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The tendency for organisms to be larger in cooler climates (Bergmann’s rule) is widely observed in endotherms, and has been
reputed to apply to some ectotherms including amphibians. However, recent reports provide conflicting support for the pattern,
questioning whether Bergmann’s clines are generally present in amphibians. In this study, we measured 96,996 adult Plethodon
from 3974 populations to test for the presence of Bergmann’s clines in these salamanders. Only three Plethodon species exhibited a
significant negative correlation between body size and temperature consistent with Bergmann’s rule, whereas 37 of 40 species did
not display a pattern consistent with this prediction. Further, a phylogenetic comparative analysis found no relationship between
body size and temperature among species. A meta-analysis combining our data with the available data for other amphibian
species revealed no support for Bergmann’s rule at the genus (Plethodon), order (Caudata), or class (Amphibia) levels. Our findings
strongly suggest that negative thermal body size clines are not common in amphibians, and we conclude that Bergmann’s rule is
not generally applicable to these taxa. Thus, evolutionary explanations of Bergmann’s clines in other tetrapods need not account
for unique life-history attributes of amphibians.
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One of the most intensively studied ecogeographic trends is body
size variation across environmental gradients (Angilletta and Dunham 2003). It has been observed that organisms tend to be larger
in cooler climates (Bergmann 1847; Mayr 1956), a pattern termed
Bergmann’s rule. Since first described (Bergmann 1847), body
size clines along environmental gradients have been examined at
multiple taxonomic scales and in a wide variety of taxa (Blackburn et al. 1999; Millien et al. 2006). Among endothermic vertebrates, the majority of mammal species studied appear to exhibit Bergmann’s clines (Ashton et al. 2000; Meiri and Dayan
2003; Blackburn and Hawkins 2004; but see Meiri et al. 2004),
as do the majority of bird species studied (Ashton 2002a; Meiri
and Dayan 2003). Typically, these patterns are explained as an
evolutionary response to minimize heat loss in colder climates
(Bergmann 1847; Walters and Hassall 2006; Olalla-Tárraga and
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Rodrı́guez 2007). In addition, this heat conservation hypothesis
may also apply to ectotherms that behaviorally regulate their body
temperature, such as reptiles. However, the relationship of body
size to temperature in reptiles is more complex. Among reptiles,
Bergmann’s clines are relatively common in turtles, but the converse to Bergmann’s rule is found in lizards and snakes (Ashton
and Feldman 2003; see also Angilletta et al. 2004). Further, although evidence of Bergmann’s clines has been found in Liolaemus lizards (Cruz et al. 2005), increased taxon sampling found
that the trend was not general for the genus (Pincheira-Donoso
et al. 2007). Thus, broad empirical support for the pattern across
reptiles is lacking.
Although potential explanations exist for the evolution of
Bergmann’s clines in endotherms, there is considerable controversy as to whether such clines are even expected to evolve in
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ectothermic groups. As a general explanation, the heat conservation hypothesis is unlikely to explain body size clines in ectotherms (Cushman et al. 1993) particularly those that do not
behaviorally thermoregulate (Olalla-Tárraga et al. 2006; but see
Olalla-Tárraga and Rodrı́guez 2007). Fasting endurance has also
been proposed to explain why larger organisms are found in cooler
climates, because larger organisms tend to have larger fat reserves
and can therefore better survive lean times (Cushman et al. 1993;
Ashton and Feldman 2003). However, although this may be the
case for endotherms, increased seasonality implies a shorter growing season for ectotherms, so attainment of a larger body size
under these conditions is less likely (Olalla-Tárraga et al. 2006).
Finally, although several other hypotheses have been proposed
for the evolution of body size clines (reviewed in Blackburn et al.
1999; Olalla-Tárraga et al. 2006), none provide a clear mechanistic explanation for why Bergmann’s clines should be expected to
evolve in ectothermic vertebrates.
Empirically, evidence for the prevalence of Bergmann’s
clines in ectotherms is conflicting. Fish appear to adhere to
Bergmann’s rule at the interspecific level (Ray 1960), although
within species there is little support for the trend (Belk and Houston 2002). For amphibians, there is both support for (Ray 1960;
Lindsey 1966) and against (Feder et al. 1982) the generality
of Bergmann’s clines at the interspecific level (see also OlallaTárraga and Rodrı́guez 2007). The most comprehensive study of
within-species trends in amphibians suggested that Bergmann’s
clines were common in this group (Ashton 2002b). However,
recent studies contest the claim that amphibians generally adhere to Bergmann’s rule, with some species exhibiting body size
clines consistent with Bergmann’s rule, whereas other species not
showing the expected pattern (Schäuble 2004; Krizmanic et al.
2005; Laugen et al. 2005; Measley and Van Dongen 2006). Thus,
from both empirical and theoretical perspectives, the question of
whether Bergmann’s clines should be generally present in amphibians remains unanswered.
Understanding the evolution of vertebrate body size depends
critically on an accurate assessment of the empirical support for
Bergmann’s clines in amphibians. Because of this, we generated
a large and geographically expansive dataset for 45 species of
Plethodon salamanders in the eastern United States to rigorously
test whether there was evidence of Bergmann’s clines in these
species. This allowed us to assess the prevalence of Bergmann’s
clines in a group of species for which many geographic localities were available, and whose taxonomy was well established
(Highton 1995, 1999; Highton and Peabody 2000; Wiens et al.
2006). In addition, we combined our data with the available data
on body size clines in amphibians to examine predominance of
Bergmann’s rule at several taxonomic scales within the Amphibia
(genus, order, and class). This enabled us to determine whether
Bergmann’s clines were generally present in amphibian taxa.
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Materials and Methods
We measured body size (snout-vent length: SVL) of Plethodon
specimens from the collections of the National Museum of Natural History, Washington D.C., USA. From this collection, we
excluded obvious juveniles (based on minimum adult body size
records of species for which this information was available: e.g.,
Saylor 1966), and specimens of uncertain species designation,
from unknown geographic localities, and from hybrid populations
(see Adams 2007). Specimens from sites with fewer than three
adult individuals were also eliminated. Our final dataset included
96,996 individuals from 3974 populations for 3213 geographic
locations from 45 species (Fig. 1). For each specimen we measured SVL to the nearest 0.1 mm using Brown & Sharpe Mark IV
digital calipers.
To obtain estimates of the typical adult body size for each
species and for each population (species × locality combination)
we determined the maximum modal adult body size using kernel density estimation (Silverman 1986; Manly 1996). This approach was used because unlike the mean, the maximum modal
value is insensitive to the presence of any juvenile specimens still
contained in the dataset. Kernel density estimation (KDE) fits a
continuous, nonparametric density curve to the observed data (see
Silverman 1986). Peaks in the kernel density distribution corresponded to values found in higher frequency in the dataset (Fig. 2).
The body size corresponding to the maximal peak of the density
curve was treated as the modal adult body size, and was found using the “density” function in R (R Development Core Team 2006).
In addition, for each population we obtained the annual mean temperature by cross-referencing our geographic localities with the
WORLDCLIM database (Hijmans et al. 2005) using DIVA-GIS
(Hijmans et al. 2004). The overall mean annual temperature for
each species was also determined.
Because Bergmann’s clines have been described at multiple taxonomic scales (see Blackburn et al. 1999; Millien et al.
2006), we assessed their prevalence among Plethodon species
at both the interspecific and intraspecific levels. For the interspecific comparisons, we calculated the modal adult body size
and overall mean annual temperature for each species, and determined whether there was a statistical relationship between the
two. We also used phylogenetically independent contrasts to examine the association of body size and temperature while taking
phylogeny into account (Felsenstein 1985). For this approach, we
used the phylogenetic relationships for Plethodon as determined
by Wiens et al. (2006). For both analyses, 44 Plethodon species
were used, because P. sherando was not included in Wiens et al.
(2006). All analyses were performed in R (R Development Core
Team 2006).
To assess the prevalence of Bergmann’s clines within
Plethodon species, we estimated the correlation of annual mean
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Figure 1. Map of the 3213 geographic locations used in this study. Localities correspond to sites in the USNM collections from which one
or more Plethodon salamander species are known.

temperature and adult body size for all species represented by three
or more geographic localities (40 species). We then performed a
meta-analysis of these data to determine whether there was general
support for Bergmann’s rule at the genus level. With this approach,

Body size data for a single population of P. glutinosus
(N = 500), represented as a histogram. The density curve obtained from kernel density estimation is superimposed. The peak
of this curve represents the nonparametric estimate of the maximum modal adult body size. The typical adult body size is shown
as an arrow corresponding to the peak in the curve.

Figure 2.

correlation coefficients for species represented by four or more geographic localities (38 species) were transformed to Fisher’s Z r
(Hedges and Olkin 1985; Rosenthal 1991), and were combined
to obtain the weighted cumulative effect size for all species using MetaWin 2.0 (Rosenberg et al. 2000). Because some effect
sizes were based on few geographic localities, and because there
was substantial variation in effect sizes, we used nonparametric
bootstrap confidence intervals with 9999 iterations to evaluate the
significance of the cumulative effect size (Adams et al. 1997).
In addition, we determined the extent to which Bergmann’s
clines were generally common within higher taxonomic categories using meta-analysis. This analysis included our estimates
of Bergmann’s clines within 38 Plethodon species, as well as body
size clines obtained from previous reviews of amphibians (Ashton
2002b, 2004), and recently published data for several salamanders
(Krizmanic et al. 2005), several anurans (Schäuble 2004; Laugen
et al. 2005), and a caecilian (Measley and Van Dongen 2006). The
combined dataset contained a total of 59 effect sizes, each representing the within-species correlation of body size to temperature,
latitude, or elevation. Because the expected direction of the correlation of body size with temperature (negative) was opposite of that
expected from the correlation of body size with latitude or elevation (positive), body size correlations based on elevation or latitude
were multiplied by −1 so that they were directly comparable to
those obtained using temperature (see Gurevitch et al. 1992). All
correlations were then transformed to Fisher’s Z r , and cumulative
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effect sizes were obtained for all salamanders (Caudata) and for
all amphibians (Amphibia) using standard meta-analytic techniques. Cumulative effect sizes were statistically evaluated using bootstrap confidence intervals with 9999 iterations. We also
examined the extent to which these trends were influenced by
species represented by a large number of populations by eliminating species with > 100 geographic localities and recalculating the
cumulative effect sizes for Plethodon, for salamanders, and for
amphibians.
Finally, a funnel plot of effect size (correlation) versus the
number of geographic localities was generated. From this, we performed regressions of effect size versus sample size for Plethodon,
for salamanders, and for amphibians to detect possible biases due
to sample sizes (see Palmer 1999). In addition, we examined the
variation of effect sizes across the range of sample size (the number
of geographic localities). Large sample and meta-analytic theory
predict that for robust estimates of central tendency (e.g., cumulative effect sizes), the variation of estimates should decrease as
sample sizes increase (Palmer 1999; Gotelli and Ellison 2004).

Results
We found little empirical support for the presence of Bergmann’s
clines in Plethodon. At the interspecific level, there was no relationship between body size and temperature (F = 0.2014, P =
0.6559; Fig. 3), even when phylogeny was taken into account
(F = 0.9026, P = 0.3475; Fig. 3). Within species comparisons
revealed that only three species exhibited a significant negative
correlation between body size and temperature in the direction
consistent with Bergmann’s rule whereas seven species exhibited a significant positive correlation in the direction converse to
Bergmann’s rule (Table 1; Fig. 4). The remaining 30 species displayed no relationship between body size and temperature. Three
species in our study (P. cinereus, P. glutinosus, and P. jordani)
were examined previously (Ashton 2002b). In all cases, we found

a significant correlation in the opposite direction of what was previously reported. However, our estimates for each of these species
were obtained from many geographic localities (1618, 523, and
278 localities, respectively), and are therefore considered to
be robust.
When species-level patterns were combined, we found that
the overall cumulative effect size of temperature versus body size
for Plethodon was slightly positive, but was not significantly different from zero (Table 2). This further suggested that Bergmann’s
clines were not prevalent in this group. Additionally, when our
data were combined with data from previous studies, the cumulative effect sizes for salamanders and for amphibians were slightly
positive, in the direction converse to Bergmann’s rule. However,
neither of these values were significant (Table 2), implying that
there was little evidence for thermal body size clines in any of
these taxonomic groups. These results were also insensitive to
species represented by a large number of geographic localities, as
none of the cumulative effect sizes were significant when these
species were removed (Table 2). We note that these findings were
in contrast to previous studies that found support for Bergmann’s
rule in both salamanders and amphibians.
Using funnel plots, we found no relationship between the
number of geographic localities and effect size for Plethodon,
for salamanders, or for amphibians (Table 2), indicating no sample size biases in our datasets. In addition, the variance around
the cumulative effect size decreased as sample size increased
(Fig. 5), suggesting that our estimates of the overall correlation
of body size and temperature were robust. We also found that
most previous estimates of thermal body size clines were based
on very few geographic localities, and many displayed a large
variance in correlations as compared to species based on many
geographic localities (Fig. 2). Thus, both extremely large positive
and negative correlations between body size and climate were previously identified, but were based on few geographic localities per
species. These observations suggested that cumulative effect sizes

Figure 3. Among species relationship for modal body size and mean temperature for 44 species of eastern Plethodon using (A) uncorrected
data (F = 0.2014, df = 1, 42, P = 0.6559), and (B) phylogenetically independent contrasts (F = 0.9026, df = 1, 42, P = 0.3475).
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Correlation between adult body size and temperature
across populations (sites) for species of eastern Plethodon. The
number of populations, correlation, its significance, and the total
number of specimens measured are shown. Bold values highlight
significant correlations.
Table 1.

Species

Number
of sites

P. albagula
20
P. amplus
6
P. angusticlavius
4
P. aureolus
27
P. caddoensis
3
P. chattahoochee
22
P. cheoah
11
P. chlorobryonis
46
P. cinereus
1618
P. cylindraceus
238
P. dorsalis
8
P. electromorphus
20
P. fourchensis
5
P. glutinosus
523
P. grobmani
8
P. hoffmani
99
P. hubrichti
4
P. jordani
278
P. kentucki
6
P. kiamichi
4
P. kisatchie
2
P. meridianus
7
P. metcalfi
187
P. mississippi
15
P. montanus
99
P. nettingi
7
P. ocmulgee
3
P. ouachitae
12
P. petraeus
2
P. punctatus
9
P. richmondi
75
P. savannah
1
P. sequoyah
1
P. serratus
102
P. shenandoah
13
P. sherando
1
P. shermani
68
P. teyahalee
425
P. variolatus
7
P. ventralis
22
P. virginia
14
P. websteri
14
P. wehrlei
12
P. welleri
6
P. yonahlossee
38

R
−0.5445
−0.1633
−0.0776
0.5032
−0.8087
0.3927
0.5289
−0.2639
0.1180
0.1031
−0.1721
0.3206
−0.1751
0.0907
0.1173
−0.0725
0.5328
−0.2777
0.7227
0.2551
–
−0.0187
0.3735
−0.7912
−0.0112
−0.4149
−0.8224
0.4409
–
0.4805
0.5394
–
–
0.0184
−0.2929
–
0.2831
0.1062
−0.1619
−0.1310
−0.2965
0.3452
−0.3244
−0.3486
0.2004

Prob.

Number of
specimens

0.0130
682
0.7572
120
0.9224
142
0.0075
365
0.4003
228
0.0706
331
0.0944
525
0.0763
566
<0.0001 50,126
0.1126 3209
0.6836
915
0.1681
323
0.7781
130
0.0382 7201
0.7820
578
0.4759 1123
0.4672 1003
<0.0001 4173
0.1047
234
0.7449
210
–
21
0.9683
282
<0.0001 4016
0.0004 1009
0.9122 4947
0.3546
430
0.3852
101
0.1168
759
–
129
0.1905
81
<0.0001 1895
–
46
–
110
0.8540 2099
0.3313
470
–
30
0.0193 2333
0.0286 3266
0.7286
567
0.5611
422
0.3032
153
0.2267
536
0.3036
88
0.4982
504
0.2276
488

obtained by combining species estimates obtained from few geographic localities were less reliable than those obtained from
species that were more thoroughly sampled.

Discussion
The tendency for organisms to be larger in cooler climates
(Bergmann’s rule) has long interested evolutionary biologists.
However, before evolutionary explanations of Bergmann’s clines
can be tested, accurate assessments of the empirical support for
the pattern across different vertebrate groups must be made. In
this study, we examined the extent to which amphibian taxa display thermal body size clines consistent with Bergmann’s rule.
We generated a large dataset of body size for Plethodon salamander species and found little support for Bergmann’s clines in
this group. Further, independent contrasts analysis revealed that
there was no relationship between body size and temperature when
phylogeny was taken into consideration. Finally, when combined
with available data for other amphibian taxa, we found no support
for the overall presence of Bergmann’s clines in salamanders or
in amphibians. From this we conclude that Bergmann’s rule is
generally not applicable to amphibians.
Our conclusion runs counter to the consensus view that
Bergmann’s clines are common in amphibians. However, support
for this view is based largely on a previous meta-analysis (Ashton
2002b) whose limited geographic sampling may have affected its
conclusions. For example, the body size cline for P. cinereus was
previously reported to be strongly consistent with Bergmann’s
rule, whereas our estimate was significantly in the opposite direction. However, the previous report was derived from just three geographic localities. By contrast, our estimate was based on 1618
geographic localities that spanned nearly the entire geographic
range of the species (8◦ latitude and 1676 m elevation). Because
the geographic range of this species is so vast, we consider our
estimate to be more reflective of the true body size trend for the
species. Second, we note that for a given number of localities,
estimates of the correlation between body size and climate were
more extreme for previous studies as compared to our estimates
(Fig. 5). Although this may reflect actual differences in body size
clines among taxa, it also suggests that estimates based on subsamples of known localities have higher variance than estimates
based on an exhaustive sampling of known geographic localities.
Finally, previous estimates for some species (e.g., P. glutinosus, P.
jordani) were based on populations that are now known to be from
multiple species. Thus, these estimates conflated intraspecific patterns of Bergmann’s clines with interspecific differences in overall
body size. When combined with the fact that our meta-analysis
found no substantiation of the generality of Bergmann’s clines in
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Relationship between modal body size and annual mean temperature for three Plethodon species: (A) P. mississippi (N sites =
15; r = −0.7912; P = 0.0004), (B) P. aureolus (N sites = 27; r = 0.5032; P = 0.0075), and (C) P. serratus (N sites = 102; r = 0.0184; P = 0.854).
These relationships correspond to patterns that display: (A) Bergmann’s rule, (B) the converse of Bergmann’s rule, and (C) no clinal pattern
of body size.

Figure 4.

amphibians, we believe that the current empirical evidence does
not support the consensus viewpoint.
There are several important evolutionary implications of our
findings. First, previous studies have suggested that Bergmann’s
clines were ancestral to tetrapods, based largely on their purported
prevalence in salamanders (de Queiroz and Ashton 2004). From

this, it was further concluded that the heat conservation hypothesis
was an unlikely explanation of Bergmann’s clines, as salamanders
are ectotherms (de Queiroz and Ashton 2004). Our findings contradict both of these conclusions. First, based on the available data,
our study reveals that Bergmann’s clines are not generally exhibited in amphibians. Thus, the proliferation of body size clines in

Table 2. Results of meta-analyses at different taxonomic scales. Cumulative effect sizes ( Ē ) and bootstrap confidence intervals are shown.
Positive effect sizes represent positive correlations of body size and temperature, and negative correlations with latitude or elevation.
The number of species examined at each taxonomic level is included. Cumulative effect sizes ( Ē N<100 ) and bootstrap confidence intervals
are also shown for analyses in which species represented by more than 100 geographic locations were eliminated. Results from regression
of correlation versus the number of geographic localities (F, df, P) are also given.

Group

Number of species

Plethodon
Caudata
Amphibia

38
49
59

Ē

CI

0.0908
0.0738
0.0665

Group

Ē N <100

Plethodon
Caudata
Amphibia

418

0.0916
−0.0008
−0.0340
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−0.0138 to 0.1598
−0.0509 to 0.1364
−0.0521 to 0.1258
CI
−0.0693 to 0.2595
−0.1671 to 0.1632
−0.2122 to 0.1260

F

df

P

0.2352
0.5907
0.4399

1,37
1,48
1,58

0.6305
0.4457
0.5096

BODY SIZE EVOLUTION IN AMPHIBIANS

The correlation of body size to annual mean temperature for individual species plotted against the number of geographic localities sampled for that species. Correlations with latitude and elevation were multiplied by −1 so that they were in
comparable units to those obtained using temperature. Data for
all amphibian species from this study (black) and from previous
literature accounts (white) are shown. The cumulative effect size
is shown as a dashed line.

Figure 5.

vertebrates did not correspond with the evolution of tetrapods.
Rather, Bergmann’s clines are present in multiple groups of amniotes (birds, mammals, turtles), and thus may have proliferated
coincident with the evolution of these groups.
Second, because body size clines are not generally present in
salamanders, evolutionary explanations of Bergmann’s clines in
other tetrapod lineages need not account for the unique life-history
attributes of amphibians. In particular, the heat conservation hypothesis can no longer be rejected on the basis that salamanders
exhibit Bergmann’s rule, because Bergmann’s clines are not generally present in salamanders. As such, hypotheses based upon
thermal properties are still possible mechanistic explanations for
the occurrence of these clines in other vertebrate groups, notably
birds and mammals. In fact, our nonsignificant observations in
amphibians would be consistent with thermal explanations for the
evolution of Bergmann’s clines in these taxa. Thus, although the
heat conservation hypothesis has recently been discounted (see de
Queiroz and Ashton 2004), we believe it deserves reconsideration.
Although the heat conservation hypothesis may explain the
proliferation of Bergmann’s clines in mammals and birds, multiple explanations for the presence of thermal clines in amniotes are
likely required, because the phylogenetic codistribution of these
traits is unlikely to be explained by a single origination of these
patterns. For instance, if ancestral to amniotes, the prevalence

of Bergmann’s clines must have been lost at least once, as they
are typically not displayed in squamate reptiles (de Queiroz and
Ashton 2004; Pincheira-Donoso et al. 2007). Additionally, chelonians are not endotherms, but frequently display Bergmann’s
clines (Ashton and Feldman 2003). Therefore, it is unlikely that a
single event is responsible for the proliferation of Bergmann’s
clines in amniotes, as the mechanisms that may have caused
their origination in mammals may not explain their evolutionary maintenance in turtles. Clearly, more emphasis should be
placed on describing and testing possible mechanisms that underlie Bergmann’s rule (e.g., Angilletta and Dunham 2003; Angilletta
et al. 2004).
It is generally observed that vertebrates are larger in cooler
climates, but evolutionary explanations for this pattern remain elusive. Our results conclusively demonstrate that Bergmann’s clines
are not generally present in amphibians. Therefore, evolutionary
explanations of Bergmann’s clines in other vertebrate groups need
not be consistent with the life-history attributes of amphibians.
Our results also suggest that explanations based on thermal properties remain viable for their evolution in some vertebrate groups,
although the presence of Bergmann’s clines in other vertebrate
taxa (such as turtles) would remain unexplained. Despite the fact
that our results are essentially negative, our findings significantly
advance our understanding of thermal body size clines by pinpointing where these clines do not occur. Through this, we can
more accurately infer where they likely proliferated, providing a
context for comparing evolutionary explanations with the available empirical data.
ACKNOWLEDGMENTS
We thank S. Arif for assistance in data collection, J. Wiens for providing
the phylogenetic tree of Plethodon, and A. Wynn and the USNM staff
for their continued support for our use of the museum’s repository of
salamanders. N. Valenzuela made valuable comments on this manuscript.
DCA thanks D. Rabosky for discussions of KDE and its utility for body
size data. This work was sponsored in part by NSF grant DEB-0446758
to DCA.

LITERATURE CITED
Adams, D. C. 2007. Organization of Plethodon salamander communities:
guild-based community assembly. Ecology 88:1292–1299.
Adams, D. C., J. Gurevitch, and M. S. Rosenberg. 1997. Resampling tests for
meta-analysis of ecological data. Ecology 78:1277–1283.
Angilletta, M. J., and A. E. Dunham. 2003. The temperature-size rule in ectotherms: simple evolutionary explanations may not be general. Am. Nat.
162:332–342.
Angilletta, M. J., P. H. Niewiarowski, A. E. Dunham, A. D. Leaché, and W. D.
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Bergmann, C. 1847. Über die verhältnisse der warmeökonomie der thiere
zuihrer grosse. Gott. Stud. 1:595–708.
Blackburn, T. M., and B. A. Hawkins. 2004. Bergmann’s rule and the mammal
fauna of northern North America. Ecography 27:715–724.
Blackburn, T. M., K. J. Gaston, and N. Loder. 1999. Geographic gradients
in body size: a clarification of Bergmann’s rule. Divers. Distrib. 5:165–
174.
Cruz, F. B., L. A. Fitzgerald, R. E. Espinoza, and J. A. S. II. 2005. The
importance of phylogenetic scale in tests of Bergmann’s rule. J. Evol.
Biol. 18:1559–1574.
Cushman, J. H., J. H. Lawton, and B. F. J. Manly. 1993. Latitudinal patterns in
European ant assemblages: variation in species richness and body size.
Oecologia 95:30–37.
de Queiroz, A., and K. G. Ashton. 2004. The phylogeny of a species-level
tendency: species heritability and possible deep origins of Bergmann’s
rule in tetrapods. Evolution 58:1674–1684.
Feder, M. E., T. J. Papenfuss, and D. B. Wake. 1982. Body size and elevation
in neotropical salamanders. Copeia 1982:186–188.
Felsenstein, J. 1985. Phylogenies and the comparative method. Am. Nat.
125:1–15.
Gotelli, N. J., and A. M. Ellison. 2004. A primer of ecological statistics. Sinauer
Associates, Sunderland, MA.
Gurevitch, J., L. Morrow, A. Wallace, and J. S. Walsh. 1992. A meta-analysis
of competition in field experiments. Am. Nat. 140:539–572.
Hedges, L. V., and I. Olkin. 1985. Statistical methods for meta-analysis. Academic Press, Orlando, FL.
Highton, R. 1995. Speciation in eastern North American salamanders of the
genus Plethodon. Annu. Rev. Ecol. Syst. 26:579–600.
———. 1999. Geographic protein variation and speciation in the salamanders
of the Plethodon cinereus group with the description of two new species.
Herpetologica 55:43–90.
Highton, R., and R. B. Peabody. 2000. Geographic protein variation and speciation in salamanders of the Plethodon jordani and Plethodon glutinosus
complexes in the southern Appalachian Mountains with the description
of four new species. Pp. 31–93 in R. C. Bruce, R. G. Jaeger and L.
D. Houck, eds. The biology of plethodontid salamanders. Kluwer Academic/Plenum Publishers, New York, NY.
Hijmans, R. J., L. Guarino, C. Bussink, P. Mathur, M. Cruz, I. Barrentes,
and E. Rojas. 2004. DIVA-GIS. Vsn. 5.0. A geographic information
system for the analysis of species distribution data. Manual available at
http://www.diva-gis.org.
Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones, and A. Jarvis. 2005.
Very high resolution interpolated climate surfaces for global land areas.
Int. J. Climatol. 25:1965–1978.
Krizmanic, I., T. D. Vukov, and M. L. Kalezic. 2005. Bergmann’s rule is
size-related in European newts (Triturus). Herpet. J. 15:205–206.

420

EVOLUTION FEBRUARY 2008

Laugen, A. T., A. Laurilla, K. I. Johnsson, F. Soderman, and J. Merila. 2005.
Do common frogs (Rana temporaria) follow Bergmann’s rule? Evol.
Ecol. Res. 7:717–731.
Lindsey, C. C. 1966. Body sizes of poikilotherm vertebrates at different latitudes. Evolution 20:456–465.
Manly, B. F. J. 1996. Are there clumps in body-size distributions? Ecology
77:81–86.
Mayr, E. 1956. Geographic character gradients and climatic adaptation. Evolution 10:105–108.
Measley, G. J., and S. Van Dongen. 2006. Bergmann’s rule and the terrestrial
caecilian Schistometopum thomense (Amphibia: Gymnophiona: Caeciliidae). Evol. Ecol. Res. 8:1049–1059.
Meiri, S., and T. Dayan. 2003. On the validity of Bergmann’s rule. J. Biogeogr.
30:331–351.
Meiri, S., T. Dayan, and D. Simberloff. 2004. Carnivores, biases and
Bergmann’s rule. Biol. J. Linn. Soc. 81:579–588.
Millien, V., S. K. Lyons, L. Olson, F. A. Smith, A. B. Wilson, and Y. YomTov. 2006. Ecotypic variation in the context of global climate change:
revisiting the rules. Ecol. Lett. 9:853–869.
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