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Global human mandibular variation reflects
differences in agricultural and hunter-gatherer

subsistence strategies
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Variation in the masticatory behavior of hunter-gatherer and
agricultural populations is hypothesized to be one of the major
forces affecting the form of the human mandible. However, this
has yet to be analyzed at a global level. Here, the relationship
between global mandibular shape variation and subsistence eco-
nomy is tested, while controlling for the potentially confounding
effects of shared population history, geography, and climate. The
results demonstrate that the mandible, in contrast to the cranium,
significantly reflects subsistence strategy rather than neutral
genetic patterns, with hunter-gatherers having consistently longer
and narrower mandibles than agriculturalists. These results sup-
port notions that a decrease in masticatory stress among agricul-
turalists causes the mandible to grow and develop differently. This
developmental argument also explains why there is often a mis-
match between the size of the lower face and the dentition,
which, in turn, leads to increased prevalence of dental crowding
and malocclusions in modern postindustrial populations. There-
fore, these results have important implications for our under-
standing of human masticatory adaptation.

diet | phenotypic plasticity | mastication | skull

O ne of the major differences categorizing human populations is
variation in subsistence strategies and related paramasticatory
behavior. A shift from a primarily hunting and gathering strategy to
one based on extensive horticulture or animal husbandry is known
to have occurred independently on several occasions in human
prehistory, yielding a correlated shift in settlement pattern, de-
mography, population expansion, and social reorganization (e.g., 1,
2). Given the wider cultural changes associated with increased food
processing and, therefore, consumption of a more homogeneous
and softer diet in agriculturalists, it has been hypothesized that the
dietary changes associated with agriculture are likely to have had an
important effect on the form of the cranium and mandible (e.g., 3—
5). Although localized studies comparing hunter-gather and
farming populations in Nubia (6), South America (7), the Ohio
Valley (8), and the southern Levant (9) have found some support
for an associated change between the masticatory apparatus and
the initial transition to agriculture, it is currently unclear what effect
agriculture has had on global patterns of human mandibular vari-
ation when compared against other wider microevolutionary fac-
tors, such as gene flow, migration, and natural selection. Hence,
this study represents a global comparative analysis of the effects
of subsistence strategy on modern human mandibular variation.
In recent decades, it has become clear that the majority of
modern human cranial shape variation is congruent with a null
model of neutral evolution, with relatively few morphological
regions being subject to diversifying selection (e.g., 10-19). How-
ever, there appear to be two major exceptions to this general
pattern. Aspects of facial morphology, and particularly nasal
morphology, are likely to have been subject to diversifying nat-
ural selection in response to climatic conditions (11, 20-22),
which would explain why facial shape is correlated with climate
when cold-adapted populations are included (13, 18). Second, it
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has been found (14, 15) that global patterns of mandibular var-
iation do not follow a model of neutral evolution.

If the null model of evolutionary neutrality can be rejected for
global patterns of human mandibular variation, alternative non-
neutral hypotheses must be considered. One of the most obvious
alternative models is that agricultural populations will experience
different biomechanical or selective pressures on mandibular
shape than hunter-gatherers, such that modifications have occurred
either via phenotypic plasticity or natural selection. Previous
morphometric studies (23, 24) found some geographical patterning
in mandibular morphology, as well as a signal of climatic and/or
masticatory plasticity. However, hunter-gatherer and agricultural
populations have never explicitly been compared at a global level
to evaluate the likely role of subsistence economy in the evolution
of the mandible. Here, this hypothesis is tested by comparing (using
Mantel tests) pairwise population distance matrices based on
mandibular shape data (Fig. 1) against distance matrices based
on neutral genetic, geographical, climatic, and subsistence data
(characterized in four ways). To provide a baseline against which to
evaluate these results, the same analyses were also repeated for the
cranium and subsets of the cranium (Fig. 2) believed to be related
to masticatory function (palatomaxilla, zygotemporal, and tempo-
ral lines) and those previously shown to fit a neutral model of
variation (cranial vault and chondrocranium). In all cases, the data
were collected on the same individuals representing 11 globally
distributed populations (Table 1), of which six were categorized as
agriculturalist and five as hunter-gatherer (Table 2).

Results

Overall, the results (Table 3) show that the global pattern of man-
dibular morphology strongly reflects the dichotomous distinction
between “hunter-gatherer” and “agricultural/pastoralist” subsistence
economy, irrespective of the specific geographical location or pop-
ulation history of each population. In comparisons of morphology and
genetics, only the mandible and the palatomaxilla were not signifi-
cantly correlated with genetic patterns, supporting the notion (14, 15)
that the mandible does not reflect neutral population history. Given
that the palatomaxilla is morphologically integrated with the mandible
via dental occlusion, it is not unexpected that it follows a similar
nonneutral pattern. Perhaps surprisingly, the mandible does pattern
geographically, although the relationship between mandibular and
geographical distance is much weaker (r = 0.44) than for the cranium
(r = 0.72). Nicholson and Harvati (24) also found a geographical
patterning in their analysis of modern human mandibular variation,
which they interpreted as being related to climatic effects as well as
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Fig. 1. Configuration of 33 mandibular landmarks. Bilateral landmarks: 1,
condyle tip; 2, condylion medial; 3, condylion lateral; 4, mandibular foramen
(superior); 5, alveolus (posterior); 6, M3 (lateral-posterior); 7, M1-M2 (lat-
eral); 8, canine-P3 (lateral); 9, mental foramen (anterior); 10, ramus (anterior
and in line with alveolus); 11, gonion; 12, ramus (posterior and in line with
alveolus); 13, sigmoid notch; 14, coronion. Midline landmarks: 15, infra-
dentale; 16, pongonion; 17, gnathion; 18, mandibular orale; 19, linguale.

population history. All morphological regions, except for the temporal
lines, were significantly correlated with climate, although these corre-
lations disappeared once neutral genetic distance was controlled for.
This supports previous studies (e.g., 16, 19) suggesting that climatically
driven diversifying selection has played a relatively minor role in
generating global patterns of cranial variation. However, aspects of
facial variation associated with thermoregulation were deliberately not
tested here. Thus, the results do not negate the possibility of climati-
cally driven natural selection on facial morphology in cold-adapted
populations (e.g., 11, 18, 20-22).

Fig. 2. Cranial subsets tested (with numbers of landmarks in parentheses) for
comparison with mandibular data. (4) Regions of the cranium related to masti-
catory function: temporal lines (dark lines) (25), zygotemporal (light gray) (22), and
palatomaxilla (dark gray) (21). (B) Regions of the cranium not related to masti-
catory function: chondrocranium (light gray) (39) and cranial vault (dark gray) (51).
A full anatomical description of all landmarks used is provided in Table S2.
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Irrespective of how differences in subsistence economy were
quantified, the mandible and the palatomaxilla were significantly
correlated with subsistence, whereas the remaining regions of the
cranium were not. In the case of the third subsistence matrix (where
hunting and fishing were treated equally), the vault was also sig-
nificantly correlated, but this disappeared once population history
was controlled for. Similarly, the relationship between the palato-
maxilla and subsistence economy disappeared once population
history was controlled for. In contrast, the mandible remained
correlated with subsistence economy, even following Bonferroni
correction. The only exception to this was in the case of subsistence
matrix 2, where hunting and fishing are treated separately, sug-
gesting that this categorization of subsistence creates artificial dif-
ferences that do not actually affect the morphology of the man-
dible. Moreover, in contrast to all cranial regions tested, a five-way
partial Mantel test (a« = 0.01) between mandibular variation and
the most strongly correlated matrix of subsistence difference
(matrix 3) was significant (r = 0.38, P = 0.009), demonstrating that
mandibular distance remains significantly correlated with sub-
sistence even when the potentially confounding effects of genetics,
geography, and climate are all controlled for (Table 3).

Fig. 3 illustrates the major mandibular shape variation associated
with differences in subsistence economy. The first and second
principal components (PCs), which, together, account for almost
33% of the total shape variation, effectively distinguish between
agriculturalists (open symbols) and nonagriculturalists (closed
symbols). Despite overlap among individual population samples,
agriculturalist populations have relatively shorter and broader
mandibles with taller and more angled rami and coronoid processes,
whereas hunter-gatherer populations have longer and narrower
mandibles with short and upright rami and coronoid processes.

Discussion

The results demonstrate that global patterns of human mandibular
shape reflect differences in subsistence economy rather than neu-
tral population history. This suggests that as human populations
transitioned from a hunter-gatherer lifestyle to an agricultural one,
mandibular shape changed accordingly, effectively erasing the
signal of genetic relationships among populations. However, some
areas of the cranium functionally associated with chewing still
predominantly reflect genetic population history rather than vari-
ation in masticatory behavior. In contrast, the palatomaxilla region,
which is tightly integrated with the mandible, follows a similar
pattern as the mandible, although the relationship with masticatory
behavior is weaker overall. Importantly, what this suggests is that
masticatory pressure acts preferentially on the mandible rather
than the maxillary region, with the maxilla altering in relation to
the mandible to retain effective dental occlusion. Therefore, de-
spite considerable integration between the mandible and the skull
(25, 26), the results presented here suggest that the mandible can
evolve independently (e.g., 27).

These analyses raise a number of important questions that re-
quire further testing. First, are the shape differences observed
between the agriculturalist and hunter-gatherer populations at-
tributable to phenotypic (i.e., developmental) (28) plasticity or
natural selection? Second, what exactly is the disruptive or selec-
tive pressure on mandibular shape? For practical and ethical rea-
sons, the first of these questions is difficult to test in humans, but an
experiment comparing hyraxes (29) found that those raised on
softer, more processed food items experienced ~10% less growth
in the mandible, lower face, and zygomatic region than the group
raised on fresh, unprocessed food. This supports the idea (4, 5) that
it is the biomechanical properties of mastication (with hunter-
gatherers presumably experiencing longer and more intensive
bouts of chewing than agriculturalists) that is the selective force.
Previous localized comparisons of hunter-gatherer and farming
populations (6-9) found significant changes in the masticatory
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Table 1. Matched global population data used
Population Subsistence economy* Classical genetics’ Morphology: Museum collected Cranial (n) Mandible (n) Geographical coordinates
lbo Ibo Yoruba/lbo NHM 30 30 7.5, 5.0
Central African Mbuti Biaka NHM, MH 21 19 4.0, 17.0
San Kung San San NHM, MH, AMNH, NHMW, DC 31 23 -21.0, 20.0
‘ Chinese (Han) Chekiang Han Chinese NHMW 30 27 32.5, 114.0
T Japanese Japanese Japanese MH 30 30 38.0, 138.0
‘ Mongolian Khalka/Chahar Mongol MH 30 30 45.0, 111.0
" Italian Romans Italians NHMW 30 19 46.0, 10.0
Hawikuh Pima Pima SNMNH 30 30 33.5, —109.0
“ Alaskan Inuit Nunamiut Alaskan Inuit AMNH 30 30 69.0, —158.0
Greenland Inuit Greenland Greenland Inuit SNMNH 30 30 70.5, —53.0
Australian Aranda Aborigine DC 30 27 -22.0, 126.0
Total 322 295
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AMNH, American Museum of Natural History (New York); DC, Duckworth Collection (Cambridge, United Kingdom); MH, Musée de I'Homme (Paris); NHM,
Natural History Museum (London); NHMW, Das Naturhistorische Museum, Wien (Vienna); SNMNH, Smithsonian National Museum of Natural History (Washington).
*Data collated from the Corrected Ethnographic Atlas, available online at http://eclectic.ss.uci.edu/ (44).

"Data collated from Cavalli-Sforza et al. (35).

apparatus occurring within a relatively short time period, sug-
gesting developmental plasticity or rapid selection.

Reduced duration and intensity of mastication are also thought
to be linked to the higher prevalence of dental crowding and mal-
occlusions in postindustrial urban populations (30), whereby in-
adequate chewing stresses generate insufficient strain for man-
dibular and maxillary growth in relation to overall tooth size (31).
Congruently, a comparison of two populations with high and low
dental attrition (32) suggested that intense masticatory activity leads
to a more anteriorly rotated mandible, yielding a longer corpus,
shorter ramus, and greater overall prognathism. This is also sup-
ported by studies of malocclusions identified in nonhuman primates
raised on unnaturally soft diets (e.g., 33). The results obtained here
are also congruent with this idea, whereby one of the major shape
differences found was that agriculturalists had shorter mandibles
overall, with reduced alveolar and corpus lengths, thereby dimin-
ishing the space for complete dental eruption. This would also
furnish important insights into potential biomechanical measures
for the prevention of common orthodontic problems experienced
by many modern urban postindustrial societies (e.g., ref. 5, p. 278).
Additional study into the incidence of dental crowding and mal-
occlusions in modern hunter-gatherer populations is required to
further our understanding of the interplay between masticatory
stress, mandibular form, and dental eruption patterns.

Although much of the existing literature would predict that
global patterns of mandibular variation reflect the intensity and
duration of mastication, there are other potential explanations

that should be considered. Given that modern humans all par-
take in substantial food processing and cooking, it is not entirely
clear that all hunter-gatherer populations necessarily experience
more intensive masticatory regimes than all agriculturalists.
However, although appropriate soft or liquid weaning foods are
available cross-culturally, hunter-gatherer populations consistently
breastfeed for longer (e.g., 34), thereby delaying the onset of full
masticatory behavior in young children. Whether this may have
a correlated effect on the ontogeny of mandibular growth in dif-
ferent subsistence groups also requires further investigation.

Conclusions

The consistency of the results obtained here, irrespective of how
subsistence was quantified, attests to the strength of the con-
clusions that can be drawn from these data. The change from
a hunter-gatherer economy to one based on animal and/or plant
domesticates had a dramatic effect on the shape of the human
mandible, effectively erasing the signature of past population
history. Although it still remains to be proven conclusively
whether this change is attributable to masticatory stress, weaning
behavior, or other demographic factors, it appears to act in a cor-
related fashion globally, causing a consistent shift toward a shorter,
broader mandible. Therefore, these results yield important insights
into the evolution of human masticatory adaptation as well as
having implications for our understanding of modern clinical phe-
nomena, such as the relatively high incidence of dental crowding
and malocclusions in postindustrial populations.

Table 2. Quantitative data on subsistence economy collated for each population

Population  Predominant subsistence economy Gathering Hunting Fishing Animal husbandry Agriculture Milking
Ibo Extensive agriculture 0-5% 0-5% 0-5% 6-15% 86-100% 1
Italians Intensive agriculture 0-5% 0-5% 16-25% 16-25% 56-65% 2
Japanese Intensive agriculture 0-5% 0-5% 6-15% 6-15% 76-85% 1
Chinese Intensive agriculture 0-5% 0-5% 6-15% 6-15% 76-85% 1
Mongolian Mostly pastoralism 0-5% 6-15% 0-5% 76-85% 6-15% 2
Hawikuh Intensive agriculture 26-35% 6-15% 6-15% 0-5% 46-55% 1
Biaka/Mbuti Mostly hunting 26-35% 66-75% 0-5% 0-5% 0-5% 1
San Mostly gathering 76-85% 16-25% 0-5% 0-5% 0-5% 1
Alaskan Mostly hunting 6-15% 66-75% 16-25% 0-5% 0-5% 1
Greenland Mostly fishing 6-15% 16-25% 66-75% 0-5% 0-5% 1
Australian Mostly gathering 56-65% 36-45% 0-5% 0-5% 0-5% 1

For each category of subsistence dependence, the following ordinal scale was used: 0 = 0-5%, 1 =6-15%, 2 = 16-25%, 3 = 26-35%,
4 = 36-45%, 5 = 46-55%, 6 = 56-65%, 7 = 66-75%, 8 = 76-85%, 9 = 86-100%. The predominant subsistence economy assigned in the
Ethnographic Atlas database was used to assign populations into two groups: agriculturalist/pastoralist and hunter/gatherer/fishers. For
the milking variable, 0 = missing, 1 = little/none, 2 = more often than sporadically.

19548 | www.phas.org/cgi/doi/10.1073/pnas. 1113050108
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Table 3. Results of Mantel and partial Mantel tests performed

Nonmasticatory

Masticatory

Cranium* Chondro Vault Mandible Palatomax Zygotemp Templines
Mantel tests
Genetics 0.61 (0.002) 0.54 (0.001) 0.62 (0.001) 0.23 (0.149) 0.18 (0.179) 0.50 (0.004) 0.38 (0.010)
Geography 0.72 (0.001) 0.79 (0.001) 0.63 (0.001) 0.44 (0.010) 0.19 (0.188) 0.70 (0.001) 0.52 (0.002)
Climate 0.49 (0.002) 0.26 (0.007) 0.38 (0.016) 0.38 (0.009) 0.32 (0.021) 0.38 (0.015) 0.20 (0.166)
Subsistence 17 0.15 (0.166)  0.23 (0.075) 0.19 (0.091) 0.31 (0.032) 0.32 (0.024) 0.22 (0.097) 0.09 (0.453)
Subsistence 2" 0.13 (0.340)  0.12 (0.388)  0.20 (0.122)  0.25 (0.041)  0.28 (0.036)  0.11 (0.395)  0.02 (0.893)
Subsistence 3'  0.26 (0.052) 0.25 (0.080) 0.30 (0.022) 0.37 (0.008) 0.31 (0.031) 0.27 (0.058) 0.12 (0.375)
Subsistence 4" 0.19 (0.100)  0.22 (0.079) 0.23 (0.057) 0.32 (0.012)  0.30 (0.037) 0.22 (0.093) 0.07 (0.565)
Partial Mantel tests (genetics controlled for)
Climate 0.39 (0.018) 0.10 (0.486) 0.24 (0.071) 0.33 (0.033) 0.28 (0.051) 0.26 (0.061) —
Subsistence 17 — — — 0.31 (0.017) 0.32 (0.034) — —
Subsistence 27 — — — 0.26 (0.045) 0.28 (0.040) — —
Subsistence 3" — — 0.31 (0.021) 0.36 (0.014) 0.30 (0.029) — —
Subsistence 47 — — — 0.31 (0.017)  0.30 (0.040) — —
Partial Mantel test (genetics, climate, and geography controlled for)
Subsistence 37 0.31 (0.045) 0.34 (0.032) 0.34 (0.028) 0.38 (0.009) 0.28 (0.036) 0.31 (0.032) 0.09 (0.477)

Correlation coefficients (P values in parentheses) for Mantel and partial Mantel test comparisons of morphological distance matrices
and genetic, geographical, climatic, and subsistence distance matrices. Nonsignificant results (P > 0.05 for full, P > 0.017 for 3-way
partial, and P > 0.010 for 5-way partial Mantel tests) are shown in bold. Chondro, chondrocranium (basicranium); Palatomax, palate
and maxilla region; Templines, insertions of the temporalis muscles; Zygotemp, zygomatic and temporal region (Fig. 2 and Table S2).
*Cranium refers to the full cranial configuration, including the vault, face, and base.
fSubsistence 1, binary matrix; Subsistence 2, quantitative data (Table 2); Subsistence 3, hunting and fishing treated as single variable;
Subsistence 4, horticulture and animal husbandry treated as single variable.

Materials and Methods

Materials. Matched genetic, morphological, geographical, climatic, and sub-
sistence data were collated for each of 11 globally distributed human pop-
ulations (Table 1). Genetic data comprised classical marker polymorphisms
frequency data for 64 alleles representing 12 loci (35) (Table S1).

The morphological data comprised configurations of 3D landmarks taken
on the cranium and the mandible of museum specimens representing each of
the 11 genetic populations. All specimens measured were anatomically
complete adults with fully fused sphenooccipital synchondroses and were
sexed by the author using standard osteological techniques (36). The mor-
phological and genetic data were matched based on provenance, state of
preservation, chronology, and information on linguistic or ethnic affiliation.
A total of seven anatomical configurations were captured using a Micro-
scribe 3DX digitizer (eMicroscribe) and analyzed separately: (i) 33 landmarks
representing the mandible (Fig. 1), (i) 151 landmarks representing the en-
tire cranium, (iii) 51 landmarks representing the cranial vault, (iv) 39 land-
marks representing the chondrocranium (basicranium), (v) 25 landmarks
representing the insertions of the right temporalis muscle (superior and in-
ferior temporal lines), (vi) 22 landmarks representing the shape of the right
“zygotemporal,” and (vii) 21 landmarks representing the “palatomaxilla”
(Fig. 2). With the exception of the temporal lines, the other cranial regions
have been described in detail in previous publications (16-18), and ana-
tomical descriptions of all landmarks can be found in Table S2. The cranial
vault and chondrocranium are not thought to be affected by masticatory
function and have been shown to reflect population history reliably (13-15,
17, 18). The remaining three cranial subsets are involved in masticatory
function, and are therefore included as a baseline against which to compare
the results for the mandible. Experiments have shown that regions of the
primate cranium, such as the temporomandibular joint (TMJ) (e.g., 37) and
those related to the insertion of the major jaw adductor muscles (e.g., 38-
40), experience high strains during mastication. Thus, masticatory-related
behavior is most likely to have an impact on the palate and lower maxillary
region bearing the upper dentition; the TMJ; and the attachment sites of the
temporalis, masseter, and pterygoid muscles. Therefore, the zygotemporal
delineates the size of the temporal fossa, the shape of the TMJ, and the
attachment sites for the masseter muscles, whereas the palatomaxilla con-
sists of the palate and the lower maxilla bearing the upper dentition (17).
The temporal line configuration consists of three anatomical landmarks
representing the end points of the temporal lines [temporal line (anterior)
and the points of intersection between the squamous suture and the tem-
poral lines] and 22 equally spaced semilandmarks. Curves of semilandmarks
were captured for the superior and inferior temporal lines separately by

von Cramon-Taubadel

digitizing one 3D coordinate every 4 mm. Curves were subsequently
resampled for equal numbers of evenly spaced semilandmarks (41) using
Resample.exe software (http:/www.nycep.org/nmg/programs.html). Twelve
semilandmarks were sampled for the superior temporal line, and 10 were
sampled for the inferior temporal line. All landmark configurations were
tested for intraobserver error following the partial superimposition method
(42) and were deemed acceptable if individual landmark error was <1 mm.

Geographical data comprised latitude and longitude coordinates provided
for the genetic samples matched for each population (35). Climatic data (16)
comprised annual minimum, maximum, and mean values for each of four
climatic variables [temperature (°C), precipitation (mm/d), vapor pressure
(hPa), and cloud cover (%)] collated from the Intergovernmental Panel on
Climate Change database (www.ipcc-data.org) (43) (values of all climatic
data used are presented in Table S3).

Data on subsistence economy (Table 2) were collated from the updated
Ethnographic Atlas available electronically and online as coded files at http:/
eclectic.ss.uci.edu/ (44). Variables 1-5 relate to the percentage dependence by
each society on gathering, hunting, fishing, animal husbandry, and agriculture.
In addition, data for variable 41 “Milking of Domestic Animals” was collated as
the sixth quantitative variable. The 11 populations were categorized into two
main groups, “Agricultural/Pastoralist” and “Hunter-Gatherer-Fishers,” based on
qualitative variable 42 (“Overall Subsistence Economy”). The closest match in the
Ethnographic Atlas was obtained for each of the genetimorphological pop-
ulations, taking geographical, ethnic, and linguistic information into account. In
cases Where there were two or more equally well-matched samples, they always
had identical subsistence codes for the six quantitative variables used.

Geometric Morphometrics. Each of the seven individual morphological landmark
configurations was subjected to generalized Procrustes analysis (GPA), tangent
space projection, and principal components analysis (PCA) in Morphologika 2.5
(http:/life.bio.sunysb.edu/morph/soft-3d.html) (45). In the case of the temporal
lines configuration, only anatomical landmarks were used in the GPA (41).
Following the method used by Roseman and Weaver (12), the resultant PC
scores required to explain 95% of the total variance were used as input variables
for generating morphological distance matrices (Table S4), because this has
been shown previously (16-18) to reflect the overall anatomical complexity of
morphology, rather than the initial size of the landmark configuration per se.

Sexual Dimorphism. Given that the mandible is sexually diagnostic in humans
(e.g., 46), an assessment of the likely impact of sexual dimorphism was per-
formed. The configuration centroid sizes for males and females were found to
be significantly different (two-tailed t test, P < 0.0001), with male mandibles
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Fig. 3. Shape changes on PC1 and PC2 (21.4% and 11.1% variance explained, respectively) associated with major differences in subsistence economy. Ag-
riculturalist populations (open symbols) have relatively short and broad mandibles with a tall, angled ramus and coronoid process, whereas hunter-gatherer
populations (closed symbols) have relatively long and narrow mandibles with a short, upright ramus and coronoid process.

significantly bigger than female mandibles. First, a form analysis was performed
in Morphologika 2.5 whereby, following GPA, configurations are rescaled by
their centroid sizes before conducting the PCA (Fig. S1). A second PCA was also
performed using the Procrustes shape variables and adding log centroid size as
another variable (Fig. S2). In both cases, there was a statistically significant dis-
tinction between male and female mandibles on the first PC (accounting for over
30% of the total variation in each case). However, there was no significant dif-
ference (two-tailed t test, P= 0.576) between male and female mandibles on the
first PC in the shape-only analysis (Fig. S3), suggesting that removing isometric
scaling from the analysis also removes the effect of sexual dimorphism related to
size. Subsequently, all analyses were carried out on the size-adjusted data.

Population Matrices. Pairwise population distance matrices were calculated
for each of the five data types. A genetic D-matrix was generated from the
allele frequency data in RMAT 1.2 software (available from John Relethford),
following the model described by Harpending and Ward (47). Morphological
D-matrices were generated separately for the entire cranium, mandible,
vault, chondrocranium, palatomaxilla, zygotemporal, and temporal lines,
from the PC data using RMET 5.0 (http://konig.la.utk.edu/relethsoft.html),
following the model of Relethford and Blangero (48). In each case, matrices
were computed under the conservative assumption of complete heritability
(i.e., h? = 1) because of the lack of population-specific estimates of herita-
bility for the morphological regions in question.

Geographical distances among all populations were calculated as great circle
distances in kilometers, based on the haversine (49). The following waypoints
were used to connect continents to provide a more realistic estimate of the
pairwise geographical distance among populations; Cairo, Egypt (30.0, 31.0;
exit/entry Africa); Istanbul, Turkey (41.0, 28.0, exit/entry Europe); Phnom Penh,
Cambodia (11.0, 104.0, exit/entry Oceania); Anadyr, Russia (64.0, 177.0, exit/
entry New World); and Prince Rupert, Canada (54.0, —130.0, exit/entry North
America). A pairwise climatic distance matrix was constructed from the 12 cli-
matic variables (Table S3) using Euclidean distances in PAST 1.7 (50).

Pairwise differences.in.subsistence. were calculated.infour ways. In the first
instance, a simple binary matrix of differences in subsistence economy was

19550 | www.phas.org/cgi/doi/10.1073/pnas. 1113050108

created whereby if two populations were the same (i.e., both agriculturalist-
pastoralist or both hunter-gather-fisher), it was scored as 1; if they were dif-
ferent, it was scored as 0. Thereafter, three pairwise difference matrices were
computed based on the square root of the sum of the squared differences
between values for each of the six quantitative variables shown in Table 2. For
the second matrix, each of the six variables was taken at face value. For the
third matrix, hunting and fishing were treated as a single variable in order not
to create artificial differences between predominantly fishing and hunting
communities, which might otherwise have very similar masticatory behavior
(e.g., Greenland and Alaskan Inuit). For the fourth matrix, as well as hunting
and fishing being treated equally, agriculture and animal husbandry were
treated as a single variable to reduce the distances between horticulturalists
and pastoralists (e.g., Mongolians and other agriculturalists).

Mantel Tests. Given that matrices violate the statistical assumptions of traditional
correlation tests, all population matrices were statistically compared using Mantel
tests (51), where Pvalues are assigned through a randomization test with 10,000
permutations (52). In the first instance, the correlation between each of the
seven morphological regions and the genetic, geographical, climatic, and sub-
sistence matrices was assessed. Thereafter, partial Mantel tests (53) were per-
formed to control for the confounding effect of shared ancestry (genetics) when
assessing the strength of correlation between morphology and the potential
selective forces of climate and subsistence (16). In addition, the relationship
between the morphological matrices and subsistence was tested, controlling for
genetics, geography, and climate simultaneously. All Mantel tests were per-
formed in PASSaGE 1.1 (http:/Awwww.passagesoftware.net), and the critical alpha
level was set at o = 0.05. Following the method of Roseman (11), Bonferroni
correction was applied to partial Mantel tests (i.e., « = 0.017, « = 0.010).
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