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1 | INTRODUCTION

| Jiahao Tu | JiehuaYu | Haisheng Jiang

Abstract

Bergmann's rule states that endotherms have a large body size in high latitudes and
cold climates. However, previous empirical studies have reported mixed evidence
on the relationships between body size and latitude, raising the question of why
some clades of endotherms follow Bergmann's rule, whereas others do not. Here,
we synthesized the interspecific relationships between body size and latitude among
16,187 endothermic species (5422 mammals and 10,765 birds) using Bayesian phylo-
genetic generalized linear mixed models to examine the strength and magnitude of
Bergmann's rule. We further assessed the effect of biological and ecological factors
(i.e., body mass categories, dietary guild, winter activity, habitat openness, and climate
zone) on the variations in the body mass-latitude relationships by adding an interac-
tion term in the models. Our results revealed a generally weak but significant adher-
ence to Bergmann's rule among all endotherms at the global scale. Despite taxonomic
variation in the strength of Bergmann's rule, the body mass of species within most ani-
mal orders showed an increasing trend toward high latitudes. Generally, large-bodied,
temperate species, non-hibernating mammals, and migratory and open-habitat birds
tend to conform to Bergmann's rule more than their relatives do. Our results suggest
that whether Bergmann's rule applies to a particular taxon is mediated by not only
geographic and biological features, but also potential alternate strategies that species
might have for thermoregulation. Future studies could explore the potential of inte-
grating comprehensive trait data into phylogenetic comparative analysis to re-assess
the classic ecogeographic rules on a global scale.
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James, 1970; Mayr, 1956; Meiri, 2011; Pincheira-Donoso, 2010).

Naturalists have long noticed geographic variations in animal traits
such as body size (Bergmann, 1847), color (Gloger, 1833), append-
age size (Allen, 1877), range size (Rapoport, 1982), and clutch size
(Lack, 1947). In endotherms, the tendency for body size to in-
crease toward high latitudes and cold temperatures is an ecogeo-

graphic phenomenon known as Bergmann's rule (Bergmann, 1847,

This pattern was originally considered to be the result of better
heat conservation in large species because they have lower surface-
area-to-volume ratios (Mayr, 1956; Meiri, 2011), followed by other
explanations involving phylogeny (Blackburn & Gaston, 1996), re-
source availability (Geist, 1987), and starvation resistance (Lindstedt
& Boyce, 1985). Regardless of debatable explanatory mechanisms,

Bergmann's rule has received revived interest in recent decades and
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has been extensively assessed, both within and between species,
among a range of taxa in multiple geographic regions (e.g., endother-
mic vertebrates: Alhajeri et al., 2020; Meiri & Dayan, 2003; Riemer
et al., 2018; ectothermic vertebrates: Johnson et al., 2023; Slavenko
et al.,, 2019; and invertebrates: Gérard et al., 2018; Shelomi, 2012).

Previous studies on latitudinal clines in body size following
Bergmann's rule reported discrepant results. Empirical support for
Bergmann's rule has been found in comparative studies within spe-
cies (James, 1970; Romano et al., 2020), global interspecific analy-
ses of mammals (Clauss et al., 2013) and birds (Olson et al., 2009),
and at the assemblage level on a continental scale (Blackburn &
Hawkins, 2004; Ramirez et al.,, 2008). Nevertheless, many ex-
ceptions have been reported (e.g., Gohli & Voje, 2016; Hendges
et al., 2021; Riemer et al., 2018; Rodriguez et al., 2008). In addition,
several meta-analyses revealed inconsistent patterns with regard
to Bergmann's rule across species within a taxonomic group (Olson
etal., 2009). For example, non-passerines showed higher conformity
to Bergmann's rule than do passerines (Meiri & Dayan, 2003). For
mammals, species among some orders (e.g., Chiroptera, Primates,
and Artiodactyla) tend to have larger body sizes in colder climates
(Clauss et al., 2013), whereas some lineages exhibit patterns in con-
trast to Bergmann's rule (Hendges et al., 2021). These variations in
the relationships between body mass and latitude/temperature raise
the question of why some clades of endothermic organisms follow
Bergmann's rule, whereas others do not.

A range of biological and ecological factors likely influence the
generality of Bergmann's rule. The heat conservation hypothe-
sis predicts that small-bodied species would have weaker thermal
conservation and, thus, should follow stronger latitude-body size
clines than do their large-bodied relatives (Steudel et al., 1994).
Nevertheless, empirical evidence demonstrated a reverse of this
pattern (Freckleton et al., 2003) and revealed that conformity to
Bergmann's rule may depend on life-history strategies, such as win-
ter activity (e.g., migration, hibernation; Meiri & Dayan, 2003), nest
design (Mainwaring & Street, 2021), and activity times (Feldman
& Meiri, 2013; Hantak et al., 2021). For example, migratory birds
and hibernating mammals would not show a pattern in accord
with Bergmann's rule, because these inherent biological features
might facilitate them to cope with extremely cold climates (Meiri &
Dayan, 2003). Similarly, enclosed nesting birds and burrowing mam-
mals can prevent heat dissipation by exploiting microclimate refugia
rather than having larger body sizes (Mainwaring & Street, 2021,
Mayr, 1956). This was indeed documented by Medina et al. (2007)
for subterranean rodents of the genus Ctenomys. In addition, animal
trophic levels might differentiate the strength of Bergmann's rule
among species, owing to the latitudinal changes in the primary pro-
duction of terrestrial communities and prey-predator relationships
(Ho et al., 2010; Rodriguez et al., 2006).

Species may follow Bergmann's rule more strongly in specific
environments and biogeographic contexts, in addition to biological
effects. Compared to tropical species, temperate species are more
exposed to environmental fluctuations, show a higher tendency to
strengthen their ability to preserve body heat, and thus are more

likely to conform to Bergmann's rule (Rodriguez et al., 2006, 2008).
Moreover, the climate zone may interact with other factors, such as
the “island rule” effect, in mediating the latitudinal clines in body size
(Lomolino, 2005). For example, Benitez-Lépez et al. (2021) docu-
mented a tendency of exacerbated gigantism and diminished dwarf-
ism for both insular mammals and birds in response to the colder and
harsher environments on islands. Body size-latitude relationships
also likely vary across habitat types (Bro-Jargensen, 2008), in which
species living in dense habitats might show weaker conformity to
Bergmann's rule than the open-habitat species owing to better heat
conservation. Notably, the validity of Bergmann's rule is likely driven
by multiple non-mutual exclusive factors from biology and bioge-
ography, as several species traits highly covary with specific envi-
ronments and biogeographic contexts (Sheard et al., 2020). To date,
there is a lack of comprehensive assessment of how Bergmann's rule
varies among different lineages of endotherms worldwide; in partic-
ular, how biological and ecological factors among taxa mediate the
effects of latitude on body size remains unknown.

In this study, we used a comprehensive database of 16,187 endo-
thermic species (5422 mammals and 10,765 birds) to assess whether
interspecific variations in body mass follow predictions in accor-
dance with Bergmann's rule. We focused on mammals and birds, as
this rule was originally attributed to a thermoregulatory adaptation
of homeotherms despite several assessments on ectothermic spe-
cies. Specifically, we first tested Bergmann's rule using phylogenetic
mixed-effects models to obtain the overall mean slopes of the body
mass-latitude correlations across all mammal and bird species. Next,
we assessed whether the strength of Bergmann's rule varies among
endotherm orders, between metatherian and eutherian mammals,
and between passerine and non-passerine birds. Finally, we used a
series of phylogenetic mixed-effects models to examine the extent
to which body mass-latitude relationships are influenced by biolog-
ical and ecological factors (i.e., body mass categories, dietary guild,

winter activity, habitat, and climate zone; Table S1).

2 | MATERIALS AND METHODS
2.1 | Body size, latitude, and temperature

Body mass was used as an index of body size, and we obtained
the body mass for each species from the PHYLACINE 1.2 data-
base for mammals (Faurby et al., 2018) and the AVONET database
for birds (Tobias et al., 2022). These datasets were based largely
on Dunning (2007) and Smith et al. (2003) for birds and mammals,
respectively, with updates from primary and secondary literature
sources. Given that the body mass values of some species (including
970 mammals and 868 birds) were not obtained originally from direct
measurement of specimens or published sources but were instead
estimated by morphologically similar correlates or phylogenetic
imputation (Faurby et al., 2018; Tobias et al., 2022), we performed
our analyses based on two alternative datasets (see Sensitivity
analysis below). We standardized species taxonomy following the
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International Union for Conservation of Nature (IUCN) Red List
Version 2016-3 for mammals and obtained species geographic
ranges from the present-natural range maps of the PHYLACINE
1.2 database (Faurby et al., 2018). For birds, species taxonomy and
geographic ranges were extracted from BirdLife International and
NatureServe (http://www.birdlife.org). We omitted predominately
pelagic and marine species (e.g., mammals: pinnipeds, dugongs, and
manatees; birds: albatrosses, alcids, and petrels) from the analyses
because these groups exclusively feed and nest on marine ecosys-
tems. We also excluded non-breeding migrants, and only considered
areas where a species was native and resident or occurred regularly
during the breeding season (i.e., breeding range). We tested the
strength of Bergmann's rule by quantifying the relationships be-
tween the body mass of species and the latitude and temperature
of their breeding ranges. The latitude of each species was calculated
using the midpoint latitude of their breeding range polygon in a geo-
graphic information system (Arclnfo version 10.2, ESRI, 2013). The
median temperature of each species was quantified by intersect-
ing species breeding range with the mean annual temperature data
(BIO1) from the WorldClim dataset at 2.5 arc min spatial resolution
(version 2.0; Fick & Hijmans, 2017).

2.2 | Predictor variables

We compiled several biological and ecological factors (i.e., body
mass categories, dietary guild, winter activity, habitat, and climate
zone) for each species that have been hypothesized to cause vari-
ations in body size-latitude correlations (Dataset S1). Each species
was classified as having a large, medium, or small body size when
the mammals' body mass is <500, 500-5000, >5000g and that of
birds is <20, 20-500, >500g, respectively. Dietary guilds of birds
were obtained from Tobias et al. (2022), in which each species was
subdivided into carnivores (270% of food resources by consum-
ing invertebrates and/or vertebrates), herbivores (270% of food
resources from plants), and omnivores (obtaining resources from
multiple trophic levels). Following this classification, each species
of mammal was classified as carnivores, herbivores, or omnivores
based on the percentage of a species' diet (i.e., plant, vertebrate, and
invertebrate) obtained from Faurby et al. (2018). We used the com-
plete dataset (including 1540 species' diets that were estimated or
inferred) because these coarse dietary categories can be accurately
imputed phylogenetically (Faurby et al., 2018). Winter activity in-
cluded hibernation in mammals and migratory behavior in birds, and
both types of adaptations indicate species avoidance of adverse cli-
matic conditions. Each mammal species was assigned to hibernation
or not based on the COMBINE database (Soria et al., 2021) that was
compiled from several studies. Hibernation is defined by bouts of in-
activity lasting from some days to several weeks (Ruf & Geiser, 2015;
Soria et al., 2021). The migratory behavior of birds was based on data
from Tobias et al. (2022), and sedentary species were scored as non-
migrant category, while all other species (including partially migra-
tory and migratory) were scored as migrants. Habitat openness data
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of birds were extracted directly from Tobias et al. (2022), in which
each species was scored as dense, semi-open, and open based on
general habitat types extracted from literature, such as Handbook of
the Birds of the World. To maximize consistency, the habitat openness
of mammals was classified into four categories (dense, semi-open,
open, and caves and subterranean) according to non-mutually exclu-
sive binary habitat types obtained from the IUCN Red List database
(http://www.iucnredlist.org). Dense habitats include forests; semi-
open habitats include savannah and shrubland; and open habitats
include grasslands, wetlands, rocky areas, and deserts. Any species
belonging to a single habitat type or that with more than 50% of its
habitat preference in one type and <50% in all others was classified
as belonging to that major category. Each species was classified into
either tropical or non-tropical species using the absolute midpoint

latitude of its geographic range (cutoff set at 23.5°).

2.3 | Statistical analyses

To quantify the overall association between species' body mass
and latitude and/or temperature, we fitted Bayesian phylogenetic
generalized linear mixed models using the “MCMCgImm” pack-
age (Hadfield, 2010) in R (version 4.0.4; R Development Core
Team, 2021). We fitted Bayesian models across the whole sample of
species and two separate mammal and bird subsets, in which body
mass was the response variable and the species' range absolute lati-
tude midpoint or mean temperature was the predictor variable. The
body mass was log10-transformed to improve linearity. To control
for non-independence owing to shared ancestry among species,
we included a phylogenetic covariance matrix as a random effect
(Freckleton et al., 2002). The phylogenetic variance-covariance
matrix was produced using the “vcv” function via the R package
“phytools” (Revell, 2012), which contains the pairwise shared evo-
lutionary history among species measured by branch lengths of the
phylogenetic trees. The phylogenetic tree including all endothermic
species was generated using the R package “V.PhyloMaker” (Jin &
Qian, 2019). The backbone phylogenies were obtained from Upham
et al. (2019) for mammals (n=5911) and Jetz et al. (2012) for birds
(n=9993) using the Hackett constraint (http://vertlife.org/phylo
subsets) for the posterior distribution of trees (n=100). The species
that were not present in the backbone were randomly inserted into
their relevant genera or families via the “phylo.maker” function.

To account for phylogenetic uncertainty, we performed models
across a random sample of 100 phylogenetic trees and summarized
the phylogenetically controlled slope estimates using mean values
across these 100 models. We quantified the phylogenetic signal
by estimating the heritability (h?), which measures the proportion
of residual variance attributable to phylogeny like Blomberg's K
(Blomberg et al., 2003) or Pagel's A (Pagel, 1999). The h? value varies
from O, indicating no phylogenetic effect and species can be treated
as independent, to 1, indicating that similarity between species is
directly proportional to their phylogenetic relationships (Freckleton
et al., 2002). We specified a commonly implemented prior variance
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(V) and degrees of freedom (nu) for the phylogenetic and residual
variances (V=1, nu=0.002) following the recommendations in
Hadfield (2010). We ran each model for 11,000 iterations with a
burn-in (the number of initial MCMC iterations were discarded) of
1000 and a thinning interval of 100 to obtain an effective sample
size of 1000 iterations and ensure adequate model convergence.

As Bergmann's rule was originally formulated to describe vari-
ations in body size among closely related species, we first fitted
Bayesian phylogenetic mixed-effect models to calculate interspe-
cific variations in body mass across latitudes within each genus and
family. To ensure the feasibility of the body mass-latitude correla-
tions, we used genera and families with more than 5, 10, and 30
species for this analysis. To test whether the strength of Bergman's
rule differs among taxonomic groups, we performed models by
adding animal order as an interaction term. Similarly, to investigate
the effect of biological and ecological factors on the variations in
the body mass-latitude relationships, we included an interaction
term, allowing the slopes of body mass on latitude to vary be-
tween species with different body mass categories, dietary guild,
winter activity, habitat openness, and climate zone (Mainwaring &
Street, 2021).

We reported the means and 95% credible intervals of all pa-
rameters estimates from posterior distributions and considered the
significance of the estimate if the 95% credible interval for the coef-
ficient did not overlay with zero. We also reported pMCMC values
for slope estimates to assess the probability of the slope being zero.
The differences between pairwise predictor levels were determined
using the Wilcoxon rank-sum test on the mean values of posterior
slope estimates across 100 phylogenetic trees. The percentage of
variance explained by the fixed effects (marginal R?, Rzm) and that
by both the fixed and phylogenetic effects (conditional R?, RZC)
were calculated to assess the explained heterogeneity (Nakagawa
& Schielzeth, 2013). The percentage of the remaining, nonphyloge-
netic variance explained by the fixed effects was calculated as R2c/
(1-(R%.-R?)).

2.4 | Sensitivity analysis

To test whether our results were robust, we performed sensitivity
analyses with alternative datasets and categories of predictor
variables, as well as different breakpoints of body size. First, our
main dataset comprised all mammals and birds with body mass
information to maximize taxonomic coverage. Alternatively, we only
considered species whose body masses were obtained originally
from direct measurements of specimens or published sources and
excluded 947 and 833 species of mammals and birds, respectively,
whose body masses were estimated by morphologically similar
correlates or phylogenetic imputation. Second, we omitted the
species with missing DNA data and repeated our analyses based
on the subsets of phylogenies reconstructed by molecular data.
For avian migratory information, we assessed whether our results

shift if the partial migrants were included as non-migrants. We also

obtained another scoring system for the migratory data from Dufour
et al. (2020) to test whether different scoring systems influenced our
results. Finally, as splitting species into different size classes might
yield different results, we conducted sensitivity analyses of different
breakpoints of body size. For mammals, species with body mass
<100, 100-1000, and >1000g were designated as “small,” “medium,”
and “large,” respectively. For birds, species were designated as
“small,” “medium,” and “large” if their body size is <50, 50-500, and
>500g, respectively.

3 | RESULTS
3.1 | Generality of Bergmann's rule

Our dataset comprised the body mass and breeding range lati-
tude of 16,187 endothermic species, including 5422 terrestrial
mammals and 10,765 birds (Dataset S1). Overall, the posterior
mean slope estimates for body mass-latitude correlations were
significantly positive for all endothermic species ($=.0007, 95%
Cl=[.0004, .0011], pMCMC<.001; Table 1), mammals (p=.0009,
95% Cl=[.0000, .0017], pMCMC=.043), and birds (5=.0007,
95% Cl=[.0004, .0010], pMCMC<.001). This result, combined
with the significantly negative body mass-temperature cor-
relations (all pMCMC<.001), supported the overall validity of
Bergmann's rule in endotherms. The fixed effects of breeding
range latitude and temperature explained a negligible amount of
the variation in body mass (all R2m< 1%), whereas the fixed effects
combined with phylogenetic random effects explained the major-
ity (all R2c>96%) of variances (Table 1). The high heritability of
models (all h?>0.96) indicated that most variations in body mass
were explained by the ancestor descendant relationship. Latitude
and temperature only accounted for 0.7% and 2.1%, respectively,
of the non-phylogenetic variance for all endothermic species
(Table 1). Sensitivity analysis, excluding species whose phyloge-
netic positions and body masses were imputed (n=2128 mam-
mals and n=4483 birds), showed that the body mass increased
with latitude (=.0009; 95% Cl=[.0005, .0012], pMCMC<.001)
and decreased with breeding range temperature (=-.0027; 95%
Cl=[-.0035, -.0019], pMCMC<.001; Table S2). This trend was
also verified among mammals and birds, which corroborated our
main results (compare Table 1 to Table S2).

3.2 | Taxonomic variations in Bergmann's rule

Phylogenetic and frequency distribution of the body mass-latitude
relationships per genus showed that the strength of Bergmann's rule
varied substantially among taxa (Figure 1). When testing body mass—
latitude relationships within each genus with more than five species,
265 of 284 for mammals and 546 of 577 for birds were not significant
(p>.05; Table S3). Positive body mass-latitude correlations were
significant only within 13 mammalian and 17 avian genera, whereas
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TABLE 1 Summary of statistics from Bayesian phylogenetic generalized linear mixed models predicting the body size by species range

latitude or temperature.

pMCMC R, R?, Prop.Fixed h?
<.001 .0001 9836 .007 9836
043 .0001 9798 .007 9798
<.001 .0004 9638 012 9638
<.001 .0004 9836 021 9836
<.001 .0004 9799 022 9799
<.001 .0012 9639 .031 9638

Model K p 95% Cl

Latitude
All 16,187 .0007 [0.0004, 0.0011]
Mammals 5422 .0009 [0.0000, 0.0017]
Birds 10,765 .0007 [0.0004, 0.0010]

Temperature
All 16,187 -.0026 [-0.0033, -0.0019]
Mammals 5422 -.0032 [-0.0049, -0.0016]
Birds 10,765 -.0022 [-0.0029, -0.0016]

Note: R2m (Marginal R?) indicates the proportion of variation explained by fixed effects, and RzC (conditional R?) indicates the proportion of variation
explained by fixed and random effects. Prop.fixed indicates the proportion of non-phylogenetic variance explained by the fixed effects and was
calculated as Rzm/(l - (ch— Rzm)). h? (heritability) indicates the proportion of residual variance attributable to phylogenetic relationships.

Abbreviations: Cl, credible interval; K, sample size; pMCMC, p values from Bayesian phylogenetic generalized linear mixed models; 3, posterior mean

slope estimates.

six mammalian and 14 avian genera showed a significantly negative
correlation (Table S3). Similarly, among 240 body mass-latitude cor-
relations within families, only 7.9% for mammals (7/89) and 6.6% for
birds (10/151) were significantly positive (Table S3). Notably, sensi-
tive analyses with larger sample sizes within each genus and family
(n=10 or n230) yielded more significantly positive body mass-lati-
tude relationships (Table S3). For example, considering the species
richness 230, the positive body mass-latitude correlations were sig-
nificant among 17.7% of families (6/34) and 16.7% of genera (3/18)
for mammals (Table S3).

When animal order was included as an interaction term in the
models estimating body mass-latitude relationships, the fixed ef-
fects explained 43.9% and 54.3% of the total variance in body mass
for mammals and birds (Table S4), respectively, indicating a substan-
tial variation in Bergmann's rule among animal orders. The body
mass of species within most orders showed an increasing trend to-
ward higher latitude (Figure 2; Table S4). However, only a few animal
orders significantly followed Bergmann's rule. For mammals, three
(i.e., Cingulata, Cetartiodactyla, and Primates) of 15 examined or-
ders showed significant adherence to Bergmann's rule. The largest
order Rodentia showed a deviation from this rule, as its mean slope
estimates and 95% credible interval overlapped marginally with
zero ($=.015, 95% Cl=[-.0001, .0030]; pMCMC=.064; Figure 2).
Notably, the rodents showed marginally significant conformity to
Bergmann's rule when the imputed species were excluded (Table S5;
Figure S1). For birds, five of the 15 avian orders significantly fol-
lowed the prediction of Bergmann's rule, including Galliformes,
Pelecaniformes, Strigiformes, Accipitriformes, and Piciformes.
The body mass within the largest group Passeriformes did not ex-
hibit significant conformity to Bergmann's rule (4=-.0001, 95%
Cl=[-.0005, .0003]; pMCMC=.596; Figure 2). Of note, eutherian
mammals and non-passerine birds showed significantly stronger ad-
herence to Bergmann's rule than metatheria mammals and passer-
ines, respectively (Wilcoxon rank-sum test, p <.05; Figures S2 and
S3; Table S4).

3.3 | Predictors for Bergmann's rule

Results from a series of Bayesian models revealed that body mass
emerged as a significant predictor underpinning the strength of
Bergmann's rule for both mammals and birds (Figure 3; Tables Sé
and S7). The posterior slope estimates for large-bodied species
(#=.0030, 95% Cl=[.0014, .0045] for mammals; p=.0014, 95%
Cl=[.0010, .0018] for birds) were significantly higher than those for
medium- and small-bodied species (Wilcoxon rank sum test, p <.05;
Figure 3). Sensitivity analysis conducted without imputed species
(Figure S4; Tables S8 and S9) and with different breakpoints for des-
ignating body mass classes (Table S10) yielded consistent results.
In addition, conformity to Bergmann's rule for non-tropical species
(p=.0031, 95% CI=[.0013, .0049] for mammals; =.0011, 95%
Cl=[.0004, .0018] for birds) was significantly stronger than that for
tropical species (#=.0000, 95% Cl=[-.0015, .0015] for mammals,
and f=-.0002, 95% Cl=[-.0008, .0004] for birds; p <.05; Figure 3;
Tables S6 and S7).

Winter activity was also identified as an important predictor
for Bergmann's rule (Figure 3). For mammals, the effect size of
non-hibernating mammals was significantly positive with latitude
(p=.0015, 95% CI=[.0003, .0027]), whereas that of hibernat-
ing species did not differ from zero (f=.0045, 95% Cl=[-.0002,
.0094]), with significant difference between these two predic-
tor levels (p<.05; Figure 3; Table Sé). Similarly, adherence to
Bergmann's rule for migratory birds ($=.0011, 95% Cl=[.0006,
.0017]) was significantly stronger than that for non-migratory spe-
cies (=.0007, 95% CI=[.0003, .0011], p <.05; Figure 3; Table S7).
This result was supported by the results of sensitivity analysis
conducted based on two different scoring systems of migratory
data (Table S11).

The effects of trophic level and habitat openness on the body
mass-latitude relationships for birds differed from those for mam-
mals (Figure 3). For example, conformity to Bergmann's rule was
the strongest for open-habitat birds (4=.0011, 95% Cl=[.0006,
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FIGURE 1 Phylogenetic distribution of body size-latitude relationships across mammals and birds. For each genus, posterior mean
estimates of body mass-latitude relationships are represented by bar lengths and gradient colors at branch tips of the phylogenies. This
phylogeny was generated using the R package “V.PhyloMaker” (Jin & Qian, 2019) based on the backbone of phylogenies from Upham

et al. (2019) and Jetz et al. (2012) and was randomly drawn from 100 phylogenetic trees. The inset in the center of phylogeny shows the
frequency distribution of posterior mean estimates of body mass-latitude relationships across each genus. The scatter plots show examples
of the significant relationships between species body size (log,, g) and breeding range latitude midpoint from Bayesian phylogenetic
generalized linear mixed models. Animal silhouettes for representative species in species-rich orders are shown and are downloaded from

phylopic.org under public domain license.

.0017], pMCMC<.001), which tended to become weaker with
decreasing habitat openness. For mammals, however, only the
species living in dense habitats significantly followed this rule
(p=.0015, 95% Cl=[.0002, .0030], pMCMC<.05; Figure 3).
Furthermore, the body sizes of both avian herbivores and carni-
vores tended to increase significantly toward high latitudes (both
pMCMC<.05), whereas only those of herbivorous mammals sig-
nificantly followed Bergmann's rule (=.0020, 95% Cl=[.0007,
.0034], pMCMC <.01; Figure 3).

4 | DISCUSSION

By conducting a comprehensive interspecific comparison of the
body mass-latitude correlations of nearly all species of mammals and
birds, we documented weak support for Bergmann's rule. In total,
48.7-54.7% of body mass-latitude correlations within genera and
60.3-62.5% within families (considering different sample sizes) were
positive, but only a fraction of them were statistically significant.
After conducting Bayesian phylogenetic generalized linear mixed
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models across all endothermic species to estimate the overall asso-
ciation, we observed a significant but weak tendency toward large
body size in a high latitude for both mammals and birds. This finding
is consistent with that of a previous meta-analysis on intraspecific
comparisons (Riemer et al., 2018), as well as interspecific studies
on mammals (Gohli & Voje, 2016) and birds (Olson et al., 2009). In
contrast to previous studies supporting Bergmann's rule, this incon-
sistency may have resulted from at least three factors. First, many
studies have tested the body size-latitude relationships in some
particular taxonomic groups and/or biogeographic regions, and
this sampling bias may obscure the generality of Bergmann's rule.
Second, despite previous meta-analyses incorporating studies of
multiple lineages, our understanding of the generality of Bergmann's
rule may suffer from publication bias (Ashton & Feldman, 2003;
Meiri et al., 2004), given that significant results are more likely to be
accepted for publication. Third, previous global-scale studies tested
whether the significant body size-latitude correlations were higher
than 50% and relied on this statistical summary to determine the
generality of Bergmann's rule (Riemer et al., 2018). To control for
these biases, in this study, we incorporated a large database of nearly
all endothermic species into a phylogenetic comparative framework,

and our results provide a comprehensive view of how the generality
of Bergmann's rule varies among endothermic organisms.

Our results confirmed that the strength of Bergmann's rule var-
ied substantially not only among animal orders, but also between
metatheria and eutheria and between passerines and non-passerines.
This finding might partially explain why previous studies have yielded
discrepant results that support or reject Bergmann's rule. For ex-
ample, non-passerines tended to conform more strongly to the rule
than passerines. This is in line with a previous intraspecies analysis
by Meiri and Dayan (2003) and supports the physiological hypoth-
esis that adverse climatic conditions acting upon non-passerines
are stronger than those acting upon passerines, thus strength-
ening the adherence of non-passerine birds to Bergmann's rule
(Kendeigh, 1969). Moreover, our results showed a high phylogenetic
signal of the variation in body size, indicating that the interspecific
variation in body mass was largely accounted for by the phylogeny. A
previous study has suggested that the tendency to follow Bergmann's
rule is likely ancestral and evolutionarily conserved for tetrapods
(de Queiroz & Ashton, 2004), as evidenced by a broad range of
metatherian mammals (e.g., kangaroos: Yom-Tov & Nix, 1986; koalas:
Briscoe et al., 2015; and marsupials: Quin et al., 1996; Stobo-Wilson
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et al., 2020). Nevertheless, our results revealed that eutheria mam-
mals exhibited stronger conformity to Bergmann's rule than metathe-
rian mammals. This implies that whether a lineage follows Bergmann's
rule may involve a trade-off between the deep origin of Bergmann's
rule (de Queiroz & Ashton, 2004) and adaptation to current selective
pressures (McNamara et al., 2016). Increasing body size is only one of

the various strategies to cope with cold ambient climates. Adaptive
strategies, specific habitats, and biogeographic history also play criti-
cal roles in mediating geographic variations in body size (Mainwaring
& Street, 2021; Medina et al., 2007).

Our results revealed that temperate species followed
Bergmann's rule more closely than tropical species. This supports
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the heat conservation hypothesis (Steudel et al., 1994), suggesting
the need for more efficient heat conservation in cold climates during
winter (Rodriguez et al., 2006); however, this demand is less preva-
lent in tropical species. Although our findings cannot be compared
directly with those of previous studies on intraspecific compari-
sons (McNab, 1971; Meiri & Dayan, 2003) and species assemblages
(Rodriguez et al., 2006, 2008), our results confirmed, based on the
interspecific comparison, that Bergmann's rule is more evident at
higher latitudes.

The heat conservation hypothesis also predicts that large spe-
cies are likely to be less sensitive to cold climates than small spe-
cies, because the former have lower critical temperatures in cold
climates (Kendeigh, 1969). However, we observed that large species
adhered to Bergmann's rule more strongly than small species, which
contradicts the heat conservation hypothesis. Numerous empirical
studies have also detected patterns that diverged from such a pre-
diction (Ashton, 2002; Ashton et al., 2000; Freckleton et al., 2003),
as evidenced by weak conformity to Bergmann's rule for some
small-bodied species, such as passerines and rodents (Fourcade
& Alhajeri, 2023; Meiri & Dayan, 2003). One possibility is that the
body size of species is unevenly distributed globally and is dispro-
portionately small at low latitudes (Harcourt & Schreier, 2009; Meiri
& Thomas, 2007), which might weaken the effect of latitude on the
body size of small-bodied species (Clauss et al., 2013). Another pos-
sibility is that large-bodied species have to enlarge their body sizes
as an adaptive response to cold climates in high latitudes, whereas
small-bodied species are more likely to be sheltered by microcli-
mates (e.g., dense forest, caves/subterranean habitats) and/or adopt
other strategies (e.g., hibernation, torpor) to cope with climatic ex-
tremes (Alhajeri & Steppan, 2016), thus obscuring the gradients of
Bergmann's rule.

This explanation is enhanced by the fact that birds living in more
open habitats tend to follow Bergmann's rule more strongly than
those living in dense habitats. Selective pressures, such as climatic
fluctuation and resource seasonality, tend to increase in open habi-
tats, thereby making the body size of open-habitat birds more vari-
able owing to thermoregulation in accordance with Bergmann's rule.
Another piece of evidence is weak conformity to Bergmann's rule for
mammals living in caves and subterranean environments, which aids
burrowing species to adapt to climatic extremes by providing greater
thermoregulatory benefits (Gohli & Voje, 2016; Medina et al., 2007,
Rodriguez et al., 2006). Similar effects have also been documented
in bird-invoked nest designs (Mainwaring & Street, 2021).

Winter activity emerged as an important predictor underlying
the strength of Bergmann's rule. Mammals that exhibit specific
winter behaviors (i.e., torpor and hibernation) can reduce their
metabolic demands in response to extremely cold climates (Ruf &
Geiser, 2015), and, thereby, would not benefit from better heat con-
servation by increasing their body size. A previous study found a
lack of conformity to Bergmann's rule for many heteromyid rodents
and attributed this to their winter behavior (Meiri & Dayan, 2003),
which supports this hypothesis. Unexpectedly, we found that mi-
gratory birds showed stronger conformity to Bergmann's rule than

oo, MM

sedentary species, which is in contrast to our prediction and that of
a previous study (Mainwaring & Street, 2021; Meiri & Dayan, 2003).
One putative explanation is that sedentary birds interact with other
factors, such as inhabiting dense forests or living in the tropics, to
buffer species against extreme climates and, therefore, mediate the
effects of latitude on body size variations. Another possibility is that
we only considered the breeding ranges of migratory birds that are
always in higher latitudes. Although migratory species can escape
adverse climates in high latitudes during non-breeding seasons, they
would remain large-bodied to better limit heat loss in breeding areas
(Henry et al., 2022).

This study had some limitations. First, we only focused on the
effect of latitude and/or temperature on body size but did not
evaluate whether the spatial variations in body size are related to
resource limitation (Geist, 1987; Rosenzweig, 1968), starvation re-
sistance (Lindstedt & Boyce, 1985), and water availability (Yom-Tov
& Geffen, 2006). In addition, our findings depended on the inclu-
sion of the hypothesized predictors examined. Other factors po-
tentially mediate the strength of Bergmann's rule, such as social
behavior (Ferguson & Lariviére, 2008), nest structure (Mainwaring
& Street, 2021; Martin et al., 2017), and predator-prey interactions
(Ho et al., 2010); however, this is beyond the scope of our study.
Second, our data on body mass were estimated by averaging across
sexes and geographic populations. It should be noted that sexual size
dimorphism may cause heterogeneity in Bergmann's rule, because
males and females of the same species may have different latitudi-
nal clines in body mass (Ashton, 2002). Moreover, given that sexual
size dimorphism exhibits not only a global latitude trend, but also
a strong phylogenetic signal (Friedman & Remes, 2016), the true
association between body size and latitude may be complicated.
Similarly, using mean body size per species may be problematic, par-
ticularly for those with large intraspecific body size variations across
space and time (Zheng et al., 2023). Unfortunately, we could not test
Bergmann's rule on intraspecific and intersexual levels because the
body mass of each individual was not available for a substantial num-
ber of species; thereby, our conclusions are limited to the interspe-
cific comparison of Bergmann's rule.

Taken together, this study provides a global assessment of
Bergmann's rule for a comprehensive group of endothermic species.
We concluded that latitudinal clines in body size, which were compared
within closely related species, received weak but significant support,
in line with Bergmann's rule. The strength of Bergmann's rule varied
among taxonomic groups, and depended on not only their biological
traits, but also the climatic conditions inhabited by specific clades of en-
dotherms. This finding can provide some implications for how species’
body size would respond to global climate change (Gardner et al., 2011;
Millien et al., 2006; Tian & Benton, 2020). For example, a decline in
animal body size is among the most significant changes in light of fu-
ture global warming (Dubiner & Meiri, 2022; Mgller et al., 2018; Weeks
et al.,, 2020). It can be expected that, based on our findings, such a
size reduction is particularly intense for large-bodied and temperate
species because of their stronger adherence to Bergmann's rule and
rapid climatic warming at high latitudes (Intergovernmental Panel on
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Climate Change, 2018). Furthermore, our finding that the latitudinal
clines in body size, in accordance with Bergmann's rule, are mediated
by species' traits and behavioral strategies suggests that a decline in
body size would not necessarily be a universal phenomenon for endo-
thermic species in response to global warming (Tian & Benton, 2020).
Instead, they might also adapt to the changing thermal environments
by adopting behavioral strategies (Beever et al., 2017) or shifting their
geographic ranges (Rushing et al., 2020). Further studies should in-
vestigate the temporal variation in body size interaction with species'
thermoregulatory characteristics to better understand the morpho-
logical, behavioral, and geographic responses of endothermic species
to climate change. Our study demonstrated how the integration of
species-level functional traits and phylogenetic mixed-effects models
may provide deep insights into the generality of the interspecific form

of classic ecogeographic rules on a global scale.
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