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Body size and shape fundamentally determine organismal energy requirements by mod-
ulating heat and mass exchange with the environment and the costs of locomotion,
thermoregulation, and maintenance. Ecologists have long used the physical linkage
between morphology and energy balance to explain why the body size and shape of
many organisms vary across climatic gradients, e.g., why larger endotherms are more
common in colder regions. However, few modeling exercises have aimed at investigat-
ing this link from first principles. Body size evolution in bats contrasts with the patterns
observed in other endotherms, probably because physical constraints on flight limit
morphological adaptations. Here, we develop a biophysical model based on heat trans-
fer and aerodynamic principles to investigate energy constraints on morphological
evolution in bats. Our biophysical model predicts that the energy costs of thermoregula-
tion and flight, respectively, impose upper and lower limits on the relationship of wing
surface area to body mass (S-MR), giving rise to an optimal S-MR at which both energy
costs are minimized. A comparative analysis of 278 species of bats supports the model’s
prediction that S-MR evolves toward an optimal shape and that the strength of selec-
tion is higher among species experiencing greater energy demands for thermoregulation
in cold climates. Our study suggests that energy costs modulate the mode of morpho-
logical evolution in bats—hence shedding light on a long-standing debate over bats’
conformity to ecogeographical patterns observed in other mammals—and offers a pro-
cedure for investigating complex macroecological patterns from first principles.

biophysical model | thermoregulation | Chiroptera | bat | Bergmann's rule

Body size and shape determine how organisms exchange heat and mass with their envi-
ronment, defining their metabolic requirements and costs of locomotion (1-4). To
gain insight into the drivers of body size evolution and its patterns of variation across
spatial and environmental gradients, we need a thorough understanding of the mecha-
nisms driving these patterns. The mechanisms linking body size and energy balances are
grounded on the physics of heat and mass transfer, biomechanics, and physiology (5).
Therefore, physical processes governing these energy exchanges may be critical to under-
standing how animal morphology evolves and responds to environmental changes (6-9).

The idea that physical mechanisms linking body size and energy balance scale up
into ecogeographical patterns dates back to the 19th century when Carl Bergmann pos-
tulated that larger endotherms would be more common in colder regions, whereas
smaller endotherms would predominate in warmer environments (10). The original
explanation for this so-called Bergmann’s rule is that increasing body size decreases the
surface area-to-volume ratio and thus reduces heat dissipation rates and costs of ther-
moregulation (11, 12). When this notion is applied to body appendages such as legs,
wings, or tails, endotherms living in colder regions are expected to evolve shorter limbs,
reducing their surface-to-volume ratio—a prediction known as Allen’s rule (13).
Observed patterns of body and limb size variation across latitudinal or environmental
temperature gradients support Bergmann’s and Allen’s rules in birds and mammals
worldwide (11, 12, 14). However, the generality of these rules remains under debate.
For instance, controversy exists on whether these ecogeographical rules should be inter-
preted either as intra- or interspecific patterns (15, 16) and on whether heat conserva-
tion is the most relevant mechanism underpinning variations in body size and shape
(12, 17-19). Thus, the validity of Bergmann’s and Allen’s rules has been questioned
for some taxa such as bats (20-24), for which morphological evolution is thought to be
primarily driven by selective forces acting to maximize flight performance rather than
heat conservation (25, 26).

Among mammals, bats are subject to unique selective pressures on body size and
shape (25-27). Contrary to nonvolant mammals, the highly vascularized, naked wing
membranes of bats increase their surface-to-mass ratio and the rate of heat dissipation
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during flight (28-31). Furthermore, the amount of energy
required to power flight is much higher than that required for
terrestrial locomotion, imposing constraints on both body size
and shape (27, 32, 33). Compared with birds, bats exhibit mor-
phological and metabolic constraints inherent to their mamma-
lian structure, such as a less efficient ventilatory system, lower
flight muscle mass, and naked wings that further constrain
energy utilization and morphology (34). The combined influ-
ence of thermoregulatory and locomotory constraints on bats’
morphology can determine how body size evolves, particularly
in response to environmental factors such as temperature. A
better understanding of the ecological and evolutionary pro-
cesses shaping bats’ morphology requires knowledge of the
mechanisms linking body size, heat balance, and locomotion.
So far, the combined costs of thermoregulation and locomotion
and their effects on morphological evolution remain largely
unexplored.

Here, we investigate how body size and shape determine the
energy costs of thermoregulation and flight in bats combining
principles of thermodynamics and aerodynamics. We built
upon biophysical models of nonvolant mammals (35, 36) to
incorporate the impact of heat dissipation through the wings
and the energy costs of flight on the overall energy balance
(37-40). We used a heat transfer model to calculate how body
size and wing surface area affect the rate of heat exchange with
the environment and thereby the amount of energy required to
maintain high and stable body temperature (Fig. 1). The model
combines resistances to heat dissipation exerted by body tissues,
the insulating layer of fur, convective, and radiative heat
exchange (306), as well as heat dissipation through the wing sur-
face (Methods). Using an aerodynamic model, we also calculated
how body mass and wing surface area influence the amount of
energy required to oppose weight and drag forces at flight and
the heat generated as a by-product of flapping (38-40). We
used these estimations to predict how energy costs of thermo-
regulation and flight change in response to variations in the
relationship of wing surface to body mass. Then, we investi-
gated whether changes in wing surface-to-mass ratio in response
to temperature can minimize these costs—thus testing the

validity of Bergmann’s and Allen’s rules in bats. Using morpho-
logical data of 278 species of bats, we tested models’ predictions
on how wing surface area-to-mass ratio varies with the environ-
mental temperature.

Results and Discussion

Energy Constraints on Body and Wing Size. As the wing surface
area increases for a given body mass, the higher wing surface-
to-body mass ratio (S-MR) accelerates heat dissipation rates,
thereby increasing the amount of energy required for thermo-
regulation (Fig. 24). Conversely, a larger wing surface area
reduces the mechanical power required for flapping, thus reduc-
ing energy requirements for flight. A similar pattern occurs
when varying body mass while leaving wing surface area cons-
tant (Fig. 2B). In that case, the costs of thermoregulation
increase with decreasing body mass, whereas the costs of flight
increase toward larger masses. When the energy requirements
for thermoregulation and flight are modeled across different
combinations of body masses and wing surface areas, the
resulting coordinate plane shows that both energy costs vary
primarily in relation to the S-MR (Fig. 20). The S-MR is pro-
portional to the ratio of heat dissipation to heat production
and both Bergmann’s and Allen’s rules are defined in terms
of this ratio, i.e., endothermic animals living in colder environ-
ments are expected to evolutionarily reduce the ratio of
heat dissipation to production either via increasing body size
(Bergmann’s rule) or via reducing appendage size (Allen’s rule).
Because we are interested in the relationship between energy
requirements and S-MR, we reduced the dimension of the
plane in Fig. 2C by computing the energy costs across the line
with slope —1 passing through the modal wing surface area and
the modal body mass of bat species, which represents the varia-
tion in energy costs in relation to S-MR for the typical bat
morphology. This dimensional reduction shows that the total
energy requirements (the sum of the energy costs of thermo-
regulation and flight) display a U-shaped curve in relation
to the S-MR, with a minimum at approximately —7.27 (i.e.,
6.96 cmz-gfl; Fig. 2D; see also SI Appendix, section 3). Thus,

Fig. 1. Diagram of the heat transfer model used to simulate the costs of thermoregulation, i.e., the amount of heat, Qg required to maintain constant
core body temperature, T, at a given ambient temperature, T,. Heat dissipation is modeled using a network of resistors representing the body geometry,

R

seoms INSUlating fur layer, R;,s, the boundary layer of air in direct contact with the body, R.n., the balance of emitted and absorbed long-wave radiation, Rjz,

and geometry of the wings, Ryne. This combination of resistors determines heat dissipation from the body core, as well as the skin, Ty, and body surface
temperatures, Tqace. Finally, wing temperature, Ty, (x), declines from the base, where it matches T, to the wing tip, determining the overall heat dissipa-

tion rate from the wing surface.
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Fig. 2. Predicted energy requirements for flight (blue shading), thermoregulation (red shading), and total energy (black lines; flight + thermoregulation) in
relation to wing surface area for a 10-g bat (4), and in relation to body mass, keeping wing surface area constant at 120 cm? (B). The coordinate plane (C)
represents energy requirements across different combinations of wing surface area and body mass. The black arrow represents the change in S-MR across
the modal wing surface area and body mass of bat species, which was used to represent the variation in energy requirements as a function of S-MR (ordi-
nate axis in D). The energy costs of thermoregulation are predicted to be higher among species with high S-MR, while the costs of flight increase with
decreasing S-MR (D). These analyses use a constant environmental temperature of 25°C.

our model suggests that the energy costs of thermoregulation
and flight are similar in magnitude and may impose, respec-
tively, upper and lower bounds on S-MR (Fig. 2D).

Based on the premise that evolution favors morphologies
that minimize energy costs such as those of locomotion and
thermoregulation (37, 41), we predict that the modal S-MR of
bats should be close to the value at which mass-specific energy
requirements are minimum. To test this prediction, we com-
pared wing surface areas, body masses, and S-MR of 278 bat
species with the predicted energy costs at 25 °C (i.e., the modal
temperature across their geographical ranges; see Data Collec-
tion and Analyses). We found that most species occur in the
region where energy requirements are predicted to be minimum
(Fig. 20), although the mass scaling of wing surface area does
not seem to follow the diagonal at which total costs are mini-
mized. This result suggests that the model captures the relation-
ship between energy and S-MR for the most typical (modal)
morphology of bats but not the actual mass scaling of wing sur-
face area. When the energy costs are analyzed in relation to
S-MR, the observed distribution of S-MR falls within the range
where energy costs are minimum (Fig. 2D). Thus, the mean of
the observed S-MR distribution is —6.95 (in natural log scale),
ranging from —7.83 and —6.23 (5 to 95% quantiles), which is

PNAS 2022 Vol.119 No.15 2103745119

close to the value at which energy costs of flight and thermoreg-
ulation are predicted to be minimized (—7.27; Fig. 3A4). There-
fore, the model describes how energy costs of thermoregulation
and flight vary in relation to the S-MR and provides an estima-
tion of the optimal S-MR that closely matches the average value
observed in bats.

Energy Constraints and Temperature. To explore the influence
of environmental temperature on the evolution of bat morphol-
ogy, we computed the energy costs in relation to the S-MR
across different environmental temperatures (Fig. 3A4). As tem-
perature decreases, the increased costs of thermoregulation
could be compensated with a lower S-MR (e.g., increasing
body mass while keeping wing surface constant), as predicted
by Bergmann’s rule. However, the costs of flight remain rela-
tively invariant in relation to temperature and impose a lower
limit on S-MR across the temperature gradient (Fig. 34). Note
that although a higher air temperature is also associated with a
lower air density, which increases flight costs, the change in
flicht power with temperature is small when compared to the
change in thermoregulatory requirements. This analysis sug-
gests that S-MR is constrained across temperatures with lower
and upper limits imposed, respectively, by the costs of flight
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Fig. 3. Predicted requirements for thermoregulation (red shading) and flight (blue shading) relative to environmental temperature and for different wing
surface-to-mass ratios (A). While a lower surface-to-body mass ratio allows reducing the costs of thermoregulation as temperature decreases, the costs
of flight impose a lower limit. Thus, wing surface-to-mass ratios may be constrained across temperatures and display lower variability in cold regions. This
relationship was compared with empirical data across 278 bat species (B).

and thermoregulation, and these constraints are stronger in  support the prediction of our biophysical model that selective
cold (i.e., temperate) than in warm (i.e., tropical) environments regimes on S-MR vary across environmental temperatures, with
(Fig. 34). As temperature increases, the costs of thermoregula- stronger constraints (i.e., higher strength of selection) in colder
tion become smaller, reducing physical constraints, and increas-  than in warmer settings.
ing the variance in SMR (Fig. 3A4). Therefore, our model While most mammals experienced a burst of morphological
predicts that selective regimes on S-MR in bats change across ~ variation early in their evolutionary history, followed by a
temperatures, with stronger selection and lower variance in  slower change rate, bats’ body mass was previously found to
S-MR in cold than in warm environments (Fig. 34). evolve toward an optimum value (26). Our model and empiri-
To test the above predictions, we analyzed the mode of evo-  cal results suggest that the unique mode of evolution of bat
lution of S-MR and how it varies among species living in warm  morphology results from the combined costs on locomotion
and cold environments (see Methods). Specifically, we compared and thermoregulation. Thus, while the energy costs of thermo-
the likelihood that S-MR evolves either via Brownian motion  regulation may favor an adaptive reduction in S-MR in cold
(BM) or following an Ornstein—Uhlenbeck process (OU) with  environments, e.g. via increasing body size or reducing wing
one or multiple selective regimes across temperatures (see  surface area, the energy costs of flight may oppose to these
Methods). Among all candidate evolutionary models, the OU  reductions in S-MR and constrain its variation toward colder
model with multiple selective regimes was favored to explain  climates. Therefore, although the mechanisms driving Berg-
the evolution of S-MR in bats (S Appendix, Table S3). The = mann’s and Allen’s rules may also be present in bats, selective
best-fitting model showed that the strength of selection (param-  forces acting to reduce the cost of flight prevent bats from
eter @ of the OU model) is higher among species inhabiting  reducing their surface-to-volume ratio in cold environments.
cold environments, and the variance in S-MR, 67, is lower in Hence, our model explains 1) why morphological evolution in
colder than in warmer regions (Table 1). The observed optimal ~ bats follows an OU process, 2) why the selective pressure on
trait values, 6, are close to the optimum predicted by our bio- ~ S-MR is higher in cold than in warm environments, and

physical model, although there is a tendency of 8 to decrease ~ 3) why S-MR does not vary significantly with temperature.
toward warmer regions, contrary to the model’s prediction  These results shed light on a long-standing debate on the lack
(Table 1). Nonetheless, the linear relationship between S-MR of conformity of bats to macroecological patterns in mammal
and temperature (analyzed using phylogenetic generalized least ~ body size (21-24).

squares) showed that this variation was not statistically signifi- Understanding how morphology and activity affect the ther-
cant (f = 0.001, 2 = 0.829; # = 0.37, degrees of freedom = moregulatory requirements of flying bats remains a challenge
276, P = 0.708; Fig. 3B), suggesting that the change in 6 of due to technical difficulties in assessing their body and wing
the OU model was weak and potentially affected by the change ~ temperature distributions and the heat exchange among differ-
in trait variance across temperatures. Altogether, these results  ent body structures during flight (42, 43). Our biophysical

Table 1. Results of the OU model for the evolution of wing S-MR in bats

Temperature range Optimal S-MR value Strength of selection Evolutionary rate
Below 23°C cold = —6.78 acold = 0.057 6% cold = 0.003
23-25°C Owarm = —7.01 Awarm = 0.047 6*warm = 0.010
Above 25°C Ohot = —7.12 anot = 0.035 6*hot = 0.035

The model includes three attractors representing different selective regimes across environmental temperatures, each of which is characterized by an optimum surface-to-mass ratio
(log scale), strength of selection. and evolutionary rate.
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modeling approach provides a means to infer these energy
requirements from morphological and environmental data.
However, this approach has limitations because it focuses on a
simplified geometry for the body and the wings and involves
parameters that remain difficult to assess empirically such as the
body and wings’ thermal conductivity. Thus, the predicted rela-
tionships between energy demands and morphology and the
predicted optimal wing surface-to-mass ratio are sensitive to
variations in parameters related to heat conservation and heat
conversion (SI Appendix, section 3). This dependence means
that interspecific variation in functional traits involved in heat
conservation may ultimately affect physical constraints on ther-
moregulatory demands. Using values for these parameters that
are representative for bats (S/ Appendix, Table S1), our
approach captured general patterns such as the overall variation
in the wing surface-to-mass ratio across bat species. However, a
detailed version of the model, e.g. aimed at predicting thermal
constraints for a particular species, should include more accu-
rate descriptions of the body and wing geometry and specific
measurements for the thermal conductivity and energy conver-
sion coefficients. In addition, a more detailed version of the
model should include a more accurate characterization of the
thermal environment and information on environmental condi-
tions such as humidity, which slightly influences air density
and therefore the costs of flight.

Altogether, our model and results suggest that physical
boundaries on thermoregulation and flight constrain the evolu-
tion of bat morphology, in which the wing surface-to-mass
ratios undergo a strong selective constraint for minimizing both
costs. Although morphological adaptations importantly deter-
mine both thermoregulation and flight costs, other traits can
also evolve to reduce these costs. For instance, selective forces
may act on the energy uptake and transport systems, increasing
their capacity to meet the demands of flight muscles and ther-
mogenic organs. A more effective energy uptake and transport
systems may reduce the costs of thermoregulation and flight,
relaxing the constraints on body size and shape. For example,
birds have a more effective through-flow respiratory system,
greater flight muscle mass than bats, and feathers that reduce
heat dissipation through the wings. This specialization for flight
reduces locomotion costs and permits birds to attain larger
body sizes than bats (34). Behavioral and physiological strate-
gies aimed at increasing energy uptake from food could also
reduce the overall costs of thermoregulation and flight. For
example, bats could feed on high-calorie diets to cope with
higher energy demands and thus maintain small body sizes in
cold environments. Alternatively, some bat species can reduce
the costs of thermoregulation by voluntarily reducing body
temperature to survive periods of food shortage and cold
weather [i.e., torpor (44)]. Variations in food availability, e.g.
pulses of insect availability in seasonal environments, can signif-
icantly influence energy supply and thus the relative importance
of the predicted energy constraints. However, further empirical
research is needed to understand the prevalence of these strate-
gies and the proximate mechanisms linking, for example, diet
type and thermogenic metabolism in bats (45, 46).

The evidence that the strength of selection on wing surface-
to-mass ratio increases toward colder regions supports the idea
that climatic conditions drive the overall patterns of morpho-
logical evolution in bats. Furthermore, this result suggests that
strategies aimed at reducing physical constraints such as torpor
may also incur costs or trade-offs, which ultimately limit the
effectiveness of selection. Thus, the costs associated with these
strategies, together with the constraints on morphological

PNAS 2022 Vol.119 No.15 2103745119

adaptations, suggest that bat species may be progressively more
challenged in colder regions, which together with historical pro-
cesses [e.g., phylogenetic conservatism of climatic niches (47,
48)] may explain why bat species richness strongly decays
toward colder latitudes worldwide (49-51).

The role of climate on biogeographical and evolutionary
patterns is primarily mediated by its effect on organismal physi-
ology. Correlational approaches in macroecology and macro-
evolution have traditionally investigated the effect of climate by
identifying the main climatic correlates of species’ traits (e.g.,
body size and geographic ranges). Although such correlational
procedures provide accurate statistical descriptions of ecogeo-
graphical patterns, they have limited capacity to infer their
underpinning mechanisms because they mostly rely on informa-
tion derived from the species’ current geographic distributions
(52). Emerging mechanistic models that predict physiological
performance from environmental information do not rely on
species’ geographic ranges but rather simulate physiological per-
formance in any possible location, based on first principles (e.g.,
refs. 36 and 52). Developing these models is challenging
because they require information on complex, interacting physi-
cal and physiological mechanisms. Here we show that physical
principles of heat transfer and aerodynamics can be combined
to understand complex interactions between selective forces act-
ing on locomotory and thermoregulatory performance in bats.

Methods

Modeling Bats' Energy Requirements. We modeled energy requirements
for thermoregulation using a steady-state heat-exchange model. We used the
electrical circuit analogy where the heat generated in the body for thermoregula-
tion, Qgen (watts) is transferred to the body surface powered by the gradient of
temperature between the body core T, (degrees Celsius) and the environment 7,
(35, 36). This heat flow finds "resistance” due to the body geometry, Ryeom
(degrees Celsius per watt), and the insulating layer of fur, Rins. At the body sur-
face, resistance to heat dissipation occurs due to the convective, Ry, and radia-
tive, Rig, heat exchange with the environment (S/ Appendix, section 1 and refs.
28, 35, 36, and 53). In bats, heat transfer from the wing surface significantly
influences the overall heat balance because wing membranes are highly vascu-
larized, lack fur insulation, and experience high rates of forced convection at
flight (28). Therefore, we included an additional resistance, Ryings: to describe
how much heat is dissipated from the wings (S/ Appendix, section 1). To charac-
terize total thermal resistance, we considered that heat is dissipated in parallel
(simultaneously) from the body, Ryoq,, and from the wings, Rying and thus the
expression for the total resistance is
Rot = Rgeom + Rbodwamg
Rbody + Rwing [1]
Rcoan/R

Rconv + RIR ’
Applying the electrical circuit analogy, heat dissipation rate in endotherms is a
function of the temperature gradient between the body core, T, and the environ-
ment, T,, divided by the total resistance to heat transfer, Ry When modeling
flying bats, we also need to consider that part of the heat generated as a
by-product of flapping, Qgign. increases body temperature, which may allow
them to reduce heat production for thermoregulation, Qge, (54). Thus, being
the proportion of by-product heat that can substitute for the heat required for
thermoregulation, the thermogenic metabolic rate of a flying bat is

I.—T,

Ogen B Reot

When the heat dissipation rate exceeds the basal metabolic rate (BMR), Qg
rises above BMR to restore this heat and maintain body temperature constant.
In contrast, Qge, is equal to BMR when the heat dissipation rate is below BMR,
which constitutes the lower bound of metabolism (36). From these considera-
tions, heat dissipation results from both the body geometry [modeled as an

with Rbody = Rips +

— Qg (2]
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ellipsoid with an insulating layer of fur (36)] and wing geometry (modeled as
rectangular extensions of the body). These simplifications are necessary to derive
an analytical solution that relates heat dissipation with body size and shape. The
geometry of the ellipsoidal body (semiaxis length, volume, and surface area)
was calculated using allometric functions of body mass (SI Appendix, section 1).
Therefore, when we compared model predictions with empirical data, we effec-
tively assumed that body density does not change among species and wing
weight is negligible (as empirical measurements of body mass in bats also
include the wings). These simplifications allowed us to use body mass instead of
volume as an indicator of body size, thus increasing the number of species for
which empirical data were available.

To model mechanical power required for flapping and the by-product heat of
muscle activity, we used the aerodynamic power model implemented in the R
package afpt (40) based on Pennycuick (38) and Klein Heerenbrink et al. (39).
Mechanical power displays a U-shaped curve as a function of flight speed (37,
38), and the speed that minimizes this curve (i.e., the minimum power speed) is
typically selected by bats for short flights and feeding (27). We used the aerody-
namic model to calculate the minimum power speed and the mechanical work
for flapping, Wyigne. Then, considering the conversion efficiency of flight muscles
between chemical energy and mechanical, 7, the energy cost of flight was esti-
mated as Weignym (where i = 0.23; see ref. 38). Finally, to estimate the amount
of heat generated as a by-product of flapping, Qpigr, we used the definition of
muscle efficiency by Hill (55), where i = Wiged(Wiign: + Qpigne)- Therefore, we
assume that 7 is a constant independent of size and that all chemical energy is
either transformed into work or heat. Although these assumptions oversimplify
the actual mechanisms driving energy conversion in vertebrates (56-58), the
overall effect of the activity-thermoregulation heat substitution on the model's
predictions was low, and thus the main predictions did not depend on these
assumptions (S/ Appendix, section 3). Finally, we validated the model's predic-
tions using both thermogenic metabolic rates measured in a respirometer for 5
species of bats and field metabolic rates of 16 species of bats (SI Appendix,
section 2).

Data Collection and Analyses. To test the model's predictions on the mode
of evolution of wing S-MR in bats, we used empirical data from 278 species
from 17 families. We collected data on wing surface area, body mass, and wing-
span of each species (27). We also collected environmental temperatures for
each species using the mean annual temperature from Worldclim 2.1 (59). We
extracted the median temperature for each species based on their geographic
distributions from IUCN redlist (60). The annual temperature across the geo-
graphic distribution may not accurately describe the experienced environmental
conditions of 48 species (17%) that are known to migrate or suspected of migra-
tion (61). However, the migratory range of these species has not been character-
ized, and it remains poorly understood whether they exhibit partial migration
(i.e., only part of their population migrate) or even facultative migration [i.e.,
individuals can migrate or remain sedentary depending on local cues like
resource availability (61)]. Therefore, to avoid reducing the sample size of our
phylogenetic models, we did not exclude these species and characterized their
environmental temperature in the same way as for nonmigratory species. Finally,
we accounted for the phylogenetic relatedness among species using the phylog-
eny by Kuhn et al. (62). Seven species missing in the phylogeny were randomly
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inserted in their genus using functions implemented in the phytools R pack-
age (63).

To analyze the mode of evolution of S-MR, we compared the goodness of fit
of BM and OU models. While the BM model assumes that the trait evolves grad-
ually and the variance increases linearly with time, the OU model assumes that
the trait is continuously pulled back toward an optimum value, lowering the trait
variance. The OU model can incorporate different optimal trait values, 6, varian-
ces, o7, and strengths of selection, a, thus capturing differences in the selective
regime across environments (64). We used this multioptimum OU model to test
whether the strength of selection and variance is higher among species living in
cold environments. Although our biophysical model predicts gradual changes in
response to temperature, the OU model uses discrete optima. We, therefore, cat-
egorized our temperature gradient using quantiles: i.e., hot-living (first quartile),
midtemperature (second and third quartile), or cold-living species (fourth quar-
tile). To avoid potential artifacts due to arbitrary categorization of temperature in
three groups, we also categorized species in two groups, i.e., either below or
above the median temperature, 24.7 °C. Each multioptimum OU model was fit-
ted with either three or two temperature categories. We compared the candidate
models: 1) temperature-independent, neutral Brownian motion model (BM1);
2) temperature-dependent BM, allowing the evolutionary rate parameter (6%) to
differ among temperature levels (BM2); 3) temperature-independent OU model
with a single attractor (OU1); 4) temperature-dependent OU model allowing
optimum S-MR (6) to vary among temperature levels while keeping constant
evolutionary rate (6%) and strength of selection (a) (OU2); 5) temperature-
dependent OU model with free 6 and 6 and keeping « as a constant (OU3);
and 6) temperature-dependent OU model with all free parameters 6, 0%, «
(OU4). The selection of candidate models was performed using the Akaike's
information criterion corrected for small sample sizes (AlCc). Analyses were per-
formed using the packages OUwie (64) and phytools (63) in R 3.2 (65).

Data Availability. CSV dataset and R code have been deposited in Zenodo
(https://zenodo.org/record/63504314.Yj15ZnrMKUk).
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