(e.g. Gilchrist and Huey 1999; Gibert and Huey 2001). We arbitrarily set 100 loci of mutations
on hybrid dysfunction loci to be selfish genes and 100 mutations on neutral male traits under the
climate independent scenario. We also set 200 loci of mutations on hybrid dysfunction loci and
on male traits to be associated with climatic niche divergence (with 100 loci having positive

effects and 100 loci having negative effects on the values of the climatic trait) under the climate
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dependent scenario. Under both scenarios, mutation rate on those loci is set to 10”7 per locus per
generation and their complementary mutation rate (v.) is set to 10”. The total mutation rate on
hybrid dysfunction loci as well as male traits (u) is set to 0.01. We assume that two gametes
produce inviable offspring if the number of incompatible genes between them is more than 20
loci and two individuals do not mate intrinsically if they have more than 20 mismatches between
male traits and female preferences (i.e., K = K; =20). Values of other parameters are: 7max = 4, C
=1000, Vs=10, m = 0.01. For each parameter combination, we iterate the numerical model for
10° generations. Preliminary analyses showed that all values become stable after 10°

generations.

Results

In general, model results under climate dependent scenario (Fig. S2.1-2.3) and climate
independent scenario (Fig. 2.2-2.4) for the composition of mutations underlying reproductive
incompatibility between populations are surprisingly similar. Under constant climate over time
but variable climate over space, no speciation occurred for species with high niche lability (data
not shown). Instead, a single species occurred across all three habitats. For species with low
niche lability, speciation can occur under a set of conditions (Fig. 2.2; Fig. S2.1): 1) when
climatic conditions in the two end habitats were very similar to each other but differed from the

middle habitat; 2) when the climate at one end habitat was similar to the middle habitat but very
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different from the other end habitat. Under these climate conditions, the ancestral population did
not go locally extinct but was barely able to colonize the end habitats and persisted in a small

population size, potentially representing “peripatric” speciation (Coyne and Orr 2004).

Directional variation in climate over time had contrasting effects on speciation under the
valley-mountain scenario and the mountain-slope scenario (Fig. 2.3; Fig. S2.2). Directional
climate change promoted speciation under the valley-mountain scenario (Fig. 2.3A,B), especially
for species with low niche lability and when climate change was rapid. The conditions under
which speciation occurred under the valley-mountain scenario (black cells in Fig. 2.3A,B) are
when the population in the middle habitat (i.e. the lowland population in Fig. 2.1D) went locally
extinct. In contrast, no speciation occurred under the mountain-slope scenario (Fig. 2.3C,D).
Interestingly, when mutations underlying reproductive incompatibility are the pleiotripic effects
of climatic niche evolution (the climate dependent scenario), populations in the two end habitats
were not intrinsically reproductively isolated, although they were geographically isolated (Fig.

S2.2; see Discussion section).

Climatic oscillations over time also had contrasting effects on speciation under the
valley-mountain scenario and the mountain-slope scenario (Fig. 2.4). In contrast to directional
climate change, climatic oscillations promoted speciation under the mountain-slope scenario
(Fig. 2.4C,D). Speciation occurred when a species was barely able to persist in all the three
habitats along a mountain slope through climatic oscillations (Fig. 2.4C,D; Fig. S2.4). In

contrast, climatic oscillations did not promote speciation under the valley-mountain scenario
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(Fig. 2.4A,B). For species with low niche lability and when climate oscillations were frequent,
species did not establish constant populations in the two end habitats, where local extinction and
recolonization events continually occurred during climatic oscillations (Fig. S2.4). Under these

conditions, reproductive incomparability cannot accumulate and thus no speciation occurred.

Discussion

Variation in climate is widely considered to be important for speciation, but the details
of how climatic variation drives speciation remain poorly understood from a theoretical
perspective. Here, we developed a numerical model to test the two basic verbal models of how
climate drives speciation (niche conservatism vs. niche divergence). Our results show that
speciation via niche conservatism is theoretically plausible, and illustrate the conditions where
speciation via niche conservatism and divergence are each most likely. These conditions lead to
important predictions for empirical speciation studies. Our results also suggest a counterintuitive

relationship between speciation and extinction. We discuss these ideas below.

Speciation via Niche Conservatism vs. Niche Divergence

Ever since Darwin, ecology has been thought to potentially play an important role in
speciation (Coyne and Orr 2004). However, the literature on "ecology and speciation” has
focused almost exclusively on ecological divergence (e.g. Orr and Smith 1998; Schluter 2001;

Via 2002; Rundle and Nosil 2005; Schluter 2009). Here, to our knowledge, we explored for the
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first time a relatively new idea in speciation theory: that the failure of organisms to adapt to

different ecological conditions may also drive speciation (Wiens 2004).

We find that under directional climate change and under a valley-mountain scenario of
spatial variation in climate, speciation between populations on two mountaintops occurred when
the ancestral population in the intermediate lowland habitat went locally extinct, which was most
likely for species with low climatic niche lability (Fig. 2.2A,B). With the barrier to gene flow,
complete reproductive isolation can evolve between populations if there are mutations
underlying reproductive incompatibility being selfish genes (maybe other types of non-
deleterious mutations that are not modeled in this study; e.g., mutations on duplicated genes;
Presgrave 2010). Intriguingly, the two populations are not intrinsically reproductively isolated
when mutations underlying reproductive incompatibility are the pleiotropic effects of climatic
niche evolution (Fig. S2.2). This is presumably because the barrier of unsuitable habitat is
effective only to niche-conserved species and niche-conserved species tend to track its climatic
niche tightly up or down hills, leaving little chance for climatic niche evolution. It is important
to note that the above result is based on the assumption that the two mountaintops have the same
climatic conditions under the valley-mountain scenario. When the two mountaintops have
different climatic conditions, speciation can be driven by both climatic niche conservatism and
climatic niche divergence, with the former leading to the geographic isolation between
populations on different mountaintops and the latter promoting the evolution of reproductive
isolation between them as the pleiotropic effects of adaptations to different climatic conditions.
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Taken together, speciation via climatic niche conservatism should be the predominant speciation
mechanism for niche-conserved species under directional climate change and a spatial variation

in climate that resembles the valley-mountain scenario.

In contrast to speciation via niche conservatism, we find that speciation via climatic
niche divergence may be the predominant speciation mechanism for species with low niche
lability under constant climate over time (Fig. 2.2), and for species with high niche lability under
a mountain-slope scenario of spatial variation in climate when climate oscillates (Fig. 2.4).
Under these conditions, climatic niche divergence is necessary for the species to persist in all the
three habitats during speciation process. Nonetheless, speciation didn’t occur if the adaptation to
local climatic conditions is too rapid or if local adaptation is more rapid than climate changes

(Fig. 2.4).

Surely, the above results depend on the relative prevalence of different genetic bases of
reproductive isolation. At one extreme where all the mutations underlying reproductive
incomparability are the pleiotropic effects of climatic niche evolution, intrinsic reproductive
isolation between populations should only evolve when populations are niche diverged. At the
other extreme where no mutations are the pleiotropic effects of niche evolution, climate should
influence speciation only by affecting the geographic distributions of populations. In the present
study, we arbitrarily assume roughly equal number of mutations being the pleiotropic effects of
climatic niche evolution (climate dependent scenario) or not (climate independent scenario). We

find that the conditions under which speciation via niche divergence occurred are very similar
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under the two scenarios (Fig. 2.2, 2.4 and Fig. S2.1, S2.3). This result may indicate that climate
influences speciation mainly by influencing the geographic distributions of populations rather
than directly influencing the fixation rate of mutations underlying reproductive isolation between

populations.

We acknowledge that we only modeled two scenarios for the genetic basis of
reproductive incompatibility between populations, i.e., reproductive incompatibility is the result
of new mutations that are incompatible with their genetic backgrounds and may (climate
dependent scenario) or may not (climate independent scenario) be the pleiotropic effects of
adaptation to different climatic conditions. There are other scenarios that have strong empirical
evidence. For example, divergence in some traits (automatic magic traits; Servedio et al. 2011)
can create immediate reproductive isolation, such as divergence in flowering time (Lowry et al.
2008), in traits adapted to different pollinators (e.g., Schemske and Bradshaw 1999), or in habitat
preferences (e.g, Rice and Salt 1990). If the evolution of reproductive isolation involves these
automatic magic traits, then niche divergence undoubtedly drives speciation by directly

influencing the fixation rate of mutations underlying reproductive isolation.

Speciation and Temporal Patterns of Climate Change

Our study suggests contrasting effects of different patterns of climate change on
speciation, with directional climate change promoting speciation via niche conservatism and

cyclical climatic oscillations promoting speciation via niche divergence. These results lead to
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important predictions for empirical studies of climate and speciation. For example, the Tertiary
(~65-2.6 Ma) had three major periods of directional climatic warming, followed by long-term
climate cooling, whereas the Quaternary (~0.01-2.6 Ma) is characterized by cyclical glacial-
interglacial climatic oscillations (Zachos et al. 2001). Our study leads to two testable
predictions: (1) ecologically similar sister species are more likely to have originated in the
Tertiary (during particular periods of directional climate change); (2) ecologically divergent
sister species are more likely to have originated in the Quaternary (although both periods may
have species that evolved via both processes). These predictions can be readily tested by
comparisons of the climatic distributions of sister species (e.g. using GIS-based methods) and
estimates of their divergence dates (e.g. using molecular dating methods). These predictions
may also help explain the conflicting results of previous empirical studies on niche conservatism
vs. niche divergence (e.g. Peterson et al. 1999; Kozak and Wiens 2006; 2007; Raxworthy et al.

2007; Warren et al. 2008; Hua and Wiens 2010; McCormack et al. 2010; Cadena et al. 2012).

There has been considerable debate about the role of Pleistocene climatic changes in
driving speciation (e.g. in birds; Johnson and Cicero 2004; Lovette 2005). This debate has
mostly focused on the timing of speciation, and not on mechanisms (but see Weir and Schluter
2004). Pleistocene climatic changes seemingly led to fragmentation of many species ranges into
refugia (presumably via niche conservatism), but it is unclear whether fragmented populations
actually became reproductive isolated (e.g. Hoskin et al. 2011). Similarly, our study does not
support the idea that Pleistocene climatic oscillations necessarily promoted speciation via niche
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conservatism. Instead, our results suggest that speciation along climatic gradients (via niche

divergence) may predominate in the Pleistocene.

Speciation and Population Extinction

Our study also suggests that the plausibility of speciation is tightly associated with the
extinction or persistence of the ancestral population (i.e., population in habitat 0 in Fig. 2.1).
Specifically, under directional climate change, speciation via niche conservatism is plausible
when the ancestral, intermediate population goes extinct (Fig. 2.3A.B). Under climatic
oscillations, speciation via niche divergence is plausible when the ancestral population is barely
able to persist (Fig. 2.4C,D). This latter pattern seems to occur because climatic oscillations
cause fluctuations in population size. Small population size is under strong genetic drift, thus
favors fixation of hybrid dysfunction mutations that tend to be selected against due to their
deleterious effects on reproductive compatibility. In contrast, large population size favors
fixation of beneficial mutations and thus the complementary mutations of those hybrid
dysfunction mutations. These complementary mutations further build up the adaptive ridge,

promoting the fixation of hybrid dysfunction mutations.

The tight association between speciation and population persistence implies that
speciation and extinction are not always independent processes. We find that climatic factors
that hasten local extinction may also increase speciation by promoting speciation via niche

conservatism under directional climate change. Under climatic oscillations, extreme climatic
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conditions may drive local extinction in some species, but also increase population fluctuation in
some other species and therefore promoting speciation via niche divergence. Both of these two
processes may lead to a positive relationship between speciation and extinction. We know of
one study (Weir and Schluter 2007) that has shown evidence for a positive correlation between
speciation and extinction rates along latitudinal gradients in birds and mammals with both rates
higher in temperate regions, but it is unclear if this pattern is related to the climatically-driven
processes described here. Given the current threat of climate change to biodiversity (and past
mass extinction events), it is tempting to assume that climate change leads solely to extinction
and not speciation. Our results suggest that directional climate change might also lead to

speciation, and that local extinctions actually facilitate this process.

Model Assumptions and Future Research

Our study builds on several previous models, including that of Pease and Lande (1989)
for population growth, the quantitative genetic approach (Bulmer 1980) for climatic-niche
evolution, and the model by Gavrilets (1999) for the accumulation of reproductive
incompatibility. Our model is different from most previous speciation models in that: (1) it
incorporates various aspects of speciation, from the initial range expansion to the establishment
of reproductive isolation among populations; (2) it incorporates various genetic bases of
reproductive isolation; and (3) it provides a new numerical approach to study speciation under a

spatially explicit environment.
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However, as in almost any theoretical study, our study makes several important
assumptions, which should be further tested in future studies. First, we assumed a simple
relationship between climatic distributions, physiological traits, species distributions, and the
evolution of species in response to climatic conditions. In reality, responses to changing climatic
conditions over space and time may be very complex (e.g. Davis and Shaw 2001; Hoffman and
Sgro 2011). Furthermore, species distributions may be determined only indirectly by climate, if
at all (e.g. climate influences vegetation which influences prey distributions, and the distribution
of prey influences the distribution of the species of interest; Gross and Price 2000). Our study
represents only a simplified starting point for understanding these complex processes, and these
complexities should be explored in future studies. For example, one could include one set of
traits representing the physiological responses of species to the direct effects of climate and
another set of traits for the indirect effects of climate, such as climate-related changes in prey,

parasites, or competitors.

Second, we only include three habitat types in our model, with climatic variation
assumed to be between habitats rather than within them. In reality, climate may vary
continuously within and between broader habitat types. In future studies, a continuous model
could be developed. For example, one could estimate population density by diffusion equations
(e.g. Pease et al. 1989), model climatic niche evolution using Lande’s (1976) equation (e.g. Case
and Taper 2000), and estimate hybrid dysfunction and mating probabilities from the spatial
distributions of allele frequencies of loci (e.g. Nagylaki 1975) underlying reproductive isolation.
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Third, as mentioned in the previous sections, we only investigated two scenarios on the
genetic basis of reproductive isolation and we arbitrarily assume equal prevalence of the two. In
future studies, more scenarios need to be considered. These may include the automatic magic
traits and the incompatible genes (and their complementary genes) that are from standing genetic
variation instead of new mutations. It is also worthwhile to investigate how the relative
prevalence of different scenarios may influence speciation. So far, we only have a rough

qualitative estimation on the relative prevalence (e.g., Servedio and Kopp 2011; Nosil 2012).

Summary

In this study, we developed a mathematical model to examine how climate influences speciation.
Our study provides the first theoretical support for the verbal model of speciation via niche
conservatism. We find that speciation via niche conservatism can be the predominating
speciation mechanism under some realistic conditions (e.g. directional climate change). This
finding leads to testable predictions for empirical speciation studies, and may help explain the
seemingly contradictory findings of previous empirically studies. Remarkably, our results also
show that population extinction can be critically important to speciation. Nevertheless, our study
is only a starting point for understanding how climate influence speciation from a theoretical

perspective.
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