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Evolution of climatic niche specialization:
a phylogenetic analysis in amphibians
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The evolution of climatic niche specialization has important implications
for many topics in ecology, evolution and conservation. The climatic niche
reflects the set of temperature and precipitation conditions where a species
can occur. Thus, specialization to a limited set of climatic conditions can
be important for understanding patterns of biogeography, species richness,
community structure, allopatric speciation, spread of invasive species and
responses to climate change. Nevertheless, the factors that determine
climatic niche width (level of specialization) remain poorly explored. Here,
we test whether species that occur in more extreme climates are more
highly specialized for those conditions, and whether there are trade-offs
between niche widths on different climatic niche axes (e.g. do species that
tolerate a broad range of temperatures tolerate only a limited range of
precipitation regimes?). We test these hypotheses in amphibians, using
phylogenetic comparative methods and global-scale datasets, including
2712 species with both climatic and phylogenetic data. Our results do not
support either hypothesis. Rather than finding narrower niches in more
extreme environments, niches tend to be narrower on one end of a climatic
gradient but wider on the other. We also find that temperature and precipi-
tation niche breadths are positively related, rather than showing trade-offs.
Finally, our results suggest that most amphibian species occur in relatively
warm and dry environments and have relatively narrow climatic niche
widths on both of these axes. Thus, they may be especially imperilled by
anthropogenic climate change.

1. Introduction

Climatic niche specialization is a very specific topic, but one that has surpris-
ingly far-reaching implications. Every terrestrial species has a climatic niche,
a set of temperature and precipitation conditions where it occurs [1-3]. The cli-
matic niche is critically important because it may determine where that species
occurs (either alone or in combination with other abiotic and biotic factors) and
how it will respond to changes in climate over time. But these patterns of geo-
graphical distribution and response to climate change depend not only on the
climatic niche but also on specialization in that niche (i.e. climatic niche width).
If species were not specialized for a limited set of climatic conditions, every
species could potentially occur almost anywhere (at least within a continent
or island) and anthropogenic climate change would not be problematic for
species persistence. But most species do appear to be specialized for a limited
set of climatic conditions. For example, few species occur continuously from
the poles to the Equator, or from sea level to above treeline within a region,
regardless of the specific mechanisms that determine their geographical
ranges. Given this, climatic niche specialization appears to have important
implications for numerous topics in biogeography, ecology, evolution and con-
servation. There is now evidence that climatic niche specialization, coupled
with climatic niche conservatism (climatic niches remaining similar over time
within and among species; reviewed in [4]), can play a role in determining
large-scale patterns of biogeography [5,6], patterns of species richness along
gradients in latitude [7-10], elevation [11,12] and aridity [13], geographical

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2013.3229&domain=pdf&date_stamp=2014-10-01
mailto:wiensj@email.arizona.edu
http://dx.doi.org/10.1098/rspb.2013.3229
http://dx.doi.org/10.1098/rspb.2013.3229
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org

patterns of community structure [14], allopatric speciation
[15-18], patterns of geographical spread in invasive species
[19-21] and may determine the responses of species to
anthropogenic climate change [22-24]. Of course, climatic
specialization is also important when there is climatic diver-
gence, and the combination of climatic niche specialization
and divergence may drive other patterns, such as parapatric
speciation along environmental gradients and clade diversifi-
cation [18,25,26]. For example, there would be no ecological
speciation along environmental gradients if species were
able to occur everywhere along the gradient and were not
specialized for a more limited set of conditions.

What determines how specialized the climatic niche is in
a given species? This question has remained relatively unex-
plored, especially in comparison to the burgeoning literature
that addresses the consequences of specialization, conserva-
tism and divergence in the climatic niche (see references
above). Previous studies suggest that several different factors
may influence the width of the climatic niche, but some of the
most important factors are closely intertwined: these are sea-
sonality, latitude and the specific aspect of the niche that is
being considered (i.e. temperature, precipitation). In general,
temperature seasonality increases with latitude, but precipi-
tation seasonality decreases with latitude [27,28]. Analyses
in three species-rich clades of vertebrates (hylid frogs, pletho-
dontid salamanders and phrynosomatid lizards) suggest that
this within-locality seasonality is the major driver of species-
level niche width for both temperature and precipitation,
rather than variation in climatic conditions across the species
range [29]. Nevertheless, climatic variation between localities
does have a significant (albeit smaller) impact on climatic
niche width of species, potentially reflecting the role of
local adaptation on the species niche width [29].

A question that is especially poorly explored is whether
species that occur in more extreme climatic conditions on a
given niche axis (i.e. have extreme niche positions) are more
highly specialized for those conditions (figure 1a). For
example, does adapting to more extreme or stressful con-
ditions require a trade-off that limits the ability of those
species to occur across a broad range of conditions? Or are
species that can tolerate more extreme conditions able to do
so simply because they can tolerate a broader range of con-
ditions than other species (figure 1b)? Or is there no
relationship between the niche width of species and their pos-
ition on an environmental gradient (figure 1c)? Or does it
depend on which end of the gradient is being considered?
For example, are species that occur under colder temperatures
able to tolerate a broad range of conditions while species that
occur in warmer conditions have only a limited range of
tolerances (figure 1d)?

To our knowledge, only one previous study has addressed
the relationship between niche position and niche specializ-
ation with climatic data [13], despite considerable interest in
related topics such as the evolution of thermal tolerances
[30-32] and the evolution of niche breadth and specialization
in general [33,34]. Wiens et al. [13] tested whether species that
occur in deserts are specialized for a more limited range of pre-
cipitation regimes, relative to species that occur in more mesic
environments. The study focused on a group of lizards (Phry-
nosomatidae) that occur across nearly all terrestrial habitats in
North and Central America, with relatively high species rich-
ness in desert regions. They found that precipitation niche
widths tend to be narrower in species occurring in drier
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Figure 1. Hypothetical examples illustrating different possible relationships
between climatic niche breadth and niche position (adapted from [13],
their fig. 1). Each grey bar represents the range of values where a species
occurs on a climatic niche axis (temperature, precipitation). In (a), species
that occur in the most extreme positions on the niche axis have narrower
niche widths (i.e. they are more specialized for these extreme conditions).
In (b), species that occur in more extreme conditions occur under a broader
range of conditions than other species in the clade, and therefore have wider
niche widths. In (c), species have similar niche widths regardless of position
on this niche axis. In (d), species that occur on one end of the gradient are
more specialized, whereas species that occur on the other end are more
generalized (i.e. have broader niche widths).

environments (depending somewhat on how this is quanti-
fied), but contrary to the expectation of niches generally
narrowing in more extreme climates (figure 1a), niches are
wider in phrynosomatid species occurring in more mesic
environments (as in figure 1d). However, it remains unclear
whether similar patterns apply to temperature and to other
taxonomic groups.

Another surprisingly unexplored question is whether
there are trade-offs between niche widths on different cli-
matic niche axes. For example, does being able to tolerate a
broad range of temperatures also entail an inability to tolerate
a broad range of precipitation regimes? The term trade-off
usually refers to a negative correlation between two aspects
of performance or fitness [33,35]. Under the trade-off hypo-
thesis, we would expect to see a negative relationship
between species niche widths on two or more major axes of
the climatic niche (e.g. temperature versus precipitation).
Such a trade-off might be expected for at least two major
reasons. First, trade-offs are considered to be an important
factor driving ecological specialization in general [33,36,37].
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Figure 2. Hypothetical example illustrating why an apparent trade-off may arise
between temperature and precipitation niche breadths (TNB and PNB) in a
broadly distributed clade. In temperate regions, species are expected to have
broad TNB and narrow PNB, whereas in species in tropical regions are expected
to have narrow TNB and broad PNB. Note that this relationship between differ-
ent climatic niche widths is expected given observed patterns of within-locality
seasonality in tropical regions versus temperate regions [15,17,27—29], but has
not been tested directly with climatic data among species.

Therefore, it seems logical that this idea should also apply to
the climatic niche, one of the most fundamental ecological
characteristics of a species. Second, previous work suggests
that there might be apparent trade-offs because of different
latitudinal patterns of seasonality on the two major climatic
niche axes [28,29]. Specifically, tropical species appear to
have narrow niche widths for temperature and wide niche
widths for precipitation, whereas temperate species appear
to have wide niche widths for temperature and narrow
niche widths for precipitation. Given these expectations,
there should be a strong negative relationship between temp-
erature niche breadths (TNB) and precipitation niche
breadths (PNB) among a set of species that occur across
different latitudes (figure 2), as would be expected given
trade-offs between niche breadths on these two axes.

There are also reasons that these trade-offs might not
actually be present, however. First, apart from these latitudi-
nal patterns of seasonality, we do not know of specific
mechanistic reasons why this trade-off should occur for
temperature and precipitation variables (e.g. involving physi-
ology). Second, species with large geographical ranges might
occur across many different temperature and precipitation
regimes, whereas narrowly distributed species might occur
under a limited range of conditions on both axes [38,39].
This latter pattern would raise the question of why some
species are able to tolerate such a broad range of conditions
(and others seemingly not), and if the narrowly distributed
species are actually confined to their limited range of con-
ditions by their climatic tolerances. In summary, there are
strong a priori reasons to predict a trade-off between different
aspects of climatic niche width, and also some reasons why
such a trade-off might not be expected. Importantly, to our
knowledge, no previous studies have tested this trade-off
hypothesis with explicit climatic data.

Here, we test both of these hypotheses (niche posi-
tion versus specialization and trade-offs in specialization
on different niche axes) using phylogenetic comparative
methods at a global scale in amphibians. Amphibians offer
a useful model system for several reasons. First, there are
detailed range maps available for most species [40], from

which climatic data can be obtained using GIS-based
methods and global environmental data layers [41]. Second,
a time-calibrated phylogeny is available for the group
that includes approximately 40% of the described species
[10,42], with representatives of nearly all families and most
genera. This allows testing these hypotheses in a phylogenetic
framework. Third, amphibians are broadly distributed across
latitudes and climates, from the Arctic Circle to the equatorial tro-
pics, and from the wettest rainforests to some of the driest deserts
on Earth (but like most other groups of organisms, they have
their highest species richness in wet tropical regions [10,43]).
Perhaps because of these reasons, amphibians are increasingly
used as a model system in large-scale macroecological research
[10,43—-46].

2. Material and methods
(a) Climatic data

Climatic data for each species were obtained from species range
maps, and range maps were obtained from the IUCN database
[40] for most described amphibian species (6307 of 7212; [47]).
The TUCN range maps for each species are developed through
consultation with a set of experts on that taxon and are based
on known occurrences for that species, which are then used to
develop one or more polygons encompassing these known
sites. These polygons are then used to depict the species” range.

To obtain climatic data, we used climatic rasters from the
WorldClim database [41], using the package raster v. 2.1-49
[48] in R v. 3.0.2 [49]. The WorldClim database consists of 19 cli-
matic variables based on averages of monthly temperature and
precipitation data from 1950 to 2000. Data are taken from thou-
sands of weather stations all over the world and are then
spatially interpolated to locations between weather stations.
The climatic data used had a spatial resolution of approximately
5 km? (2.5 min), and a similar scale has been used in other macro-
ecological studies of amphibians [44,46]. We overlaid the climatic
rasters on the distribution map of each species and extracted the
climatic values for each grid cell in the range for each species,
resulting in a data matrix for each species, using the R packages
maptools v. 0.8—27 [50] and raster [48]. We retained only the 2712
species that were represented in the phylogeny (see below).

We acknowledge that climatic data from 1950 to 2000 may not
reflect current global climate change. Furthermore, the locality
data may not reflect recent distributional shifts caused by these
climatic changes. Thus, both the climatic data and distributional
data may reflect the world before these changes, rather than cur-
rent climate and ranges in 2014. However, the latter would be
almost impossible to estimate for thousands of species, and not
necessarily more relevant to the questions being asked here.

Distributional and climatic data were taken from range maps
rather than point localities. Both approaches have advantages
and disadvantages. For example, range maps may not reflect
details of the geographical range that are relevant for climate (e.g.
a species shown as occurring in a mountain range may be absent
from high elevations or low valleys). On the other hand, use of cli-
matic data from point localities may be biased towards parts of the
geographical range that are easier to access or collect in. However,
the relatively coarse spatial scale of the climatic data may reduce
potential differences between these two approaches. Finally, we
note that obtaining climatic data from IUCN range maps is a rela-
tively standard approach in large-scale macroecological studies in
amphibians [10,44,46].

We focused on a limited set of variables to test our hypoth-
eses (see below for details). Specifically, we focused on annual
mean temperature (Biol), maximum temperature of the warmest
month (Bio5), minimum temperature of the coldest month (Bio6),
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annual precipitation (Biol2), precipitation of the wettest quarter
(Biol6) and precipitation of the driest quarter (Biol7). For these
variables, we focused on the mean value of Biol across grid
cells in the range of each species, the maximum value of Bio5
(the hottest temperature experienced by the species, both across
the year and across the species range), the minimum value of
Bio6 (the lowest temperature across the year and range), and
mean, maximum and minimum values for Biol2 across the
species range. We also examined maximum values of Biol6
and minimum values of Biol7 across the range of each species.
Values for each variable for each of the 2712 species analysed
are summarized in the electronic supplementary material,
appendix S1. Note that temperature variables are multiplied by
10 relative to the raw values.

Biol and Bio12 are standard variables for describing the overall
climatic distribution of a species (e.g. tropical versus temperate,
mesic versus arid; [43]), and the temperature extremes (Bio5,
Biob6) are essential for describing TNB. Biol2 also provides the
most intuitive and straightforward way to describe PNB across
the species range [29]. We also included measures of quarterly
precipitation extremes (Biol6, Bio17).

(b) Phylogenetic framework

We used a time-calibrated phylogeny [10] that includes 2871
amphibian species (approx. 40% of currently described species;
[47]). The topology of the tree is the same as that of Pyron &
Wiens [42]. This tree is based on a maximum-likelihood super-
matrix analysis of nine nuclear and three mitochondrial genes
and was time-calibrated using penalized likelihood [51] with sec-
ondary calibrations from a study using multiple fossil calibration
points across amphibians [52]. Importantly, the topology and esti-
mated ages of major clades are very similar to those from other
recent studies [53—55]. The distribution ranges of some species in
the phylogeny were not available in the IUCN database, so these
159 species were pruned from the tree using the R package geiger
v. 1.99-3.1 [56]. We note that unsampled species can potentially
influence some kinds of comparative analyses (e.g. estimating
diversification rates), but should have little impact on analyses of
trait correlation [57], especially given the strong phylogenetic
signal in the climatic variables (see below). Similarly, we did not
account for uncertainty in the phylogeny. The topology is rela-
tively strongly supported [42] and largely congruent with most
previous higher level phylogenetic analyses [53-55] and lower
level taxonomy (e.g. most families and genera appear to be mono-
phyletic). Furthermore, closely related species appear to share
similar climatic niche values (high A values for the variables
studied, see below). Thus, any changes in estimated relationships
among these closely related species should have limited impact
on our analyses of relationships between climatic variables.

(c) Data analysis

We first tested the hypothesis that species in more extreme niche
positions on a given climatic gradient have narrower niche widths
on that gradient. We then tested whether there are trade-offs in
niche breadth on the precipitation and temperature niche axes.
We first calculated the niche breadth for each species for both temp-
erature and precipitation. For TNB, we subtracted the minimum
value of the minimum temperature of the coldest month (Bio6)
across all 2.5 min grid cells in the species range from the maximum
value of the maximum temperature of the warmest month (Bio5).
This represents the range of macroclimatic temperatures experi-
enced by each species across the year and across the species range
and reflects the impacts of both seasonal and spatial variation
[29]. For PNB, we first used an index based on subtracting the mini-
mum values of Biol2 from the maximum values of Bio12 across the
range of each species [29]. This measure reflects spatial variation

in precipitation across the species range, but not seasonal variation. n

As an alternative index, we used the maximum value of wettest
quarter precipitation (Biol6) across the species range minus the
minimum value of driest quarter precipitation (Biol7), which
reflects both seasonal and spatial variation. However, we note
that seasonal extremes for precipitation are not as easy to interpret
as for temperature. Presumably, quarterly values for precipitation
are more relevant for occurrence in a given location than short-
term monthly extremes, but yearly values may be more relevant
than quarterly extremes for survival in a given habitat (e.g. deserts
and rainforests are defined based on yearly rainfall values, not a few
wet or dry months).

We then determined the niche position of each species for
both temperature and precipitation. We first estimated the
range of values across all 2712 species included in the analyses
for a standard measure of temperature (annual mean tempera-
ture; Biol) and of precipitation (annual precipitation; Biol2).
Although these measures cannot reflect all relevant aspects of
temperature or precipitation, they should reflect fundamental
aspects of both (e.g. tropical versus temperate, high versus low
elevation, arid versus mesic). For these analyses, we used the
mean value for each variable (across the grid cells of the species
range) to characterize its niche position. We then tested the
relationships between our measures of within-species niche
width (TNB and PNB) and the position of the species relative
to others on that axis (TNB versus Biol; PNB versus Bio12).

We next tested explicitly whether species that have more
extreme values on a given niche axis have narrower niche
widths. To obtain a measure of whether species have extreme
values for the group, we calculated the midpoint of mean
species values on each axis and then calculated the absolute
distance between each species and that midpoint. Specifically,
the midpoint of temperature = (max. species value for mean
Biol — min. value mean Biol)/2 + (min. value for mean Biol).
For precipitation, the midpoint = (max. value mean Biol2 —
min. value mean Biol2)/2 + (min. value mean Biol2). To
obtain the distance of each species from the midpoint for temp-
erature, we subtracted the species mean value of Biol from the
midpoint of mean values across all species. Similarly, for precipi-
tation, we subtracted the mean value of Biol2 from the midpoint
of Biol2. Thus, species that are more distant from the overall
midpoint of species values can be considered to have more
extreme values on this axis.

Finally, we tested whether there are trade-offs between niche
widths on the temperature and precipitation axes. Specifically,
we tested for a negative relationship between PNB and TNB. We
note that we only tested trade-offs in the colloquial sense, and
not in the evolutionary sense [58]. A rigorous test of trade-offs
among species would require explicitly showing that evolutionary
decreases in niche width in one variable were associated with evol-
utionary increases in another [58]. However, this distinction
should only be important if the initial hypothesis of a trade-off
is supported by showing a negative relationship between PNB
and TNB.

We tested these hypotheses in a phylogenetic framework using
phylogenetic generalized least squares (PGLS; [59]). Prior to per-
forming PGLS, we first found the best-fitting model of evolution
for each variable. We compared the fit of Brownian motion,
Ornstein Uhlenbeck, white noise and estimated lambda models
using estimated likelihood values and the Akaike information
criterion, using geiger [56]. These comparisons all showed that
the estimated lambda model had the best fit (see the electronic
supplementary material, table S1), with substantial phylogenetic
signal in all climatic variables (A = 0.66—0.92), concordant with
many previous studies in amphibians [7,11,12,16,24,44]. The
lambda model was therefore used for all PGLS analyses (i.e.
branch lengths adjusted based on A values estimated via maxi-
mum likelihood). PGLS analyses were conducted using the R
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Table 1. Results of the main hypotheses tested in this study, from
ordinary least-squares regression (OLS) and PGLS. TNB and PNB are
temperature niche breadth and precipitation niche breadth, respectively.
Values of r* are adjusted for multiple variables.

variables r p-value
OLS
© TNB versus mean annual temperature 0240 <22
" oNB veress o preclpltatlon oy
B veres it fromm|dp0|nt B
temperature
" oNB v distance o m|dpo|nt BT
precipitation
e
s T
© TNB versus mean annual temperature 0120 <22
© PNB versus annual predpitaton 0116 <227
©TNB versus distance from midpoint 0049 <227
temperature
" oNB veress distance fo m|dpo|nt e
precipitation
ot

package caper, v. 0.5 [60]. For comparison and ease of visualization,
we also present results from ordinary least-squares regression
(OLS; without accounting for phylogeny).

3. Results

Major results are summarized in table 1 and figure 3. We
found that amphibian species occurring in warmer environ-
ments (i.e. higher mean values of annual mean temperature)
tend to have narrower TNB (figure 3a), as expected given
lower temperature seasonality in tropical latitudes (PGLS:
r? =0.120; p < 0.001). For precipitation (figure 3b), species at
the drier end of the gradient (i.e. lower mean annual precipi-
tation) tend to have narrower niche widths (using spatial
variation in Biol2 within species to measure niche widths;
PGLS: #* = 0.116; p < 0.001). We found a similar relationship
using a measure of PNB that incorporates both seasonal and
spatial variation within species (max. Biol6 — min. Biol7;
PGLS: ?= 0.099; p < 0.001). On both the temperature and pre-
cipitation niche axes, species do show a significant trend
towards narrower niche widths in more extreme environments
(table 1), but both of these cases are, nevertheless, driven by nar-
rower niche widths on one end of the niche axis, rather than
narrower niche widths on both (figure 3). Finally, we do not
find evidence of trade-offs in niche breadths on the temperature
and precipitation axes. Instead, there is a positive relationship
(figure 3c) between TNB and PNB (PGLS: r* = 0.202; p < 0.001).

4. Discussion

Specialization in the climatic niche is important for many
topics in evolutionary biology, ecology and conservation,
such as patterns of speciation, species richness and responses
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Figure 3. Results of the major hypotheses tested in this study, shown using
the raw data for ease of interpretation. PGLS results are concordant and
shown in table 1. Note that temperatures are multiplied by 10. (a) Negative
relationship between species’ TNB (Bio5 — Bio6) and their mean values for
annual mean temperature (Bio1). (b) Negative relationship between species’
PNB (maximum Bio12 — minimum Bio12) and their mean values for annual
precipitation (Bio12). (c) Positive relationship between TNB and PNB.

to anthropogenic climate change (see Introduction). In this
paper, we test two fundamental hypotheses about patterns
of specialization in the climatic niche using large-scale phylo-
genetic and climatic data from amphibians. First, we test
whether species in more extreme environments tend to be
more specialized for those environments. Second, we test
whether there are trade-offs between niche breadths on
different climatic niche axes (temperature, precipitation). Sur-
prisingly, our results do not support either hypothesis. We
find that for both temperature and precipitation, species
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tend to have narrower niches on one end of the niche axis
(figure 1d), but not both (figure 1a). Thus, we do not support
the idea that species necessarily become more highly special-
ized as they adapt to more extreme environments on a given
niche axis, although this may happen in some cases (i.e. in
warmer and drier environments in amphibians; figure 3).
Furthermore, we find that species with wider TNB tend to
have wider PNB, rather than finding trade-offs between
niche breadths on these niche axes (figure 2). This is particu-
larly surprising given the general importance of trade-offs in
evolutionary ecology, and that such a trade-off was expected
given patterns of latitudinal variation in PNB and TNB when
considered separately (figure 2). In the paragraphs that
follow, we discuss potential explanations for these patterns,
possible sources of error, and implications for global climate
change and amphibians.

(a) Niche width and niche position

There are several potential ways in which niche width might
vary with niche position (figure 1). Our concordant results
from temperature and precipitation suggest the same pattern
in phrynosomatid lizards [13], in which precipitation niche
widths are wider on one end and narrower on another
(figure 1d). We do not support the idea that niches are gener-
ally narrower on both extremes (figure 1a). Even though the
index that we used to reflect occurrence in extreme environ-
ments does show a significant association with niche
breadths, this relationship seems to be driven by narrow
niche widths at only one end of each axis. This pattern
makes intuitive sense. Our measure of extreme niche position
is based on the distance between each species’ value and the
midpoint for the group and is seemingly dominated (in each
case) by the larger number of species at one end of each gra-
dient. Thus, for temperature, the pattern is driven by the
larger number of narrow-niched tropical species at the
warmer end of the gradient (figure 3a), whereas for precipi-
tation the pattern is driven by the many narrow-niched
species at the drier end of the gradient (figure 3b).

Our results (and those from lizards [13]) raise the intri-
guing possibility that this pattern of narrowing niche
widths on one end of a niche axis may be general. However,
the mechanistic explanation for this pattern may depend on
which niche axis is being considered, and perhaps the
group of organisms in question. For temperature, the nar-
rower niches in warmer climates may reflect the impacts of
reduced temperature seasonality in the tropics [27-29]. It is
important to remember, however, that it is possible for a
single species to experience a broad range of annual mean
temperatures in the tropics by occurring across a broad
range of elevations. Thus, the pattern of species having rela-
tively narrow temperature niche widths in the tropics is
thought to be caused by the evolution of narrow niche
widths in response to greater elevational temperature zona-
tion [27] and not simply an artefact of their being in the
tropics per se. By contrast, in temperate regions, a species
could have a relatively broad TNB even if it occurred at
only a single locality, because of the strong impact of
within-locality seasonal variation on overall climatic niche
widths for temperature [29].

We propose a somewhat different explanation for patterns
of niche breadth and position along the precipitation gradient.
For precipitation, we find a similar relationship between niche

position and niche breadth regardless of whether our measure
of niche breadth incorporates seasonality. We find that species
at the drier end of the spectrum tend to have narrower niches
than those at the wetter end. Examining spatial patterns
of annual precipitation at the global scale, one factor that
might contribute to this pattern is that most of the Earth’s
terrestrial surface is on the drier end of this spectrum (less
than 2000 mm yr~ '), and even many tropical rainforest regions
have less than 4000 mm yrfl. Indeed, despite the well-known
dependence of amphibians on water, almost all amphi-
bian species have mean Biol2 values under 4000 mm yr *,
with a very large number in the driest quarter (less than
2000 mm yr~'). Only a few small, scattered areas are at the wet-
test half of the range (greater than 4000 mm yr '), including
parts of northwestern South America, the equatorial Andes,
New Guinea and the southeastern Himalayas. Further, there
are large changes in annual precipitation over small spatial
scales near these areas. Thus, it may be possible for a single
species (with moderate range size) at the wettest end of
the spectrum to experience a broad range of precipitation
regimes, whereas most other species can only experience a
more limited range of drier regimes. Perhaps most importantly,
it makes intuitive sense that amphibian species may require
special adaptations to survive in drier areas and thus may be
specialized for those conditions (e.g. burrowing behaviour,
desiccation-resistant skin, rapid larval development [61,62]).
But there may be no need for lineages adapted to wet tropical
forests with 3000 mm yr~ ' to have special adaptations to sur-
vive in even wetter tropical forests. Furthermore, for species
that occur predominantly in drier climates, the range of pre-
cipitation regimes that they can experience (both spatially
and seasonally) must be limited. Specifically, species that are
desert specialists must have narrow precipitation niche
widths, partly because they are specialists for those conditions,
and also because deserts (by definition) include only a limited
range of annual rainfall values (but note that species could
occur predominantly in deserts but still have a geographical
range that extends into much wetter conditions). Taken
together, these factors may help explain why there are nar-
rower niches under drier conditions and wider niches under
wetter conditions. However, we recognize that the specific
mechanistic explanations for these patterns may depend (to
some extent) on the group of organisms being considered.
Further study is needed on the generality of these patterns in
other clades and their underlying mechanisms.

(b) Trade-offs in climatic niche width
Another surprising result of our study is that we do not sup-
port the idea that there are trade-offs in niche breadth on
different climatic niche axes. We expected such trade-offs
given their importance in evolutionary ecology in general
and explaining specialization in particular [33]. Furthermore,
the contrasting latitudinal patterns of seasonality in tempera-
ture and precipitation might be expected to generate a
negative relationship between niche breadths on these two
axes (figure 2), even if this negative relationship were not
necessarily caused by trade-offs at the organismal level.
Instead, we found a positive relationship between niche
breadths for temperature and precipitation (figure 3c).

There are several potential explanations for this pattern.
One explanation is that many species might cope with
extreme conditions for both temperature and precipitation
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using similar mechanisms (e.g. inactivity during hot, dry and
cold periods), whereas other species might require a narrow
set of conditions on both axes. Alternately, species that are
primarily confined to a given geographical area based on
their tolerance to a limited range of conditions on one axis
(e.g. precipitation) might therefore be exposed to a limited
range of conditions on the other (e.g. temperature). As one
intuitive example of the possible mechanisms that might
underlie these patterns in amphibians, there are many
derived reproductive modes in anurans that involve placing
eggs out of water (e.g. in foam nests or in leaves overhanging
ponds) and that seem to confine the lineages that have these
modes to moist, tropical areas [55]. Conversely, lineages that
simply place their eggs directly in water seemingly occur
everywhere that anurans do, from rainforests to deserts
[55]. Again, further studies will be needed to test the general-
ity of this pattern and the specific mechanisms that underlie it
(in amphibians and possibly other groups).

(c) Methodological issues

We note that there are several methodological issues that
may have impacted our results, although we do not think that
they should overturn them. First, our climatic data are at a rela-
tively coarse spatial scale (approx. 5 km?). Although this might
influence our estimates of climatic niche parameters for mon-
tane tropical species (where climate can change dramatically
over small spatial scales; [27]), it should have much less
impact for temperate species and tropical lowland species. Fur-
thermore, it seems that this source of error should decrease the
chances of our finding significant relationships, but not create
significant relationships where none exist.

Second, we did not account for the effect of geographi-
cal range size on our estimates of climatic niche width. There
is now some evidence that range size and climatic niche width
are positively related [38,39]. However, the causal relationships
are not so clear. If greater climatic niche width drives larger
range sizes, then range size should not be a factor that con-
founds measurements of climatic niche width. On the other
hand, if species only appear to have narrow niche widths
because their range sizes are small, then this may be proble-
matic. However, this will only happen if there are non-climatic
factors that limit species range sizes and prevent them from
reaching all parts of their geographical range that are within
the climatic tolerances (see below). Previous analyses suggest
that within-locality seasonal variability in climate is a major
driver of climatic niche widths for both temperature and precipi-
tation in amphibian species, rather than climatic variation across
the species range [29]. This result strongly suggests that climatic
niche widths should primarily drive range sizes rather than
range sizes primarily driving climatic niche widths (or at least
that range sizes do not primarily determine species niche
widths, as they are determined more by variation within a
locality rather than between them). Nevertheless, further
analysis of this issue would be valuable.

Third, our measures of climatic niche width are based
on the realized climatic niche width (the range of climatic con-
ditions where the species actually occurs) and not the
fundamental climatic niche width (the range of conditions
that the species can tolerate physiologically [1,2]). There are
various reasons why the realized climatic niche width might
be smaller than the fundamental climatic niche width [2],
such as non-climatic barriers to dispersal (water bodies,

interactions with other species), absence of the full range of tol- [ 7 |

erable climatic conditions where the species occurs (e.g. for
species on islands) or simply insufficient time to spread to
all physiologically suitable locations within a region [46].
However, we do not see the fundamental climatic niche as
being the only relevant or important measure of the climatic
niche. We are interested in the actual climatic niches of species,
not their hypothetical niches based on physiology alone. There
is now evidence that species interactions (and the interactions
of these species interactions with climate) may be important in
setting species range limits [63] and in driving local extinctions
and declines related to anthropogenic climate change [64],
especially in vertebrates. At the same time, it is important to
keep in mind that our estimates of climatic niche width
should not be taken as proxies for physiological tolerances.

Fourth, we used relatively simple, univariate measures of
the climatic niche, although these seemed more appropriate
for the hypotheses of interest here than multivariate estimates.
Fifth, even assuming that species ranges are set primarily by
physiological tolerances to climate, there is no guarantee that
the climatic variables used here are the ones that set their geo-
graphical ranges (and thereby determining the climatic niche
widths for these variables). Finally, our results were conducted
at a broad phylogenetic scale, and it is possible that more fine-
scaled studies within different amphibian clades might find
somewhat different patterns.

(d) Implications for conservation and global change
Our results on patterns of climatic niche specialization also
have important conservation implications, in showing that
amphibian species that occur in warmer and drier environ-
ments have narrower climatic niche widths for temperature
and precipitation, respectively (figure 3). Importantly, as cli-
mates are predicted to become warmer and drier in many
regions of the world [65], these species with narrow climatic
niche widths are those that may be most likely to eventually
have their entire (current) geographical ranges outside of their
current climatic niches. Thus, these species may be forced to
either: (i) track suitable climatic conditions over space through
dispersal, (ii) acclimate or (iii) adapt to the changed conditions
evolutionarily, or (failing these three options) go extinct [66,67].
Furthermore, analyses based on past rates of climatic niche
evolution in amphibians suggest that adaptation may occur
too slowly to keep pace with the projected rates of anthropo-
genic climate change [24], whereas niche tracking over space
may be limited by human habitat modification, slow dispersal
and many other factors. Unfortunately, our results suggest that
most amphibian species already occur at the warmer and drier
ends of the temperature and precipitation niche gradients and
thus have relatively narrow climatic niche breadths for both
temperature and precipitation (figure 3). Of course, the idea
that amphibians are imperilled by climate change is hardly
new [68], but analyses of general patterns of climatic niche
widths offer an important perspective.

5. Conclusions

In this study, we use large-scale datasets for climate and
phylogeny in amphibians to test fundamental hypotheses
about the factors that influence the evolution of climatic
niche widths. Our results reject our initial hypotheses that
climatic niche widths generally become narrower at both of

~
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the extreme ends of a climatic gradient and that there are
trade-offs between climatic niche widths for temperature
and precipitation. The generality of these results should be
tested in other groups of organisms, and their causes
should be tested with more fine-scaled mechanistic studies.
Our results also have potentially important implications for

species survival under climate change.
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