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Evidence for a reduction in stature between Mesolithic foragers and Neolithic farmers has 
been interpreted as reflective of declines in health, however, our current understanding 
of this trend fails to account for the complexity of cultural and dietary transitions or 
the possible causes of phenotypic change. The agricultural transition was extended in 
primary centers of domestication and abrupt in regions characterized by demic diffu-
sion. In regions such as Northern Europe where foreign domesticates were difficult to 
establish, there is strong evidence for natural selection for lactase persistence in rela-
tion to dairying. We employ broad-scale analyses of diachronic variation in stature and 
body mass in the Levant, Europe, the Nile Valley, South Asia, and China, to test three 
hypotheses about the timing of subsistence shifts and human body size, that: 1) the 
adoption of agriculture led to a decrease in stature, 2) there were different trajectories 
in regions of in situ domestication or cultural diffusion of agriculture; and 3) increases 
in stature and body mass are observed in regions with evidence for selection for lactase 
persistence. Our results demonstrate that 1) decreases in stature preceded the origins 
of agriculture in some regions; 2) the Levant and China, regions of in situ domestica-
tion of species and an extended period of mixed foraging and agricultural subsistence, 
had stable stature and body mass over time; and 3) stature and body mass increases in 
Central and Northern Europe coincide with the timing of selective sweeps for lactase 
persistence, providing support for the “Lactase Growth Hypothesis.”

bioarchaeology | agriculture | health | domestication | human adaptation

The transition from hunting and gathering to agricultural subsistence, characterized by 
the development of human control over the reproduction and evolution of plants and 
animals, has long been interpreted as the most significant shift in human interaction  
with the natural world (1). A general characteristic of this transition is the reduction in 
dietary breadth and dependence on one or a few highly productive domesticated plants 
that may lead to associated nutritional deficiency and a greater proportion of dietary 
carbohydrates relative to protein (2). Such nutritional changes are a component of the 
dominant paradigm of our understanding of the transition to agriculture, that it engen-
dered a negative impact on human health which was exacerbated by sedentism, greater 
population density and frequencies of infectious disease, and the increased prevalence  
of zoonotic diseases associated with domestic animals (3, 4). A decrease in stature in  
the transition from hunting and gathering to farming has been documented in a wide 
range of contexts (5); however, many studies treat the transition as a rapid and discrete 
dichotomous contrast between foraging and farming subsistence strategies. This masks 
the complexity of the underlying social and biological transitions (6). In many regions, 
foragers are known to have extensively managed wild plants prior to full agriculture, and 
the process of plant domestication and the associated shift to crop farming is asso-
ciated with hundreds or thousands of years of cultural and domesticate coevolution, 
during which many farming populations practiced mixed subsistence strategies and  
continued hunting and foraging. These trends suggest that dichotomous contrasts  
between foragers and farmers may be problematic, and the phenotypic consequences of 
the transition to agriculture should be considered using very deep diachronic skeletal  
series that document human biological change over long-time spans within the late 
Pleistocene and Holocene. Studies adopting this approach demonstrate that in some 
regions, initial declines in health indicators and stature are followed by a recovery (7, 8), 
or conversely that body size decreases predated the origins of agriculture (9). Recently  
an innovative study integrating estimates of the genetic component of stature based  
on ancient DNA and direct measures of human stature from European skeletal remains, 

Significance

The transition from foraging to 
herding and farming influenced 
human health, but the impact of 
regional differences in 
trajectories of cultural change on 
human biology are poorly 
resolved. We investigate long-
term trends in human stature 
and body mass of 3,507 
skeletons from 366 
archaeological sites in seven 
regions with varying trajectories 
of Holocene subsistence change. 
We observe declines in body size 
that preceded the transition to 
agriculture, and significant 
regional variation following the 
transition. Holocene statures and 
body mass remained relatively 
stable in primary regions of 
domestication; however, in areas 
such as Central and Northern 
Europe where non-native crops 
were difficult to establish, 
increases in stature and body 
mass coincide with the timing of 
selective sweeps for lactase 
persistence.

Author contributions: J.T.S., E.P., C.B.R., and J.C.K.W. 
designed research; J.T.S., E.P., C.B.R., M.B., M.A.G., F.-J.L., 
L.M., V.M.-T., E.P., M.R., and J.C.K.W. performed research; 
J.T.S., E.P., C.B.R., M.B., M.A.G., F.-J.L., L.M., C.M., V.M.-T., 
E.P., M.R., Y.Y.S., S. Stefanovic, S. Stoddart, and G.Z. 
contributed new reagents/analytic tools; J.T.S. and E.P. 
analyzed data; and J.T.S., E.P., C.B.R., and J.C.K.W. wrote 
the paper.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
jay.stock@uwo.ca.

Published January 17, 2023.

ņ
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demonstrated that a decline in stature between the Upper Paleo-
lithic and Mesolithic and subsequent increase between the Neolithic
and Bronze Age, was supported by both lines of evidence (10).
An important aspect of the domestication of animals is what

has been termed the Secondary Products Revolution, the use of
domestic animals for byproducts such as milk, wool, or as a
source of labor for agricultural subsistence (11). A potential
barrier to the consumption of milk among most human popu-
lations is the inability to digest the milk sugar lactose. The
production of secondary milk products such as yogurt, where
fermentation reduces the levels of lactose, or cheese, which sep-
arates lactose in whey (12), buffer adverse side effects of lactose
consumption and involve a rich array of cultural practices for
the reduction of milk (13). Human infants typically produce
the intestinal enzyme lactase to enable digestion of dietary lac-
tose in breastmilk but lose this ability during early childhood.
There are a variety of single-nucleotide polymorphisms in the
gene promoting lactase persistence that demonstrate indepen-
dent convergent evolution in the ability to digest lactose among
some European and Eastern African populations (14), and
there has also been selection for lactase persistence in other
regions (15, 16), in each case indicating an adaptive response to
cultural shifts toward dairying. Milk is a source of insulin-like
growth factor I (IGF-I) but IGF-I is degraded during the pro-
duction of cheese or yogurt. It has been proposed that lactase
persistence and milk consumption during childhood develop-
ment and adulthood elevate circulating concentrations of
IGF-I, which coordinate the timing of life-history events and
promote skeletal growth (17).
In two recent papers, we have hypothesized that many of the

phenotypic and health consequences of cultural and dietary
change in the Holocene can be linked through energetic trade-
offs, which provide a diversity of phenotypic outcomes in
different contexts (18), and an adaptive shift toward milk
consumption and lactase persistence may have mediated nutri-
tional stress and “turbo-charged” growth in regions where
chronic nutritional deficiency was mediated by dairying (19).
There is some evidence that increases in stature in southern
Sweden occurred during the early Bronze Age due to a consoli-
dation of an agro-pastoral economy, rather than the onset of
farming (20). Collectively, these papers support what we term
the Lactase Growth Hypothesis (LGH), which suggests that
lactase persistence and the ability to digest primary dairy prod-
ucts and lactose increased available dietary energy, shifted the
energetic biology of human growth, and fueled regional differ-
ences in human body size.
In this paper, we investigate long-term diachronic trends in

human stature and body mass in seven regions with different tra-
jectories of the transition from hunting and gathering to agricul-
ture, including the Levant, Southern, Central, and Northern
Europe, the Nile Valley, South Asia, and China to address the
following questions:

1. Does the pattern of body size variation provide support for a
Holocene reduction in body size associated with the transi-
tion to, and intensification of, agriculture?

2. Does the pattern of body size variation throughout the
Holocene differ between regions of in situ domestication
compared with those where there was adoption of nonnative
domesticates and more dynamic interactions between forag-
ers and farmers?

3. Are increases in adult stature found in regions and periods
where there is evidence for strong past selection for lactase
persistence?

The Origins and Diffusion of Agriculture and Animal Domesticates.
The earliest evidence for the transition to agriculture occurs in
the Levant region of the Eastern Mediterranean. The late Epipa-
leolithic “Natufian” (14,500–11,600 cal B.P.) of the Levant is
often interpreted as providing the earliest archaeological signature
of the transition due to the extensive exploitation of wild grains
and grindstones, stone architecture, and a variety of organized
site structures (21), including the earliest evidence for bread (22).
Many of the features associated with the Natufian are actually
found at Epipaleolithic sites as early as 20 kya representing long-
term trends toward sedentism, architecture, and exploitation of
grain among hunter-gatherers (23); however, there is evidence of
intensification of cereal cultivation associated with the Younger
Dryas cooling at approximately 13,000 B.P. (24). The Pre-
Pottery Neolithic A period shows the first evidence for larger
human settlements with permanent architecture and intensive use
and storage of grains by 11 kya (25). The Neolithization process
was in full swing by 9 kya (26), yet the importance of hunting
and gathering to subsistence in these periods remains evident
(27), and illustrates the complexity of subsistence transitions in
this region.

While these late Pleistocene and early Holocene cultures in
Southwest Asia reflect the earliest transition to farming, it is
now well established that agriculture and the domestication of
animals originated independently in different regions of the
world at different times throughout the first half of the Holo-
cene (28), while agriculture also spread through migration and
cultural diffusion into other regions including Europe (29).
The adoption of agriculture in Europe was geographically and
temporally variable. In Southern Europe, the process occurred
fairly rapidly between 8 and 7.5 kya as climatic conditions were
favorable for Southwest Asian domesticates, and was driven by
a combination of demic diffusion (the migration of farmers
into new territory) and cultural change by existing Mesolithic
hunter-gatherer populations (30–32). The adoption of agricul-
ture in Central Europe was primarily driven by demic diffusion
from the Balkans (33), but there is evidence that this process
was more gradual because of the rich aquatic resources in river
systems such as the Danube (34), and possible challenges of
establishing agriculture based upon Southwest Asian crops in
more northern climes. The Linearbandkeramik culture, repre-
senting the early Neolithic of Central Europe, marks a crucial
period in the expansion of agriculture into Central and North-
ern Europe as there is evidence of a reduction in crop diversity
(35), the herding of mature cattle used for milk and secondary
by-products (36), and selection for lactase persistence (37) in
this population.

In the higher latitude regions of Northern Europe, the adop-
tion of agriculture was limited by climatic factors, which
reduced growing seasons and limited the viability of Southwest
Asian crops, delayed the establishment of full agriculture, and
led to closer contact and interaction between hunter-gatherers
and farmers (38). The earliest Neolithic in the Baltics at ca.
7400 B.P. was characterized by population continuity from the
Mesolithic, continued hunting and gathering, and the intro-
duction of pottery. There appears to have been no significant
shift in diet at the time, and broadscale agriculture was not
established until ca. 4000 B.P. in the region (39). The adoption
of agriculture in Scandinavia was characterized by genetic dis-
continuity and long-term persistence of hunting and gathering
and distinct genetic lineages of foragers and farmers, with a
gradual cultural diffusion and dietary shifts by 4000 B.P. (40).
The process of Neolithization in Britain was similar to other
regions of Northern Europe in that the process was delayed
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relative to other European regions, but it differed from Scandi-
navia and the Eastern Baltics as it appears to have been charac-
terized by the replacement of Mesolithic foragers by diffusion
of continental farmers (41). In central and northern Europe,
the Neolithic transition is associated with animal herding and
milk consumption (40, 42, 43) because crops were precarious
(38). The delayed transition to agriculture across Northern
Europe is associated with evidence for a selective sweep for
increased lactase persistence genotypes (MCM6 allele) that
occurred from ca. 6000–2000 B.P. (44) with evidence for
strong selection after 3000 B.P. (45).
The origin and diffusion of dairying in the Levant and

Europe is reasonably well resolved. There is evidence for wide-
spread use of dairy products from lipid residues in Neolithic
pottery throughout Europe (46) and increased dairy production
in northern latitudes (47). The use of pottery often indicates a
greater emphasis on delayed return resources that take time to
process through activities like fermentation, and the storage
and trade of food (48). The production of secondary milk
products such as yogurt or cheese, which could be consumed
without the presence of a lactase persistence (LP) allele, likely
accounts for much of this evidence (49). The very earliest evi-
dence for the direct consumption of milk (ca. 5000 B.P.), via
whey protein in dental calculus, comes from Northern Europe
(50). Selection for increased frequencies of genetic variants that
lead to the persistence of lactase production into adulthood in
Central and Northern Europe demonstrates the dependence of
human populations on direct dairy products such as milk and
that Neolithic culture drove human evolution in marginal envi-
ronments (51). These shifts within Central Europe are the
likely starting point of selection on FADS1 and lactase associ-
ated with the demic diffusion of farmers (31, 44). Recent evi-
dence suggests that selection for LP in Central and Northern
Europe may have been in response to famine or pathogen expo-
sure, and the pattern of LP persistence alleles reflected in
ancient DNA (aDNA) corresponds with incident solar radia-
tion (46), patterns which may be explained in relation to the
challenges of establishing crop species at higher latitudes (52)
or increased prevalence of zoonotic diseases (53, 54). While no
direct associations between LP alleles and phenotypic variation
have been found in contemporary UK Biobank data, represent-
ing populations buffered from severe caloric restriction or high
disease prevalence (46), the relationship between LP and phe-
notype in the past is unknown.
The process of transition toward agricultural lifeways differed

in other regions. In the Nile Valley, agriculture was introduced
as a relatively complete package from the Levant at ca. 7500 B.P.
(28). While there were independent domestication events of spe-
cies such as pearl and finger millet, sorghum, and African rice
within sub-Saharan Africa, none of these species were indigenous
to the Nile region. There is evidence for the presence of herd
animals on the same timescale (55), however, there are variable
patterns of lactase persistence genotypes in the region today,
which have been attributed to past selection and gene flow from
Southwest Asia (56, 57). In China, there is evidence for the in
situ domestication of common and foxtail millet between 10,300
and 8700 cal B.P. (58) and the domestication of rice between
6900 and 6600 B.P. in the lower Yangtze River (59); however,
the dietary shift toward dependence on cereal crops was a
gradual process distributed over millennia (28). Although there is
evidence for early and rapid domestication of pigs in the lower
Yangtze (60), the adoption of domesticated animals commonly
used in dairying did not occur until the late Holocene (61).
The prevalence of lactase persistence phenotypes within China

remains low today (15), although there are slightly higher fre-
quencies in the North (16). The evidence for long-term dietary
change within South Asia is particularly complex with consider-
able spatial and temporal variation. The earliest pottery and
domestic rice are present by 9 kya, but evidence for significant
sedentary villages and agricultural dependence occurs only after
4 kya (62) following the mid-Holocene movement of crops from
both the Western Eurasia and China (63). There is evidence
for the independent domestication of cattle in the Indus region
ca. 7 kya and convergent evolution for lactase persistence in
South Asia, with the highest frequencies in the northwest parts
of the region, but very low frequencies in southern and eastern
areas of the Indian subcontinent (64). It is also notable that
Indian pastoralists maintain greater stature than higher caste indi-
viduals, which has been attributed to milk consumption (65).

The question of body size variation as a reflection of diet
and health in the past has been of long-standing interest to
bioarchaeologists. While documented declines in Neolithic esti-
mated statures have been linked to lower predicted statures
based on genetics (66), adult body size also reflects develop-
mental plasticity and life history variation (67). Stature itself is
not really a trait, but rather a consequence of growth, which
ultimately reflects variation in strategies for energy allocation
throughout development. Body mass likewise indicates invest-
ment in lean and fat tissue, although unlike stature, these can
respond to ecological stresses through adult life. Improved growth
is generically a good marker of health because many aspects of
somatic maintenance benefit from better growth in early life,
whereas defense against pathogens and early reproduction reduces
energy for linear growth and lean tissue deposition. Applying a
life history perspective to growth provides insights into the likely
role of infectious disease and pathogens in reductions in stature
in prehistory, as there are multiple routes to generate the adult
phenotype which extend beyond diet but also include allocation
of energy to immune function or reproduction, potentially medi-
ated by fat deposition (18).

Results

The pooled dataset including all seven regions indicates there is
evidence for a long-term reduction in mean stature and body
mass from the Upper Paleolithic to the mid-Holocene that is evi-
dent before the adoption of agricultural subsistence in most
regions. Mean statures reach their minimum between 8 and
6 kya (Fig. 1) and are followed by mid-Holocene rebounds in
stature and body mass. When compared between temporal inter-
vals, there are declines in both stature and body mass in the ter-
minal Pleistocene (20–15 kya), followed by another reduction ca.
8–7 kya (SI Appendix, Fig. S2) and a pattern of diversification of
phenotypes in the second half of the Holocene. Our dataset does
not have uniform representation of different regions across the
full temporal range, as earlier assemblages are dominated by
Southwest Asian and European samples, so some of these results
of pooled analyses may be influenced by data aggregation and
require further study as we address regional comparisons below.

Similar trends are also visible on regional scales. In the
Levant, the region with the earliest evidence for the transition
to agriculture, there is a significant decline in male stature from
ca. 20 kya to 9 kya (Fig. 2 and SI Appendix, Fig. S3), by which
time the newly Neolithic lifeways are fully established, followed
by general stability until 3 kya. Female stature is relatively
stable across this time frame, but body mass declines, while
male body mass remains relatively consistent across this chrono-
logical series.
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A comparison of trends in stature across the past 10 kya in
other regions is presented in Fig. 3. Southern Europe is charac-
terized by a general decline between 10 and 6 kya, followed
by relative stability through the mid-Holocene (SI Appendix,
Fig. S4). In Central Europe, there is a marked and significant
increase in male stature between 8 and 5 kya, and a general
increase in female stature across the same time frame (SI
Appendix, Fig. S5A). Both males and females in Northern
Europe are also characterized by a general increase in stature
from 7 kya, with males peaking ca. 3 kya and females ca. 2 kya
(SI Appendix, Fig. S5A). Stature trends across the same time
frame in the Nile are more variable and show no specific long-
term trends, while in China statures are generally consistent
throughout the Holocene, except for a decline among females
after 3 kya (SI Appendix, Fig. S6). A contrasting pattern is
observed in South Asia where there is a significant decline in
both male and female stature throughout the Holocene.
A regional comparison of Holocene body mass trends (Fig. 4)

illustrates a consistent pattern of initial decline in Southern
Europe followed by a period of relative stability. In Central
Europe, there is a general increase in male body mass between
4.5 and 2 kya, while female mass is relatively stable throughout
the Holocene. In Northern Europe, there are early Holocene
declines in both male and female body mass that reach their low
point approximately 5 kya and are followed by increases by
2 kya. When these patterns are contrasted with other regions, we
see relatively little change in the Nile Valley, while in South Asia
male body masses increase in the first half of the Holocene in a

period where female mass appears to decline. Here, estimated
male masses fall considerably after 4 kya. In China, there
appears to be relative stability in body mass in the early part of
the Holocene, followed by increases among males from 5 to
2 kya, and among females from 3 to 1 kya.

Noting that the most significant long-term increases in stat-
ure occur in Central and Northern Europe where there is evi-
dence for strong selection acting upon lactase persistence during
the mid-Holocene, we consider specific trends in subregions of
Northern Europe, Britain, southern Scandinavia, and the east-
ern Baltics, over the past 8,000 y (Fig. 5 and SI Appendix, Fig.
S5 A and B). In Britain, there is relatively minor and nonsignif-
icant temporal variation in stature through time, while male
body mass generally increases from ca. 5 to 2 kya. In Scandina-
via, there are marked and significant increases in male stature
between 7 and 4 kya. A less pronounced increase in female stat-
ure is observed on a longer timescale, between 7 and 2 kya.
Body masses in the region are consistent among early Holocene
males but females show a decrease through the mid-Holocene.
Both sexes show increases in body mass between 5 and 2 kya,
but the trend is more pronounced among females. In the
Baltics increases in stature are expressed in both males and
females between 6 and 2 kya while body masses are relatively
consistent throughout the Holocene.

To investigate the spatiotemporal patterning of body size
variation throughout Europe in greater detail, we generated
heat maps of mean statures and body masses (Fig. 6 and SI
Appendix, S8–S12). The results demonstrate fairly uniform

Fig. 1. Scatterplots with Lowess lines illustrating broad patterns of (A) stature
variation, illustrating a general decline over 30 kya, followed by stability
through the terminal Pleistocene and early Holocene, in the period character-
ized by the origin and diffusion of agriculture in most regions; (B) body mass
which declines until the period of the broad adoption of agriculture following
7 kya. Shaded regions represent 95% confidence intervals around fit lines.

Fig. 2. Scatterplots with Lowess lines illustrating long-term trends in
(A) stature and (B) body mass in the Levant, a region representing the earli-
est transition to agriculture and the in situ domestication of numerous
plant and animal species. Shaded regions represent 95% confidence inter-
vals around fit lines.
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stature across Europe before 10 kya and a general decline
between 10 to 6 kya, followed by increases that are most pro-
nounced in Northern Europe and Southern Scandinavia. Body
mass trends follow a broadly similar pattern, with much of
Europe characterized by estimated body masses above 65 kg
before 10 kya, followed by declines in much of Western Europe
through to 6 kya. Increases in body mass are observed in Cen-
tral Europe from 6 to 4 kya and across most of Northern
Europe from 4 kya to the present. The period from 10 to 6 kya
is predominantly before the transition to agriculture in central
and northern regions but includes hunter-gatherers, farmers,
and others with variable or transitional subsistence strategies,

suggesting that further analyses with an expanded dataset are
required to contextualize this trend.

Discussion

In this study, we investigated long-term trends in human stat-
ure and body mass relative to late Pleistocene and Holocene
cultural change in seven different regions. We analyzed data by
chronological and geographical information rather than cultural
labels, given the significant spatiotemporal and regional varia-
tion in cultural characteristics attributed to terms such as the
Neolithic, opting instead to discuss the broader timescales

Fig. 3. Scatterplots with LOWESS lines illustrating temporal variation in stature in Southern, Central, and Northern Europe, the Nile Valley, South Asia, and
China. Lowess smoothing parameter = 0.8 except as follows: Northern Europe = 0.9, Nile = 1.1, South Asia = 1.0. Shaded regions represent 95% confidence
intervals around fit lines.

Fig. 4. Scatterplots with LOWESS lines illustrating temporal variation in body mass in Southern, Central and Northern Europe, the Nile Valley, South Asia,
and China. Lowess smoothing parameter: Southern Europe = 0.9, Central Europe = 0.8, Northern Europe = 0.9, Nile Valley = 1.1, South Asia = 1.1, China = 1.0.
Shaded regions represent 95% confidence intervals around fit lines.
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upon which the process of the transition to domesticated plants
and animals was enacted. The results demonstrated that in
most regions body size decreased before the earliest manifesta-
tions of agriculture, regional patterns of phenotypic variation
over time are variable, and this spatiotemporal variation in

stature and body mass is not directly associated with the onset
of the Neolithic. Given their timing, these trends cannot simply
be explained by subsistence changes related to the reliance on
domesticated plants and animals. We also noted recent pheno-
typic diversification that is most pronounced in the last 2,000

Fig. 5. Long-term trends in stature (above) and body mass (below) in subregions of Northern Europe. Lowess smoothing parameters for stature: Britain = 1.0,
Scandinavia = 1.0, Baltics = 1.0. Lowess smoothing parameters for body mass: Britain = 0.9, South Scandinavia = 1.0, Baltics = 1.0. Shaded regions represent 95%
confidence intervals around fit lines.

Fig. 6. Heatmaps of spatiotemporal variation in stature and body mass throughout Holocene Europe. Red points denote site locations.

6 of 9 https://doi.org/10.1073/pnas.2209482119 pnas.org



years, which requires further study but may stem from a combi-
nation of demographic expansion, genetic diversification, and
socio-economic inequality.
It is worth noting that the long-term trends in the Levant,

where the earliest transition to agriculture was observed as a com-
plex process over millennia (23, 26), demonstrated relatively sta-
ble stature and body mass trends over time. The Levant is a
region characterized by long-term population continuity and the
in situ domestication of numerous species of indigenous plants
(68) and animals (69) over an extended period of the terminal
Pleistocene and early Holocene (70). The transition to agriculture
in this region represented a long period of mixed hunting and
gathering and cultivation of crops and domesticates that were
well adapted to local environmental conditions. Similarly, there
was no significant change in stature through time in China after
plant domestication, and an increase in body mass among males
during the later Holocene. This is a region that is also character-
ized by population continuity, local domesticates, a very long
period of mixed foraging and farming rather than an abrupt agri-
cultural transition, and high levels of environmental productivity.
It is important to note that our approach to comparing pop-

ulation trends by region may confound local impacts of migra-
tions and gene flow, such as the well documented increase in
steppe ancestry among northern Europeans, which may have
influenced north-south gradients in human stature (71), and
similar population movements in other regions likely influ-
enced the complexity and timing of cultural and phenotypic
changes. In South Asia, for example, we noted long-term reduc-
tions in stature and body mass throughout the Holocene. The
region, however, exhibits a high degree of ecological diversity
and is characterized by the adoption of different domesticates
that originated in East Asia, Western Asia, and Africa in
different regions of the Indian Subcontinent. There is also
geographic variation in lactase persistence phenotypes that com-
plicate the pattern here. Similarly, in the Nile Valley, another
region characterized by the adoption of plant and animal
domesticates from other regions, results are highly variable and
likely confounded by the complexity of migration history in
the region. At present, there are insufficient data to match
aDNA evidence for ancestry with direct phenotypic measures
on the broad scale presented in this paper. However, it is likely
that underlying genetic variation and changes in the sociocultural
environment, including diet, underpin phenotypic change. Fur-
ther research will be required to clarify long-term spatiotemporal
trends in phenotypic and genetic variation.
We also aimed to test the LGH by determining whether the

geographic and temporal timing of selection for LP phenotypes
is associated with increases in stature and body mass. The most
significant mid-Holocene increases in stature and body mass
occurred in Northern Europe between 7 and 4 kya and these
were preceded by increases in stature in Central Europe that
occurred between ∼8 and 5 kya. These regions are linked in pro-
viding evidence for mid-Holocene selective sweeps in genetic var-
iants associated with LP, providing preliminary support for the
LGH. Within Northern Europe, modest increases in body mass
were noted in Britain among males, but the most significant
trends toward increased stature and body mass were found in the
Baltic and southern Scandinavian regions. Heat map results dem-
onstrate how the current patterns of stature and mass variation
in Europe were established throughout the mid to late Holocene.
While size increases were noted in regions where there is evi-
dence of natural selection in response to dairying, we noted
different trends among males and females with more significant
increases in stature generally expressed among men and more

significant variation in body mass among women. We suggest this
is explained by greater plasticity among men, particularly in stat-
ure, in response to environmental and cultural fluctuations, while
women’s phenotypic variation is better able to buffer environmen-
tal stress (72) via sexual dimorphism in body mass that reflect life-
long differences in energetics and somatic investment (73). There
is evidence that males show greater stunting in response to early
life undernutrition (74), which would lead to greater variation in
adult male statures. While skeletal methods of body mass estima-
tion do not generally reflect late-life accrual of body mass (75),
both lean mass (funding fetal growth) and fat mass (funding lacta-
tion) are components of maternal fitness, and substantial variabil-
ity in these tissues emerges prior to reproduction, suggesting that
body mass variation is more directly linked to female fitness than
stature (76). Phenotypic plasticity may have also been expressed
most strongly late in development, where IGF-I factors in dairy
milk may have directly fueled growth differences and sexual
dimorphism (17, 19). In general, we note that while the timing of
size increases corresponds with selective sweeps in lactase persis-
tence (44), it is unclear whether phenotypic variation reflects
underlying genetic variation or whether phenotypic plasticity pre-
cedes later genetic adaptation, but there is growing evidence that
the latter is an important mechanism of adaptability (77).

Overall, our results provide provisional evidence for greater
phenotypic stability in regions of in situ domestication and
where the transition to agriculture was gradual over millennia.
The dispersal of farmers into novel environments where foreign
domesticates may have struggled to establish appears to have
led to greater phenotypic diversity in human populations. In
Central and Northern Europe, where the cultural response to
environmental stress involved the direct consumption of milk,
this appears to buffer environmental stress and may have fueled
the patterns of human growth and body size observed in the
late Holocene. The trends observed in this paper may be a
direct or indirect consequence of shifts in energy allocation
to somatic growth associated with the digestion of lactose but
may otherwise be influenced by patterns of disease load during
growth, changes in weaning patterns, population density, migra-
tion, or genetic drift. A life-history framework may help to
understand how the interaction of such factors influences somatic
investment (18). We note that there are other regions where LP
genetic variants are found in high frequencies, including the
Mongolian Steppe (78), and convergent evolution of MCM6 in
East Africa (14) with what may be a stronger directional selection
among the Maasai (79). At present, we do not have data of suffi-
cient resolution to investigate whether ancient selection and
dairying fueled phenotypic change in these regions. However,
our results suggest that the transition to agriculture may have
had regionally specific influences on human populations that can
be elucidated through analyses of long-term diachronic trends in
human-culture-environment interactions. Long-term trends are
best investigated through broadscale integration of bioarchaeolog-
ical and phenotypic data with aDNA, paleoecology, and archaeo-
logical data that account for the spatiotemporal complexity of
Holocene cultural and dietary transitions.

Materials and Methods

In this study, we compare body size estimates from skeletal remains derived
from 366 archaeological sites in the Levant, Northern, Central and Southern
Europe, the Nile Valley, South Asia, and China (SI Appendix, Fig. S1 A–D and
Table S1) spanning the period from 34,300 B.P. to the present. Stature estimates
for 3,507 individual skeletons were derived from maximum femur length, and
when femora were not preserved, tibial lengths, using regression equations
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derived from ecogeographically matched populations (SI Appendix, Tables S2 
and S3). Body mass estimates, based on femoral head diameters or the maxi-
mum breadth of the tibial plateau were calculated for 3,342 individuals using 
published equations (SI Appendix, Table S4). We view the terminology surround-
ing categories such as Mesolithic, Epipaleolithic, and Neolithic to be broadly 
problematic because of regional differences in their use and spatiotemporal vari-
ation in the specific dietary and cultural correlates of such categories which may 
lead to spurious dichotomization of cultural variables. We opt, instead, to analyze 
data chronologically by calibrated radiocarbon dates, both as a continuous vari-
able and grouped into millennial cohorts and tested for significant differences 
using univariate ANOVA with Hochberg GT2 post hoc tests (SI Appendix, Tables 
S5–S32). We interpret these results in the context of regional variation in late 
Pleistocene and Holocene cultural trajectories.

Data, Materials, and Software Availability. Data used in this study, some 
of which has been previous published (80, 81) are publicly available through 
Borealis (DOI: https://doi.org/10.5683/SP3/RTPPWX), (82).
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