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ABSTRACT

Aim Comparative evidence for phylogenetic niche conservatism — the tendency
for lineages to retain their ancestral niches over long time scales — has so far been
mixed, depending on spatial and taxonomic scale. We quantify and compare
conservatism in the climatic factors defining range boundaries in extant
continental mammals and amphibians in order to identify those factors that
are most evolutionarily conserved, and thus hypothesized to have played a major
role in determining the geographic distributions of many species. We also test
whether amphibians show stronger signals of climatic niche conservatism, as
expected from their greater physiological sensitivity and lower dispersal abilities.

Location Global; continental land masses excluding Antarctica.

Methods We used nearly complete global distributional databases to estimate
the climatic niche conservatism in extant continental mammals and amphibians.
We characterized the climatic niche of each species by using a suite of variables
and separately investigate conservatism in each variable using both taxonomic
and phylogenetic approaches. Finally, we explored the spatial, taxonomic and
phylogenetic patterns in recent climatic niche evolution.

Results Amphibians and mammals showed congruent patterns of conservatism
in cold tolerance, with assemblages of escapee species (i.e. those escaping most
from the climatic constraints of their ancestors) aggregated in the North
Temperate Zone.

Main conclusions The relative strength of climatic niche conservatism varies
across the variables tested, but is strongest for cold tolerance in both mammals
and amphibians. Despite the apparent conservatism in this variable, there is also a
strong signal of recent evolutionary shifts in cold tolerance in assemblages
inhabiting the North Temperate Zone. Our results thus indicate that distribution
patterns of both taxa are influenced by both niche conservatism and niche
evolution.

Keywords
Cold tolerance, diversification rates, geographic distribution, macroecology,
macroevolution, phylogenetic niche conservatism, range edges, range size.

INTRODUCTION

Deciphering why species live where they do has long been a
central issue in ecology and evolution (Darwin, 1859). The
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geographic range of a species reflects both its environmental
tolerances and its geographical opportunities, now and in the
past. Accordingly, ranges shift in response to environmental
change (Parmesan & Yohe, 2003) and following specific
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adaptations to cope with conditions beyond the range edge
(Holt, 2003). Although some large-scale spatial patterns in
geographic ranges have been found (such as a trend of
increasing range size with distance from the equator; see
Stevens, 1989), biogeographical and historical complexities
make it unsurprising that closely related species often have
very different range sizes (e.g. Freckleton et al, 2002). If,
however, large-scale range limits are largely governed by slowly
evolving environmental tolerances (Wiens & Donoghue, 2004),
then these limits will tend to be more similar among related
species than are range sizes (Roy et al., 2009).

Climatic niche conservatism has been defined as the
tendency for species to retain aspects of their climatic niche
over evolutionary time scales (Wiens & Graham, 2005). There
has been debate recently over what constitutes niche conser-
vatism: whether it is enough for phylogeny or taxonomy to
explain significant variation in species traits or whether trait
values specifically need to be more similar in closely related
species than expected under a Brownian motion model of trait
evolution (Harvey & Pagel, 1991; Losos, 2008; Wiens, 2008).
We use the former, more permissive, definition. Under this
view, niche conservatism is common and research attention
switches from demonstrating it to measuring and comparing
its strength in different traits, groups or regions. Different
ecological characteristics often show widely different degrees of
conservatism across the same set of species (Freckleton et al.,
2002). Here, we specifically test the strength of conservatism
across a suite of potential range-limiting factors across two
major vertebrate taxa, namely mammals and amphibians, to
investigate which environmental aspects are most conserved
within clades and are, therefore, implicated in having played
the most important roles in limiting and structuring distribu-
tions at a broad scale (Soberdn, 2007).

Detection of climatic niche conservatism (Harvey & Pagel,
1991; Wiens & Graham, 2005) depends on both taxonomic
resolution and spatial scale (Losos, 2008; Wiens, 2008; Cooper
et al., 2010). Many genera and families are geographically
restricted and so experience a limited range of environmental
variation, making climatic niche conservatism harder to detect
(Wiens & Graham, 2005). As an emergent species-level
property, the range boundaries of species distributions are
determined by biotic interactions, abiotic constraints or a
combination of both. Hutchinson’s (1978) niche concept
provides a clear link between the observed geographical
distribution of a species and the multiple biotic and abiotic
dimensions limiting where a species can persist. While the
fundamental niche represents all regions where a species could
maintain a positive growth rate in the absence of biotic or
dispersal limitation, observed species ranges correspond to
realized niches, a subset of the fundamental niche (Soberdn,
2007). Despite the difficulties involved in disentangling the
relative contribution of biotic and abiotic factors in shaping
observed range edges, there is strong support for climate as a
major driver at continental and global scales (i.e. the Grinnel-
lian niche, Soberon & Nakamura, 2009). Detection of conser-
vatism in specific climatic requirements therefore suggests that
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those variables influence the broad-scale distribution of species
and can be termed range-limiting factors (see also Cooper
et al., 2011, who made similar assumptions).

Despite the awareness that climatic niche conservatism may
only become apparent at these broad spatial scales and higher
phylogenetic levels, few phylogenetically inclusive global studies
have been conducted to date. Hof ef al. (2010) and Buckley
et al. (2010) provide two exceptions. However, rather than
investigate potentially important factors individually, Hof et al.
(2010) instead used ordination techniques to derive single niche
values for amphibians and Buckley et al. (2010) only investi-
gated two climatic variables for continental mammals. Here, we
use nearly complete global distributional databases to estimate
conservatism in the climatic tolerances of two vertebrate taxa:
continental mammals and amphibians. For each taxon, we
compare the relative conservatism across a suite of potentially
important variables to address the idea that different aspects of
the niche may evolve independently (Freckleton et al., 2002;
Losos, 2008; Cooper et al., 2010). We characterize the climatic
niche of each species by using the suite of variables and
separately investigate conservatism in each. Our goal is to
identify those climatic factors that are most conserved within
clades (and thus hypothesized to influence the distributions of
many species in the clade) and those factors for which the
tolerances of related species are more idiosyncratic. We also test
whether the greater physiological sensitivity and lower dispersal
abilities of amphibians compared to mammals have produced a
stronger signal of conservatism in climatic range limits.
Furthermore, we explore whether conservatism is stronger in
the extreme values (minima or maxima) of environmental
factors experienced by species in any part of their range than in
whole-range averages. Finally, we map inferred recent changes
in climatic tolerances to investigate spatial patterning in
lineages that have escaped conservatism.

MATERIALS AND METHODS

Geographic distribution data for mammals
and amphibians

Polygon shapefiles of the geographic ranges of each mammal
and amphibian species were taken from the Global Mammal
Assessment  [GMA:  http://www.iucnredlist.org/mammals;
accessed 15 November 2008 (Schipper et al, 2008)] and
Global Amphibian Assessment [GAA: http://www.iucnred-
list.org/amphibians; accessed 1 May 2008 (Stuart et al., 2004)].
Because islands may be subject to different evolutionary
processes, we excluded island endemics and any parts of
species ranges that fell on islands. We also excluded wholly
marine mammalian families within Cetartiodactyla, Carnivora
and Sirenia, as well as the polar bear (Ursus maritimus) and the
sea otter (Enhydra lutris). We matched the GMA species with
the taxonomy of Wilson & Reeder (2005) as in Fritz & Purvis
(2010), and the GAA with the taxonomy of Frost et al. (2006).
The final data set contained 3878 mammal and 4165 amphib-
ian species.
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Environmental variables

Environmental variables came from the WorldClim database
(Hijmans et al., 2005; http://www.worldclim.org/current.htm)
at 5 arc-min (= 0.083°) resolution and EDIT Geoplatform
(http://edit.csic.es) at a resolution of 0.1°. Environmental
factors thought to limit ranges of terrestrial vertebrates include
ambient energy, primary productivity, water availability and
their seasonal variation (Hawkins et al., 2003). We chose four
of the 19 BioClim variables available from WorldClim as well
as normalized difference vegetation index (NDVI) remote-
sensing data to address our hypotheses, on the basis of their
importance for the ecology and distribution of vertebrates (see
e.g. Aragon et al., 2010). We used mean temperature of the
warmest quarter (Biol0) and mean temperature of the coldest
quarter (Bioll) to represent heat- and cold-tolerance and,
together, tolerance to seasonal temperature variation. Similar
alternative measurements such as maximum temperature of
the warmest period or minimum temperature of the coldest
period are probably too extreme and mostly capture outlier
conditions unlikely to influence the long-term viability of all
populations of each species. We used annual precipitation
(Biol2) to capture cumulative water availability through a
year, and precipitation seasonality (Biol5) to capture its
seasonality, measured as the coefficient of variation of the
weekly mean values. Finally, we used mean annual NDVI,
calculated from monthly values for the period 1982-2000 (see
EDIT Geoplatform, http://edit.csic.es, for details on data
processing), to reflect primary productivity. We also calculated
a measure of seasonality (coefficient of within-year variation)
in NDVI, but it provided no additional information and was
omitted from the final analyses. By using these fine-grain
climatic datasets, we aim to characterize species climatic niches
in a way that not only incorporates broad-scale macroclimatic
effects, but also mesoscale climatic variation associated with
elevational gradients. Note, however, that we do not attempt to
characterize microclimatic factors that may be relevant for the
habitat suitability of species at more local scales, e.g. micro-
climatic variation in water availability for amphibians (Hill-
mann et al., 2009).

We used the environmental variation within the geographic
range of each species as a proxy of its realized niche (e.g. Hof
et al., 2010; Cooper et al., 2011), under the assumption that
distributions of species, at the coarse scale of our data, are
primarily set by their environmental tolerances (Soberéon &
Nakamura, 2009; but see Pearson & Dawson, 2003). For each
environmental variable, we characterized the tolerance of each
species by calculating the mean, maximum and minimum
values within its continental range (hereafter termed climatic
niche measurements). At the coarse resolution of our analysis,
our polygon-based range data (i.e. extent of occurrence) is
congruent with survey-based data (see Hawkins et al., 2008
and references therein) and, hence, is consistent with those
that may be obtained from species distribution modelling
approaches. We recognize that biotic interactions and different
kinds of historical effects can also limit distributions, so our
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measurements correspond to the realized rather than the
fundamental niche (Soberén & Nakamura, 2009). However,
quantitative genetic models (Case & Taper, 2000) suggest that
even competitive limits may be strongest along steep environ-
ment gradients. Therefore, we assume that if we detect
conservatism in any climatic extreme, it is in spite of any
idiosyncratic effects.

We analyse these environmental variables separately, rather
than processing them through a principal components analysis
(as in e.g. Hof et al., 2010), to preserve their interpretability
and evaluate their individual importance. As expected, mean
temperature of the warmest and coldest quarters are strongly
correlated. This is, however, not a problem because we test
each variable individually and are primarily interested in
identifying which climatic variables are the most strongly
conserved among species, with the aim of identifying that
climatic factor along which related species diverge least.
Finally, we also tested the absolute latitude of the centroid of
each 0.1° grid cell, because latitude could be a proxy for as-yet-
unidentified environmental factors (Hawkins & Diniz-Filho,
2004; see Appendix S1 in Supporting Information).

Data processing and statistical analyses

We first used a nested ANOVA to examine how variance in the
climatic tolerances of species is partitioned among taxonomic
levels (Hof et al., 2010). Species were assigned to genera and
families and these taxonomic levels were treated as random
effects in a linear mixed-effects model fitted using restricted
maximum likelihood with the R package ‘nlme’ (Pinheiro &
Bates, 2000). Variance components were scaled to sum one.
We tested the significance of each taxonomic level in two ways.
First, we used likelihood ratio tests and Akaike’s information
criterion (AIC) values to compare the full model to models
omitting a level. Second, we tested whether the 95% confidence
intervals of each level’s variance estimate included zero. We
interpret greater than 50% variance explained above the
species level as indicative of niche conservatism. To check
whether the selection of this threshold may affect our
perceptions on the existence of niche conservatism we
additionally used more liberal (40%) and conservative (60%)
thresholds for comparison. Very wide-ranging or narrowly
distributed species can sometimes drive macroecological
patterns (Jetz & Rahbek, 2002). Accordingly, we split species
according to range size quartile and repeated the linear mixed-
effects model within quartiles to test whether the taxonomic
structure of niche conservatism varies with range size (see
Appendix S1).

To complement the nested ANOVA analysis, we followed
the approach of Roy et al. (2009) and quantified the tendency
for tolerances to be more similar within than among genera, in
units of the variable in question (rather than proportion of
variance explained at higher taxonomic levels). For each
climate niche measurement, the differences between pairs of
species are calculated first for species within each genus and
second for species across all genera. The test statistic is then

2239



M. A. Olalla-Tarraga et al.

calculated as the median difference between these two
distributions, and expresses the absolute magnitude of with-
in-group similarity in the correct units. Differences were
calculated separately for the three climate niche measurements
(maximum, minimum and mean). We repeated this analysis at
the family level (within- and between-family comparisons).
Significance was assessed by randomly assigning taxonomic
affinities across genera and families (depending on the level of
analysis) while keeping the original number of species in each
clade (1000 permutations).

Results of the analyses above could differ between mam-
mals and amphibians simply if taxonomic levels are not
comparable between the two groups. To assess the influence
of family age on our results, we used Mann—Whitney U-tests
to compare crown group ages of mammalian families taken
from the mammal supertree (Fritz et al, 2009), with
amphibian family ages from each of two sources (Frost et al.,
2006; Roelants et al., 2007). We also calculated ratios of
genus-to-family ages (i.e. the average age of genera relative to
their family age). Low values of this ratio indicate that genera
are young relative to families. In two families of comparable
age and conservatism, more variance would be attributed to
genus level in the family with the lower ratio because the
component genera have had less time for trait divergence. In
the absence of a dated phylogeny, these results help indicate
the extent to which our taxonomic results are truly compa-
rable among the two taxa.

The validity of analyses of taxonomic structure, such as
nested ANOVAs, depends on the extent to which taxonomic
clustering directly reflects evolutionary relationships. We
therefore also calculated Pagel’s A (Pagel, 1999), a measure
of phylogenetic signal strength in comparative data, for our
mammalian climatic niche measurements using the best
available phylogeny (Fritz et al., 2009) under the assumption
that finding significant phylogenetic signal bolsters our
inferences based on taxonomy (see also Roy et al., 2009).
We did not repeat this analysis for amphibians because Pagel’s
A is a branch length transformation, and dating is not
complete in the best-available amphibian phylogeny (see
below).

Even if environmental tolerances are usually strongly
conserved through evolutionary history, there will have been
exceptions. Identifying lineages along which tolerances have
shifted, and assemblages where many species show a change
from ancestral environmental limits, may highlight the
importance of adaptive innovations in structuring present-
day assemblages. Ideally, we would assess divergent lineages by
estimating ancestral states for the most conserved variable (i.e.
mean temperature of the coldest quarter, see results below)
and calculating the magnitude of deviations of species values
from these to quantify independent evolution. However,
currently available phylogenies may not be sufficiently resolved
to permit these analyses; while the mammal supertree we use
(Fritz et al., 2009) is nearly complete, some parts of the tree are
highly polytomous, and there is no well-resolved species-level
amphibian phylogeny. Instead, we use the residuals from the
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nested ANOVA as a coarse proxy of intra-generic evolution
with negative values indicating an increased ability to tolerate
cold.

For comparison, we also conducted phylogenetically explicit
analyses using the mammal supertree (Fritz et al., 2009) and a
newly constructed genus-level amphibian supertree with all the
species within each genus included as polytomies (Fritz &
Rahbek, unpublished manuscript and see Appendix S2) and
with all branch lengths set equal. We estimated ancestral states
using a one-parameter maximum likelihood model (Brownian
motion, Maddison, 1991) and estimated change in the cold
tolerance of each species as the change in mean temperature of
the coldest quarter along the terminal branch of the phylogeny
leading to it. In well-resolved sections of the mammal tree,
these changes estimate species-level change. In the amphibian
tree, and within internally unresolved mammalian genera, they
reflect deviations from the genus mean, as in the earlier
analysis, but accounting for evolutionary relationships among
genera. Given the reservations outlined above, these results
must be interpreted with caution, but are still useful as an
examination of the consistency of taxonomy- and phylogeny-
based approaches.

For both methods, we combined these results with data on
the occurrences of each species in the cells of a
96.5 X 96.5 km Behrmann projection global grid to calculate
and map the mean inferred amount of recent evolution in
cold tolerance within each grid cell, for amphibians and
mammals separately. We also calculated cell-average differ-
ences between amphibians and mammals to map cross-taxon
congruence.

We classified cells according to whether or not mean
temperature in the coldest quarter dropped below 5 °C and
defined species as escapees if any part of their range fell within
these cold cells or as non-escapees if they were restricted to
warmer climates. This threshold was defined on the basis of the
relationship between temperature and plant growth (as
measured by NDVI), following the procedure described in
Olalla-Tarraga et al. (2006). We wished to test whether release
from conservatism has impacted clade diversification by
comparing the diversities of sister clades where one clade
was exclusively composed of escapees and the other of non-
escapees. However, because of polytomies in both the mammal
and amphibian trees, only three valid phylogenetically inde-
pendent contrasts were possible in each group precluding
formal analysis.

Ideally, we would also have liked to estimate the effect of our
binary character (escapee versus non-escapee) on diversifica-
tion using a maximum likelihood-based model such as BiSSE
(binary-state speciation and extinction, Maddison et al., 2007).
However, when we carried out this analysis on the dated
mammal supertree (see Table Sla in Appendix S3), maximum
likelihood extinction rates were estimated as zero for both
character states, calling into question the validity of these
results and suggesting that the lack of resolution or heteroge-
neity in rates across the phylogeny prevents robust conclusions
being made at this time.
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RESULTS

Nested ANOVAs show substantial variation in conservatism
across climatic variables (Fig. 1, Table S1b in Appendix S3).
Mean temperature in the coldest quarter was strongly
conserved in both vertebrate classes: the proportion of variance
explained above the species level across the three summary
statistics (maximum, minimum and mean) ranged from 63.8%
to 73.4% in amphibians and 50.3% to 65.8% in mammals (i.e.
the sum of family and genus values in Table Slb). In
amphibians, the highest proportion of variance for this
variable was attributed to the family level, ranging from
40.0% to 48.5% across the three summary statistics. In
mammals, however, although a similar amount of variance
was explained above the species level, more of it was
attributable to genera rather than families (Fig. 1). As for the
consistency across climatic niche measurements, mean values
generally showed as strong as or stronger taxonomic structure
than did the minimum or maximum values.

Comparing within- and between-genus differences in
climatic preferences to null expectations (Roy et al, 2009)
also indicated marked conservatism of mean temperature in
the coldest quarter (Table 1). Results remained qualitatively
the same after excluding monotypic genera (data not shown).
Pagel’s A also indicates significant phylogenetic conservatism
for the same set of variables in mammals (Table 1).

The observed signal in our nested ANOVAs was not an
artefact of amphibian families being younger than those of
mammals: they are older, whichever amphibian phylogeny is
used [amphibians — Roelants et al. (2007): median = 66.1 Ma,
Frost et al. (2006): 66.0 Ma, n = 54; mammals: median =
24.7 Ma,n = 101, Mann—-Whitney U-test: U = 325and U =316,
respectively, P < 0.0001].

Cross-taxon congruence in niche conservatism

The average ratio for genus-to-family ages was higher for
amphibians (0.46) than mammals (0.33; Mann—Whitney U-test:
U = 6546, P < 0.0001) which, even though ages were available
for only 17% of amphibian genera, suggests that mammalian
genera are relatively, as well as absolutely, younger than
amphibian genera. This non-comparability of taxa between the
two groups weakens comparisons of the depth of conservatism,
but indicates that when conservatism is found to be stronger in
amphibians, this conclusion is robust to taxonomic artefacts.

For both taxa, latitude (in absolute degrees) gave similar
results to mean temperature in the coldest quarter (Fig. 1 and
Table 1). We investigated whether the latitudinal signal was
anything more than a proxy for climatic signal, but found no
independent contribution of latitude (Appendix S1).

Global maps of the mean residuals from our nested ANOVA
models highlighted regions where many of the species have
recently shifted their tolerance to cold climates (Fig. 2). Results
were qualitatively similar using ancestral trait reconstructions
on phylogenies (Appendix S3), supporting the validity of our
taxonomy-based analyses. As indicated by the strongly negative
mean deviations (dark blue), mammal and amphibian assem-
blages inhabiting the northern Nearctic and Palaearctic regions
can cope with much lower minimum temperatures in the
coldest quarter than expected compared to their relatives
(Fig. 2a,b, see also Appendix S3). On the contrary, few
assemblages contained species whose cold tolerance is strongly
under-predicted by phylogeny (red and orange cells in
Fig. 2a,b). For both vertebrate classes, these under-predictions
are clustered in northern Australia, Malaysia and the Ethiopian
Highlands as well as in the Nubian Desert and southern parts
of the Arabian Peninsula and Atlas Mountains for amphibians
(see also Fig. S2 in Appendix S3). Our cross-taxon congruence
map (Fig. 2¢) picked out the latter regions, together with the
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Figure 1 Taxonomic structure of the variance in climatic tolerances for amphibians (A) and mammals (M). The main bars show the
proportion of variance attributed to families (dark grey), genera (mid grey) and species (light grey) by nested ANOVA. For each variable, the
smaller bars show the relative sizes of the total variance associated with amphibians (left of the tick) and mammals (right of the tick).

Abbreviations: Temperature warm/cold, mean temperature of the warmest/coldest quarter; NDVI, normalized difference vegetation index.
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Table 1 Test statistics indicating whether species of amphibians and mammals are more similar in their climatic requirements within than

between genera or families.

Annual
Temp Temp precipitation Precipitation Absolute
Taxon warm (°C) cold (°C) (mm) seasonality NDVI latitude (°)
Genus level comparisons
Amphibians
Max. 0.3* 1.6 —48.0* 6.0 0.0 4.1
Min. 0.3* 1.8 48.0 6.0 2.0 4.4
Mean 0.1 1.7 31.8* 5.5 0.0 4.4
Mammals
Max. 0.6 2.0 659.0 6.0 3.0 5.9
Min. 1.7 3.2 86.0 2.0* 3.0 5.6
Mean 1.1 3.1 258.1 2.9 5.6 6.2
Family level comparisons
Amphibians
Max. 0.5 1.3 25.0% 4.0 1.0 3.0
Min. 0.4 1.3 33.0 3.0 1.0* 3.0
Mean. 0.4 1.3 48.5 3.5 1.0 3.0
Mammals
Max. 0.2* 0.2 293.0 4.0 1.0 0.5*
Min. 0.9 0.8 33.0 -1.0* 2.0 0.9
Mean. -0.4 0.5 83.5 0.3 1.0 0.9
Pagel’s /.
Mammals
Max. 0.68 0.86 0.77 0.63 0.74 0.88
Min. 0.64 0.80 0.79 0.54 0.62 0.84
Mean. 0.84 0.88 0.71 0.88 0.90 0.86

Bold values are significant at P < 0.001, except values followed by * (significant at P < 0.05). Negative values indicate that closely related species are

less similar than more distantly related species. Pagel’s 4 is 0 if there is no phylogenetic signal and 1 if the signal corresponds to expectation from

Brownian motion; all values here are significantly different from 0 and 1 according to likelihood ratio tests.

Temp warm/cold, mean temperature of the warmest/coldest quarter; NDVI, normalized difference vegetation index.

Iberian and Italian peninsulas, as places where the mammals
have evolved relatively greater cold tolerance than amphibians.
Conversely, amphibian faunas of Canada, northern India and
Patagonia have recently evolved greater cold tolerance than
mammalian faunas there.

DISCUSSION

Our findings suggest that cold tolerance is a major limiting
factor for the geographic distributions of both amphibians and
mammals, apparently with broadly similar levels of conserva-
tism in the two groups. Strong phylogenetic conservatism in
cold tolerance has previously been reported for hylid frogs
(Smith et al., 2005; Wiens et al., 2006). Our results show that the
phenomenon is much more general, but that there are excep-
tions within each taxon — ‘escapee’ lineages that have shifted
their cold tolerance. These expansions are associated with
colonization of the North Temperate Zone, leading to the spatial
aggregation of assemblages dominated by escapee species. Our
results agree with a recent meta-analysis of experimental
evidence (Sunday et al, 2011) that showed that thermal
tolerance breadth in terrestrial ectotherms — including amphib-
ians — indeed changes latitudinally, mostly as a result of
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increasing cold tolerance in northern temperate regions. Our
results also reflect those of Cooper et al. (2011), who found
greater conservatism of the thermal niche in tropical than
temperate mammals.

Signals of conservatism in mammals and amphibians

While amphibians showed slightly stronger climatic niche
conservatism than mammals for the most conserved variable,
for other variables showing strong conservatism (e.g. annual
precipitation), this conservatism was stronger in mammals
than amphibians. These results also remained consistent under
a more restrictive threshold for conservatism (60% variance
accounted for above the species level). The variation in
precipitation requirements across all amphibians is much more
restricted than in mammals and the absence of strong
phylogenetic signal in these variables may be due to this low
variation and so be a simple reflection of the strict minimum
water requirements of amphibians. Above this minimum,
precipitation is no longer a limiting factor. Conversely,
mammals are capable of persisting under a wider range of
precipitation regimes, with conservatism for particular regimes
apparent above the species level.
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Figure 2 Spatial patterning of recent evolution in cold tolerance for mammals and amphibians. Mean assemblage (grid cell) values for
recent evolution in cold tolerance calculated as the average residuals from a nested ANOVA (see main text) for the species occurring in
each cell. (a) Mammals, (b) amphibians (equal-intervals above and below zero are used in the colour scale), and (c) their difference
(amphibians minus mammals). Only extreme differences are coloured; white cells are unoccupied by amphibians; grey cells are those
where the difference is small. The temperature range is for mean temperature of the coldest quarter.

Our results must be interpreted bearing in mind that
amphibian and mammalian taxonomists may or may not be
acting equivalently. Mammalian families are younger than
amphibian families and, on average, mammalian genera are
also younger relative to the age of their family than is the case
for amphibians. This indicates that, for a given proportion of
variance explained at the genus or family level, the variable in
question is more conserved in amphibians than in mammals,
as amphibians had more time for divergence. This does not
mean that the mammalian signal is not real; simply that it is
less ‘impressive’ than the amphibian one. The absence of a
dated phylogeny for amphibians prevents more formal anal-
yses of the rate of evolution of the climatic tolerances of this
group (Ackerly, 2009). However, our observation that amphib-
ians, with, on average, older families and older genera than
mammals, have more limited variation and similarly strong
levels of conservatism in cold tolerance, strongly suggests they
must have evolved more slowly along this niche axis. Indeed,
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the younger average age of mammalian genera and families
may partly be a reflection of this faster rate of evolution
(Simpson, 1953). Indeed, it is possible that differences in the
branching patterns within clades may be contributing to the
observed differences between the two groups (O’Meara et al.,
2006).

That most of the variation in amphibians was strongly
structured at the family level for cold tolerance, but not for the
remaining variables, may be due to the ectothermicity of this
group. That is, even though many amphibian species (espe-
cially anurans) can regulate their body temperatures within
narrow ranges through behavioural and physiological adjust-
ments (see e.g. Hillmann et al., 2009), as ectothermic organ-
isms they rely on external sources for heat gain and are unable
to produce metabolic heat to the levels of mammals. In colder
environments, amphibian heating rates are lower and ther-
moregulation is severely limited, which, in turn, affects their
operative temperatures and activity times. Under prolonged
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cold conditions, amphibians survive by decreasing metabolic
rates and resorting to overwintering strategies (i.e. spending
most of the year inactive in burrows or under logs). These
responses appear to have been established early in the
evolutionary history of the clade and are consistent with a
recent interpretation of the amphibian fossil record. Sahney
et al. (2010) have suggested that climate aridification through
the later Palaeozoic, which eventually led to the collapse of
Carboniferous Coal Forests, favoured the ecological diversifi-
cation of amniotes (reptiles) but had devastating effects on
amphibian faunas. Mainly as a result of their limited capacity
to adapt to the drier conditions that dominated Permian
environments, many amphibian families failed to occupy new
ecological niches (in terms of climate preference, body size or
diet) and went extinct. A more nuanced understanding of the
temporal dynamics of niche evolution and clade diversification
in amphibians must await a well-resolved and dated amphib-
ian phylogeny (e.g. Kozak & Wiens, 2006, 2010 for pleth-
odontid salamanders).

Recent evolution of cold tolerance

Our map comparing the changes in cold tolerance of
amphibians and mammals suggests that the amphibian species
inhabiting the northern-most latitudes show more pronounced
shifts in cold tolerance than mammals do. Amphibian species
able to survive in northern parts of the Nearctic, Western
Palaearctic and Siberia (seven anurans and the Siberian
salamander) have evolved to tolerate freezing: they are able
to convert 50% or more of their total body water into
extracellular ice (Hillmann et al., 2009). Conversely, mammals
in the Iberian and Italian peninsulas have shifted their cold
tolerance more than amphibians have. These mammalian
faunas consist of species whose ranges stretch northwards into
much colder areas, whereas the amphibian faunas are largely
endemic to the peninsulas themselves so their cold tolerances
reflect only Mediterranean minimum temperatures. This result
may echo the different rates of emergence of the two groups
from southern refugia following the retreat of the Pleistocene
glaciers: while many mammal species have been able to expand
out of these refugia, most amphibians have shown more
limited recolonization abilities or greater specialization to
Mediterranean habitats. Aradjo et al. (2008) argue that the
scarcity of amphibian species further north may result from
either dispersal limitation or stronger physiological constraints
stemming from their being ectotherms. It remains unresolved
which hypothesis is more important; however, the fact that
even wide-ranging European amphibians are limited by
climate (Aragjo et al., 2008) and the successful dispersal of
other ‘poor’ dispersers out of glacial refugia (e.g. some
European trees, Svenning & Skov, 2007) suggest that physi-
ological limitations may be more important in constraining
amphibian rather than mammalian diversity, at least in
Europe. Further research is needed to determine whether this
limitation is due to the basic ecophysiological organization of
the clade (as we suggest above) or to difficulties in evolving
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new adaptations to cold environments for particular subclades
only.

We wanted to test whether the hypothesis that species
currently occupying northern latitudes are members of a
relatively small number of ‘escapee’ clades nested within
tropical clades (Jablonski et al., 2006; Wiens et al., 2006;
Buckley et al., 2010) and whether escape from conservatism
has led to rapid diversification following entry into new niche
space (Simpson, 1953). Due to the lack of resolution in both the
mammal and amphibian phylogenies, we could identify few
valid sister-clade contrasts, thus precluding formal analyses. If
diversity only needs time and space to accumulate, diversifi-
cation since the appearance of large geographical areas of new
temperate and boreal environments in the Miocene should have
produced many new species. However, other factors are
probably necessary to build up diversity, in particular habitat
heterogeneity, climatic stability and consistent energy avail-
ability (Stephens & Wiens, 2003; Mittelbach et al., 2007; Kisel
et al., in press). Escapee clades may thus be depauperate due to
higher rates of extinction during glacial cycles or due to
selection for generalism favouring large-range species better
able to cope with fluctuating climates (over geological time)
and strong annual seasonality (Davies et al., in press).

Niche conservatism in means versus extremes

We had hypothesized that the extreme values of environmental
variables that species experience would relate most closely to
the phylogenetically conserved physiological traits underlying
species tolerances (Soberon & Nakamura, 2009), and therefore
would show stronger conservatism than average values of
environmental variables across species ranges. However, mean
values of climatic variables had similar amounts of taxonomic
structure as minima or maxima. These findings concur with
those of Wiens et al. (2006) and Martin & Husband (2009) for
mean and extreme values in hylid frogs and North American
angiosperms, respectively. Given the broad-scale spatial auto-
correlation in climatic variables, it is unlikely that slight
discrepancies between actual and modelled distributions would
cause grossly incorrect estimates of climatic requirements.
Nevertheless, one possible explanation for the strong signals
found for mean values is that they correlate better with actual
tolerances than extreme values do simply because centres of
distributions are easier to characterize than are extremes. Part
of our signal strength could also stem from the spatial
autocorrelation in climatic variation: related species may have
similar climatic tolerances due to their geographic proximity
(despite having very different range sizes if, for instance, one is
a peripheral isolate of the other). Indeed, Cooper et al. (2011)
found that the spatial component of various aspects of the
mammalian climatic niche was significant for that reason.
However, the congruence in conservatism for mean and
extreme values suggests that our results are not driven purely
by spatial proximity in range edges (e.g. abutting sister species)
but rather reflect conserved climatic tolerances across the
range.
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Concluding remarks

All our environmental variables showed conservatism that was
stronger than or similar to that for geographic range size itself,
suggesting that much of the interspecific variation in range size
might reflect that simple ‘rules’ such as threshold tolerances
and dispersal limitation are being played out on a complex
surface. Most vertebrate speciation is allopatric, contingent on
the location and timing of formation of range-splitting barriers
(Coyne & Orr, 2004). We here show that among related species
and for certain climatic factors — cold tolerance in particular —
climatic requirements remain similar following speciation
events, while range sizes may be very different. With better-
resolved phylogenies it will become possible to explore how
niche conservatism and evolution have affected diversification
within these two groups.
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