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Body size is a fundamental organismal trait, affecting a wide variety of
physiological and ecological functions. Such relationships are often

interactive and nonlinear, forming complex feedbacks. In terrestrial
mammals, larger bodies are associated with higher mobility in trade-off
with larger absolute resource demand. Here we propose a hypothesis,

with support from empirical patterns and a mathematical model, that this
trade-off interacts with diet specialization to drive diverging selection on
body size because specialists are more efficient resource users and have
lower mortality risks at extreme sizes. Our analysis of aglobal terrestrial
mammal species dataset found significantly lower proportions of specialists
atintermediate sizes, but higher proportions towards extreme sizes; this
patternalso applies to species assemblages in zoographic realms. Qur
mathematical model of coexistence between equal-sized specialists and
generalists shows that specialists of extreme sizes have higher equilibrium
frequencies and likelihood of coexistence with generalists at quasi-stability.
The combined results support dietary specialization as a key factor for
shaping body size diversity. Our work highlights the value of connecting
ecology and evolution in understanding the diversity of key traits like body
size, and calls for further investigations on the related history of resource
distribution and lineage diversification.

Animal body size varies across orders of magnitude, and its variation
in space and time represents an essential aspect of biodiversity'>. A
deep understanding of how body size diversity is shaped canilluminate
fundamental mechanisms of evolution and biodiversity® . However,
withits strong links to many physiological and ecological traits, body
size probably evolves in response to a concert of physiological con-
straints, resource demands and environmental pressures* *'°"3, whose
effectsare dynamic, interacting and difficult to tease apart. In this study,
we combine empirical investigation with mathematical modelling to
demonstrate the key role of dietary specializationin the evolution, and
particularly the diversification, of animal body size.

Animal species with larger bodies generally require more
resources and are able to move over longer distances to forage and

therefore maintain larger home ranges''®. Meanwhile, the foraging
range is expected to correlate negatively with the degree of speciali-
zation, reflected in the variety of resources a taxon can use, based on
the classic cost-benefit theory: generalists tend to be outcompeted
by specialists for local resources and, thus, need to forage in larger
spatial areas' 2. In acomparative analysis of terrestrialmammals, this
expectation was met only in small-sized species, while the opposite
pattern was found in species with large bodies: specialists with large
bodies tend to have larger home ranges than generalists in order to
support their food demand and dietary requirements®. To explain
these patterns, we propose a hypothesis in which specialists experience
diverging selection on body size, favouring either small bodies that
minimize foraging-associated mortality or much larger bodies that
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Fig. 1| Diverging specialists on the global body size spectrum. The proportion
of dietary specialists (points) is high in species with small and large body sizes,
butlowin species of intermediate size. Species were compared across 20 bins,
each representing 5% quantiles of average adult body mass (see data divisions
inSupplementary Fig.1). The error bars represent the 95% binomial proportion

confidence intervals. We considered proportions whose confidence intervals
do not contain the proportion of specialists in all 3,487 mammal species (33.4%,
indicated by the dashed grey line) as significant deviations from the null
expectation (solid points). See the text for support from phylogenetic
regression models.

support long-distance foraging; by contrast, specialization becomes
disadvantageous at intermediate body sizes. Our theory underlying
this hypothesis focuses onthe variationin coexistence outcome when
specialists and generalists are present in the same environment, having
overlappingresource preferences. Therefore, we expect the patterns
tobe stronger within regional assemblages thanin evolutional lineages
whose morphological and functional diversity tend to be constrained
by evolutionary conservatism* 2,

We use a classic model system in macroecology—terrestrial
mammals—to demonstrate the hypothesized contrast of high propor-
tions of dietary specialists at both ends of the body size spectrum and
low proportions near the middle. This patternis observed empirically
across theentire clade globally, as well as within regional assemblages,
although additional complexity emerges when the data are analysed
by taxonomic order and primary dietary group. Furthermore, we
develop mathematical models toillustrate the ecological theory that
the smallest- and largest-bodied specialists can coexist at higher fre-
quencies with generalists of their respective sizes, owing to differences
between specialists and generalists in resource acquisition rates, the
scaling of home-range size with body mass, and body-mass-associated
mortality risk. Our findings shed light on the fundamental ecological
mechanisms thatdrive evolution and ultimately produce the diversity
ofbodysize seenin our empirical synthesis of terrestrial mammals, and
probably in other animals.

Results

Empirical evidence of low proportions of specialists among
intermediate-sized mammals

Globally, terrestrial mammals in our dataset span seven orders
of magnitude in body mass (ranging from 1.75 to 3.9 x10° g;
Supplementary Fig. 1), with values logarithmically transformed for
subsequent analyses. For a binary comparison, we consider species
consuming one type of food as specialists and all others as generalists
(dataset 1; see diet types in Supplementary Fig. 2 and variation across
ordersinSupplementary Fig.3). Using a Bayesian multilevel regression
model to account for the phylogenetic effect typically shown in body
size”, we found generalists on average to be slightly larger than spe-
cialists (mean posterior difference: coef. = 0.11, with a 5-95% credible

interval of [0.021 to 0.019]). However, no unidirectional relationship
was observed between the number of diet types and body size, as the
credibleinterval of the coefficientincluded zero (coef.=-0.29[-0.63
t0 0.003]).

When compared across the body size spectrum, the proportions
of specialists are higher than the global proportion (33.4%, as the null
expectation) in the smallest (<20%) and largest (>95%) quantiles and
lower at intermediate sizes (especially quantiles between 30% and
55% and between 85% and 90% (Fig. 1; see consistent patterns with
different cut-offs in Supplementary Fig. 4 and a lower-resolution in
Supplementary Fig.5). We also considered the full range of dietary types
a species can consume (1-6 out of ten types; Supplementary Fig. 6)
using phylogenetic regression models and found that species with a
body size further away from the median tended to show dietary spe-
cialization, consuming fewer diet types; this was consistently found
whenweanalysed the species smaller (coef.=0.049[0.0087t0 0.09]) or
larger (coef.=-0.042[-0.082t0-0.0019]) than the median separately
or combined using their absolute difference from the median (coef. =
-0.044[-0.074t0—-0.014]).

The low proportion of specialists is consistently found for at least
one of the intermediate-sized quantile bins in all regional assemblages
(defined on the basis of the zoographic realms from Holt et al.”; Fig. 2),
although the absolute position of the lowest point varies across regions.
Insomeregions, the proportions of specialists at either the smallest (for
example, the Neotropical and Oriental realms) or the largest sizes (for
example, the Afrotropical realm) are similar to overall proportions in
the respective realms (defined by our region-specific null expectation;
see similarly complex patterns from phylogenetic regression models
inSupplementary Table 1). However, only in the two island-dominated
realms, the Oceanian and Madagascan, does the proportion of specialists
drop below the region-specific null for the largest body sizes. Variation
inregional patterns was also found inthe body size range and frequency
distribution (Supplementary Table 2 and Supplementary Fig. 7).

Using the global dataset, we further performed two sets of analy-
ses and found complex patterns of body size in relation to special-
ization within (a) major subclades (taxonomic orders) and (b) the
primary dietary categories. Both factors are intrinsically linked to
animal ecology and evolution (for example, in evolutionary?”* and
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metabolic theories®®”), but neither is confined to coexisting species
even at macroecological scales. The five most species-rich orders
(>200 species), Rodentia, Chiroptera, Carnivora, Primates and Sori-
comorpha, all have world-wide distributions across most zoographic
realms (Supplementary Fig. 8). There is a tendency for species of
non-extreme size to be generalists, while some of the largest species
tend to be specialists (Supplementary Fig. 9; see size distributions
in Supplementary Fig. 10), but the only trend detected in regression
analyses was for Rodentia (coef. = -0.51[-0.096 to —0.008]). We also
categorized all speciesin our global dataset into more broadly defined,
primary dietary types: carnivores (eating any type of animals, includ-
ing scavengers; Supplementary Fig. 2; N=963), herbivores (eating
plant materials including fruits, nectar and seeds; N=1,172) and omni-
vores (eating both animal and plant materials; N=1,352). By our binary
definition of specialist and generalist above, the omnivores are all
generalists while the carnivores and herbivores can be specialists or
generalists, so we mainly compared the body size patterns within
carnivores and herbivores (see comparison involving omnivores in
Supplementary Fig.11). The largest herbivores are more likely to be spe-
cialists, whereasin carnivores, the proportion of specialists is relatively
stablein small-to-medium sizes but declines towards the largest sizes
(Fig. 3b). Our phylogenetic regression models detected an increase
in body size with the number of diet types only in carnivore species
smaller than the carnivore median size (coef.=0.15[0.0056 to 0.29]).
We discuss the complexity of these links to mammalian behaviours
and propose directions for further investigation below.

Mathematical model shows small- or large-sized specialists
coexist better with generalists

The results of our model are consistent with the empirical findings
(Fig.1): at the extremes of the body size range of terrestrial mammals,
specialists are more likely to coexist with generalists of the same body
size (mass) and have higher frequencies (defined by the relative abun-
dance; Fig. 4) than at intermediate sizes. The pattern is robust across
broad ranges of parameters during transient competition dynamics
(Supplementary Figs. 12 and 13) and after the systems have reached
quasi-stability (Supplementary Figs. 14-16).

Our model considers a system of two resources r; and r, and two
consumer species x; and x,, where consumer X; is a specialist, only
consuming resource r; at rate g, and x, is a generalist consuming both
resourcesatarate ag, with 0 <a <1, thusless efficiently than the specia-
list. The temporal dynamics of the abundances for the resources and
consumers can be described respectively in the systems of ordinary
differential equations (ODEs), given in equations (1) and (2):

dry
i Ry — grix, — agnx,,
(0}
d
=2 = R, — agryx,,
de
dx;
— = KgrXy — myx,
de Q)
d

5 = kaglr +r)x; —myx;,

where R, and R, are constants, representing the replenishment rates of
resources r;andr,, respectively; k represents the conversion efficiency

from resource to offspring, the form of which (for example, as a con-
stant or body-size dependent) does not influence the equilibrium
competition outcome (Methods); m, and m, are the respective mor-
tality rates of consumer species x; and x,. The meaning and units of the
parameters are summarized in Supplementary Table 3, and an exam-
ple of the numerical solution of the system of ODEs is illustrated in
Supplementary Fig.17.

The mortality rate (m) is closely associated with body mass and
plays a vital role in the competition dynamics between consumers.
Here, consumer i’'s per capitamortality rate is modelled as the product
ofitshomerange (h;) and per unit area death rate (d;), both as functions
of itsbody mass (b,). Because body size strongly correlates with many
factors, including life history and ecological behaviours®™, competition
tends to be stronger between consumers of similar body mass than
between those of different body mass®’, and we focus on analysing the
case where the two consumers have the same body mass (b, = b, = b).

m; = h,(b)d,(b), i=12 3)

Based on previous findings of animal home range increasing with body
mass following a power law®'*"”?*, we model home range as

h; = bk, )

wherek;representstheslope of thefitted linesin Supplementary Fig.18a.
We follow Huang et al.” to consider asteeper slope for specialists (that
is, with one diet type) than for generalists, thus k; > k,. Furthermore,
because larger-sized animals generally have lower external mortality
(for example, due to predation) than smaller ones in per unit area,
we model the per unit area mortality rate as an S-shaped function of
body mass

d; = 1— Exp (-yExp (-bF)), &)

where and y are parameters that adjust the shape of the function
(Supplementary Fig.18b,c).

The equilibrium frequency of specialists f* can be derived
analytically (Methods):

bk2R1 - abkl(Rl + Rz)
kaRl - abkl(Rl + Rz) + bkle ’

f= (6)

which shows that, atequilibrium, the specialist either coexists with the
generalistat the frequencyf (Fig.5a,b) or goes extinct (Fig. 5c-g). The
equilibrium frequency of the generalistis 1-f".

Our series of numerical solutions at different timepoints (Fig. 4
and Supplementary Figs. 12-16) and the analytical results (solid lines
in all the figures) show that variations in the parameters can change
the body mass ranges where the two consumers can coexist and their
frequencies (relative abundances), but do not qualitatively alter the
key patterns. Decreasing the steepness of the correlation between
body mass and home range for the specialist (decreasing k;; Fig. 4a) or
increasing the steepness of this correlation for the generalist (increas-
ing k,; Fig. 4b) expands the body mass ranges where the specialist can
coexist with the generalist competitor. Reducing therelative resource
acquisition rate of the generalist (decreasing a; Fig. 4¢) or reducing

Fig. 2| Specialists tend to be of extreme sizes in regional faunas. a, Map of all
regions, defined according to zoogeographic realms identified by Holt et al.”®.
b, The proportion (Prop.) of dietary specialists (points) declines in species of
intermediate size. Species were grouped into ten bins, each representing 10%
quantiles of average adult body mass (Supplementary Fig. 7). Panel ais plotted
onthe basis of data published in ref. 28 (https://macroecology.ku.dk/resources/
wallace, accessed on 20 June 2023). In b, the total number of species occurring
ineachregionisindicated in the paneltitles, and the proportion of specialistsin

eachregion (our realm-specific null expectation) is indicated by the dashed grey
line. We considered proportions whose 95% binomial proportion confidence
intervals (error bars) do not contain the region-specific null as significant
deviations (solid points). In most regions, the proportion of specialists in both
small and large size bins is relatively high; however, in Oceanian and Madagascan
regions—primarily composed of island faunas—the largest size bins show
significantly lower proportions of specialists than expected. See results from
phylogenetic regression models in Supplementary Table 1.
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Fig. 3| Body size distributionin carnivore and herbivore species.

a,b, Mammals of carnivorous and herbivorous diets (as primary diet types)
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iftheir 95% binomial proportion confidence intervals (error bars) do not contain
the proportion of specialists in all mammal species of the same primary diet type
(out of 931 carnivore species and 1,113 herbivore species; indicated by the dashed
greylines). See Supplementary Fig. 11 for additional analyses in which omnivores
were included as generalists for both carnivores and herbivores.

the replenishment rate of the resource accessible only to the gener-
alist (decreasing R,; Fig. 4f), intuitively, makes the specialist more
competitive at all body mass. Adjusting the shape of the per unit area
mortality rate function d (equation (5), by varying 8 and y) does not
influence the competition outcome at equilibrium (equation (6)),
but changes the timescale for specialists to maintain coexistence with
generalists, especially at large body sizes. For example, a relatively
flat d function with an early onset of decrease (large S and small y; see
Supplementary Fig. 18b,c for the effect of varying 8 and y) helps the
specialist to coexist with the generalist for alonger time and at higher
frequencies (Fig. 4d,e).

The time required for the dynamics to reach equilibrium follows
anS-shaped pattern:itfirstincreases and then decreases with competi-
tor body mass, reaching aminimum at around 10° g, and subsequently
increases approximately exponentially as body mass continues to grow
(Fig. 5). For generality, time is expressed in arbitrary units, primarily
toillustrate the relative timescales of the different dynamics and how
they approach equilibrium. Between very large animals in particular,
although the specialist will eventually be outcompeted by the gener-
alist, they can coexist at relatively stable frequencies for a long time
(quasi-stability; Fig. 5f,g). For example, the time it takes for compe-
tition between elephant-sized competitors to reach equilibrium is
approximately 10° timeslonger than the time required for competition
betweensquirrel-sized competitors (compare Fig. 5g and Fig. 5¢). The
large differencesin time toreach equilibrium for small-and large-sized
competitors, as well as the remarkably long quasi-stability character-
izing the competition dynamics between large-bodied animals, sug-
gest that their competitionin nature, with frequent biotic and abiotic
disturbances, are likely to be far away from equilibrium, adding to the
accumulating evidence supporting long transiency as a widespread
phenomenon in nature®.

Our generic model can be conveniently extended to capture more
biological details, such as the competition between specialists and

generalists of body-mass-associated dietary features. As an example,
we analysed a variation of the model with two resources—a meat-based
and a plant-based resource—and three consumers: a meat-eating
specialist, a plant-eating specialist and a generalist feeding on both
resources (see model extension in the Supplementary Information).
The model extension recovers our main result of higher proportions
of specialists coexisting with generalists at the smallest and largest
extremes of the body mass distribution, showing the robustness of
our theory of diverging selection on body size in specialist mammals.

Discussion

Animal body size has been long recognized as highly relevant to the
demand, acquisition and utility of resources>"**, but the underlying
mechanisms are complex and difficult to disentangle. Our combined
analyses of empirical dataand mathematical models indicated dietary
specialization as a key factor influencing how body size diversity is
formed and maintained. Across the body size spectrum, we found
that the proportion of specialists deviates from the null expectation
(defined by the overall proportion) both globally and regionally, con-
trastingly low in the middle and high towards either or both ends, and
this general pattern cannot be explained solely by the phylogenetic
signal in body size. These findings suggest that intermediate-sized
specialists have less evolutionary advantages than generalists. We
built a mathematical model to help demonstrate the advantages of
extreme body sizes for specialists, where the largest or smallest spe-
cialists are more likely to reach sustainable abundance and coexist
with generalists. Therefore, we found both empirical and theoretical
support for a diverging selection on the body size of specialists in
terrestrial mammals.

Regional faunas can be considered separated natural experiments
of macroevolution within their own environmental templates?>*¢,
for which the zoographic realms (Fig. 2a) are effective units because
they contain distinctive assemblages of co-occurring species largely
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the panel headings) produced consistent patterns. The colours represent the
different parameters examined in each panel. Symbols connected by dotted
lines are numerically generated, which, atequilibrium, are overlaid by the solid
lines of the same colours representing analytical solutions of the competition
equilibrium. Unless specified otherwise, the parameter values are k; = 0.9,
k,=0.7,0=0.2,$=0.25,y=100,g=1,k=100,R,=1andR,=0.5.

shaped by regional environment and history®®. Such evolutionary
independenceisalsoillustrated by the variationin body size distribu-
tion (Supplementary Fig. 7). Neverthless, the patterns of specialist
proportion across the range of body size (Fig. 2b) consistently showed
that intermediate-sized species within individual regions are more
likely to be dietary generalists, as in the global pattern. The absolute
position of the lowest proportion varies across regions, potentially
reflecting environmental factors in shaping coexistence dynamics,
such as how body size scales to mortality (see below). The closest
resemblance to the global pattern—where species at both the smallest
andlargest body sizes are more likely to be specialists than expected—
was observed in the Australian and Saharo-Arabian realms. This may
result from geographic and environmental isolation, which limits
inter-realm dispersals and can complicate evolutionary outcomes by

adding or removingtaxaeither stochastically or under different selec-
tive regimes (for example, refs. 37-40). The links betweenbody size and
specialization in Saharo-Arabia remained detectable in our phyloge-
netic regressionmodels (Supplementary Table 1), but notin Australia
where afew ecologically and evolutionarily distinctive clades coexist,
mostly rodents (n = 51species), bats (n = 61) and the marsupial species
inthe orders Dasyuromorphia (n = 50) and Diprotodontia (n = 60). The
marsupials evolved remarkable morphological and functional diversity
and resemblance (convergence) to the placental mammals in other
continents***?, but their phylogenetic distance from the rodents and
bats**** might have overwhelmed the ecological signal in the body size
data for comparative analyses.

Biogeographic effects are also shown from comparisons of
other realms, with variation in how specialists are concentrated in
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was 0.5across panels. The vertical grey lines indicate the time it takes for the

Small rodents

o

Frequency &

Time

Carnivores

»~t

Frequency Qa

10° 10

Large
ungulates

6 7

10' 10? 10° 10* 10° 10 10
Time

Frequency ™=w
o
(o2}

=

Body mass
.

Time to reach equilibrium

competition dynamics to reach equilibrium. The silhouettes next to each panel
illustrate typical mammal subclades at the corresponding range of body mass
(see order-specific body size distribution in Supplementary Fig. 3). h, Time to
reach competition equilibrium varies with body mass, following an

S-shaped pattern.

extreme-sized species. For example, the proportion of specialists
is higher than expected only at the smaller end of the size spectrum
in all three New World realms, where Pleistocene megafauna extinc-
tions were most intense*. Inaddition, the Neotropical realm contains
a biodiversity hotspot characteristic of closely related lineages*®*
and generally smaller body sizes than other continental realms
(Supplementary Table 2 and Supplementary Fig. 7). Recent dynam-
icsinthe Neotropical landscape, including the Andean uplift and the
formation of the Amazonrivers*®, along with emerging environmental
heterogeneity*’, combined with high productivity and tropical climate
(but see below for the Afrotropics), may have favoured smaller-sized
specialists over extremely large ones, which require much larger,
non-barrier foraging areas™. Similarly, small-sized mammals are prob-
ably also favoured in the Panamanian realm owing to the narrow land
area (Fig. 2a), landscape diversity and, thus, habitat heterogeneity*>*".
The diversity of mammal body sizes can also be shaped by specific
habitats, probably due to the spatial configuration of resources and
locomotionrequirement, such as fewer intermediate-sized speciesin
open than closed habitats®™. This habitat effect is not quantifiable at
the scale of zoographic realms but could provide mechanisticinsights
ifinvestigated at a finer spatial resolution.

In comparison with the New World faunas, mammals tend to have
larger bodies onthe Old World continents (Supplementary Table 2 and
Supplementary Fig.7) but only the Palaearctic and Afrotropical realms
show the opposite patterns, where species of the smallest sizes have the
regional expected proportion of specialists but those of largest sizes
show ahigher proportion of specialists than expected (Fig. 2). Patterns
in the Sino-Japanese and Oriental realms resemble those in the New
World realms. To understand such variation among these connected
realms, anintegrative approach is needed to compare further factors
such as the phylogenetic composition and the biogeographic history

of the faunas through landscape evolution and resulting environmen-
tal changes®"*>, Notably, in our dataset, only in the two island realms
did the proportion of specialists at the largest sizes drop significantly
below theregional proportions. Infact, islands represent special cases
interms of both the specialist proportion across size spectrums and the
size frequency distribution (Supplementary Fig. 7), possibly because
larger-size species (on the global size spectrum, but also large-sized
specialists within the realm assemblages) cannot be supported by the
limited area and resources in island systems>**. Despite the lack of
unanimous support for the ‘island rule’ of body size in current litera-
ture, we suggest thatitis still a fruitful direction for future research to
understand how islands might have different selection regimes with
respect to dietary specialization®*”’, for example, through the incor-
poration of island biogeographic models (for example, refs. 58,59).
When we assessed the variation in body size beyond the phylo-
genetic effects, we found that large-size species tend to be specialists
inregional (defined as realm) assemblages (Supplementary Table 1),
suggesting an eco-evolutionary mechanism leading to convergence.
On the smaller (left) half of regional size spectrum, a correlation
between specialization and body size is often absent in our phylo-
genetic analyses (except in the Nearctic), suggesting that the higher
proportion of dietary specialists at the small end is due to ecological
sorting of lineages. The more complex patterns within example
orders (Supplementary Fig. 9) also suggest the predominant effects
of the external environments on the evolution of body size, so that
the co-occurring species need to be considered together in a biogeo-
graphicframework. The closest resemblance to the global patternsisin
thetworichest orders, Rodentiaand Chiroptera (bats), which are also
two ofthe few orders that are found inall realms (Supplementary Fig. 8)
andrepresentations of small-bodied mammals (Supplementary Fig. 3).
The two orders were also found to conform to the global patternsina
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previous study that found omnivores more likely to be of intermedi-
ate sizes than carnivores and herbivores®’, though through a com-
parison using coarser categories of specialization than ours. It is well
established that the variation of species’ body size in a clade shows a
strong strong phylogenetic signal® (also apparent in our results and
Supplementary Fig. 3), even stronger than the spatial structure?.
When considered from the clade’s perspective, other evolutionary
mechanisms might be involved, such as the broadly defined Cope’s
rule (the tendency of evolving larger-sized species)®**, which can be
further complicated by ecological interactions and environmental
factors®**>, Meanwhile, we suggest further work should consider the
sorting mechanisms in forming regional assemblages to explain the
diversity in species traits®>®’. Such ecological sorting might be linked
to change in population density and (local) extinctions coinciding
with ecological events such as dispersals and environmental changes
atregional downto local scales.

Our mathematical model of coexistence provides a theoretical
explanation for the nonlinear patterns between body size and dietary
specializationshownin the empirical data. General diverging selection
on body size towards either gigantism or dwarfism has been found in
models of life history evolution®®, but the links to diet specialization or
resource use revealed by our analyses are new insights. Other models
have explicitly considered resource types and dietary adaptation but
were focused ondisruptive selectionin sexual dimorphism and adap-
tiveradiation® ", Our model fillsinaknowledge gap for understanding
animal diversity by explicitly considering dietary specializationand the
associated consumption efficiency («; Fig. 4c) in competing consumers
of similar body sizes and examining the coexistence outcome across a
realistic range of body size.

Based on our model, the reason why coexistence between the
specialistand its same-sized generalist competitor is difficult at inter-
mediate body sizes but easier towards the small and large extremes lies
intheinteractive effects of body size and home range size on mortality
risk. These effects can differ in different environmental set-up and
ultimately lead to different thresholds of ‘sustainable’ body size in
specialists, as suggested by our regional comparisons (Fig. 2). At the
(relatively) small extreme of body size, specialists enjoy a reduced
mortality risk because they need smaller home ranges to satisfy their
resource demand than generalists (Supplementary Fig.18), owingtoa
higher efficiency inresource use. At the large extreme of body size, per
unitareamortality risk is minimal for both generalists and specialists.
In this case, specialists can afford to maintain larger home ranges to
allowincreased resourceintake, if the environment template provides
sufficient habitats for them. This assumption of habitat availability
shouldbe further explored (for example, varying Rin Fig. 4f), especially
under projections of future environmental changes, because habitat
availability has been suggested as a key factor in earlier evolutionary
history of terrestrial mammals™">”2, Even with sufficient resources (as
inour simplistic model scenario), specialization might still be costly at
large bodies and large specialists are expected to eventually go extinct
at equilibrium, but the trajectories towards the equilibrium showed
that they can coexist with generalists at relatively stable frequencies
for along time (Fig. 5f,g; see also ref. 62). Because interspecific com-
petition probably includes long-term metastable transient patternsin
mostenvironments®”?, we consider the long-term stable coexistence
(quasi-stability) between very large specialists and generalists to be
morerelevantinarealisticcontext, asit representsa plausible outcome
foranimals living under fluctuating environmental conditions. We note
that incorporating size dependence in the biomass conversion rate
(x) does not change the robust pattern of specialists coexisting with
generalistsin the smalland large extremes of body massin ecologically
relevant timescales (Methods; Supplementary Figs. 19 and 20).

Our simple mathematical model serves as a proof of principle
demonstrating that ecological differences between dietary specialists
and generalists, such asbody-size-dependent foraging behaviours and

relevantsurvivorship, can promote the coexistence between specialists
and generalists, especially at the small and large extremes of body mass.
Tofurther understand the complexity in the empirical patterns, future
models should consider (a) the complexity in dietary niche beyond our
simplebinary variable”” or the ten categories in our main data source”
(Supplementary Fig. 2) and (b) the influence of additional ecological
factorsonthebiomass conversion efficiency (for example, refs. 6,12,13),
as its variation has been shown to be essential in realistic models of
food web adaptive evolution”. The vast diversity of plant and animal
materials allows much complexity beyond the current data®”>7%"%,
as, forexample, some extreme specialists might be highly selective for
thetaxon, functional characteristics or growing environment of their
food sources. The specific type of diet and, thus, trophic levels are
alsotightly linked to animals’ foraging behaviours and their metabolic
requirements, and empirical evidence hasindicated differential selec-
tions of body size among mammals of different diets®**¢*">%, Classic
metabolic theories suggest that small bodies, especially in specialists,
are better supported by a carnivorous than herbivorous diet, as seen
in our data (Fig. 3a), due to the higher mass-specific metabolic rate
necessary for compensating their faster heat loss through a larger
surface-area-to-volume ratio***°*', When compared among species
withinthe carnivorous or herbivorous group, the deviations fromthe
global patterns (Fig. 3b) could be linked to a common threshold of
bodysizeincarnivores related to their prey size (estimated tobe 21.5 kg
inref. 82; see also ref. 83) and, thus, potentially specialization due to
energy constraints. Carnivores with a body size above the threshold
tend to prey onspecies having larger bodies than themselves®?, which
could explain the rarity of carnivores towards the larger end of the
overall mammalian body size spectrum (Fig. 3; see also ref. 72); these
large predators tend to be generalists, possibly owing to the generally
lower density of larger-sized preys®***. To better understand the body
size distribution in different primary dietary groups, especially how
such division in prey size (relative to predator size) shapes the body
size diversity at lower trophic levels, future models will need to trade
off generality in favour of realism and precision® by incorporating
group-specific ecological and physiological characters. For example,
inungulate herbivores, the seasonality of their habitat, diet quality and
digestive processes (for example, rumination or hindgut fermentation)
allinfluence body size evolution®®.

Ultimately, we propose that the next steps should expand our
model of coexistence ecology to explore macroevolutionary conse-
quences, such as the evolution of the characteristic skewed distri-
bution of mammal body size®” (Supplementary Figs. 1, 7 and 10). We
must acknowledge that the present-day distribution of biodiversity,
including the diversity of body size, arose from diversification (specia-
tions and extinctions) and geographic range dynamics inresponse to
environmental changes at various extents'*¢>>85-% including, most
recently, multiple glacial-interglacial cycles. Under the influence
of environmental change and human activities, the widely known
end-Pleistocene extinction preferentially removed large-sized species
(the megafauna), including large mammals, at both global and regional
scales’*. Investigations through an integrative approach, combining
environmental dynamics and biogeography with phylogenetic and
fossil data, will be critical for fully understanding the evolutionary
mechanisms®*, as well as for anticipating future changes while the
resource landscape is continuously modified by anthropogenic fac-
tors. However, the nonlinear relationship between body size and spe-
cialization calls for cautionin using correlation-based analyses, which
many macroevolutionary studies rely on. While innovative analytical
strategies continue to emerge, simulation models can be a highly effec-
tive approach for disentangling complex interactions of biological
processes’® and for interpreting palaeontological data, which are
notoriously structured by variation in preservation and sampling
(for example, refs. 99,100). For example, a useful extension of our
modelshouldinclude how coexistence likelihood varies with the spatial
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configuration of resources and its dynamics (for example, ref. 52), and
further help predict the impact of habitat modification. Because the
body size and life history of animals can be altered quickly by anthro-
pogenic factors, such as selective harvesting'” and habitat loss and
fragmentation'®?, those factors and associated eco-evolutionary feed-
back can form powerful models for predicting future biodiversity.

Methods

Empirical investigation of mammal body size

and dietary specialization

We compared the body size variation of dietary specialists and general-
istsglobally and withinbiogeographicregions. Average adult body mass
and dietary compositions (density illustrated in Supplementary Fig. 2)
for 3,487 terrestrialmammal species were extracted from the EltonTrait
database’. Body mass of another 877 speciesin the original dataset was
based onaphylogenetic model or the mean at a higher taxonomiclevel;
we excluded these species from our analyses. Based on the resulting
dataset (dataset 1), the mammalian species consumed one to six types
of dietary material, and we assigned all species with only one diet type
as specialists. This simple measure is commonly used in broad-scale
comparative analyses””* and was shown to generate results consistent
withother, more complex measures, including the number of diet types
and measures that account for the observed clustering patterns among
dietary types and the relative consumptions of the different diet types
by the same species™.

We identified regional assemblages based on the geographic
occurrence of terrestrial mammal species across zoographic realms
proposed by Holt et al.”® (illustrated in Fig. 2a using data downloaded
from https://macroecology.ku.dk/resources/wallace on 20June 2023),
accounting for the continuity of regional mammalian assemblages.
Biogeographic units such as the zoographic realms are useful in com-
parative analyses because their boundaries reflect natural divisions of
the environmental template, which cause significant turnover in the
species composition***>*¢, Mammalian species distribution data were
downloaded from the International Union for Conservation of Nature
Red List database'®*'°* (accessed on 22 June 2023). Species identities
were matched to the widely acceptable taxonomy (also used in the
EltonTrait database) by Wilson and Reeder'®, following Fritz et al.'¢,
to allow merging with the trait dataset above and the phylogenetic
data®** (see below). The resulting dataset (dataset 1) contains regional
occurrences for 3487 species, with the highest species richness in the
Neotropical (n =797 species), Oriental (n =771 species) and Afro-
tropical (n = 681 species) faunas (Supplementary Data 1; also sum-
marized in Supplementary Table 2).

In this study, we only included native ranges as defined by the
International Union for Conservation of Nature (IUCN), but we acknow-
ledge that human-induced invasions can have non-negligible effects on
extinction dynamics and the resulting changes in ecological diversity
within regional faunas'”’"%’, In the global comparison, we excluded
species that only have occurrences assigned to marine habitats or
islands by the IUCN'® or falling outside the major zoographic realms by
Holt et al.?®. To maximize the comparsion across different geographic
regions, we did not exclude the two realms mainly composed of island
faunas, Oceanian (296 species) and Madagascan (114 species), but
discuss their different patterns above.

The global proportion of specialists in this dataset is 33.4% (out
of n=3,487 species). On average, specialists have similar body sizes
as generalists (the mean posterior difference and the 5-95% credible
interval from aBayesianregressionmodel (see analytical details below):
-0.094 [-0.25 t0 0.064]. To illustrate the pattern, we considered the
global porportion of specialists as a null hypothesis. We partitioned
the data on the basis of every 5% quantile (on average, every 174 spe-
cies; Supplementary Fig. 1) and, in each of the 20 bins, calculated the
proportion of specialist species as well as the 2.5-97.5% binomial
proportion confidence interval. Quantiles are used here to generate

species pools of similar sample size (number of species), although
we acknowledge that some quantiles will cover larger ranges of body
sizethan others due to the unevendistribution of body size frequency
(Supplementary Fig. 1). We considered proportions with confidence
intervals not containing the global specialist proportion as significant
deviations from the null expectation.

Because the variation of body size among mammalian species
shows strong phylogenetic signals”, we further analysed the datain
amultilevel (hierarchical) regression model within a Bayesian frame-
work, incorporating the phylogenetic variance-covariance matrix as
a group-level effect (random effect). Coeffecient estimates in such
models reflect the potential of ecological associations between the
variables'’. To identify patterns of diverging body sizes for special-
ists, we estimated the correlation coefficients (coef.) of the num-
ber of diet types (fixed effect) with three response variables: (1) the
absolute difference from the median body size (N = 3,487), (2) body
size of species smaller than or equal to the median (N =1,744) and
(3) body size of species larger than the median (N =1,743). Body size
was logarithm-transformed before the analyses. We used two species-
level phylogenetic datasets for mammals with different coverage
and estimates of divergence events. The older supertree** (following
refs.23,106) contains all species from our trait dataand canbe directly
summarized in one variance-covariance matrix for all regression
analyses. We found a significant phylogenetic standard deviation
(0.15[0.15t0 0.16]) in the global model of absolute difference from
the median body size, confirming the non-independence of data
in the response variable and, thus, the need for phylogenetically
informed analyses to investigate ecological and evolutionary asso-
ciations between focal traits. To assess the robustness of our finding
against the uncertainty in phylogenetic reconstruction, we further
validated the global model with a more recently published collec-
tion of posterior trees*’, although this dataset misses 75 species
from our trait data. We followed the authors’ recommendation and
used the trees generated through their node-dating analyses*. We
respect the 10,000 trees (hosted at https://vertlife.org/data/mam-
mals/, accessed on 31July 2025) as equally plausible hypotheses and
selected 10 random trees to calculate their respective variance-
covariance matrices. We then included each matrix in an independ-
ent regression model and summarized the posterior estimates of
coefficients across the ten models, analysed on the University of
Birmingham’s BlueBEAR HPC service. These two sets of phylogenetic
dataproduced consistent results (as did the non-phylogenetic mod-
els; Supplementary Table 1), so we base our discussion on the results
from the supertree with maximal data coverage. All Bayesian regres-
sion models included 5 sampling chains, each with 1,000 iterations
after the initial 1,000 warm-up iterations. In all models, we used the
default priors and sampling algorithms (Hamiltonian Markov Chain
Monte Carlo) provided in the package ‘brms™"'"?, with a randomiza-
tion seed of 2,025. Posterior distributions of model coefficients are
all summarized on the basis of the mean and the 5-95% quantiles as
the credibleintervals. Detailed model specifications can be foundin
the Rscripts ‘Analysis_bs_phylogenetics.R’ (using the supertree) and
‘Analysis_bs_phylogenetics_multitree.R’ (using the posterior trees),
published with all model outputs.

Based on the same global species pool, we repeated this analysis
for regional assemblages in the 11 zoographic realms, each parti-
tioned into 10 quantile bins to ensure sufficient sample sizes for
hypothesis testing (Supplementary Fig. 7). We applied the same
method (with 10 bins) to comparisons within the five most speciose
orders (Supplementary Fig. 10) using the global dataset (excluding
species in island realms) to explore the phylogenetic structure of
thebody size distribution. For analyses on the three primary dietary
groups (carnivory, omnivory and herbivory), we excluded species
occurring only in the Oceanian and Madagascan realms to focus on
continental species, although some island species (for example, the
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Tasmanian devil in the Australian realm) are still included because
they arealso found in continental realms (see dataset 1). The remain-
ing data include 931 carnivore species, 1,113 herbivores and 1,335
omnivores. Asomnivores are generalists by definition, we analysed
the proportion of specialists only for carnivores and herbivores,
using 10% body size quantiles and the global proportion within
each diet type, respectively. Because, by definition, the number
of different specific diet types in carnivores and herbivores is lim-
ited, we calculated the proportion of specialists both with and
without the addition of omnivores as generalists for comparison
(Supplementary Fig. 11). Notably, carnivorous species also tend to
have smaller sizes than herbivores as both specialists (one-sided Kol-
mogorov-Smirnovtest: D = 0.61, P < 0.001) and generalists (D = 0.43,
P<0.001; Fig. 3a). Among the generalists, omnivores tend to be
larger than carnivores (D = 0.35, P < 0.001; Fig. 3a), but smaller than
herbivores (D = 0.19, P< 0.001; Fig. 3a).

Allanalyses onthe empirical data were conductedinthe program
R 4.3.1", with the packages ‘tidyverse’™ for data organization and
illustration, ‘sf’ for spatial analyses™, ‘ape’ for processing the phyloge-
netic data®, ‘brms’ for Bayesian multilevel regression analyses™, and
‘spData™” and ‘egg™*® for dataillustration. A dataset ready for analyses
is provided as dataset 1. AllR code other than the Bayesian regression
analysesis provided in ‘Analysis_bs_distributions.R’.

Derivation and analysis of the equilibrium points

Here, we analytically derive the equilibrium points of the mathemati-
cal model given by equations (1) and (2). The equilibrium points are
obtained by setting the rates of changes of the variables, that is, the
derivatives of the resources and species densities to zero:

0 = Ry — grix; — agrix,,

0 = R, —agrx,, @

0 = kgrix; — myxy,

0 = kag(r, + r))x; — myXx;.

There canbe two possible model equilibria. At the first equilibrium,
the specialist consumer x; goes extinct (x, = 0); only the generalist con-
sumer X, persists in the system. This gives for the equilibrium densities
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_ Rym,
7 Ry ®)
Xy = K(R1+Rz).
my
At the second equilibrium, the specialist and the generalist con-
sumers coexist. Here, the equilibrium densities of the resources and
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The condition for coexistence requires x; > 0, which gives
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Using the above expressions for x; and x;, we can find the equilibrium
frequency of the specialist density
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Inserting the expressions of m, and m, in equation (3) into equation (11),
we obtain the equilibrium frequency of the specialist consumer in
equation (6).

The conversion efficiency fromresource to offspring (k) does not
affect the equilibrium competition outcome either (equation (6)).
Intuitively, this is because we focus on the competition between con-
sumers of the same body mass; the effects of body mass on k are the
same and, thus, cancel out. Still, different forms of k caninfluence tran-
sient competition dynamics leading to the equilibrium. To illustrate
this, we implemented an alternative form of k following Brown et al.*:

Cobbo C bM

by = So2Gb
K( ) Cobbo + ClbbI

(12)

where by, b, Cyand C,are constants, with parameter values taken from
ref. 6. The frequencies of the specialist competitor produced with k fol-
lowing equation (12) and with k as a constant are different during tran-
sient competition dynamics (compare Supplementary Figs.13and 19),
while they are very similar at quasi-stability (compare Fig. 4 and
Supplementary Fig. 20). This suggests that body-mass-dependent con-
version efficiency from food to offspring may play arolein short-term
ecological interaction dynamics but does not change whether the
competitors can coexistinthe long term.

To determine the stability of the equilibrium state, we numerically
checked the eigenvalues of the corresponding Jacobian matrices, in
which we substituted the equilibrium densities in equation (9). For
allmodel parameters, regardless of whether both consumers coexist
or only the generalist consumer persists, we found the coexistence
equilibrium pointto belocally stable. Numerical solutions of the com-
petition dynamics and equilibrium points were performed using the
software Mathematica. The notebook file s provided in ‘Mathematica-
Notebook.nb’, which also contain the analysis of our model extension
described in the ‘Appendix’in the Supplementary Information.

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

Data availability

No new data have been generated in this study, and all analyses are
based on data from public databases. A synthesis dataset ready for
analyses and generating the figures is provided as dataset 1. In addi-
tion, all model output from Bayesian regression analyses is available
viaFigshare at https://doi.org/10.6084/m9.figshare.27303813 (ref. 119).

Code availability

The R code for the empirical analyses, including dataillustration and
the Mathematica code for generating numerical solutions, is available
viaFigshare at https://doi.org/10.6084/m9.figshare.27303813 (ref. 119).

References

1.  West, G. B., Woodruff, W. H. & Brown, J. H. Allometric scaling of
metabolic rate from molecules and mitochondria to cells and
mammals. Proc. Natl Acad. Sci. USA 99, 2473-2478 (2002).

2. Payne, J. L. et al. Two-phase increase in the maximum size of
life over 3.5 billion years reflects biological innovation and
environmental opportunity. Proc. Natl Acad. Sci. USA 106, 24-27
(2009).

3. Smith, F. A. et al. Body size evolution across the Geozoic. Annu.
Rev. Earth Planet. Sci. 44, 523-553 (2016).

Nature Ecology & Evolution | Volume 10 | February 2026 | 342-354

351


http://www.nature.com/natecolevol
https://doi.org/10.6084/m9.figshare.27303813
https://doi.org/10.6084/m9.figshare.27303813

Article

https://doi.org/10.1038/s41559-025-02959-2

4. Schmidt-Nielsen, K. Scaling: Why Is Animal Size So Important?
(Cambridge Univ. Press, 1984).

5. Peters, R. H. The Ecological Implications of Body Size (Cambridge
Univ. Press, 1983).

6. Brown, J. H., Marquet, P. A. & Taper, M. L. Evolution of body size:
consequences of an energetic definition of fitness. Am. Nat. 142,
573-584 (1993).

7. Heim, N. A. et al. Hierarchical complexity and the size limits of life.
Proc. R. Soc. B 284, 20171039 (2017).

8. Huang, S., Saarinen, J. J., Eyres, A., Eronen, J. T. & Fritz, S. A.
Mammalian body size evolution was shaped by habitat transitions
as an indirect effect of climate change. Glob. Ecol. Biogeogr. 31,
2463-2474 (2022).

9. Zimova, M. et al. Body size predicts the rate of contemporary
morphological change in birds. Proc. Natl Acad. Sci. USA 120,
2206971120 (2023).

10. Poulin, R. Evolutionary influences on body size in free-living and
parasitic isopods. Biol. J. Linnean Soc. 54, 231-244 (1995).

1. Huang, S., Eyres, A., Fritz, S. A., Eronen, J. T. & Saarinen, J. in
Evolution of Cenozoic Land Mammal Faunas and Ecosystems:

25 Years of the Now Database of Fossil Mammals (eds
Casanovas-Vilar, |. et al.) 79-93 (Springer, Cham, 2023).

12. Gearty, W., McClain, C. R. & Payne, J. L. Energetic tradeoffs control
the size distribution of aquatic mammals. Proc. Natl Acad. Sci.
USA 115, 4194-4199 (2018).

13.  Schmidt-Nielsen, K. Locomotion: energy cost of swimming,
flying, and running. Science 177, 222-228 (1972).

14. Lindstedt, S. L., Miller, B. J. & Buskirk, S. W. Home range, time, and
body size in mammals. Ecology 67, 413-418 (1986).

15. Janis, C. M., Damuth, J. & Theodor, J. M. Miocene ungulates
and terrestrial primary productivity: where have all the
browsers gone? Proc. Natl Acad. Sci. USA 97, 7899-7904
(2000).

16. Carbone, C. & Gittleman, J. L. Acommon rule for the scaling of
carnivore density. Science 295, 2273-2276 (2002).

17. Tucker, M. A. et al. Moving in the anthropocene: global reductions
in terrestrial mammalian movements. Science 359, 466-469
(2018).

18. Tucker, M. A. et al. Large birds travel farther in homogeneous
environments. Glob. Ecol. Biogeogr. 28, 576-587 (2019).

19. Jocque, M., Field, R., Brendonck, L. & De Meester, L. Climatic
control of dispersal-ecological specialization trade-offs: a
metacommunity process at the heart of the latitudinal diversity
gradient? Glob. Ecol. Biogeogr. 19, 244-252 (2010).

20. Nurmi, T. & Parvinen, K. Joint evolution of specialization and
dispersal in structured metapopulations. J. Theor. Biol. 275, 78-92
(20M).

21. Jacob, S. et al. Habitat choice meets thermal specialization:
competition with specialists may drive suboptimal habitat
preferences in generalists. Proc. Natl Acad. Sci. USA 115,
11988-11993 (2018).

22. Vasconcelos, P. & Rueffler, C. How does joint evolution of
consumer traits affect resource specialization? Am. Nat. 195,
331-348 (2020).

23. Huang, S., Tucker, M. A., Hertel, A. G., Eyres, A. & Albrecht, J.
Scale-dependent effects of niche specialisation: the disconnect
between individual and species ranges. Ecol. Lett. 24, 1408-1419
(2021).

24. Moen, D. S, Irschick, D. J. & Wiens, J. J. Evolutionary conservatism
and convergence both lead to striking similarity in ecology,
morphology and performance across continents in frogs. Proc. R.
Soc. B 280, 20132156 (2013).

25. Koyabu, D. Evolution, conservatism and overlooked homologies
of the mammalian skull. Philos. Trans. R. Soc. B 378, 20220081
(2023).

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

49.

Freckleton, R. P. & Jetz, W. Space versus phylogeny: disentangling
phylogenetic and spatial signals in comparative data. Proc. R.
Soc. B 276, 21-30 (2009).

Cooper, N. & Purvis, A. Body size evolution in mammals:
complexity in tempo and mode. Am. Nat. 175, 727-738 (2010).
Holt, B. G. et al. An update of Wallace's zoogeographic regions of
the world. Science 339, 74-78 (2013).

Reuter, D. M., Hopkins, S. S. B. & Price, S. A. What is a mammalian
omnivore? Insights into terrestrial mammalian diet diversity, body
mass and evolution. Proc. R. Soc. B 290, 20221062 (2023).
Calder, W. A. Size, Function, and Life History (Harvard Univ. Press,
1984).

McNab, B. K. The influence of food habits on the energetics of
eutherian mammals. Ecol. Monogr. 56, 1-19 (1986).

Leyequién, E., Boer, W. F. D. & Cleef, A. Influence of body size on
coexistence of bird species. Ecol. Res. 22, 735-741 (2007).
Hastings, A. et al. Transient phenomena in ecology. Science 361,
eaat6412 (2018).

Tucker, M. A., Ord, T. J. & Rogers, T. L. Evolutionary predictors

of mammalian home range size: body mass, diet and the
environment. Glob. Ecol. Biogeogr. 23, 1105-1114 (2014).
Belanger, C. L. et al. Global environmental predictors of benthic
marine biogeographic structure. Proc. Natl Acad. Sci. USA 109,
14046-14051 (2012).

Kocsis, A. T., Reddin, C. J., Scotese, C. R., Valdes, P. J. & Kiessling, W.
Increase in marine provinciality over the last 250 million years
governed more by climate change than plate tectonics. Proc. R.
Soc. B 288, 20211342 (2021).

Buchi, L. & Vuilleumier, S. Coexistence of specialist and generalist
species is shaped by dispersal and environmental factors. Am.
Nat.183, 612-624 (2014).

Bacon, C. D. et al. Biological evidence supports an early and
complex emergence of the Isthmus of Panama. Proc. Natl Acad.
Sci. USA 112, 6110-6115 (2015).

Berke, S. K., Jablonski, D., Krug, A. Z. & Valentine, J. W. Origination
and immigration drive latitudinal gradients in marine functional
diversity. PLoS ONE 9, 101494 (2014).

Carrillo, J. D. et al. Disproportionate extinction of south american
mammials drove the asymmetry of the great american biotic
interchange. Proc. Natl Acad. Sci. USA 117, 26281-26287 (2020).
Newton, A. H., Weisbecker, V., Pask, A. J. & Hipsley, C. A.
Ontogenetic origins of cranial convergence between the extinct
marsupial thylacine and placental gray wolf. Commun. Biol. 4, 51
(2021).

Jones, M. E. in Predators with Pouches: The Biology of Carnivorous
Marsupials (eds Jones, M., Archer, M. & Dickman, C.) 285-296
(Csiro Publishing, 2003).

Upham, N. S., Esselstyn, J. A. & Jetz, W. Inferring the mammal
tree: species-level sets of phylogenies for questions in ecology,
evolution, and conservation. PLoS Biol. 17, e3000494 (2019).
Bininda-Emonds, O. R. P. et al. The delayed rise of present-day
mammals. Nature 446, 507-512 (2007).

Stuart, J. A. Mammalian extinctions in the Late Pleistocene of
Northern Eurasia and North America. Biol. Rev. 66, 453-562
(1991).

Huang, S., Davies, T. J. & Gittleman, J. L. How global extinctions
impact regional biodiversity in mammals. Biol. Lett. 8, 222-225
(2012).

Davies, T. J. et al. Phylogenetic trees and the future of mammalian
biodiversity. Proc. Natl Acad. Sci. USA 105, 11556-11563 (2008).
Hoorn, C. et al. Amazonia through time: Andean uplift, climate
change, landscape evolution, and biodiversity. Science 330,
927-931(2010).

Antonelli, A. et al. Geological and climatic influences on
mountain biodiversity. Nat. Geosci. 11, 718-725 (2018).

Nature Ecology & Evolution | Volume 10 | February 2026 | 342-354

352


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02959-2

50. Broekman, M. J. E. et al. Environmental drivers of global variation
in home range size of terrestrial and marine mammals. J. Anim.
Ecol. 93, 488-500 (2024).

51. Tuanmu, M. & Jetz, W. A global, remote sensing based
characterization of terrestrial habitat heterogeneity for
biodiversity and ecosystem modelling. Glob. Ecol. Biogeogr. 24,
1329-1339 (2015).

52. Travouillon, K. & Legendre, S. Using cenograms to investigate
gaps in mammalian body mass distributions in Australian
mammals. Palaeogeogr. Palaeoclimatol. Palaeoecol. 272, 69-84
(20009).

53. Huang, S., Meijers, M. J. M., Eyres, A., Mulch, A. & Fritz, S. A.
Unravelling the history of biodiversity in mountain ranges through
integrating geology and biogeography. J. Biogeogr. 46, 1777-1791
(2019).

54. Lomolino, M. V. et al. Of mice and mammoths: generality and
antiquity of the island rule. J. Biogeogr. 40, 1427-1439 (2013).

55. Baleka, S. et al. Estimating the dwarfing rate of an extinct Sicilian
elephant. Curr. Biol. 31, 3606-3612 (2021).

56. Meiri, S., Cooper, N. & Purvis, A. The island rule: made to be
broken? Proc. R. Soc. B 275, 141-148 (2008).

57. Raia, P. & Meiri, S. The island rule in large mammals: paleontology
meets ecology. Evolution 60, 1731-1742 (2006).

58. Cazelles, K., Araujo, M. B., Mouquet, N. & Gravel, D. A theory for
species co-occurrence in interaction networks. Theor. Ecol. 9,
39-48 (2016).

59. Gravel, D., Massol, F., Canard, E., Mouillot, D. & Mouquet, N.
Trophic theory of island biogeography. Ecol. Lett. 14, 1010-1016
(20M).

60. Price, S. A. & Hopkins, S. S. B. The macroevolutionary relationship
between diet and body mass across mammals. Biol. J. Linnean
Soc. 115, 173-184 (2015).

61. Stanley, M. S. An explanation for Cope's rule. Evolution 27, 1-26
(1973).

62. Alroy, J. Cope’s rule and the dynamics of body mass evolution
in North American fossil mammals. Science 280, 731-734
(1998).

63. Huang, S. et al. Mammal body size evolution in North America
and Europe over 20 Myr: similar trends generated by different
processes. Proc. R. Soc. B 284, 20162361 (2017).

64. Roy, S., Brannstrom, A. K. & Dieckmann, U. Ecological
determinants of Cope’s rule and its inverse. Commun. Biol. 7, 38
(2024).

65. Hunt, G. & Roy, K. Climate change, body size evolution, and
Cope’s rule in deep-sea ostracodes. Proc. Natl Acad. Sci. USA 103,
1347-1352 (2006).

66. Jablonski, D. Approaches to macroevolution: 2. Sorting of
variation, some overarching issues, and general conclusions.
Evol. Biol. 44, 451-475 (2017).

67. Quintero, |. The diffused evolutionary dynamics of morphological
novelty. Proc. Natl Acad. Sci. USA 122, 2425573122 (2025).

68. Coulson, T. et al. Density dependent environments can select for
extremes of body size. Peer Commun. J. 2, e49 (2022).

69. Cooper, I. A., Gilman, R. T. & Boughman, J. W. Sexual dimorphism
and speciation on two ecological coins: patterns from nature and
theoretical predictions. Evolution 65, 2553-2571(2011).

70. Li, X. & Kokko, H. Sexual dimorphism driven by intersexual
resource competition: why is it rare, and where to look for it?

J. Anim. Ecol. 90, 1831-1843 (2021).

71. Chaparro Pedraza, P. C., Roth, G. & Seehausen, O. The enrichment
paradox in adaptive radiations: emergence of predators hinders
diversification in resource rich environments. Ecol. Lett. 25,
802-813 (2022).

72. Smith, F. A. et al. The evolution of maximum body size of
terrestrial mammals. Science 330, 1216-1219 (2010).

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Morozov, A. et al. Long transients in ecology: theory and
applications. Phys. Life Rev. 32, 1-40 (2020).

Forister, M. L. et al. The global distribution of diet breadth

in insect herbivores. Proc. Natl Acad. Sci. USA 112, 442-447
(2015).

Shipley, L. A., Forbey, J. S. & Moore, B. D. Revisiting the dietary
niche: when is a mammalian herbivore a specialist? Integr. Comp.
Biol. 49, 274-290 (2009).

Wilman, H. et al. EltonTraits 1.0: species level foraging attributes
of the world’s birds and mammals. Ecology 95, 2027 (2014).
Fritsch, C., Billiard, S. & Champagnat, N. Identifying conversion
efficiency as a key mechanism underlying food webs adaptive
evolution: a step forward, or backward? Oikos 130, 904-930
(2021).

Schulz, A. N. et al. What is a specialist? Quantifying host breadth
enables impact prediction for invasive herbivores. Ecol. Lett. 28,
70083 (2025).

Pringle, R. M. et al. Impacts of large herbivores on terrestrial
ecosystems. Curr. Biol. 33, R584-R610 (2023).

Pansu, J. et al. The generality of cryptic dietary niche differences
in diverse large-herbivore assemblages. Proc. Natl Acad. Sci. USA
19, 2204400119 (2022).

Pineda-Munoz, S., Evans, A. R. & Alroy, J. The relationship between
diet and body mass in terrestrial mammals. Paleobiology 42,
659-669 (2016).

Carbone, C., Mace, G. M., Roberts, S. C. & Macdonald, D. W.
Energetic constraints on the diet of terrestrial carnivores. Nature
402, 286-288 (1999).

Carbone, C., Pettorelli, N. & Stephens, P. A. The bigger they
come, the harder they fall: body size and prey abundance
influence predator-prey ratios. Biol. Lett. 7, 312-315

(2010).

Damuth, J. Population density and body size in mammals. Nature
290, 699-700 (1981).

Levins, R. The strategy of model building in population biology.
Am. Sci. 54, 421-431(1966).

Illius, A. W. & Gordon, I. J. Modelling the nutritional ecology of
ungulate herbivores: evolution of body size and competitive
interactions. Oecologia 89, 428-434 (1992).

Clauset, A. & Erwin, D. H. The evolution and distribution of species
body size. Science 321, 399-401(2008).

Wang, Y., Pineda-Munoz, S. & McGuire, J. L. Plants maintain
climate fidelity in the face of dynamic climate change. Proc. Natl
Acad. Sci. USA 120, e2201946119 (2023).

Huang, S., Roy, K., Valentine, J. W. & Jablonski, D. Convergence,
divergence, and parallelism in marine biodiversity trends:
Integrating present-day and fossil data. Proc. Natl Acad. Sci. USA
112, 4903-4908 (2015).

Sandel, B. et al. The influence of late quaternary climate-change
velocity on species endemism. Science 334, 660-664

(20Mm).

Smith, F. A., Smith, R. E. E., Lyons, S. K. & Payne, J. L. Body size
downgrading of mammals over the late quaternary. Science 360,
310-313 (2018).

Bibi, F. & Cantalapiedra, J. L. Plio-Pleistocene African
megaherbivore losses associated with community biomass
restructuring. Science 380, 1076-1080 (2023).

Pineda-Munoz, S., Wang, Y., Lyons, S. K., Toth, A. B. & McGuire, J. L.
Mammal species occupy different climates following the
expansion of human impacts. Proc. Natl Acad. Sci. USA 118,
€1922859118 (2021).

Bergman, J. et al. Worldwide Late Pleistocene and Early Holocene
population declines in extant megafauna are associated with
Homo sapiens expansion rather than climate change. Nat.
Commun. 14, 7679 (2023).

Nature Ecology & Evolution | Volume 10 | February 2026 | 342-354

353


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02959-2

95. Koch, P. L. & Barnosky, A. D. Late Quaternary extinctions: state of
the debate. Annu. Rev. Ecol. Evol. Syst. 37, 215-250 (2006).

96. Benson, R. B., Butler, R., Close, R. A., Saupe, E. & Rabosky, D. L.
Biodiversity across space and time in the fossil record. Curr. Biol.
31, R1225-R1236 (2021).

97. Cabral, J.S., Valente, L. & Hartig, F. Mechanistic simulation
models in macroecology and biogeography: state of art and
prospects. Ecography 40, 267-280 (2017).

98. Connolly, S.R., Keith, S. A., Colwell, R. K. & Rahbek, C. Process,
mechanism, and modeling in macroecology. Trends Ecol. Evol.
32, 835-844 (2017).

99. Cooper, R. B., Flannery-Sutherland, J. T. & Silvestro, D. DeepDive:
estimating global biodiversity patterns through time using deep
learning. Nat. Commun. 15, 4199 (2024).

100. Alroy, J. A multispecies overkill simulation of the End-Pleistocene
megafaunal mass extinction. Science 292, 1893-1896 (2001).

101. Purvis, A. in Conservation of Exploited Species (eds Reynolds, J. D.
et al.) 169-181(Cambridge Univ. Press, 2001).

102. Hillaert, J., Vandegehuchte, M. L., Hovestadt, T. & Bonte, D.
Habitat loss and fragmentation increase realized predator-prey
body size ratios. Funct. Ecol. 34, 534-544 (2020).

103. The IUCN red list of threatened species. version 2020-2. IUCN
http://www.iucnredlist.org (2019).

104. Schipper, J. et al. The status of the world’s land and marine
mammals: diversity, threat, and knowledge. Science 322,
225-230 (2008).

105. Wilson, D. E. & Reeder, D. A. M. Mammal Species of the World:

A Taxonomic and Geographic Reference (Johns Hopkins Univ. Press,
2005).

1086. Fritz, S. A., Bininda Emonds, O. R. P. & Purvis, A. Geographical
variation in predictors of mammalian extinction risk: big is bad,
but only in the tropics. Ecol. Lett. 12, 538-549 (2009).

107. Blackburn, T. M., Bellard, C. & Ricciardi, A. Alien versus native
species as drivers of recent extinctions. Front. Ecol. the Environ.
17, 203-207 (2019).

108. Sayol, F. et al. Loss of functional diversity through anthropogenic
extinctions of island birds is not offset by biotic invasions. Sci.
AdVv. 7, eabj5790 (2021).

109. Duefas, M.-A., Hemming, D. J., Roberts, A. & Diaz-Soltero, H. The
threat of invasive species to IUCN-listed critically endangered
species: a systematic review. Glob. Ecol. Conserv. 26, 01476
(2021).

10. J, F. Phylogenies and quantitative characters. Annu. Rev. Ecol.
Syst. 19, 445-471(1988).

1M1. Brkner, P.-C. Advanced Bayesian multilevel modeling with the
R package brms. R J. 10, 395-411 (2018).

112. Blrkne, P.-C. brms: an R package for Bayesian multilevel models
using stan. J. Stat. Softw. 80, 1-28 (2017).

13. R Development Core Team. R: a language and environment for
statistical computing. R Project http://www.R-project.org (2023).

14. Wickham, H. et al. Welcome to the tidyverse. J. Open Source
Softw. 4, 1686 (2019).

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

16. Paradis, E., Claude, J. & Strimmer, K. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics 20,
289-290 (2004).

17. Bivand, R., Nowosad, J. & Lovelace, R. spData: datasets for spatial
analysis. https://jakubnowosad.com/spData/ (2023).

118. Auguie, B. egg: extensions for ‘ggplot2’ - custom geom, custom
themes, plot alignment, labelled panels, symmetric scales,
and fixed panel size. R Project https://cran.r-project.org/web/
packages/egg/index.html (2019).

119. Huang, S., Morozov, A., Eyres, A. & Richter, X.-Y. L. Diverging
selection on body size in specialist mammals. Figshare
https://doi.org/10.6084/m9.figshare.27303813 (2025).

Acknowledgements

We thank S. Edie, the Ecology Discussion Group at the University of
Birmingham, and the Jablonski-Price lab meetings at the University
of Chicago for discussion on an early draft. S.H. was supported by
the German Research Foundation (DFG HU 2748/1-1). X.-Y.L.R. was
supported by the Swiss National Science Foundation (211549). A.M.
was supported by the Engineering and Physical Sciences Research
Council (EPSRC, EP/W522326/1) of United Kingdom Research &
Inovation (UKRI).

Author contributions

X.-Y.L.R., A.E. and S.H. conceived and designed the study. S.H. and
A.E. analysed the empirical data. X.-Y.L.R. and A.M. developed the
mathematical models. All authors contributed to interpreting the
results and writing 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/s41559-025-02959-2.

Correspondence and requests for materials should be addressed to
Shan Huang or Xiang-Yi Li Richter.

Peer review information Nature Ecology & Evolution thanks
Meghan Balk, Samantha Hopkins and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

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

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional 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 licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

Nature Ecology & Evolution | Volume 10 | February 2026 | 342-354

354


http://www.nature.com/natecolevol
http://www.iucnredlist.org
http://www.R-project.org
https://jakubnowosad.com/spData/
https://cran.r-project.org/web/packages/egg/index.html
https://cran.r-project.org/web/packages/egg/index.html
https://doi.org/10.6084/m9.figshare.27303813
https://doi.org/10.1038/s41559-025-02959-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

nature portfolio

Corresponding author(s):  Ziyue Chen

Last updated by author(s): Nov 28, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
S~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX 00 0000 01 ol

|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used.

Data analysis 1. The calculation of CES-D 10 scores was based on CHARLS data and conducted using Python 3.8 (https://www.python.org/).
2. The preprocessing of historical sunlight duration station data, spatial interpolation (Thin Plate Spline method), and anomaly detection and
correction for the time series were performed using ArcGIS 10.4 and Python 3.8 (https://www.python.org/).
3. The development of high-dimensional fixed effects and ordinal logistic regression models to analyze the relationship between CES-D 10
scores and historical sunlight duration was carried out in Python 3.8 (https://www.python.org/).
4. The prediction of sunlight duration across RCP—SSP scenarios using MLP models, along with the projection of mental health outcomes for
older adults in China under different Shared Socioeconomic Pathways and the estimation of future annual per-capita incremental medical
expenditures related to mental health, were all implemented in Python 3.8 (https://www.python.org/).
5. Plots were generated with Python 3.8 (https://www.python.org/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

1. The multi-wave data from CHARLS are available at https://opendata.pku.edu.cn/dataverse/CHARLS.

2. Historical sunlight duration data from China’s surface meteorological stations can be accessed at https://www.resdc.cn/data.aspx?DATAID=230.

3. Future SDSR, TCC, and TOA data from the FGOALS-g3 model are available at DOI: 10.24381/cds.c866074c.

4. Meteorological indicators were sourced from the National Centers for Environmental Information (NCEI) under the National Oceanic and Atmospheric
Administration (NOAA) and the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) (https://gmao.gsfc.nasa.gov/gmao-products/
merra-2/data-access_merra-2/?utm_source=chatgpt.com).

5. Air pollution data are available at https://zenodo.org/records/10472666?utm_source=chatgpt.com.

6. City-level GDP per capita were derived from the China City Statistical Yearbook (2010-2018) (https://www.stats.gov.cn/).

7. The NDVI datasets are available from https://www.earthdata.nasa.gov/data/catalog/Ipcloud-mod13a3-061?utm_source=chatgpt.com.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex/gender was determined based on self-reporting in the CHARLS survey. The study included both male and female
respondents. Gender was used as a covariate in the statistical models (e.g., Equation 1 and Table A1) and in heterogeneity
analysis to examine differences in mental health outcomes.

Reporting on race, ethnicity, or | The study utilizes data from CHARLS, covering residents across 31 provinces in China. Race or ethnicity was not used as a

other socially relevant primary categorization variable in this specific analysis focusing on climate and sunlight exposure.
groupings
Population characteristics The study focuses on Chinese adults aged 45 and above. The final analytical sample includes 14,910 primary respondents.

Key covariate-relevant characteristics include age, gender, hukou status (urban/rural), marital status, social activity levels,
and mental health status measured by the CES-D 10 scale.

Recruitment Participants were recruited through the CHARLS national baseline and follow-up surveys, which employed a multistage,
stratified probability-proportional-to-size (PPS) sampling method to ensure national representativeness. Potential self-
selection bias is minimized by the randomized sampling design of the original survey.

Ethics oversight The original CHARLS study was approved by the Ethical Review Committee of Peking University. As this study utilizes de-
identified secondary data, additional ethical approval was not required, but the original ethical standards were adhered to.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |Z| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This study conducted a longitudinal analysis by linking over 50,000 observations of older adults from the China Health and
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Research sample The CHARLS survey encompassed over 28,000 individuals from 31 provinces (excluding Tibet), 150 counties/districts, and 450
villages/communities, generating 112,879 questionnaire records. The study incorporated data from four waves of CHARLS conducted
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in 2011, 2013, 2015, and 2018. Focusing specifically on data from 14,910 primary respondents, excluding data from respondents’
relatives to avoid potential correlation bias. The samples are nationally representative.

Sampling strategy CHARLS employed a multistage, stratified, PPS (probability proportional to size) sampling method. Initially, 150 county-level units
(including urban districts and counties) were randomly selected nationwide. Subsequently, three villages/communities were
randomly chosen within each county-level unit, followed by the random selection of households within each village/community as
samples.

Data collection The datasets we use are existing data and are open source, including CHARLS, Historical sunlight duration data, Future SDSR, TCC,
and TOA data, etc. See the data availability statement for data acquisition.

Timing The CHARLS survey data and historical daily sunlight duration data cover the years 2011, 2013, 2015, and 2018, with daily sunlight
duration measured at a precision of 0.1 hours. Future climate data derived from the FGOALS-g3 model span the period from 2021 to
2100.

Data exclusions The survey encompassed more than 28,000 individuals, and the study focused on 14,910 primary respondents. We excluded data

from respondents' relatives (spouses/children) to avoid potential correlation bias and ensure independent observations. Data from
the year 2020 were also excluded to avoid the anomalous impact of the COVID-19 pandemic.
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Non-participation No participants dropped out/declined participation.

Randomization The samples in the CHARLS dataset were randomly selected and ensured national representativeness through a multistage, stratified,
probability-proportional-to-size (PPS) sampling method.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX XX XX &
oot

Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

Authentication Bg;cir}/%@”ggy atithentication-procedures for-each seed stock-tised-or-novel-genotype-generated.—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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