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Biogeographers, evolutionary biologists and ecolo-
gists have suggested a number of ecogeographical
and evolutionary “rules” to describe general
trends in the variation of biological attributes
across broad spatial and temporal scales. This in-
cludes the latitudinal gradient in species richness,
as well as Gloger’s, Bergmann’s, Allen’s, Cope’s,
Jordan’s, Foster’s and Rapoport’s rules (see Lo-
molino et al. 2006 or Gaston et al. 2008 for de-
tails). Nonetheless, many of these “rules” were
originally proposed with insufficient empirical evi-
dence and have reiteratively been called into
guestion. Recent investigations have found excep-
tions to the proposed patterns and suggested that
most of the “rules” are invalid or would need to
be reconsidered (see e.g. Ashton 2001).

Under this historical framework, the study
of Bergmann’s rule is a paradigmatic example. In
1847, Karl Bergmann suggested that body size
plays a major role in determining the geographic
distribution of mammals and birds; large-bodied
species are favoured in colder climates because of
their better heat conservation (lower surface-to-
volume ratio). As with the rest of ecological and
evolutionary “rules”, both the original pattern and
mechanism have not been exempt from criticism.
Interestingly, however, after more than 160 years
and despite controversies around its validity,
Bergmann’s rule still attracts special attention
among scientists (Blackburn et al. 1999, Ashton et
al. 2000, Meiri & Dayan 2003, Blackburn & Haw-

kins 2004, Rodriguez et al. 2006). This stands in
contrast to some other “rules” (e.g. Gloger’s, Al-
len’s or Jordan’s), whose interest largely remains
historic or anecdotic. Such longstanding fascina-
tion with Bergmann’s rule is undoubtedly related
to the importance of organismal body size in de-
termining physiological, ecological and evolution-
ary processes.

Along these lines, the debate around the
generality of Bergmann’s rule has long been fos-
tered by Ray’s (1960) and Lindsey’s (1966) pio-
neering observations that some ectothermic or-
ganisms also displayed intra- and interspecific
body size clines as a response to environmental
gradients. Apparently, these findings required al-
ternative explanations to the ones offered for en-
dotherms (Cushman et al. 1993). Since then, re-
searchers have tried to identify ecological or evo-
lutionary mechanisms accounting for geographic
body size gradients in ectotherms. A critical step
before searching for underlying mechanisms is
indeed examining what the patterns look like in
nature. Because Bergmann’s rule was originally
formulated for endothermic vertebrates, numer-
ous studies have reported the existence of body
size gradients in mammals and birds (e.g. Black-
burn et al. 1999, Ashton et al. 2000, Meiri &
Dayan 2003 and references therein), whereas the
geographical variation of body size for many ecto-
thermic organisms remains mostly unknown (but
see below).
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Gaston et al. (2008) recently identified
three approaches to studying spatial patterns in
biological traits in general and Bergmann’s rule in
particular: intraspecific, interspecific (“cross-
species”) and assemblage-based. Although Berg-
mann’s rule was conceived as an interspecific pat-
tern, this version of the rule has received limited
attention since Rensch (1938) and Mayr (1956)
(cited in Blackburn et al. 1999) reformulated the
original hypothesis at the intraspecific level. Be-
yond the contribution to the autoecology of spe-
cies provided by classic intraspecific studies, the
search for geographic patterns in interspecific
body size can generate insights into the evolution-
ary and ecological mechanisms structuring faunal
assemblages.

In this PhD thesis we applied an assem-
blage-based approach to document biogeographic
patterns of body size in regional faunas (Western
Palearctic, Nearctic and Neotropics) for different
vertebrate groups (mammals, amphibians and
reptiles). Also, we evaluated the support for sev-
eral hypotheses proposed to explain Bergmann'’s
rule so far, namely: heat conservation, migration
ability, primary productivity, seasonality, habitat
availability, size-dependence and water availabil-
ity (see Olalla-Tarraga et al. 2006, 2009, 2010,
Olalla-Tarraga & Rodriguez 2007 and Rodriguez et
al. 2008 for details). Aimed at generating insights
into the energetic and physiological mechanisms,
we specially focused the analyses on two ecto-
thermic vertebrate groups: amphibians and rep-
tiles.

Overall, we used a novel methodological
approach to the study of broad-scale body size
gradients. Interspecific analyses have traditionally
adopted a “cross-species” approach by treating
each species as an independent datum and using
bivariate scatter-plots to examine covariation of
body size and latitude (or occasionally tempera-
ture) across species. This method has also been
termed the “midpoint approach” (Blackburn &
Hawkins 2004) since it involves obtaining a single
spatial descriptor to characterize the distribution
of each species (usually the latitudinal midpoint of
its geographic range) and then plotting these mid-
points against species' body sizes. In contrast, the

assemblage-based approach adopted in this thesis
has explored geographical patterns within grids
covering the study regions and combined the spe-
cies' presences/absences in the cells with their
body sizes to obtain cell-mean body size values
(usually log-transformed geometric means) (see
also Ruggiero & Hawkins 2006). Blackburn and
Hawkins (2004) named this the “community ap-
proach”, because such investigations examine the
spatial distribution of summary statistics for body
size across faunal assemblages (grid cells) of a par-
ticular biogeographic region. Accordingly, the
units of analysis in cross-species approaches are
single species, in assemblage-based
methods they are measures of average body size
of all the species occurring within grid-cells. Bear-
ing in mind that the distinction between cross-
species and assemblage-based analyses may not
be trivial in terms of interpreting patterns and
processes, we paid special attention to discussing
the implications and methodological disparities
between methods (Olalla-Tarraga et al. 2010). Be-
cause cross-species approaches ignore the geo-
graphical structure in the data by reducing the
multidimensional nature of geographic ranges to
single values, we suggested examining interspeci-
fic body size gradients using spatially explicit as-
semblage approaches (i.e. using complete geo-
graphic information). Cross-species and assem-
blage-based methods may converge to similar re-
sults only when distribution ranges for the whole
set of analysed species within the clade are either
extremely restricted or mostly unknown, but that
is not the case when species ranges are well
known and comprise enough environmental varia-
tion (Olalla-Térraga et al. 2010).

Our assemblage-based analyses involved
compiling biological and distributional information
of species and subsequently using multivariate
analysis techniques complemented with spatial
statistic methods to evaluate the spatial autocor-
relation structure. We used AlC-based model se-
lection procedures to evaluate the relative sup-
port for each of the hypotheses that have been
suggested to account for broad-scale body size
gradients. The use of model selection approaches
based on information theory is rapidly gaining

whereas
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support in ecology and biogeography as an alter-
native to hypothesis testing and model simplifica-
tion methods such as stepwise regression
(Stephens et al. 2007). Additionally, we incorpo-
rated a Phylogenetic eigenVector Regression
(PVR) method (Diniz-Filho et al.1998) to estimate
the phylogenetic signal in the data and partition
the phylogenetic and ecological components of
the interspecific variation in body size. Thus, we
controlled for two potential sources of pseu-
doreplication in the data (spatial and phyloge-
netic), while simultaneously considering the distri-
bution of species in a geographic and phylogenetic
framework (Diniz-Filho et al. 2007, see below).
Notably, jointly dealing with spatially and phyloge-
netically structured units of analysis is an issue of
increasing concern in biogeographic publications
(e.g., Freckleton & Jetz 2009, Kiihn et al. 2009).
We found that the geographical distribution
of body size is markedly idiosyncratic and Berg-
mann’s physiological mechanism cannot explain
the observed size clines everywhere. For mam-
mals in the northern Nearctic region, we detected
clear body size gradients and a negative relation-
ship between mean body size and environmental
temperature variation (Rodriguez et al. 2008).
However, the strong association between size and
temperature is weaker and eventually disappears
as we move towards southern latitudes in the
Nearctic and Neotropical regions. Interestingly,
our analyses for the whole non-volant mammal
fauna in the Western Hemisphere distinguished
an environmental temperature threshold around
11°C, above which patterns consistent with Berg-
mann’s rule are no longer evident. The heat con-
servation mechanism was found to be an explana-
tion solely for body size patterns below this tem-
perature threshold, whereas the habitat availabil-
ity hypothesis, through the interaction between
topography and macroclimate, became more im-
portant in tropical regions (Rodriguez et al. 2008).
Environmental energy availability, linked to
the heat conservation hypothesis, also played a
leading role in determining the geographic distri-
bution of body size in ectothermic vertebrates.
Geographic body size gradients of squamate rep-
tile assemblages in the Nearctic and, especially, in

the Western Palearctic displayed a clear correla-
tion with potential evapotranspiration (PET), a
joint measure of temperature and solar radiation
in the environment (Olalla-Tarraga et al. 2006).
Interestingly, this pattern was conflicting for liz-
ards and snakes as lizards increased in size north-
wards whereas snakes decreased in size. We con-
cluded that Bergmann’s physiological mechanism
is insufficient to explain body size patterns in ani-
mals whose heat balance does not only rely on
heat conservation, but more importantly on heat
gain. We suggested that large thermoregulating
ectothermic vertebrates (e.g. snakes) might not
be able to warm their bodies rapidly enough to
meet their needs in the narrow activity windows
available in cold environments. In other words,
large snake species would be limited by a combi-
nation of both intrinsic (i.e. reduced heating rates)
and extrinsic (i.e. lower environmental energy
availability) factors in colder climates. As a result,
the detection of body size—temperature relation-
ships in thermoregulating ectotherms would be
conditioned by a trade-off between heat gain and
heat conservation that largely depends on relative
organismal size. Our findings also identified the
importance of the behavioural control on thermal
interactions when analysing body size trends in
ectotherms (Olalla-Téarraga et al. 2006).

On the basis of our findings for squamate
reptiles, we proposed the heat balance hypothesis
as a general explanation to account for the pat-
terns exhibited by both thermoregulators (i.e. ani-
mals with good thermoregulating abilities) and
thermoconformers (animals whose body tempera-
tures fluctuates more closely to ambient tempera-
ture) (Olalla-Tarraga & Rodriguez 2007). For ther-
moregulators, this hypothesis coincides with the
heat conservation mechanism proposed by Berg-
mann for endotherms, and can also be extended
to ectotherms that are able to control body tem-
perature effectively through physiological and/or
behavioural adjustments. Among thermoregulat-
ing ectotherms, the relative size of an organism
also plays a role in determining the occurrence of
patterns consistent with Bergmann’s rule (Olalla-
Tarraga et al. 2006). Conversely, among thermo-
conformers, smaller organisms would be favoured
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in cold areas because their greater surface-to-
volume ratios allow them to have shorter heating
times. Using data for amphibian faunas in the
Nearctic and Western Palearctic, we tested the
heat balance hypothesis along with five other hy-
potheses that have a possible influence on body
size gradients (Olalla-Tarraga & Rodriguez 2007).
While anurans are able to achieve some control
over heat exchange with the environment, urode-
les are thermoconformers and their body tem-
peratures closely parallel variations in the thermal
environment. Hence, according to the heat bal-
ance hypothesis, we expected size increases to-
wards colder areas in anurans and size decreases
towards warm territories in urodeles. We found
consistent body size gradients across both bio-
geographic regions and confirmed the predictions
of the heat balance hypothesis, i.e. anurans fol-
lowed a marked Bergmann’s rule gradient and
urodeles exhibited the reverse trend. Moreover,
PET was the strongest predictor of mean body size
in both regions and each group responded differ-
ently to ambient energy as expected from the
heat balance hypothesis. These results suggest
that the thermoregulatory abilities of anurans
would allow them to reach larger sizes in colder
climates by optimizing the trade-off between
heating and cooling rates, whereas a lack of such
strategies among urodele faunas would explain
why these organisms tend to be smaller in cooler
areas (Olalla-Tarraga & Rodriguez 2007).

Because our studies of amphibians and rep-
tiles had been restricted to the Holarctic, which
may limit an extension of their conclusions to
warmer tropical climates, we investigated body
size gradients of anurans in a Neotropical biome
to test the validity of previous generalizations. We
addressed this question using data from the most
extensive woodland-savanna in South America:
the Brazilian Cerrado (Olalla-Tarraga et al. 2009).
Anurans in this biome showed clear body size pat-
terns, with the smallest mean sizes in the South-
west bordering the Pantanal, a wetland biome,
and the largest sizes in the drier areas of the
Northeast, near the limits of the Caatinga semi-
arid region. Water deficit was the best predictor
of this gradient and the relationship remained

consistent even in the presence of a strong phy-
logenetic signal in body size variation. That is, spe-
cies larger than expected by their phylogenetic
relatedness were more frequently found in drier
environments, whereas species smaller than ex-
pected were mostly distributed in low-water-
deficit areas. This suggests a selective advantage
for larger anurans under high water deficit condi-
tions in tropical regions. The seasonal climate of
the Cerrado is characterized by a six-month period
of dry and hot conditions, which imposes serious
hydric constraints on its anuran fauna. Amphibi-
ans have little resistance to cutaneous evapora-
tive water loss and are particularly sensitive to
long droughts. Since water loss is positively corre-
lated with surface-to-volume ratios in anurans, a
simple mechanism to reduce dessication is de-
creasing the surface-to-volume ratio by increasing
body size. Our results were consistent with the
water availability hypothesis which, coupled with
previous findings, suggests that the major deter-
minant of interspecific body size variation in an-
urans switches from energy to water towards the
equator. In a context of latitudinal variation in the
relative importance of energy and water from
temperate to tropical regions, anuran body size
gradients may reflect effects of reduced surface-
to-volume ratios in larger species to control both
heat and water balance (Olalla-Tarraga et al.
2009).

In sum, this PhD thesis shows how the as-
semblage approach, complemented with a phy-
logenetic comparative method, can be useful for
exploring both ecological and evolutionary mecha-
nisms associated with Bergmann’s rule in a spa-
tially explicit context. We have detected remark-
able broad-scale body size gradients for both en-
dothermic and ectothermic terrestrial vertebrates
and contributed to generate insights into poten-
tial underlying processes. Bergmann’s physiologi-
cal mechanism cannot explain geographic body
size variation everywhere and in every taxon. Al-
ternatively, we have proposed a complementary
explanation that may be able to account for as-
semblage-level patterns of body size in both endo-
therms and ectothermic organisms with limited
capabilities for internal heat production. Even so,
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a general explanation for Bergmann’s rule still re-
mains elusive. We emphasize the need for a plu-
ralistic search for mechanisms that contributes to
avoid the traditional conflation between pattern
(increasing body size towards colder regions) and
mechanism (heat conservation) that is tradition-
ally associated with the study of Bergmann’s rule.
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