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Allometry reveals trade-offs between Berg-
mann’s and Allen’s rules, and different avian
adaptive strategies for thermoregulation
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Animals tend to decrease in body size (Bergmann'’s rule) and elongate
appendages (Allen’s rule) in warm climates. However, it is unknown whether
these patterns depend on each other or constitute independent responses to
the thermal environment. Here, based on a global phylogenetic comparative
analysis across 99.7% of the world’s bird species, we show that the way in which
the relative length of unfeathered appendages co-varies with temperature
depends on body size and vice versa. First, the larger the body, the greater the
increase in beak length with temperature. Second, the temperature-based
increase in tarsus length is apparent only in larger birds, whereas in smaller
birds, tarsus length decreases with temperature. Third, body size and the
length of beak and tarsus interact with each other to predict the species’
environmental temperature. These findings suggest that the animals’ body size
and shape are products of an evolutionary compromise that reflects distinct

alternative thermoregulatory adaptations.

The tremendous diversity of physical forms shown by life on earth' has
long fascinated biologists and prompted calls for explanations. Two of
the oldest attempts to explain this phenomenon are Bergmann’s
(1847)* and Allen’s (1877)° rules, which link variation in animal body
size and shape with climate. Bergmann’s rule states that body size
tends to decrease toward the equator, as small body size (which pro-
duces a higher surface-area-to-volume ratio) results in more effective
heat exchange with the ambient environment and hence is advanta-
geous in warm conditions. Conversely, large body size (lower surface-
area-to-volume ratio) effectively reduces heat loss, thus is favorable in
cold conditions®. Allen’s rule states that animals with longer appen-
dages (hence higher surface-area-to-volume ratio) are more likely to be
found in hot climates, where shedding excess body heat may be nee-
ded. In turn, shorter appendages (lower surface-area-to-volume ratio)
are more likely found in cold conditions, where effective retention of
warmth is required®. Notably, both Bergmann'’s and Allen’s rules invoke
the argument that the body’s surface-area-to-volume ratio plays a key
role in thermoregulation, and has been the subject of natural selection
as animals adapted to their thermal environments. Changes in the

ambient temperature over evolutionary time either through environ-
mental changes in situ*® or when species colonized new
environments®® have therefore driven diversity in animal body size
(Bergmann'’s rule) and shape (Allen’s rule) as they adapted to these new
thermal environments.

For the last 150 years, an array of evidence has accumulated that
Bergmann’s and Allen’s rules reliably link phenotypic variation with
geographic and temporal distribution across populations’™ and
species™®, Accordingly, body sizes tend to decrease’'*** and relative
appendage sizes tend to increase>’® with the environmental tem-
perature. Since the middle of the 20th century, the global climate has
been experiencing warming decade-to-decade, resulting in observa-
tions that animals have been shrinking in size and/or elongating
appendages™'>'??!, which suggests that Bergmann’s and Allen’s rules
describe widespread and fundamental macro-evolutionary patterns.
However, we are far from understanding how body size and shape
evolve simultaneously in response to thermal conditions as consensus
as to how Bergmann’s and Allen’s patterns interact has not been yet
established. Few studies have explicitly examined”*?* whether
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geographic patterns in body size and shape occurs simultaneously
across multiple species, although a recent study within 26 Australian
shorebird species” indicated support for both rules, but did not
indicate any specific association between the two. The failures to
identify complementarity in both rules may be a consequence of the
analytical approach, or the limited taxonomic and/or geographic
coverage of previous studies*-*. To better address the question of
how the two rules are complete we need to capture broad gradients of
temperatures and phenotypes.

If both Bergmann’s and Allen’s rule are true, an animal’s pheno-
type has two ways to adapt to novel climates—first through the shift in
body size, and second through changes in the size of appendages.
These two elements of adaptation to climate may both be selected to
change in a complementary manner. Alternatively, or one or other may
be selected for in a compromise due to evolutionary or physical con-
straints, as in addition to thermoregulation, the phenotype has to meet
functional requirements, such as foraging or metabolic efficiency**?*.

The concept of an evolutionary compromise, or ‘trade-off’,
between body size and shape is not new. Indeed, Allen explicitly
embedded his rule in the context of Bergmann’s rule, proposing a
scenario where animal lineages could maintain their optimum body
size (or even show converse Bergmann’s patterns) under increasing
temperatures through changes in the size of appendages over evolu-
tionary time’. According to this scenario, the size of appendages
should increase with temperature more steeply in large-bodied
organisms and increase less (or possibly remain constant) in small-
bodied organisms. This is because having a small body may be suffi-
cient to deal with hot temperatures, without the need to change body
shape. By contrast, large-bodied organisms (according to Bergmann'’s
rule) may easily overheat at higher ambient temperatures, hence
should be under stronger selection to evolve elongated appendages to
disperse excess heat. Simultaneously, body size should decrease with
temperature more steeply in organisms with small appendages, and
less so in organisms with large appendages, because large-appendaged
organisms (according to Allen’s rule) already effectively exchange the
heat with the ambient environment, thus their body sizes might be
under weaker selection for thermoregulation in warm climates. Thus,
the climate-dependent development (and maintenance) of either large
or small body size may depend on the size of appendages and vice
versa. If the above is true, historical shifts in body size (Bergmann’s
rule) and the size of appendages (Allen’s rule) may represent two
distinct evolutionary ways to cope with thermoregulatory changes and
we need not necessarily predict that both will hold simultaneously.
This may also in part explain why concordance with Bergmann’s rule or
Allen’s rule is not universal across lineages**%.

Allen’s scenarios have implications for allometry**—i.e. the rela-
tionship between the absolute size of appendage and body size” . If
Allen was right, and body size determines how the relative size of
appendages increases with temperature (a stronger Allen’s rule rela-
tionship in larger animals), then the allometry of appendage size
should vary across temperature gradients, with the increase in the
absolute size of appendages (against body size) expected to be steeper
in warm climates and milder in cold climates. To test this hypothesis,
we may evaluate if the interaction of temperature and body size pre-
dicts the absolute size of appendages®, allowing us to determine how
the slope of Allen’s rule pattern varies across various settings of body
size, and simultaneously, whether and how allometry of appendage
size varies across a temperature gradient.

A compromise between Bergmann’s and Allen’s rule, if it exists,
could be reflected in many ways. First, when animals adapt to warmer
climates, they should either become smaller (Bergmann'’s rule) or their
appendages should elongate relative to body size (Allen’s rule). Here,
we would expect there to be an interaction between body size and the
relative size of appendages when predicting the ambient temperature
experienced by animals (which reflects the thermal preferences of

those species), with implications for how their phenotypes adapt to
different climates. Second, if temperature influences body size (Berg-
mann’s rule), then the temperature should influence also the relative
size of appendages (Allen’s rule), assessed as the residuals of the
regression of appendage size against body size, when body size is
corrected by the geographic temperature. Whereas, if the compromise
hypothesis is false, the temperature will better predict the size of
appendages relative to raw body size (not-accounting for environ-
mental context). This may be tested by integrating allometry, Berg-
mann’s rule, and Allen’s rule in single causal model, which releases the
assumption of mutual independence between body size and appen-
dage length®.

Here, we address this issue with a phylogenetic comparative
analysis of nearly all bird species (9962 species ~ 99.7% of global
diversity). We use phylogenetically-informed® linear regression
models® to examine how the temperature® experienced by species
within their geographic ranges® co-varies with their body size®
(Bergmann'’s rule) and the relative sizes of unfeathered appendages:
the beak and the tarsus' (Allen’s rule), which have been linked to
thermoregulation'**%, To disentangle the question of whether these
rules describe complementary or alternative strategies to cope with
thermoregulatory demands, we examine how body size interacts with
temperature when predicting the size of appendages and (simulta-
neously) how temperature influences the interspecific allometry of
appendage length. We then investigate how body size and appendage
length interact with each other to predict the environmental tem-
perature experienced by the species within its geographic range
(‘environmental temperature’ hereafter) to ask how the phenotype
adapts to different climates. Finally, we integrate Bergmann'’s rule,
Allen’s rule, and allometry in various causal models***° to better
understand how the temperature gradients affect the evolutionary
shifts in phenotype and how the phenotype is linked to evolutionary
adaptations to different climates. We test all of these hypotheses using
various temperature measures (ranging from lower, through average,
to upper temperatures occurring annually within species range) and
we control for avian migratory habits (which notably influence
experienced temperatures” and phenotypes*’). We also examine
whether our findings differ between species of different range sizes, to
exclude possible confounds of climatic- and phenotypic-variability
within continental and cosmopolitan species®?. In addition, we use
different measures of relative appendage sizes (residuals, ratios and
principal components) and multiple phylogenetic trees to reduce
possible artefacts from particular choices of measures or evolutionary
reconstructions.

Results and discussion

Bergmann'’s rule

Variation in avian body size has arisen through millions of years of
evolution*’, and our data reflects this by showing that log body mass is
strongly predicted by phylogeny (Supplementary Table 1). Yet, avian
body size also shows large geographical variation (Fig. 1a), and our
analysis provides strong support for Bergmann'’s rule across the global
community of birds. Phylogenetic linear mixed models indicated that
the temperature variables explain from 9.0% to 11.8% of the variance in
log-transformed body size (estimated with r-squared; Fig. 1b). These
models are substantially better supported than the null model and the
model with latitude alone (Fig. 1b), suggesting that the observed
geographical pattern is linked to thermoregulation. All of these tem-
perature models indicate that temperature negatively correlates with
body size (Fig. 1c and Supplementary Fig. 1), as predicted by Berg-
mann’s rule.

Allometry of appendages
Allen’s hypothesis® implies that the length of animal’s appendages
varies with temperature in relative (not absolute) terms, thus when
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asking how the appendage length vary across temperature gradient,
we always need to control for body size. Phylogenetic log-log regres-
sion models revealed that body mass explains 72.7% and 72.5% of
variance in beak and tarsus length (estimated with r-squared of models
shown in Fig. 2a and Supplementary Fig. 3a), respectively, confirming
that the evolution of absolute avian appendage size is substantially
constrained by body size. These null allometric models predict that
log-transformed beak length (Fig. 2a) and tarsus length (Fig. 3a) scale
with log-transformed body mass in a linear manner:

log.(Beak Length) =1.4345 + 0.3362 log,Body Mass 1)

log,(Tarsus Length) =2.1141 + 0.2883 log,Body Mass ?2)

the normalized formulas of which give us the logarithmic equations:

Beak Length = 4.1975 Body Mass® ¢ 3)

Tarsus Length = 8.2821 Body Mass’ %3 )

Because these allometric plots (Figs. 2a and 3a) relate the
length of the appendage (one dimensional linear measure) to the
body mass (three-dimensional volumetric measure) it means that
the size of appendages would scale isometrically (proportionally)
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Fig. 1| Global test of Bergmann’s rule across 9962 (99.7%) avian species. Dis-
tribution of log-transformed body mass across species geographic ranges, shown as
their geometric centroids (a). Model selection procedure for predicting log body
mass (b), with six temperature measures assessed within species geographic ranges,
as sole fixed effects; AIC—Akaike Information Criterion, r’—coefficient of determi-
nation. An exemplar Bergmann’s model (c), showing decreasing body size with max

with the body size if the allometric coefficient was 0.3333. Thus,
beak length equals to body mass to a power of 0.3362 means that
the beak elongates almost exactly proportionally with body size.
However, tarsus length equals to body mass to a power of 0.2883
means that the extent to which tarsus elongates with body size is
slightly more pronounced in smaller species and weaker in larger
species.

These allometric relationships have implications for how we
interpret subsequent patterns. For example, consider a species that
experience a temporal increase in temperature, or invades a warmer
climate. Then, if only Bergmann’s rule is operating (and in the absence
of other confounds), a gradual decrease in body size should result in a
proportional decrease in absolute beak length, and a gradually larger
decrease in absolute tarsus length. Conversely, if species follow only
Allen’s rule (and not follow Bergmann'’s rule), then the increase in beak
length should be similar between larger and smaller species, while the
increase in tarsus length should be weaker in larger species and
stronger in smaller species. Thus, Allen’s assumption that the increase
in the ratio of body width to body length is steeper in larger species?,
should not be a direct effect of the allometric rules, as appendages
tend to increase proportionally with body size (beak) or increase
milder at larger body sizes (tarsus).

Allen’s rule

After excluding the effect of allometry, relative beak length is still tightly
associated with phylogeny (Supplementary Table 1), while showing an
impressive geographic variation (Fig. 2b). Our phylogenetic analysis
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temperature of all months; see Supplementary Fig. 1 for surrogate models based on
the other temperature measures (evaluated in b). The shaded area around the trend
line is simple shading to facilitate reading. The p values refer to the significance of
temperature effect and whether it differs from zero as derived from a two-tailed test.
The results were obtained with phylogenetic linear regression by phylolm models on
a single maximum clade credibility phylogenetic tree.
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Fig. 2| Global test of Allen’s rule on avian beak length across 9962 (99.7%) bird
species. The null allometric model (a) used to scale the absolute (log-transformed)
beak length with log body size, the residuals from which were used as the relative
beak length. Distribution of relative beak length across species geographic ranges
(b). Model selection procedure for predicting log beak length (c), involving models
with log body mass and either of six temperature measures within species geo-
graphic ranges included as fixed and interaction terms; AIC—Akaike Information
Criterion, r’—coefficient of determination. An exemplar Allen’s model (d) showing
increasing beak length with max temperature of all months, while controlling for
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body size as fixed term. An exemplar model with interaction of body size and max
temperature of all months (e) illustrating how Allen’s rule operates across steeping
quantiles of body size (left) and how allometry varies across quantiles of tem-
perature (right). See Supplementary Fig. 2 for surrogate models based on the other
temperature measures (evaluated in c). The p values refer to the significance of
model’s fixed (d) or interaction terms (e) derived from two-tailed tests. The shaded
area around the trend line is simple shading to facilitate reading. The results were
obtained with phylogenetic linear regression by phylolm models on a single max-
imum clade credibility phylogenetic tree.

concurs with an array of existing studies*”** that found that the
length of avian beak follows Allen’s rule, and is a general pattern across
birds as a whole. Among our models predicting beak length, those with
temperature variables among fixed terms are more informative than the
null allometric model, where log body mass (allometry) is put as sole
predictor (Fig. 2c). Most of the temperature variables also predict beak
length better than latitude (Fig. 2c), again confirming the thermo-
regulatory basis of the observed pattern. Each of the temperature
variables are positively associated with longer beaks (Fig. 2d and Sup-
plementary Fig. 2a), which remains in agreement with Allen’s rule.
Some studies have reported the ambiguous* or very weak™®
Allen’s pattern for avian legs. While relative tarsus length is also well
conserved in avian phylogeny (Supplementary Table 1) and shows a

high geographic variation (Fig. 3b), surprisingly, our global phylo-
genetic analysis indicates that avian tarsus length follows the inverse
of Allen’s rule. Among models explaining tarsus length, those with
temperature variables are better than the null allometric model
(Fig. 3c). However, these models indicate a negative correlation—
thereby shorter tarsi are associated with warmer tempera-
tures (Fig. 3d).

Allen’s vs Bergmann’s rule in allometry

Our analyses support the hypothesis that the way in which avian
appendages size varies across temperature regimes, depends on
body size and vice versa. First, among models of beak length, those
with an interaction of body size and the temperature consistently
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Fig. 3| Global test of Allen’s rule on avian tarsus length across 9962 (99.7%) bird
species. The null allometric model (a) used to scale the absolute (log-transformed)
tarsus length with log body size, the residuals from which were used as the relative
tarsus length. Distribution of relative tarsus length across species geographic ran-
ges (b). Model selection procedure for predicting log tarsus length (c), involving
models with log body mass and either of six temperature measures within species
geographic ranges included as fixed and interaction terms; AIC—Akaike Informa-
tion Criterion, r’—coefficient of determination. An exemplar Allen’s model (d)
showing decreasing tarsus length with max temperature of all months, while
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controlling for body size as fixed term. An exemplar model with interaction of body
size and max temperature of all months (e) illustrates how Allen’s rule operates
across steeping quantiles of body size (left) and how allometry varies across
steeping quantiles of temperature (right). See Supplementary Fig. 3 for surrogate
models based on the other temperature measures (evaluated in c). The p values
refer to the significance of model’s fixed (d) or interaction terms (e) derived from
two-tailed tests. The shaded area around the trend line is simple shading to facil-
itate reading. The results were obtained with phylogenetic linear regression by
phylolm models on a single maximum clade credibility phylogenetic tree.

perform better than models without that interaction (Fig. 2c). The
interaction of temperature and body size loads positively on beak
length, indicating that larger-bodied species show stronger
increases in beak size with temperature (Fig. 2e, left plot). Notably,
beak length does not co-vary with temperature in the smallest birds
(Fig. 2e, left plot), which is in agreement with Allen’s speculations?
that being smaller reduces the need to develop elongated appen-
dages in hot climates, as effective heat exchange is already enabled
through small body size (according to Bergmann’s rule). The posi-
tive interaction between body size and temperature also indicates

that the higher the temperature, the steeper the allometric rela-
tionship between beak size and body size (Fig. 2e, right plot),
meaning that in warmer climates beak size increases more strongly
with body size than in colder climates, exactly as Allen
hypothesized.

An interaction between body size and temperature is also con-
sistently supported in models of tarsus length (Fig. 3c). This interac-
tion has strong positive effect on tarsus length, thereby reversing the
trend by which tarsus shortens with temperature (Fig. 3e, left plot).
This means that despite the overall decrease of tarsus size with
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temperature in smaller birds (the inverse of Allen’s rule), the opposite
is true for larger birds that show increasing tarsus size with tempera-
ture (Fig. 3e, left plot). The interaction holds regardless of the tem-
perature measure examined (Supplementary Fig. 3b, upper row), even
if those previously did not co-vary with tarsus length when included as
simple independent term with body size (Supplementary Fig. 3a). The
case of larger birds thus fits Allen’s rule, and agrees with Allen’s further
speculations’® that appendages are more likely to increase in larger-
than in smaller-bodied animals. However, Allen did not predict the
possibility of shortening appendages toward hot temperatures as seen
in small birds. Given the extent of our sampling, the effect of short-
ening tarsi toward the equator in small-bodied species is presumably
not an artefact, but relies on yet unknown mechanisms (possibly
unrelated to thermoregulation). Nevertheless, if there is an evolu-
tionary pressure to develop a smaller tarsus in hot climates, the
increased thermoregulatory needs of larger-bodied species possibly
overwhelm this selective process. This may be because large species
acquire higher heat loads when the ambient temperature is hot, hence
necessitating the development of longer legs as cooling organs. As
with beak size, the interaction also indicates substantial changes in
allometry, with much more millimeters of tarsus per each gram of
body in warm conditions compared to cold conditions (Fig. 3e,
right plot).

Our analyses also support the mirror scenario, that the extent to
which body size decreases with temperature (Bergmann’s rule)
depends on the length of appendage. In models predicting body size,
the temperature does not interact with relative beak length (Supple-
mentary Fig. 4a), but interacts with tarsus length (Supplementary
Fig. 4b). This interaction indicates that the strongest shrinkage in body
size with temperature occurs in shorter-legged birds, while in longer-
legged birds body size increases with temperature (inverse Berg-
mann’s rule). This again supports Allen’s speculations that variation in
body shape allows birds to evolve body sizes less restricted (or even
unrestricted) to environmental temperature. Thus, the results support
the theory that Bergmann’s and Allen’s rules are two distinct, albeit
analogous strategies to deal with thermoregulation.

Allen’s vs Bergmann’s rule in climatic adaptations

Our analysis shows that the interactions of body size (Bergmann’s
rule), beak length and tarsus length (Allen’s rule) predict the thermal
environment across birds (e.g. the max temperatures of all months
across species ranges, Fig. 4a). As with body size and shape, the tem-
peratures experienced by species within their geographic ranges are
finely conserved in the avian phylogeny (Supplementary Table 1),
suggesting that thermal preferences of avian species have been
established through evolutionary history. Evolution of these pre-
ferences then occurred when temperature changes affected their
native environments (thus causing extinctions or adaptations), or
when birds invaded novel environments (thus adapting to newly-
encountered climates). Log-transformed body mass, relative beak
length and tarsus length clearly predict the species ambient tem-
perature (Fig. 4b), suggesting that the phenotype changes as animals
adapt to suit different climates. However, of particular note is that the
addition of an interaction between body size and relative beak length
substantially improves model performance (Fig. 4b). This interaction
shows that for longer-beaked birds, temperature associations are
unrelated to body size, but the shorter the beak, the more pronounced
is the shrinking in body size in warmer temperatures (Fig. 4c, left plot).
In the case of smaller-bodied birds, the adaptation to different tem-
peratures is independent of beak length, but with larger birds, the
adaptation to warmer temperatures is more likely associated with
elongated beaks (Fig. 4c, right plot). These results indicate that living
in warmer temperatures tends to be associated either with smaller
body size (Bergmann'’s rule) or longer beak (Allen’s rule), rather than
both rules simultaneously, thus again supporting the hypothesis of an

evolutionary compromise between shifts in body size and shape as
alternative adaptations to thermal environment.

The interaction of body size and relative tarsus length also sub-
stantially improves the model predicting ambient temperature of the
species (Fig. 4b). This interaction indicates that living in warmer cli-
mates is associated with smaller body size (Bergmann’s rule) only in
shorter-legged birds, while in longer-legged birds the environmental
temperature increases with body size (inverse Bergmann'’s rule; Fig. 4d,
left plot). Simultaneously, the avian environmental temperature
increases with tarsus length (Allen’s rule) only in larger species, while
the opposite is true for smaller species (Fig. 4d, right plot). This sug-
gests that larger-legged avian lineages may be resistant to Bergmann’s
rule and become larger when habituating to warm climates, while
shorter- and average-legged birds become smaller with temperature,
as predicted by Bergmann'’s rule. These findings again converge with
Allen’s speculations on trade-off in the evolution of body size and
appendage length in relation to temperature.

We found that the length of the two different appendages—beak
and tarsus—show independent evolutionary patterns (Fig. 4e). The
environmental temperature of a species increases with beak length
independently from tarsus length, and decreases with tarsus length
independently from beak length (Fig. 4e). These outcomes reject the
possibility of an evolutionary compromise in climatic adaptation of
two types of appendages, at least when we do not control for body size
(Bergmann'’s rule) as additional type of climatic adaptation.

Finally, the model with a three-way interaction between body size,
relative beak and tarsus length predicting temperature performs the
best among all considered candidate models (Fig. 4b) and this inter-
action is statistically significant (Fig. 4f), suggesting that evolutionary
adaptation to novel climates depends on various configurations of
body size, beak, and tarsus length. This model indicates various
Bergmann’s rule slopes across different settings of body shape (Fig. 4f,
top-left). Namely, the steepest decrease in environmental temperature
with body size (i.e. strongest Bergmann'’s rule) is observed in smaller-
billed and smaller-legged birds (Fig. 4f, top-left, brown trend line),
whereas in longer-billed and shorter-legged birds (Fig. 4f, top-left,
green trend line) body size is not associated with environmental
temperature. This model also indicates that in shorter-billed, longer-
legged birds (Fig. 4f, top-left, purple trend line) body size increases
across temperature gradient (inverse Bergmann’s pattern). This thus
strengthens the support for Allen’s theory that having bodies with
elongated appendages may enable species to circumvent or even
reverse Bergmann'’s pattern; whereas compact bodies are more prone
to decrease in size with temperature in order to deal with overheating
in warm climates. Counteracting this argument, however, is that
longer-billed and longer-legged birds show (moderate) typical Berg-
mann’s pattern (Fig. 4f, leftmost plot, bluish trend line).

The three-way interaction model also shows other mixtures of
expected and unexpected results. For example, the strongest increase
in environmental temperature with beak length occurs in larger-
bodied and shorter-legged birds (Fig. 4f, top-right plot, orange trend
line), which clearly suggests a trade-off in evolution of body size and
beak length and a similar trade-off in the evolution of the two types of
appendages, presumably reflecting different adaptive responses for
thermoregulation. However, a similar increase in beak length also
occurs in tiny-bodied and longer-legged birds (Fig. 4f, top-right plot,
blue trend line), which stands in contrast to this trade-off hypothesis.
Likewise, the steepest increase in environmental temperature with
tarsus length (Allen’s rule) occurs in larger-bodied and shorter-billed
birds (Fig. 4f, bottom plot, pink trend line), again suggesting a com-
promise scenario, with elongated tarsus evolving as thermoregulatory
organ to compensate for insufficient heat exchange due to large body
and small beak. It also suggests that, in large birds, having a short beak
in hot climates requires longer tarsi (Fig. 4f, top-right, pinkish and
orange trend lines) and vice versa (Fig. 4f, bottom plot, rose and
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Fig. 4 | Global test for avian adaptation to maximum temperature across all length (e) illustrates how Allen’s rule based on the relative length of one
months by shifts in body size (Bergmann’s rule) and appendage size (Allen’s appendage operates across steeping quantiles of the relative length of second
rule) across 9962 (99.7%) avian species. Distribution of environmental tem- appendage. An exemplar model with three-way interaction of log body mass,

perature across species geographic ranges (a). Model selection procedure for  relative beak and tarsus length (f) illustrates how shifts in body size and two
predicting max temperature all months (b), involving models with different measures of body shape depend on each other when animals adapt to novel
combinations of log body mass, relative beak and tarsus length as fixed and climates; the trend lines indicate relationships between y and x; (axes) across
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exemplar model with two-way interaction of relative beak length and tarsus models on a single maximum clade credibility phylogenetic tree.
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yellowish trend lines), indicating that in large species, the summarized
length of two types of appendages is important for thermoregulation.
However, by contrast, it seems that in small bodied species, beak and
tarsi length evolved in a correlated way (Fig. 4f, top-right and bottom
plots, green and blue trend lines) across environmental temperature
(occurrences in warmer temperatures are associated with simulta-
neously both longer beaks and tarsi, or else simultaneously shorter
beaks and tarsi). This may indicate a general tendency to correlated
evolution of relative beak and tarsus lengths, perhaps for functional
reasons, e.g. longer beaks may allow long-legged birds to explore
substrate more efficiently, as longer necks also do*’.

Allen’s vs Bergmann’s rules in causal models
Our hypothesis consequently holds within phylogenetic path analysis,
where the best causal models integrate Bergmann’s and Allen’s rules to
explain both the size of avian appendages (Fig. 5a) and the avian
thermal environment (here, maximum temperature across all months)
(Fig. 5b). The best model predicting beak and tarsus length includes
the causal effect of temperature on body size (Bergmann'’s rule) and
then body size on beak and tarsus length (allometry), as well as the
direct effect of temperature on the size of appendages (Allen’s rule)
(Fig. 5a). This joint Bergmann’s and Allen’s model is substantially better
than the model assuming that temperature does not affect body size
before scaling for the length of appendages (Fig. 5a, Allen’s rule only).
The combined Bergmann’s and Allen’s model is also better than one
assuming no direct effect of temperature on appendages (Fig. 5a,
Bergmann’s rule only). This again indicates that how the length of avian
appendages co-varies with the ambient temperature partially depends
on how avian body size co-varies with temperature, yielding results
aligned with the trade-off hypothesis. This notably argues against the
possibility that the increase in the length of appendages (relative to
body size) with temperature is an artefact of decreased body sizes at
hot temperatures (see*). However, interestingly, the model including
only Allen’s rule (and allometry) explains the length of appendages
with similar accuracy to the model with only Bergmann'’s rule (Fig. 5a).
The best model predicting the temperature associations includes
the indirect effect of body size on the length of appendages (allo-
metry), and then the length of appendages on temperature (Allen’s
rule), as well as the direct effect of body size on temperature (Berg-
mann’s rule) (Fig. 5b). These results again demonstrate that how the
temperature varies across species ranges depends on both the size of
body and appendages, suggesting that Bergmann’s and Allen’s rules
describe two distinct evolutionary ways to cope with thermoregula-
tion. Moreover, the similar performance of Allen’s model compared to
Bergmann’s model (Fig. 5b) again suggests that shifts in the animal’s
body size and shape represent roughly equally influential in the evo-
lution of adaptations to novel climates.

Excluding possible confounding factors

To ensure the reliability of our findings, first we show that when
explaining the phenotype (Supplementary Figs. 2b and 3b), or the
temperature within species geographic ranges (Supplementary
Fig. 6), the main results remain consistent whichever of the five
temperature measures is included. Second, despite the fact that the
relationships with relative length of appendages and the experienced
temperatures are strongest in resident birds, followed by partial- and
full- migrants, our results still hold when accounting for these three
categories of avian migratory habits (Supplementary Fig. 7); and the
compromise scenario remains similar in each of these groups inde-
pendently (Supplementary Figs. 8-10). It aligns with previous
studies’*, which found that ecogeographical rules are valid
regardless of variation in avian migratory habits. However, it is worth
to notice that the most prominent trade-offs are found in resident
species (in case of explaining environmental temperature, see Sup-
plementary Fig. 10) or in partial migrants (in case of explaining beak
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Fig. 5 | Phylogenetic path analysis with responses of the length of avian
appendages (beak and tarsus) (a) and the maximum temperature of all months
within species range (b) across 9962 species (99.7% of global community). In
both cases model candidates include different combinations of allometry (rela-
tionship between the length of appendages and body size), Bergmann'’s rule (the
relationship between body size and the temperature) and Allen’s rule (relationship
between the length of appendages and temperature). ACIC—delta C statistic
Information Criterion. The results were obtained with phylogenetic path analysis by
using phylopath models on a single maximum clade credibility phylogenetic tree
and scaled covariates (mean =0 +1SD) to compare their effect sizes (see numbers
on path diagrams).

length, see Supplementary Fig. 8). Third, the trade-offs in thermo-
regulatory strategies also hold after controlling for geographic range
size (Supplementary Fig. 11) and remains quantitatively (Supple-
mentary Figs. 12-13) or qualitatively (Supplementary Fig. 14) stable
across the gradient of endemic-cosmopolitan species. Thus, even if
ecogeographical rules operate within widespread species (across
distanced populations, as well documented® "), this does not appear
to influences the results of our cross-species analysis. Fourth, the
predictions of temperature within species geographic ranges are also
not specific to the way by which we account for the allometry of
appendages (by using residual appendage length). Parallel analyses
with ratios of appendage length to body mass (Supplementary
Fig. 15) or principal components of all phenotypic traits (Supple-
mentary Fig. 16) give qualitatively similar outcomes. Fifth, we also
show that results of both phylogenetic regression (Supplementary
Fig. 17) and phylogenetic path models (Supplementary Fig. 18)
remain consistently valid across 100 randomly chosen phylogenetic
trees”, mitigating concerns regarding phylogenetic uncertainty
influencing our results.

Notably, there is a wider list of important ecological factors con-
straining or favoring variation in body size and shape, e.g. tropic levels
or foraging techniques™***%, although they are also themselves
constrained by phylogeny to some extent, which we control for.
Nevertheless, we believe that it is likely that these constraints influ-
enced (or were influenced by) the Bergmann-Allen trade-off. Under-
standing of this issue would benefit from a deeper dive into the
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relationship between climatic, phenotypic and ecological variation
across animals.

Our findings in the context of eco-evolutionary processes driven
by climate

To the best of our knowledge, this study is the largest (taxonomically
and geographically) simultaneous test of ecogeographical rules and it
provides a first empirical evidence for a trade-off in the evolution of
body size (Bergmann’s rule?) and the size of appendages (Allen’s rule®)
across global temperature gradients. Our results confirm what Allen®
speculated—the larger the body, the stronger the increase in appen-
dage size with temperature; and the larger the appendages, the milder
the decrease in body size with temperature. Thus, the evolution of
body size under temperature regimes likely depends on the size of
appendages and, on the other hand, the extent to which temperature
drives the size of appendages depends on body size. This means that
these two thermoregulatory adaptations are not independent of each
other, but the phenotype has at least two ways to adapt to novel cli-
mates, i.e. by the shifts in body size or the shifts in the size of appen-
dages (or both to a lesser extent).

The evolution of appendages (e.g. avian beaks*’) was a dynamic
process believed to overtake the changes in body size across evolu-
tionary time®. Our analyses do not indicate, however, that shifts in
body size have been more frequent than shifts in appendage size (or
vice versa), at least not because of thermoregulation. Rather, they
indicate that shifts in body size and shape are intertwined through
avian evolutionary history, agreeing with the theory that animals select
the most convenient strategy of thermoregulation to maintain func-
tional traits of its phenotype. For functional reasons animal lineages
tend to increase in body size over evolutionary time (Cope’s rule*?),
thus it is not surprising that strategies allowing species to maintain/
develop larger bodies (i.e. over-increase in appendage size) are to be
expected evolutionarily. On the other hand, some lineages may be
constrained in appendage size (e.g. to forage”*’ or communicate”
effectively), hence those may favor the shifts in body size to reconcile
optimal thermoregulation with a desired functionality.

We found that the compromise in thermoregulatory strategies
may also involve two distinct types of appendages, here beak
versus tarsus. However, this is true only for larger-bodied species
(see Fig. 4f top-right and bottom plots, trends for large bodies),
that are more likely to acquire higher heat loads in warmer envir-
onments, thus the summarized size of many appendages may be
for them crucial to disperse heat loads. Both beak and legs have
been confirmed to act as key regions of heat transfer on the avian
body* %52, thus both may be sensitive to thermal conditions
when body size is too large to deal alone with too hot tempera-
tures. Yet, in small-bodied species both appendages seem to
evolve in concerted way across temperature gradients, and this
may be in a way that conforms with Allen’s rule or not (see Fig. 4f,
top-right and bottom plots, trends for small bodies), indicating
that the small body ensures good temperature exchange in hot
climates, thus the evolution of appendages in these species may be
correlated, but independent of thermoregulatory selection
pressures.

It is worthwhile emphasizing that apart from shifts in body size
and shape, many other elements combine to help birds meet their
thermoregulatory requirements®, e.g. through variation in insulation
(feathers)**, coloration®*® metabolism®’, blood circulation®® or
behavior*® ", Extrapolating our results, these thermoregulatory stra-
tegies might also co-evolve under a trade-off to ensure optimal ther-
moregulation along with desired functionality. This is presumably a
reason for the relatively low performance of our models; e.g. physical
phenotype explains up to only 20% of the variance in ambient tem-
perature (Fig. 4b, upper model), therefore unexplained variance must
be attributed to other thermoregulatory strategies.

In this study, we demonstrate that Allen’s rule may be attributed
to the varying allometric functions across temperature gradients.
Although logical and argued elsewhere®, it has never been addressed
by any empirical research. Our findings clearly indicate the importance
of considering body mass as both a fixed and interaction term in stu-
dies of Allen’s rule, but also might suggest that ambient temperature
should be included in other allometric studies of animals’ morphology.
That said, temperature explains very little of the variance in the size of
appendages compared to body size (Figs. 2c and 3c), thus thermal
conditions are unlikely to be a very crucial confounding factor for
allometry in comparative analyses.

In this study, we empirically confirm for the first time an evolu-
tionary compromise theory that was first proposed almost 150 years
ago’- the evolution of body size and appendages are two distinct and
interacting ways to cope with thermoregulation. This may explain why
many studies fail to detect Allen’s or Bergmann'’s rules independently
which has led to questioning of the generality of these ecogeo-
graphical patterns”***, Here, our findings suggest that Bergmann'’s
and Allen’s rules should not necessarily be considered in isolation. We
believe that these thermoregulatory strategies might intertwine
through the evolutionary history of animals, as the evolution of phe-
notype possibly interacts to confound ecogeographical rules to evolve
functional traits. This explanation also highlights the diverse
mechanisms that animals may employ to expand across the world’s
multiple environments. It also raises the speculation that with
observed and future anticipated warming of Earth’s climate, we should
expect mainly large animals to elongate in appendages, while mainly
compact-bodied animals to shrink in size.

Methods
Phenotype
Body size (in grams), beak length (measured from the culmen to tip; in
millimeters) and tarsus length (in millimeters) were retrieved from the
AVONET database'. In this database, most of the body mass values
come from Dunning’s Handbook of Avian Body Masses*. All of the
phenotype variables were log-transformed to achieve normal dis-
tribution and to enable allometric comparisons.

The database captured formidable variation in avian phenotypes.
The median avian body mass was 35.5g (e.g. White-browed woods-
wallow Artamus superciliosus), and ranged from 1.9 g (Peruvian sheartail
Thaumastura cora) to 111 kg (Common ostrich Struthio camelus). After
excluding the effect of allometry (see color gradients on log-log phy-
logenetic linear regression plot in Figs. 2a and 3a), the relative appen-
dage lengths still present an impressive range of variation in the extent
to which they are either larger or smaller than expected from body
mass. The relative beak length ranged from -0.86 in the great dusky
swift Cypseloides senex (which has an almost invisible beak), through
0.31 (median) found e.g. in the cinereous conebill Conirostrum ciner-
eum, to 2.33 in the sword-billed hummingbird Ensifera ensifera (in which
the beak accounts for approximately the 50% of the body length). The
relative tarsus length ranged from -1.56 in rufous hummingbirds
Selasphorus rufus (where the tarsus is one of the shortest bones in the
body), through -0.01 (median) found e.g. in the black-whiskered vireo
Vireo altiloquus, to 1.27 in the black-necked stork Ephippiorhynchus
asiaticus (in which tarsus is one of the longest bones).

Temperature

Climatic selection and constraint on the evolution of the desired
phenotype may imply several scenarios, depending on which periods
are most critical for thermoregulatory performance®’. Some scenarios
assume that phenotype is shaped by extreme temperature events (e.g.
either the warmest or the coldest days or months), which cause severe
mortality of organisms that can easily overheat or overcool during
these critical timeframes'®'®*%%, Alternative scenarios assume that the
phenotype is selected by the average temperature across year, as
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animals spend less time on cooling or heating, and thereby performs
better in foraging or reproduction. We therefore retrieved both aver-
age, upper and lower monthly temperatures measured within species
ranges to test our hypotheses under these alternative scenarios.

We obtained temperature data for each species from spatial
analyses within the ‘sf (version 1.0-8)*® and ‘raster’ (version 3.5-15)* R
packages, using global raster layers of temperatures available in World
Clim database (version 2.1)**. These rasters (Tmin, Tavg and Tmax; see
below) had a resolution of 30” and were consist of monthly averages
from a period of 58 years (1960-2018). The temperature metrics have
been calculated within polygons of species ranges available in form of
multi-polygon vector layers extracted from the BirdLife International
database (version 2020.1)*.

We first excluded polygons identified as uncertain species
presence, uncertain season of presence, non-native presence or
species extinct in a region, leaving us with 9962 species (out of
9,993 species) with complete geographic data. Second, having
polygons with only a certain, native and extant species presence we
grouped them by the species (according to the phylogenetic
taxonomy??) and the season of presence (either breeding season,
winter or year-round presence) and then we aggregated them to
obtain single polygons specific to species and season (Supplemen-
tary Fig. 19). Third, using breeding and year-round species ranges,
where species live at hotter period of the year; we calculated their
zonal means of monthly temperature maximums (Tmax) and took
the largest monthly value for each species (maximum temperature
of all months). We also calculated their zonal means of monthly
temperature averages (Tavg) and took the largest monthly value for
each species (average temperature of hottest month). Fourth, we
analogously used winter and year-round species ranges, where
species live at colder period of the year. Then, we calculated their
zonal means of monthly temperature minimum (Tmin) and took the
lowest monthly value for each species (minimum temperature of all
months). We also calculated their zonal means of monthly tem-
perature averages (Tavg) and took the lowest monthly value for
each species (average temperature of coldest month). Fifth, we took
all (breeding, winter and year-round) species ranges and we calcu-
lated their zonal means of monthly temperature averages (Tavg)
and averaged all monthly values to obtain average temperature of
all months for each species. We also retrieved absolute latitude
from the centroids of the above species ranges (breeding, winter
and year-round, summarized to a single polygon per species), which
described a simple geographic variation across species. Sixth, the
obtained temperature measures (minimum temperature of all
months, average temperature of coldest month, average tempera-
ture of all months, average temperature of hottest month and
maximum temperature of all months) were used in models pre-
dicting the phenotype. Where we used these measures as response
variables when predicting the temperature within species range (i.e.
the environmental temperature to which the species is adapted), we
transformed variables with two different formulas to normalize left-
shewed distribution (Supplementary Fig. 20).

The temperature measures reflected the full range of global
thermal environments occupied by birds. For example, the max-
imum temperature of all months ranged from -3.8°C (in the
emperor penguin Aptenodytes forsteri), through 29.9 °C (median, in
the Minas gerais tyrannulet Phylloscartes roquettei) to 43.8 °C (in the
Basra reed-warbler Acrocephalus griseldis). In contrast, the mini-
mum temperature of all months ranged from -35.3°C (in black-
billed capercaillie Tetrao urogalloides), through 14.1 °C (median, e.g.
in Yellow-breasted apalis Apalis flavida) to 24.8 °C (in the Seychelles
warbler Acrocephalus sechellensis). Notably, our multiple measures
of temperature indicated distinct aspects of seasonality in thermal
conditions that may require different phenotypic adaptations
across avian lineages.

Phylogeny

To account for evolutionary history, we used 100 fully resolved phy-
logenetic trees randomly retrieved from the Bird Tree Project™ in
nexus format. First, all analyses were run using single maximum clade
credibility tree, prepared with the ‘TreeAnnotator’ tool implemented
in BEAST software (versionl.8.0)®*. Second, all analyses were recalcu-
lated with the complete set of 100 phylogenies. To assess the depen-
dence of species traits on phylogeny (shown in Supplementary
Table 1), we used the ‘phylosig’ function implemented in ‘phytools’ R
package (version 1.0-3) to estimate Pagel’s \*’, varying from O (the
distribution of the phenotypic trait is completely independent of
phylogeny) to 1 (where the distribution of the trait is strongly pre-
dicted by the phylogeny).

Confounding factors

To exclude confounding factors, first we took avian migratory habits
available in AVONET database', which is phylogeny-aggregated version
of migration status from BirdLife International®. Migratory habits were
expressed as a categorical variable dividing birds in three distinct
classes: resident species (all populations of which reside at single
locations through all year), partial migrant species (some populations
of which reside at single locations through all year, while others
migrate seasonally) and full migrant species (all populations of which
migrate seasonally). Second, we assessed geographic range size by
aggregating all seasonal ranges™ of a species® to a single polygon and
calculated the area (in m?) on an equal-area cylindrical map projection
(Eckert V), ensuring comparable measurements from poles to
equator.

Statistical analyses

All analyses were performed using the R environment version 4.1.1%. All
hypotheses were tested using phylogenetic linear regression models
implemented in the ‘phylolm’ package (version 2.6.2)*. In each of these
models we used maximum likelihood lambda settings because they
were clearly supported by the model selection procedure. To select the
best model we used Akaike Information Criterion (AIC), assuming
models with AAIC <7 as somewhat likely and AAIC <2 as most likely.
The phylogenetic path analysis was performed using the ‘phylopath’ R
package version 1.1.3%°. The above package is based on ‘phylolm’
library®, thus ensuring the compatibility of our two (non-causal and
causal) analytical approaches. To rank the phylogenetic path models,
we used the C statistic Information Criterion (CIC), as advised in this
kind of analysis*’. For the exemplary R codes with model specification
see Supplementary Note 1. We visualized the results as scatter plots
using a custom function based on ‘ggplot2’ package (version 3.3.6). We
worked on the Intel Core i7-7820X CPU, 16-threads of basal speed of
3.60 GHz, using CPU parallel clusters to speed-up analyses.

To predict the phenotype, we used phenotypic traits as response
and temperature variables (and absolute latitude for comparison) as
predictors. The temperature variables were tightly correlated (Sup-
plementary Table 2), thus in each case we used only one of these
variables in a single model. To evaluate Bergmann’s rule, we ran uni-
variate models with log-transformed body mass as response and one
of the temperature variables as the fixed term. To address Allen’s rule,
we first built-up null allometric models with log-transformed beak
length or tarsus length as responses and log-transformed body mass as
principal fixed term to obtain results for the relative (not absolute) size
of appendages in all analyses (as Allen’s rule states). Then, we extended
models by one of temperature variable to formally evaluate simple
Allen’s rule (independent on trade-off with body size). To test the
trade-off hypothesis, we extended the above models by including the
interaction term between log-transformed body mass and tempera-
ture variable to evaluate the body-size-specific slope of appendage size
against temperature, and simultaneously, the temperature-specific
slope of appendage size against body size™.
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We additionally extended Bergmann’s models (log body mass as
response) by including the interaction of temperature and either
relative beak or tarsus length. Through this model, we aimed to eval-
uate the differences in slope of body size against temperature, specific
to different appendage lengths to ask whether trade-offs previously
seen in Allen’s rule (i.e. while explaining the length of appendages)
translate also to Bergmann’s rule (while explaining body size).

To predict the temperature within species range (representing the
‘environmental temperature’ for a species), we used transformed
temperature variable as response (see Supplementary Fig. 20 for
transformation formulas) and phenotypic traits as fixed terms. We did
not observe strong correlations between log-transformed body mass,
relative beak length, and relative tarsus length (Supplementary
Table 3), thus there were no limitations to include them in the same
models. We gradually extended the models with the fixed terms of log-
transformed body mass (Bergmann'’s rule) or the relative length of
beak or tarsus (both relative to body size, as Allen’s rule implies) and
each possible combinations of these terms, and then we gradually
extended these models with each possible combination of interaction
terms to reach the most complex model with three-way interaction
between body mass and the relative length of beak and tarsus. The
relative lengths of appendages used in this analysis were obtained by
extracting phylogenetic residuals of log-log phylogenetic regression of
beak or tarsus length against body mass (described as null allometric
models in the paragraph above; see Figs. 2a and 3a, by color gradients
explained on right). To ensure our results were not sensitive to this
particular scaling approach, we did parallel analyses with appendage-
size-to-body-size ratios and principal components of phenotype. To
assess ratios, we divided the absolute appendage length by body mass
and log-transformed the obtained values to normalize their distribu-
tion. This approach assumed isometric scaling of body shape with size,
but had severe limitations as both ratio of beak length and tarsus
length vs body mass were still (negatively) correlated with body mass
(r=-0.95, p<0.001 and r=-0.61, p<0.001, respectively), therefore
these results are included only as addendum to our main analyses.
Principal components of phenotype were obtained by passing log-
transformed and scaled (mean = 0+1SD) phenotypic traits to
‘phyl.pca’ function implemented in ‘phytools’ R package (version 1.0-
3)%. This approach ensured that body size (PC1) was equally charged
by all phenotypic traits, not only by mass.

In the phylogenetic path analysis we built two sets of models
integrated from linear regression models described above (excluding
those with interactions). First, we gradually integrated all models to
predict the phenotype, where we always had log-transformed beak
and tarsus length as final responses. These models included: (1) the
single direct effect of log-transformed body mass (allometry, the ‘null
model’ because it does not consider temperature) on log beak and
tarsus length, (2) the direct effect of allometry and indirect effect of
temperature on log body mass (Bergmann'’s rule), (3) the direct effect
of allometry and direct effect of temperature on log beak and tarsus
length (Allen’s rule) and (4) combination of allometry, Bergmann’s
and Allen’s rule (the ‘mixed model’). Second, we gradually integrated
allmodels to predict the temperature within the species range, where
we always had (transformed) temperature variable as final response.
These models included (1) the single direct effect of log-transformed
body mass (allometry) on log beak and tarsus length, (2) the direct
effect of allometry and direct effect of log body mass on temperature
(Bergmann’s rule), (3) the direct effect of allometry and direct
effects of log beak and tarsus length on temperature (Allen’s rule)
and (4) the combination of allometry, Bergmann’s and Allen’s rule
(mixed model).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data on the temperature conditions within species geographic
ranges generated in this study (Supplementary Data 1) have been
deposited in the Dryad repository at https://doi.org/10.5061/dryad.
9ghx3ffn7. The processed polygon layers with avian geographic ranges
are available at http://datazone.birdlife.org/*. The processed raster
layers with monthly temperature conditions are available at https://
worldclim.org/**. The phylogenetic trees used in this study are avail-
able at https://birdtree.org/*’. The phenotype data used in this study is
available in AVONET database'.

Code availability
R codes with all analyses (Supplementary Code 1) are deposed in
the Dryad repository (https://doi.org/10.5061/dryad.9ghx3ffn7).

References

1. Tobias, J. A. et al. AVONET: morphological, ecological and geo-
graphical data for all birds. Ecol. Lett. 25, 581-597 (2022).

2. Bergmann, C. Uber die Verhaltnisse der warmeokonomie der Thiere
zu uber Grosso. Gottinger Stud. 3, 595-708 (1847).

3. Allen, J. A. The influence of physical conditions in the genesis of
species. Radic. Rev. 1, 108-140 (1877).

4. Haywood, A. M. et al. What can palaeoclimate modelling do for
you? Earth Syst. Environ. 3, 1-18 (2019).

5.  Pound, M. J., Haywood, A. M., Salzmann, U. & Riding, J. B. Global
vegetation dynamics and latitudinal temperature gradients during the
Mid to Late Miocene (15.97-5.33 Ma). Earth-Sci. Rev. 112, 1-22 (2012).

6. Martinez-Meyer, E., Peterson, A. T. & Hargrove, W. W. Ecological
niches as stable distributional constraints on mammal species, with
implications for Pleistocene extinctions and climate change pro-
jections for biodiversity. Glob. Ecol. Biogeogr. 13, 305-314 (2004).

7. Varela, S., Lobo, J. M., Rodriguez, J. & Batra, P. Were the Late
Pleistocene climatic changes responsible for the disappearance of
the European spotted hyena populations? Hindcasting a species
geographic distribution across time. Quat. Sci. Rev. 29,
2027-2035 (2010).

8. Bohning-Gaese, K. & Lemoine, N. Importance of climate change for
the ranges, communities and conservation of birds. Adv. Ecol. Res.
35, 211-236 (2004).

9. Ashton, K. G. Patterns of within-species body size variation of birds:
strong evidence for Bergmann'’s rule. Glob. Ecol. Biogeogr. 11,
505-523 (2002).

10. Cooper, J. C. Niche theory and its relation to morphology and
phenotype in geographic space: a case study in woodpeckers
(Picidae). J. Avian Biol. 49, e01771 (2018).

1. Prokosch, J., Bernitz, Z., Bernitz, H., Erni, B. & Altwegg, R. Are animals
shrinking due to climate change? Temperature-mediated selection
on body mass in mountain wagtails. Oecologia 189, 841-849 (2019).

12. Campbell-Tennant, D. J. E., Gardner, J. L., Kearney, M. R. &
Symonds, M. R. E. Climate-related spatial and temporal variation in
bill morphology over the past century in Australian parrots. J. Bio-
geogr. 42, 1163-1175 (2015).

13. lJiang, T. et al. The patterns and possible causes of global geo-
graphical variation in the body size of the greater horseshoe bat
(Rhinolophus ferrumequinum). J. Biogeogr. 46, 2363-2377 (2019).

14. Romano, A., Séchaud, R. & Roulin, A. Generalized evidence for
Bergmann'’s rule: body size variation in a cosmopolitan owl genus. J.
Biogeogr. 48, 51-63 (2021).

15. Dubos, N., Dehorter, O., Henry, P. Y. & Le Viol, I. Thermal constraints
on body size depend on the population’s position within the spe-
cies’ thermal range in temperate songbirds. Glob. Ecol. Biogeogr.
28, 96-106 (2019).

16. Symonds, M. R. E. & Tattersall, G. J. Geographical variation in bill
size across bird species provides evidence for Allen’s rule. Am.
Naturalist 176, 188-197 (2010).

Nature Communications | (2023)14:1101


https://doi.org/10.5061/dryad.9ghx3ffn7
https://doi.org/10.5061/dryad.9ghx3ffn7
http://datazone.birdlife.org/
https://worldclim.org/
https://worldclim.org/
https://birdtree.org/
https://doi.org/10.5061/dryad.9ghx3ffn7

Article

https://doi.org/10.1038/s41467-023-36676-w

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gardner, J. L. et al. Spatial variation in avian bill size is associated
with humidity in summer among Australian passerines. Clim.
Change Responses 3, 11 (2016).

Alhajeri, B. H., Fourcade, Y., Upham, N. S. & Alhaddad, H. A global
test of Allen’s rule in rodents. Glob. Ecol. Biogeogr. 29,
2248-2260 (2020).

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L. & Heinsohn, R.
Declining body size: a third universal response to warming? Trends
Ecol. Evol. 26, 285-291 (2011).

Ryding, S., Klaassen, M., Tattersall, G. J., Gardner, J. L. & Symonds,
M. R. E. Shape-shifting: changing animal morphologies as a
response to climatic warming. Trends Ecol. Evol. 36,

1036-1048 (2021).

Van Gils, J. A. et al. Climate change: body shrinkage due to Arctic
warming reduces red knot fitness in tropical wintering range. Sci-
ence 352, 819-821 (2016).

McQueen, A. et al. Thermal adaptation best explains Bergmann'’s
and Allen’s Rules across ecologically diverse shorebirds. Nat.
Commun. 13, 4727 (2022).

Friedman, N. R. et al. Evolution of a multifunctional trait: shared
effects of foraging ecology and thermoregulation on beak mor-
phology, with consequences for song evolution. Proc. R. Soc. B:
Biol. Sci. 286, 20192474 (2019).

Cui, J. et al. Functional adaptation rather than ecogeographical
rules determine body-size metrics along a thermal cline with ele-
vation in the Chinese pygmy dormouse (Typhlomys cinereus). J.
Therm. Biol. 88, 102510 (2020).

Fan, L., Cai, T., Xiong, Y., Song, G. & Lei, F. Bergmann'’s rule and
Allen’s rule in two passerine birds in China. Avian Res. 10, 34 (2019).
Santoro, S. & Calzada, J. Allometry to evaluate Allen’s rule in climate
warming. Trends Ecol. Evolution 37, 475-477 (2022).

Snell, O. Die Abhangigkeit des Hirngewichtes von dem Korperge-
wicht und den geistigen Fahigkeiten. Arch. f.(r. Psychiatr. und
Nervenkrankheiten 23, 436-446 (1892).

Huxley, J. S. Problems of Relative Growth. Problems of relative
growth, by Sir Julian S. Huxley...With 105 illustrations. (Cambridge
University Press.,). https://doi.org/10.5962/BHL.TITLE.64271972.
Thompson, D. W. On growth and form. (Cambridge University
Press, 1992).

Nakagawa, S., Kar, F., O'Dea, R. E., Pick, J. L. & Lagisz, M. Divide and
conquer? Size adjustment with allometry and intermediate out-
comes. BMC Biol. 15, 107 (2017).

Garamszegi, L. Z. Modern phylogenetic comparative methods and
their application in evolutionary biology. Modern Phylogenetic
Comparative Methods and their Application in Evolutionary Biology
(Springer Berlin Heidelberg). https://doi.org/10.1007/978-3-662-
43550-22014.

Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The
global diversity of birds in space and time. Nature 491,

444-448 (2012).

Tung Ho, L. S. & Ané, C. A linear-time algorithm for gaussian and
non-gaussian trait evolution models. Syst. Biol. 63, 397-408 (2014).
Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37,
4302-4315 (2017).

BirdLife International. Data Zone. Data Zone. http://datazone.
birdlife.org/ (2020).

Dunning, J. B. CRC Handbook of Avian Body Mass, ed 2. (CRC
Press, 2007).

Tattersall, G. J., Arnaout, B. & Symonds, M. R. E. The evolution of the
avian bill as a thermoregulatory organ. Biol. Rev. 92,

1630-1656 (2017).

Kahl, M. P. Thermoregulation in the Wood Stork, with Special
Reference to the Role of the Legs. Physiol. Biochem. Zool. 36,
141-151 (1963).

39.

40.

a1.

42.
43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

van der Bijl, W. phylopath: Easy phylogenetic path analysis in R.
Peer) 2018, e4718 (2018).

Voyer, A. G. & Garamszegi, L. Z. An introduction to phylogenetic
path analysis. in Modern Phylogenetic Comparative Methods and
their Application in Evolutionary Biology 201-229 (Springer Berlin
Heidelberg). https://doi.org/10.1007/978-3-662-43550-2_82014.
Sockman, K. W. & Hurlbert, A. H. How the effects of latitude on
daylight availability may have influenced the evolution of migration
and photoperiodism. Funct. Ecol. 34, 1752-1766 (2020).

Meiri, S. & Dayan, T. On the validity of Bergmann's rule. J. Biogeogr.
30, 331-351 (2003).

Cope, E. D. The Origin of the Fittest. (Appleton Press, 1887).
Romano, A., Séchaud, R. & Roulin, A. Geographical variation in bill
size provides evidence for Allen’s rule in a cosmopolitan raptor.
Glob. Ecol. Biogeogr. 29, 65-75 (2020).

Friedman, N. R., Harmackova, L., Economo, E. P. & Remes, V.
Smaller beaks for colder winters: Thermoregulation drives beak
size evolution in Australasian songbirds. Evolution 71, 2120-2129
(2017).

Nudds, R. L. & Oswald, S. A. An interspecific test of Allen’s rule:
evolutionary implications for endothermic species. Evolution 61,
2839-2848 (2007).

Bohmer, C., Plateau, O., Cornette, R. & Abourachid, A. Correlated
evolution of neck length and leg length in birds. R. Soc. Open Sci. 6,
181588 (2019).

Pigot, A. L. et al. Macroevolutionary convergence connects mor-
phological form to ecological function in birds. Nat. Ecol. Evol. 4,
230-239 (2020).

Cooney, C. R. et al. Mega-evolutionary dynamics of the adaptive
radiation of birds. Nature 542, 344-347 (2017).

Puttick, M. N., Thomas, G. H. & Benton, M. J. High rates of evolution
preceded the origin of birds. Evolution 68, 1497-1510 (2014).
Baudinette, R. V., Loveridge, J. P., Wilson, K. J., Mills, C. D. &
Schmidt-Nielsen, K. Heat loss from feet of herring gulls at rest and
during flight. Am. J. Physiol. 230, 920-924 (1976).

Tattersall, G. J. & Cadena, V. Insights into animal temperature
adaptations revealed through thermal imaging. 58, 261-268.
https://doi.org/10.1179/136821910X12695060594165 (2013).
Goldenberg, J., Bisschop, K., D'Alba, L. & Shawkey, M. D. The link
between body size, colouration and thermoregulation and their
integration into ecogeographical rules: a critical appraisal in light of
climate change. Oikos e09152. https://doi.org/10.1111/OIK.

09152 (2022).

Dawson, T. J. & Maloney, S. K. Fur versus feathers: the different roles
of red kangaroo fur and emu feathers in thermoregulation in the
Australian arid zone. Aust. Mammal. 26, 145-151 (2004).

Miller, E. T., Leighton, G. M., Freeman, B. G., Lees, A. C. & Ligon, R. A.
Ecological and geographical overlap drive plumage evolution and
mimicry in woodpeckers. Nat. Commun. 10, 1602 (2019).

Delhey, K. Darker where cold and wet: Australian birds follow their
own version of Gloger’s rule. Ecography 41, 673-683 (2018).
Seebacher, F. Responses to temperature variation: integration of
thermoregulation and metabolism in vertebrates. J. Exp. Biol. 212,
2885-2891 (2009).

Burness, G., Huard, J. R., Malcolm, E. & Tattersall, G. J. Post-hatch
heat warms adult beaks: irreversible physiological plasticity in
Japanese quail. Proc. R. Soc. B: Biol. Sci. 280, 20131436 (2013).
Baker, M. A. & Chapman, L. W. Rapid brain cooling in exercising
dogs. Science 195, 781-783 (1977).

Ryeland, J., Weston, M. A. & Symonds, M. R. E. Bill size mediates
behavioural thermoregulation in birds. Funct. Ecol. 31,

885-893 (2017).

Ryeland, J., Weston, M. A. & Symonds, M. R. E. Leg length and
temperature determine the use of unipedal roosting in birds. J.
Avian Biol. 50, 02008 (2019).

Nature Communications | (2023)14:1101

12


https://doi.org/10.5962/BHL.TITLE.64271972
https://doi.org/10.1007/978-3-662-43550-22014
https://doi.org/10.1007/978-3-662-43550-22014
http://datazone.birdlife.org/
http://datazone.birdlife.org/
https://doi.org/10.1007/978-3-662-43550-2_82014
https://doi.org/10.1179/136821910X12695060594165
https://doi.org/10.1111/OIK.09152
https://doi.org/10.1111/OIK.09152

Article

https://doi.org/10.1038/s41467-023-36676-w

62. Danner, R. M. & Greenberg, R. A critical season approach to Allen’s
rule: bill size declines with winter temperature in a cold temperate
environment. J. Biogeogr. 42, 114-120 (2015).

63. Pebesma, E. Simple features for R: standardized support for spatial
vector. Data R. J. 10, 439-446 (2018).

64. Hijmans, R. J. Raster: geographic data analysis and modeling. R
package version 3. 5-15 (2022).

65. Drummond, A. J., Suchard, M. A., Xie, D. & Rambaut, A. Bayesian
phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29,
1969-1973 (2012).

66. Revell, L. J. Phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol. Evolution 3, 217-223 (2012).

67. Pagel, M. Inferring the historical patterns of biological evolution.
Nature 401, 877-884 (1999).

68. R Development Core Team. R: A language and environment for
statistical computing. R Foundation for Statistical Computing. (2021).

Acknowledgements

This study was financially supported by the Polish National Science
Centre grant Sonatina 2020/36/C/NZ8/00473. Open access to this arti-
cle was paid from statutory funds of the Institute of Nature Conservation,
Polish Academy of Sciences. MRES was supported by an Australian
Research Council grant Discovery Project DP190101244. We thank Kaspar
Delhey for discussion and feedback at an earlier stage of this work.

Author contributions

A.F. designed the study. D.K. and R.M. collected the data. D.K. per-
formed geospatial analyses. A.F. performed statistical analyses. A.F.,
R.M., and M.R.E.S. interpreted the results. A.F. wrote the first draft of the
article. All the authors read and improved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36676-w.

Correspondence and requests for materials should be addressed to
Arkadiusz Frohlich.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:1101

13


https://doi.org/10.1038/s41467-023-36676-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Allometry reveals trade-offs between Bergmann’s and Allen’s rules, and different avian adaptive strategies for thermoregulation
	Results and discussion
	Bergmann’s rule
	Allometry of appendages
	Allen’s rule
	Allen’s vs Bergmann’s rule in allometry
	Allen’s vs Bergmann’s rule in climatic adaptations
	Allen’s vs Bergmann’s rules in causal models
	Excluding possible confounding factors
	Our findings in the context of eco-evolutionary processes driven by climate

	Methods
	Phenotype
	Temperature
	Phylogeny
	Confounding factors
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




