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Multifactorial drivers of spatial
variation in human body form
across modern China

Doudou Cao?"™, Enrico R. Crema? & Emma Pomeroy?

Human body form reveals cumulative effects of ecological and socio-cultural factors. China provides
an exceptional context for investigating these multifactorial influences, not only because of its
extensive geographic and cultural diversity, but also because recent decades have been marked by
rapid economic development, urbanisation, migration, and the population-level trauma of the Great
Famine. Using anthropometric data from >90,000 adults across 213 geo-referenced groups from
mid-late-20th and early-21st centuries, we applied Bayesian hierarchical models to assess the roles

of climate, altitude, urban-rural status, linguistic affiliation, and time in shaping stature, body mass,
relative sitting height, and body breadth. Substantial secular increases in body size, particularly

body mass, were associated with recent economic development and urbanisation. Males and females
responded similarly across environmental and temporal gradients, indicating limited sex-based
differentiation. Northern groups remained taller and heavier than their southern counterparts.
Notably, maximum precipitation, not temperature, emerged as the strongest climatic correlate,

likely reflecting indirect effects of subsistence and disease burden. Relative sitting height increased
modestly over time, while relative body breadth showed a stable east-west gradient, potentially
shaped by population history. Regional exceptions, including highland Tibetan and Sherpa populations
and northeastern groups, along with widening divergence among linguistic subgroups, underscore
the persistent roles of migration, developmental constraints and potential high-altitude adaptation.
These findings show that recent changes in human body form in China cannot be understood as simple
outcomes of modernisation alone, but instead reflect layered interactions among ecology, population
history, socio-economic transformation, and cohort-specific historical experience.
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Introduction

Human body form varies markedly across populations, driven by a complex interplay of genetic, environmental,
and sociocultural forces!®1220:47:52_ For nearly two centuries, ecogeographic ‘rules’ have guided interpretations
of climate-related morphological variation, proposing that larger body sizes’ and shorter extremities' in
colder climates enhance heat conservation. Such patterns have been widely documented among endothermic
species, including humans and extinct hominins®>3. However, emerging evidence suggests that temperature,
or latitude, often serves as a proxy for broader ecological and socioeconomic factors, such as nutrition, disease
burden, and population history, rather than acting as a direct causal driver of body form!*324”. Developmental
plasticity further enables growth adjustments in response to local environmental conditions during early
life>. Consequently, human morphology rarely conforms neatly to single climatic axis but instead reflects the
cumulative outcomes of interacting influences across both evolutionary and developmental timescales®.

China’s extensive ecological and cultural diversity provides an exceptional setting for exploring the
multifactorial influences shaping human biological variation. This setting is further distinguished by China’s
recent history, including the demographic and nutritional disruptions associated with the Great Famine and
the rapid urbanisation, economic development, and dietary transitions that followed in the late twentieth and
early twenty-first centuries'”'#42. While previous studies have identified latitudinal gradients in body size, most
studies have focused narrowly on individual traits, such as stature or body mass, and have often been confined to
particular population groups!”>73%. Few examine relative sitting height (a proxy for lower limb length) or lateral

IHong Kong Institute for the Humanities and Social Sciences, University of Hong Kong, Hong Kong SAR, China.
2Department of Archaeology, University of Cambridge, Cambridge, UK. *“email: dcao@hku.hk

Scientific Reports|  (2026) 16:27863 | https://doi.org/10.1038/s41598-026-57537-8 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-57537-8&domain=pdf&date_stamp=2026-6-17
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-57537-8&domain=pdf&date_stamp=2026-6-17
mailto:dcao@hku.hk
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

dimensions such as bi-iliac breadth, despite their relevance to thermoregulation, locomotion, and childbirth®*¢7

Furthermore, although existing studies underscore the importance of latitude, nutrition, and socioeconomic
conditions®*4%42, there remains a lack of spatially explicit analyses that integrate climatic, geographic, cultural,
and historical variables into a unified framework.

Here, we compiled anthropometric data on mean stature, body mass, relative sitting height (trunk-to-height
ratio), and relative body breadth (bi-iliac breadth relative to stature) for over 90,000 adults from 223 georeferenced
population samples, spanning mid-twentieth to early-twenty-first centuries. These data capture cohorts born
during or shortly before/after the Great Famine, and those raised in the post-reform era (Supplementary Table
S1), and are paired with ecogeographic predictors (temperature, precipitation, altitude), residential context
(urban vs. rural), and linguistic affiliation. Using Bayesian generalised additive mixed models (GAMMs), we
model non-linear spatial and temporal variation in body form, while accounting for potential unmeasured
factors, such as gene flow and local subsistence.

With a robust database, this study asks how contemporary variation in body form across China has been
shaped by long-term ecological adaptation as well as more recent developmental responses to improving living
standards and urbanisation.

Results

Spatiotemporal patterns in body size and proportions

Across mid-20th- to early 21st-century Chinese populations, Bayesian predictions indicate a substantial increase
in body size over time, especially in body mass, alongside more modest changes in stature and comparatively
limited shifts in body proportions (Figs. 1, 2, SI-S8). Despite these increases, large-scale geographic patterning
remains broadly stable: stature and body mass retain a pronounced north-south gradient, with northern
populations consistently predicted to be taller and heavier than southern populations across both scenarios.
By contrast, relative sitting height and relative body breadth show weaker temporal change and more regionally
variable spatial structure.

Stature shows the clearest spatial structuring among all traits. In males, early rural predictions range
from approximately — 1.5 z in southern China, equivalent to around 158.2 cm, to +1.0 z in northern China,
equivalent to around 168.6 cm (Fig. 1, first row). In the late urban scenario, this gradient persists but shifts
upward, with values reaching around + 1.5 z in the north, approximately 170.5 cm, and around —0.5 z in the
south, approximately 162.8 cm. A similar latitudinal pattern is also evident in the environment-only component,
defined as the difference between the full and space-only predictions (Figs. S1-S2, first rows), indicating that
measured covariates explain an important part of the predicted north-south variation in stature.

Body mass shows a broadly similar spatial pattern to stature but a stronger temporal increase. In early rural
males, predicted values are low in southern China, reaching approximately — 1.5 z, equivalent to around 50.4 kg
relative to the overall male mean of 60.9 kg, whereas northern populations are slightly above the mean, around
+0.3 z (Fig. 1, second row). In the late urban scenario, body mass increases markedly nationwide, especially in
northern and western China, where values exceed + 1.5 z, equivalent to over 70 kg. Southern values also increase
but remain comparatively lower, around — 0.3 z, or approximately 58.8 kg.

Relative sitting height shows more limited temporal change (Fig. 1, third row). In early rural males, predicted
values are negative across much of western and southwestern China, reaching around —1.2 z and indicating
proportionally longer lower limbs, whereas parts of the northeast show relatively longer trunks. By the late urban
scenario, values converge closer to the overall sample mean, approximately 53.5% of stature, although southern
and southwestern regions remain relatively lower.

Relative body breadth shows clearer spatial structure than relative sitting height (Figs. 1 and 2, fourth row). In
early rural males, higher values cluster in the northwest and Tibetan Plateau, around + 1.0 to + 1.5 z, corresponding
to approximately 17.6-17.9% of stature. Coastal and northeastern regions show lower values, around 0 to -1 z.
This west—east and highland-lowland contrast persists in late urban males, with highland regions reaching + 1.5
to +2.0 z, approximately 17.9-18.2%, while southeastern regions remain comparatively narrower. Space-only
predictions capture the main features of this distribution, whereas environment-only predictions are weaker
and less spatially coherent (Figs. S1-S2, fourth rows), indicating that relative body breadth is more strongly
associated with broader geographic structure than with the measured environmental covariates alone.

Female spatiotemporal trends broadly mirror those observed in males, both in direction and magnitude
(Fig. 2). Northern females are consistently predicted to be taller and heavier than southern females across
the early rural and late urban scenarios. Female relative body breadth also shows a similar regional structure,
with higher predicted values in western groups and lower values among coastal populations. However, some
sex-specific model behaviour is evident. For female stature, space-only predictions diverge from both full and
environment-only predictions in the northeast, suggesting that this regional pattern is not fully captured by
measured environmental covariates and may reflect local non-climatic factors or other geographically structured
processes (Figs. S3-S4, first rows).

Socio-economic and environmental fixed effects
Modelled fixed effects, representing average predictor-trait associations across the full dataset, indicate that
socio-economic and environmental predictors were more strongly associated with body size than with body
proportions (Fig. 3). Conditional effect plots for the continuous environmental predictors are shown in Figs.
S9-§12. Following the terminology summarised in Table S2, 95% highest posterior density intervals (HPDIs)
represent the narrowest intervals containing 95% of the posterior probability for each parameter; intervals
overlapping zero indicate greater uncertainty in the direction of the association.

For stature, based on 220 male and 218 female groups, urban residence is positively associated with stature
in both sexes (Fig. 3, first row). The estimated effect is $=0.42 in males (95% HPDI: 0.07 to 0.77) and f=0.40
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Fig. 1. Predicted spatial variation in male body size and proportions under early rural and late urban
scenarios. Maps show male Bayesian full-model predictions for four traits: stature, body mass, relative sitting
height, and relative body breadth. Predictions are expressed as z-scores standardised relative to the overall
sample mean of each trait. The early rural and late urban scenarios contrast the two most distinct combinations
of period and residence in the dataset and therefore reflect both temporal and urbanisation-related differences.
The full-model predictions include fixed effects, spatial smoothing, and language subgroup random effects.
Note that coastlines may appear visually darker than internal land borders at this map scale because of their
more irregular and densely segmented geometry. Maps were generated by the authors in R version 4.3.2
(https://www.r-project.org/), with administrative boundary data obtained from Tianditu, the National Platform
for Common Geospatial Information Services of China (https://www.tianditu.gov.cn/).

in females (95% HPDI: 0.01 to 0.92), with most posterior mass above zero. By contrast, the independent effect
of the late period is small and uncertain, with 95% HPDIs overlapping zero. Among environmental predictors,
maximum precipitation shows the most consistent negative association with stature, with posterior means of
B =—0.42 in males and 8 = —0.39 in females. Altitude and minimum temperature also show weak negative
tendencies, but their HPDIs include zero, indicating substantial uncertainty.
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Fig. 2. Predicted spatial variation in female body size and proportions under early rural and late urban
scenarios. Maps show male Bayesian full-model predictions for four traits: stature, body mass, relative sitting
height, and relative body breadth. Predictions are expressed as z-scores standardised relative to the overall
sample mean of each trait. The early rural and late urban scenarios contrast the two most distinct combinations
of period and residence in the dataset and therefore reflect both temporal and urbanisation-related differences.
The full-model predictions include fixed effects, spatial smoothing, and language subgroup random effects.
Note that coastlines may appear visually darker than internal land borders at this map scale because of their
more irregular and densely segmented geometry. Maps were generated by the authors in R version 4.3.2
(https://www.r-project.org/), with administrative boundary data obtained from Tianditu, the National Platform
for Common Geospatial Information Services of China (https://www.tianditu.gov.cn/).

For body mass, based on 187 male and 186 female groups, posterior distributions indicate stronger temporal
effects than for other traits (Fig. 3, second row). The late period is associated with higher body mass in both
sexes, with $=0.83 in males (95% HPDI: 0.02 to 1.95) and $=0.92 in females (95% HPDI: —0.01 to 1.97). The
female estimate is similar in magnitude to the male estimate, although its HPDI marginally crosses zero. Urban
residence is also positively associated with male body mass (8=0.40), whereas the corresponding female effect
is smaller and more uncertain (8=0.16; 95% HPDI: —0.01 to 0.34). Environmental associations with body mass
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Fig. 3. Posterior distributions of fixed effects on body size and proportions traits (top to bottom): stature, body
mass, relative sitting height, and relative body breadth. Predictors include TimeLate (21st-century vs. mid—

late 20th-century baseline), Urban (urban vs. rural baseline), scaled climatic variables (minimum/maximum
temperature, minimum/maximum precipitation), and altitude. Male (&) results are on the left, female (¥) on
the right. Red dashed lines indicate zero (no effect); blue vertical lines mark posterior means. Distributions
whose means and 95% credible intervals (shaded areas) are shifted from zero indicate credible predictor effects.
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are generally weaker: precipitation show negative tendencies in males, while altitude and minimum temperature
show modest positive tendencies in females, all with wide HPDIs.

Body proportions show weaker and less consistent associations overall. For relative sitting height, based
on 140 male and 139 female groups, most predictor effects are small and uncertain, although the late-period
posterior mean is more positive in females than in males ($=0.47 versus 0.17; Fig. 3, third row). For relative
body breadth, based on 131 male and 130 female groups, temporal posterior means are slightly larger in males
(8=0.52) than in females ($=0.31), but both HPDIs span zero (Fig. 3, fourth row). Female relative body breadth
also show positive tendencies for maximum temperature ($=0.31) and altitude (3=0.38), although credible
intervals remain wide.

Language subgroup variation

Language subgroup variation was assessed using three complementary summaries: random effects, counterfactual
early-late contrasts, and ICCs, which address related but distinct questions. Random effects subgroup deviations
after accounting for measured predictors and spatial structure: random intercepts capture residual baseline
differences among language subgroups (Fig. 4), while subgroup-specific TimeLate slopes capture deviations in
later—earlier temporal change (Fig. 5). By contrast, counterfactual early-late contrasts evaluate whether temporal
change differed among language subgroups under matched environmental conditions, with continuous
environmental covariates fixed at their means and rural residence used as the baseline (Figs. S5-S8). This
distinction clarifies that the analysis does not simply compare language subgroups at one time point, but also
assesses whether subgroup-specific temporal trajectories differed after standardising environmental conditions.

Overall, language subgroup variation was present but generally modest after accounting for measured
predictors and spatial structure (Fig. 4). For stature, subgroup-specific posterior early-late contrasts were small
overall (Fig. 5, first row), and the corresponding posterior early-late contrasts were likewise limited (Fig. S5).
Sinitic males showed the clearest positive contrast: 1.26 cm [95% HPDI: 0.46, 2.09], indicating a credible increase
above zero (Fig. S5). Mon-Khmer and Tungusic males showed smaller positive median posterior contrasts of
0.87 and 0.73 cm, respectively, while most other male subgroups fell within +0.5 cm. Female contrasts were
smaller and showed greater posterior uncertainty: Sinitic females had a median contrast of 0.27 cm [95% HPDI:
—0.43, 1.02], and all female subgroup HPDIs included zero.

For body mass, posterior early-late contrasts were larger and more consistently positive (Fig. 5, second row),
as were the posterior early-late contrasts shown in Fig. S6. All language subgroups showed positive median
posterior contrasts, with the largest increases in Mongolic and Sinitic groups: approximately 9.9-12.2 kg in males
and 7.2-10.3 kg in females. Tibeto-Burman, Turkic, Tungusic, and Mon-Khmer groups showed intermediate
increases of approximately 4-6 kg across sexes, whereas Hmong-Mien and Kra-Dai showed the smallest
increases, around 2.8-3.6 kg in males and 1.6-1.7 kg in females. For most subgroups, 95% HPDIs excluded zero,
providing stronger posterior evidence for temporal increases in body mass. Hmong-Mien and Kra-Dai were the
main exceptions, with HPDIs overlapping zero.

For relative sitting height, counterfactual contrasts indicated minimal temporal change across most subgroups
(Fig. 5, third row), and counterfactual contrasts indicated minimal temporal change across most subgroups (Fig.
S7). Among males, Sinitic and Turkic populations showed the largest median contrasts, approximately +0.25
and +0.22% points, respectively. Most other male subgroups fell between approximately+0.06 and +0.16%
points, while Hmong-Mien showed a slightly negative median. Female contrasts were slightly larger, reaching
approximately +0.59% points in Sinitic groups and +0.53% points in Turkic groups. For nearly all subgroups,
95% HPDIs were broad and included zero, except for Sinitic and Turkic females, whose intervals lay entirely
above zero.

Relative body breadth also showed limited subgroup-specific temporal divergence, with most language
subgroups centred close to zero; Mon-Khmer was also close to zero, while Mongolic showed a slightly negative
tendency (Fig. 5, fourth row). However, the posterior counterfactual early-late contrasts under matched
covariate conditions indicated modest positive shifts in some groups (Fig. S8). Turkic groups showed the largest
median posterior contrast, at +0.66% points [95% HPDI: 0.14, 1.49], followed by Sinitic groups at +0.50%
points [95% HPDI: 0.16, 0.93]. Hmong-Mien and Mon-Khmer groups showed moderate positive contrasts,
particularly among females, whereas Tibeto-Burman, Tungusic, Kra-Dai, Mongolic, and Austronesian groups
generally had smaller contrasts below 0.3% points, with wide HPDIs spanning zero.

Intraclass correlation coefficients (ICCs) were generally modest (Table S3). As defined in Table S2, ICC refers
to the proportion of total modelled variance attributable to language subgroup-level variation. Some traits,
particularly body mass and relative body breadth, showed higher ICCs in the late period. Because ICC is a ratio,
higher values may reflect increased between-subgroup variance, reduced within-subgroup variance, or both.
Therefore, the higher late-period ICCs indicate a greater relative contribution of language subgrouping to total
variance, rather than direct evidence of increased between-group divergence.

Additionally, highland groups show population-specific variation within these broader subgroup patterns.
Indigenous Tibetan populations have consistently greater body mass than both northern and southern Han
Chinese, despite relatively smaller stature in earlier periods (Fig. 6). By contrast, Sherpa populations from the
southern Tibetan Plateau show lower predicted stature and body mass despite living at comparable elevations.
They also show relatively shorter trunk length and narrower body breadth, consistent with the lower predicted
values for the southwestern Tibetan Plateau in the relative sitting height and relative body breadth maps (Figs. 1
and 2, third and fourth rows).
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Fig. 4. Posterior distributions of random intercepts by language subgroup. Traits (top to bottom): stature, body
mass, relative sitting height, and relative body breadth. Intercepts represent subgroup-specific baseline values.
Male results () are on the left, female (?) on the right. Red dashed lines mark the grand mean (z = 0); blue
vertical lines show posterior means. Distributions whose means and 95% credible intervals (shaded areas) are
shifted from zero suggest credible subgroup-level differences. Positive values indicate above-average baseline
values for the trait; negative values indicate below-average.

Discussion

Secular increases in body size within persistent geographic structure

Drawing on a large georeferenced dataset and a Bayesian spatial modelling framework, this study reveals a
complex and multilayered pattern of human morphological variation in modern China. The clearest finding is
a widespread secular increase in body size from the mid-20th to early 21st century, particularly in body mass
and, to a lesser extent, stature. These gains are likely linked to China’s economic growth, improved nutrition,
better healthcare, and changing living conditions following market reforms!”*, and are consistent with global
patterns linking development and physical growth!2?%. Urban residents tend to be taller and heavier than rural
populations, which may reflect both increased caloric intake and reduced physical activity*’. However, southern
populations remained shorter and lighter than northern populations, indicating that recent development has
modified but not erased long-standing geographic disparities.
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Fig. 5. Posterior distributions of random slopes for temporal change by language subgroup. Traits (top to
bottom): stature, body mass, relative sitting height, and relative body breadth. Slopes estimate subgroup-
specific effects of TimeLate (21st-century vs. mid-late 20th-century baseline). Male () results are on the left,
female (@) on the right. Red dashed lines indicate the overall mean slope; blue vertical lines mark posterior
means. Distributions whose means and 95% credible intervals (shaded areas) are shifted from zero indicate
credible subgroup-level differences in the rate or direction of temporal change. Positive values indicate above-
average increases over time; negative values indicate below-average or negative change.

The persistence of a north-south gradient in stature and body mass is one of the most robust findings of this
study. Stature showed the clearest spatial structuring among all traits, with northern populations consistently
predicted to be taller than southern populations across both early rural and late urban scenarios. While this
pattern superficially resembles ecogeographic expectations under Bergmann’s rule, our models indicate that
neither minimum nor maximum temperature function as strong independent predictors, consistent with
previous studies?”*®. Instead, maximum precipitation emerged as a negative predictor of stature, with higher
rainfall potentially enhancing agricultural productivity but also increasing pathogen loads in humid tropical
climates that may suppress growth3>*”. More broadly, thermoregulatory explanations may be most applicable
at climatic extremes, whereas much of China’s Holocene and recent climatic variation falls within ranges
where ecology, subsistence, disease ecology, population history, and socio-economic conditions are difficult to
se 14,23

parate ™.
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Fig. 6. Body size variation across highland groups and lowland Han Chinese groups. M: male; F: female.
“Northern” and “Southern” refer to regions north and south of the Qinling-Huaihe Line (~34°N),
respectively’2. Note that Tibetan individuals consistently lie above the Han regressions, indicating relatively
greater body mass for a given stature. Sherpa, shown only in the late period, cluster at lower stature and body
mass despite comparable high-altitude residence. Secular increases in body size are evident across Han and
Tibetan groups; Northern Han remain taller and heavier than Southern Han in both periods.

Importantly, the persistence of this latitudinal gradient in the spatial residuals, even after including
environmental covariates, may also reflect partial spatial confounding: large-scale geographic structure and
climate share overlapping variation, making their independent effects difficult to fully separate.

The similar latitudinal pattern observed in the environment-only component suggests that measured
covariates account for part of the predicted north-south stature gradient. However, the persistence of spatial
structure beyond these covariates indicates that geography also captures unmeasured or historically structured
processes. Climate, geography, subsistence history, migration, and ancestry are spatially correlated, creating
partial spatial confounding in models that attempt to separate environmental and geographic effects. In northern
China, colder and drier environments historically supported millet and wheat agriculture, pastoralism, and
greater consumption of livestock products, including meat and dairy?”*. These subsistence strategies coincided
with sustained cultural and genetic exchange with populations across northern Eurasia, likely facilitated
by shared climatic conditions and geographic connectivity?>*. In contrast, southern populations have
historically practiced rice agriculture adapted to warmer, more humid environments?”**°, and maintained closer
links with groups in South and Southeast Asia?®3. These long-standing north—south differences in lifestyles and
interactions are also mirrored in a genetic north-south gradient, reflecting long-term regional differentiation
and episodes of demic diffusion that may have contributed to persistent geographic variation in body size>*40-74,

Recent socioeconomic development appears to have modified but not removed these older geographic
patterns. While a north-south stature gradient persists, the gap has narrowed modestly (~ 2 cm), likely due
to more rapid stature gains among some economically advantaged southeastern coastal provinces**2. Internal
migration may also play a role: the movement of taller individuals from the north into southern urban centres
could elevate local population averages*!. In contrast, body mass is more strongly linked to temporal and
urbanisation effects, emphasising its sensitivity to recent socioeconomic shifts and life-course exposures??. This
is consistent with the larger and more consistent early-late contrasts in body mass across language subgroups,
compared with the weaker subgroup contrasts in stature and body proportions.

Residual spatial patterns also highlight regional nuances. In northeastern China, female stature estimates
from spatial-only models differ from those incorporating environmental predictors, indicating the influence of
additional factors not captured by the included variables. One relevant historical process is the ‘Chuangguandong
(1% 9% 75 )’ migration, which brought a substantial number of Han settlers (~ 8.7 million) from northern China,
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particularly the Shandong Peninsula and Zhili region, including today’s provinces of Hebei, Henan, and
Shandong, as well as the municipalities of Beijing and Tianjin, into Manchuria (the northeastern provinces
of Heilongjiang, Jilin, and Liaoning) during the late nineteenth and early twentieth centuries®®. Although
the migration increasingly involved entire families, it was male-biased, particularly in its early waves. This
demographic asymmetry may have promoted greater genetic admixture among males, aligning male stature
more closely with northern donor populations, while females, less directly affected by incoming ancestry in
the initial generations, retained distinct local traits’®. However, such sex-specific effects would be expected
to persist for only a few generations (i.e., until admixture equilibrated), suggesting that additional or more
recent influences, whether environmental, socioeconomic, or nutritional, are also likely involved. As spatial
residuals capture any unmeasured, geographically structured factors, including omitted environmental variables
or historically patterned processes, part of the remaining signal may therefore reflect shared geographic and
environmental gradients rather than a fully independent signal.

High-altitude exceptions

Tibetan populations residing at high altitudes historically exhibited short stature, with recent increases likely
reflecting improvements in nutrition and socioeconomic conditions. However, their consistently elevated body
mass relative to both lowland and other highland groups may indicate distinctive metabolic adaptations®®.
Bayesian GAMM s reveal a positive, albeit non-significant, association between altitude and female body mass,
supporting hypotheses that link increased adiposity to enhanced reproductive fitness in ecologically demanding
environments®>®. Evidence from physiology and genetics strengthens this interpretation: modern Tibetans
exhibit similar basal metabolic rates to lowlanders but maintain higher body fat levels®, and carry genetic
variants associated with efficient lipid metabolism* and the broader adaptive functions of adiposity, including
energy buffering, thermoregulation, and reproductive support at high altitudes®. High dietary intake of animal
products and associated metabolic pathways may also contribute’.

By contrast, Sherpa populations on the southern Tibetan Plateau exhibit smaller body size than other
highland groups, even after accounting for climatic and altitudinal influences. This persistent pattern likely
reflects complex interactions between local adaptation, population history and lifestyles*®’>7>. Genomic studies
show that while both Sherpas and Tibetans are closely related to other East Asians, Sherpas carry more South
Asian ancestry, whereas Tibetans show stronger East and Central Asian signals, supporting a model of multiple
migration waves and differential admixture?®”°. Importantly, comparative studies of South Asian populations
have documented persistently low lean mass and reduced overall body mass*®>®, suggesting that inherited
growth trajectories linked to population history may contribute to the smaller body size observed in Sherpas.
These ancestral patterns may be further reinforced by development constraints related to labour-intensive
livelihoods and limited access to nutritional buffering in high-altitude environments”>.

Stable but patterned body proportions

Patterns in body proportions appear more stable across time and space. Relative sitting height shows modest
increases over time, suggesting that trunk length rather than lower limb length has contributed more to recent
stature gains, in contrast with some previous research!*®*. This may not indicate greater plasticity of the trunk,
but rather its later developmental window, allowing it to better take advantage of improving growth environment,
especially when lower limb growth potential has plateaued®. Nutritional transitions, particularly rising obesity and
earlier maturation, may also influence the balance between trunk and limb growth?!>. Regionally, northeastern
groups in colder environments display higher relative sitting height, consistent with thermoregulatory
expectations, but other northern populations diverge from Allen’s rule by showing comparatively shorter trunks.
Environmental variables explains little of this variation, with only a weak latitudinal gradient, implying that
climate, genetics, development, and cultural history exert overlapping and sometimes counteracting effects®>*’.

Relative body breadth follows a consistent east-west gradient, with broader torsos in inland and highland
areas and narrower torsos along the southeastern coast. While this pattern may relate to thermoregulatory
pressures, Bayesian models did not find temperature to be a significant predictor. Notably, northeastern
populations defy ecogeographic expectations by showing narrower pelves despite cold climates. This deviation
is consistent with prior research indicating that pelvic morphology is less developmentally plastic than limb
proportions and is more likely shaped by neutral evolutionary processes, such as genetic drift and migration,
rather than direct climatic adaptation!®.

At the same time, the pelvis is a complex structure shaped by multiple, partly competing demands, including
thermoregulation, body size, and childbirth. Compared with limb length, pelvic form is likely to be more
developmentally and functionally constrained, but this does not mean that all pelvic dimensions are entirely
fixed or equally canalised®!!. Bi-iliac breadth, as used here, captures external pelvic breadth rather than the
dimensions of the obstetric canal itself; it therefore cannot be interpreted as a direct measure of pelvic aperture
or birth-canal capacity. Nevertheless, it remains relevant to childbirth-related constraints, because external
body-breadth measures and pelvic canal dimensions are not entirely independent. For example, smaller-bodied
female skeletal samples have been reported to show higher frequencies of pelvic canal contraction, and pelvic
canal breadth has been shown to correlate positively with body-size and body-breadth measures, including
femoral head diameter and bi-iliac breadth®. Studies of living populations likewise suggest that maternal
pelvic dimensions are associated with neonatal size, although dimensions more directly related to the obstetric
canal, such as conjugate and interspinous diameters, are more informative than external breadth measures®”,
Some pelvic dimensions also retain developmental responsiveness to growth conditions, as markers of
linear growth have been associated with adult pelvic dimensions*. Dietary factors are relevant as well: dairy
consumption, more common among northern and highland pastoralists, may support skeletal growth, including
pelvic dimensions, under nutritional constraints?>®. Sherpa groups remain exceptional, displaying narrow
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pelves despite high-altitude residence, possibly due to a combination of genetic ancestry, subsistence demands,
and growth constraints”>”. In this sense, relative body breadth appears to reflect layered influences, including
population history, ecological context, growth conditions, and reproductive constraints, rather than a single
process of climatic adaptation, developmental plasticity, or canalisation.

Sex-specific and language subgroup variation

Sex-specific patterns were broadly similar, with few clear differences in response to environmental or
socioeconomic gradients, contrary to prior research suggesting greater male sensitivity to environmental
stressors®>®%. One possible explanation is that improved living standards, expanded healthcare, and reduced
sex bias in resource allocation have narrowed sex-specific growth differences in recent decades, particularly
under the one-child policy!”. Nevertheless, some sex-specific model behaviour was evident, including the
northeastern female stature residual pattern and slightly stronger late-period tendencies in female relative sitting
height. These effects were generally modest or uncertain and should not be overinterpreted. Urbanisation also
showed a stronger association with male body mass, suggesting that lifestyle changes involving diet, occupation,
and physical activity may have affected male body mass more strongly.

Bayesian models also reveal persistent differences in body size among language subgroups, particularly
in stature. Northern groups (e.g., Turkic, Mongolic) tended to be larger-bodied, consistent with pastoralist
subsistence and connections to northern Eurasia, whereas smaller-bodied southern groups (e.g., Hmong-Mien,
Kra-Dai) practiced rice agriculture in warm, humid environments with stronger ties to Southeast Asia®!43. These
long-standing ecological and cultural contrasts likely continue to shape present-day variation in body form
among linguistic groups.

However, linguistic categories should not be treated as direct proxies for genetic ancestry, culture, or
socioeconomic experience. Each language subgroup contains substantial internal heterogeneity in ancestry,
geography, subsistence, migration history, urbanisation, and living conditions. The late-period increase in ICC
values also requires caution. ICC represents the proportion of total modelled variance attributable to language
subgrouping; therefore, higher ICCs may result from increased between-subgroup variance, reduced within-
subgroup variance, or both. Rather than indicating that language groups necessarily became more divergent,
higher late-period ICCs suggest a greater relative contribution of language subgrouping to total variance. This
pattern may reflect uneven socioeconomic development, selective migration, assortative marriage, internal
homogenisation within some subgroups, or a combination of these processes*! %4>,

More broadly, these findings show that human morphological variation in modern China is not simply
a biological response to climate or a passive outcome of economic development, but a dynamic archive of
ecological inheritance, population history, developmental plasticity, and social transformation. Contemporary
China offers a particularly informative biocultural case, because rapid urbanisation, economic development,
and nutritional transition have unfolded against a background of marked regional ecological diversity and long-
standing historical and population structure. The persistence of older geographic and population-structured
patterns alongside recent secular increases in body size suggests that modernisation reshapes, but does not erase,
the biological traces of ecology and population history. Morphological variation is therefore layered and context-
dependent, preserving signals of longer-term ecological and population-historical legacies while also reflecting
the more recent imprint of socioeconomic change.

Limitations and implications

While our study draws on a large, georeferenced dataset and a flexible Bayesian modelling framework,
some limitations remain. Certain regions, particularly those with smaller ethnolinguistic populations, are
underrepresented, potentially biasing spatial predictions and limiting resolution within subgroups. The early-
period dataset also includes some school-based samples, including individuals aged 18 years or older. These
samples may not fully represent the general adult population of the mid-20th century, because access to schooling
was uneven across regions and socioeconomic backgrounds. In this respect, school-based samples are likely
to have overrepresented individuals from relatively advantaged socioeconomic backgrounds, especially before
the Great Famine and in rural or less developed regions where educational access was more limited. This bias
should therefore be considered when interpreting early-period body size estimates. However, if school-based
samples disproportionately captured individuals with better nutritional and socioeconomic conditions, then the
observed temporal increases in stature and body mass are likely to represent conservative estimates rather than
inflated ones. In other words, the inclusion of relatively advantaged individuals in the early-period sample would
tend to reduce, rather than exaggerate, the magnitude of secular change. Older students in elementary or middle-
school records should also be interpreted in the historical context of delayed or interrupted schooling and the
expansion of adult and remedial education in mid-20th-century China. Such individuals may therefore include
older youths or adults whose education had been postponed or resumed. Because this study focuses mainly on
broad spatial and temporal patterns rather than individual growth trajectories, and because the models include
period, residence, geography, and subgroup structure, this sampling issue is unlikely to fully account for either
the large-scale temporal shifts or the persistence of spatial patterning observed here.

Linguistic categories, though analytically useful, encompass substantial internal heterogeneity, spanning both
ancestral differences and socioeconomic gradients. Moreover, while GAMMSs model spatial and nonlinear effects
well, they cannot capture all life-course dynamics or contextual interactions, such as those linked to education,
early-life conditions, or intergenerational trauma (e.g., famine exposure). Additionally, proxies like relative
sitting height and bi-iliac breadth, though informative, are not direct measures of limb or body composition and
may obscure finer variation. Inconsistencies in measurement across datasets may also introduce noise, although
the modelling framework helps to mitigate this. Lastly, the focus on population means may overlook important
within-group and individual-level variation.
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Despite these caveats, this study provides one of the most spatially detailed and multifactorial analyses of
modern human body size and proportions in China. By integrating climatic, geographic, historical, and cultural
variables, it advances understanding of how human biological variation reflects both long-term ecological
adaptation and recent sociopolitical change. More broadly, the Chinese case offers a particularly valuable
window into the complexity of biological change over short historical timescales. Rapid urbanisation, economic
development, nutritional transition, and population movement have unfolded against a background of marked
ecological diversity, cultural heterogeneity, and major population-level disruption, including the Great Famine.
This setting makes it possible to examine not only which aspects of body size and proportion changed within
a few decades, but also which spatial and population-structured patterns persisted despite rapid development.

Future research would benefit from longitudinal and cohort-based data that can more directly capture life-
course dynamics and intergenerational change. In particular, spatially mapped cohort data on age-specific fertility,
infant and juvenile mortality, and younger adult mortality could provide an important extension of the present
analysis, especially given the demographic consequences of the Great Famine, uneven regional development,
and subsequent family-planning policies'®?*. Such data would allow future work to examine whether regional
variation in body size and proportions corresponds to broader cohort-level patterns in fertility, early-life survival,
and mortality risk. Integrating these demographic records with anthropometric, socioeconomic, genetic, and
epigenetic data would help disentangle inherited population structure from environmental and developmental
effects. Expanding datasets to include measures such as limb segment lengths, craniofacial dimensions, and body
composition, while improving representation of understudied groups and socioeconomic detail, would further
enrich interpretations of long-term adaptation, developmental plasticity, and the biological consequences of
rapid social transformation.

Methods

Stature, body mass, relative sitting height, and relative body breadth (bi-iliac breadth relative to stature) from
over 90,000 adults representing 213 groups were sourced from publications and analysed across two periods
based on the time of data collection (Supplementary Table S1). The two periods are: (1) Mid-to-late 20th century
(1949-1999), including individuals born during the Great Chinese Famine (1959-1961), a period of severe
malnutrition and food shortages with lasting impacts on growth and health!®, and (2) Early 21st century (after
2000), representing individuals born following China’s 1978 economic reform, whose childhood and adolescence
further improved living standards, healthcare, and nutrition resulting from further socioeconomic developments
in the 21st century'”2. We further distinguished groups by urbanism, following the classifications in the original
reports. Urban groups refer to those sampled in cities and towns, while rural groups refer to those from villages
and county-level communities. Ethical approval for the secondary use of published anthropometric data was
obtained from the Human Research Ethics Committee of the University of Hong Kong (Ref: EA260329). All
data used in this study were derived from previously published sources and contained no personally identifiable
information.

The dataset includes groups from different ethnic backgrounds across 12 language subgroups. Language
classifications were cross-checked and verified using Ethnologue (https://www.ethnologue.com/) and Glottolog
(https://glottolog.org/) to ensure consistency and accuracy. Notably, ‘ethnic background’ here incorporates both
officially recognised and socially identified groups, capturing biological (shared ancestry, population history, and
long-term adaptations) and sociocultural dimensions such as language and self-identification®. Only individuals
aged over 18 years were included, as most people reach final adult stature by this stage, with minimal growth
thereafter despite some variability in growth rates'?. Adult stature and body mass may decline in older age due
to vertebral compression, osteoporosis, and muscle loss!>*°. Because systematic age data were not available,
this effect could not be directly controlled, though no dataset consisted solely of older individuals, reducing the
likelihood of major bias.

Environmental variables, including minimum and maximum annual temperatures, precipitation during the
driest and wettest quarters, and altitude, were extracted at each sample location using WorldClim 2.1 raster
datasets with 30 arc-second resolution?. Records missing environmental or geographic data were excluded, and
to ensure reliable statistical estimation, analyses were restricted to language subgroups represented by at least
three population groups. Data were then analysed separately by sex to account for sex-specific differences.

Each anthropometric trait (separately by sex) was analysed using Bayesian generalised additive mixed models
(GAMM) implemented in the brms package in R version 4.3.2! R Core Team*®. Both environmental variables
and anthropometric traits were z-standardised (mean = 0, SD = 1), enabling direct comparison of effect sizes
across traits and sexes. Model structures included:

1. A tensor product smooth term for longitude and latitude to capture spatial autocorrelation.

2. Climatic variables: minimum/maximum temperatures and minimum/maximum precipitation.
3. Topographic variable: altitude.

4. Sociocultural covariates: time period and urbanism.

Group-specific variability was modelled using random intercepts and random slopes for time period across
nine language subgroups (three subgroups were excluded due to having fewer than three samples), thus
employing mixed models. A Student’s ¢-distribution was specified for robustness against outliers. Priors were set
as follows: Normal(0,1) for fixed effects to gently regularise estimates toward zero without overly constraining
them, Cauchy(0,1) for variance parameters to allow for larger variability while preventing extreme values,
and Gamma(2,0.2) for degrees of freedom to favour moderately heavy tails for the t-distribution, enhancing
robustness to oytliers. Each model was run for four MCMC chains of 4,000 iterations (1,000 warm-up), ensuring
convergence (R< 1.01) and sufficient effective sample sizes. Posterior draws of fixed and random effects were
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extracted to visualise estimates and uncertainty intervals. Conditional effects plots were generated to visualise the
modelled relationships between individual predictors and each body dimension, along with observed predictor
ranges. The ICCs were also computed to quantify the proportion of total variance attributable to subgroup-level
clustering. Key model outputs and interpretive terms are summarised in Table S2.

To clarify spatial and environmental influences independently of group-specific variation, we generated three
complementary prediction maps based solely on fixed effects, i.e., setting re_formula = ~ 0to exclude contributions
from random effects during prediction. This approach isolates broad ecological gradients without confounding
from language-group-specific deviations modelled through random intercepts and slopes. Specifically:

1. Full prediction maps based on both spatial and environmental effects (coordinates, climatic, and altitude data
included), reflecting the actual predicted anthropometric variation across China for different time periods
and urban/rural scenarios. Coordinates were obtained from the original studies, or, if absent, inferred from
reported location names.

2. Coordinate-only prediction maps created by holding environmental covariates constant at their mean (scaled
mean =0), allowing only spatial coordinates to vary. These maps highlight the residual geographic structure
not explained by climate or altitude, potentially reflecting unmeasured environmental, genetic, or sociocul-
tural influences.

3. Environmental effect maps, computed by subtracting coordinate-only predictions from full-model predic-
tions. The resulting maps directly visualise the spatial distribution of the net environmental contribution to
trait variation, independent of pure geographic structure.

To highlight contrasts, we compared early rural and later urban populations, representing two socioeconomic
extremes: the former shaped by widespread undernutrition and limited healthcare, and the latter by improved
nutrition, healthcare, and urban infrastructure following economic reforms. All analyses were scripted in R
version 4.3.2 (R Core Team*®. Data wrangling and restructuring were conducted using tidyverse packages’!, and
plotting and map visualisation were carried out using ggplot2”°. Bayesian GAMMs were fitted using brms'¢ via
Stan (Stan Development Team®!, . Spatial data processing and map generation were conducted using sf*, with
raster and terra used for environmental raster processing. Fully reproducible code for the analyses, figures, and
maps is available in the online repository archived on Zenodo at. https://doi.org/10.5281/zenodo.20550013.

Data availability

The aggregated, group-level anthropometric dataset and all R scripts used for data cleaning, statistical modelling,
and figure generation are available in the GitHub repository [https://github.com/CarolDoudouCao/ModernB
odyForm_China] (https:/github.com/CarolDoudouCao/ModernBodyForm_China) .Climate-raster layers for
temperature, precipitation, and elevation were obtained from WorldClim v2.1 (Fick & Hijmans 2017; [https://w
ww.worldclim.org/data/worldclim21.html] (https:/www.worldclim.org/data/worldclim21.html) )

Code availability
The code used to perform the statistical analyses and generate the figures and maps in this study is available
from GitHub and has been archived on Zenodo at https://doi.org/10.5281/zenodo.20550013.
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