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ABSTRACT This study investigates enamel growth of a modern-day human upper first incisor (5197)
possessing a talon cusp (accessory cusp). Growth rates collected from the accessory enamel are com-
pared to data collected from the primary cusp and cusps of a standard incisor sample from the same
population. Upper first incisors (n=12) and S197 were analysed using histological methods. Daily secre-
tion rates (DSRs) were calculated for inner, mid, and outer regions of cuspal and lateral sites. Additional
DSRs were calculated for equivalent regions of 5197’s accessory cusp. S197’s primary cusp DSRs were
significantly faster than the accessory cusp for all lateral regions, but significantly slower in the inner
and mid cuspal regions. 5197’s primary cusp DSRs were also significantly slower than the standard inci-
sor sample for all regions except the lateral cuspal. The DSRs of the standard sample were significantly
faster than those of S197’s accessory cusp for all lateral regions, but significantly slower in the inner cus-
pal region. This case study displays that human teeth possessing accessory cusps can present varying
DSRs to teeth lacking accessory enamel from the same population, and that accessory enamel growth

may not follow the same pattern of increasing DSRs along the length of enamel prisms.

The study of modern human enamel growth rates
via histological analysis is common within the
study of biological anthropology and bioarchaeolo-
gy, commonly focusing on the variation between
cusps of the same tooth (e.g. Mahoney, 2008), with-
in single populations (e.g. Schwartz et al., 2001),
and between populations (e.g. Smith et al., 2007;
Aris et al., 2020a, 2020b). A common trend between
these lines of research is the exclusive use of what
are deemed as dental samples containing no evi-
dence of pathology, stress markers, or growth of
accessory enamel (defined here as: growth of
enamel outside of the features typically used to
define and identify human tooth types). While past
research has touched on how some human enamel
growth features vary between individuals suffer-
ing from stress and those not suffering from stress
resulting in dental morphologies, these typically
concern the accuracy of making certain calcula-
tions relating to enamel growth (Lukacs & Guatelli
-Steinberg, 1994; Guatelli-Steinberg & Lukacs,
1999), and the development of non-accessory
enamel (defined here as: growth of the enamel fea-
tures which define how human tooth types are
identified and classified) in individuals presenting
evidence of stress on their dental morphology (e.g.
Fitzgerald & Saunders, 2005). Comparison of
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enamel growth rates collected from teeth present-
ing accessory enamel to those with no evidence of
stress markers or non-metric traits from the same
population, and comparison of accessory enamel
growth to the growth of non-accessory enamel
within the same tooth, have yet to be conducted.
This project aims to begin to address these issues
and widen our understanding of accessory enamel
growth in modern-day humans through the case
study of a modern-day upper first incisor.

Background

Amelogenesis and daily enamel growth

Amelogenesis is the process of secretion and min-
eralization of protein matrix by ameloblast cells
(Boyde, 1989; Nanci & Smith, 1992; Smith & Nanci,
1995). During the secretory stage of amelogenesis,
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ameloblast secretion is altered according to a daily
circadian rhythm, producing short-period markers
along the length of enamel prisms (e.g., Asper,
1916; Gysi, 1931; Massler & Schour, 1946; Okada,
1943; Kajiyama, 1965; Dean et al., 1993; Smith &
Nanci, 2003). These daily forming markers are
known as cross striations (e.g. Boyde, 1963; 1990;
Kajiyama, 1965; Bromage, 1991; Dean, 1995; Fitz-
gerald, 1995, 1998; Antoine, 2000; Antoine et al.,
2009). The formation of cross striations causes al-
terations in the refractive index of enamel prisms,
making them observable in thin sections under
transmitted light (e.g. Berkovitz et al., 2002; Zheng
etal., 2013).

Daily secretion rates (DSRs) can be calculated
from cross striations. These rates accelerate from
inner enamel regions proximal to the enamel den-
tine junction towards the outer enamel surface (e.g.
Beynon et al., 1991 Beynon et al., 1998; Reid et al.,
1998; Lacruz & Bromage, 2006; Mahoney, 2008;
Aris et al., 2020a, 2020b). Daily secretion rates are
also faster relative to their proximity to the dentine
horn (Beynon et al., 1991). Due to DSRs varying
within a tooth, analysis of these rates are undertak-
en for specific regions (e.g. Dean, 1998) where the
crown is divided into cuspal, lateral, and cervical
enamel, and then further subdivided into inner,
mid, and outer regions. Typically, DSRs are broad-
ly similar when equivalent regions are compared
between cusps within a molar (Mahoney, 2008).

Analysis of DSRs for human samples have ex-
amined variations within individual teeth
(Mahoney, 2008), differences between biologically
male and female groups (Schwartz et al., 2001), and
more recently variations between populations
(Aris et al., 2020a, 2020b). Despite the breadth of
these studies, they have universally used teeth ab-
sent of evidence of stress, pathology, and accessory
enamel growth. Thus, our understanding of how
human DSRs vary in accessory enamel in compari-
son to non-accessory enamel is limited.

Enamel growth patterns within pathological cases

While the DSRs of accessory enamel have not yet
been analysed, certain features of enamel growth
have been analysed for individuals presenting
signs of stress on their dentition. These studies
have focused on the possible changes in amelogen-
esis, which leads to the formation of enamel
growth defects observable from internal and exter-
nal analysis. Lukacs and colleagues have published
a series of papers explaining the pattern and ex-
pression of enamel defects in modern humans.
These can vary due to diet, geographic location,
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and climate. In particular, these papers present
evidence of longer crown formation times (CFTs)
in stressed individuals (Lukacs et al., 1989; Lukacs,
1991, 1992, 1999; Lukacs & Joshi, 1992; Lukacs &
Pal, 1993; Lukacs & Guatelli-Steinberg, 1994; Luck-
as & Walimbe, 1998; Guatelli-Steinberg & Lukacs,
1999). As CFTs are directly related to the products
of daily enamel growth (e.g. Massler & Schour,
1946) there is potential that accessory enamel pos-
sesses growth rates which vary from non-accessory
enamel.

Fitzgerald and Saunders (2005) investigated the
possibility of using enamel defects to predict the
age at which stress was incurred and thus improve
the way in which we interpret the influence of
stress on enamel growth patterns. This concept
was based on the ability to age through examining
interior enamel structures, and that these struc-
tures would be notably altered during stressful
events. Through the use of a large sample size (274
teeth from 127 Roman subadults), they concluded
that enamel formation patterns are more highly
impacted according to the severity of the cause of
stress, and that there is no minimum requirement
of stress level for enamel to be effected (Fitzgerald
& Saunders, 2005). Multiple papers have since been
published on this topic, all conclusively stating that
stress impacts enamel structures, significantly in-
creases CFTs, and reduces the reliability of DSR
calculations (Reid & Dean, 2006; Holt et al., 2012;
Birch & Dean, 2014; Primeau et al., 2015). As a re-
sult of these studies, we can reliably say that non-
accessory enamel grows differentially in individu-
als presenting evidence of stress. It is therefore im-
portant to expand our understanding of how acces-
sory enamel grows in relation to non-accessory
enamel.

Material and methods

Dental sample

Upper permanent first incisors (n=13) were select-
ed from a modern-day collection consisting of
teeth extracted between 1964 and 1973 at dental
surgeries in northern England and southern Scot-
land. All 13 samples originated from Newcastle-
Upon-Tyne, including an incisor presenting an ac-
cessory enamel cusp (5197). The accessory cusp of
5197 has developed on the cingulum and reached
beyond half the distance to the incisal edge (Figure
1), as such it is diagnosed as a talon cusp (Edgar et
al., 2016). The remaining 12 incisors made up a
standard sample, with each tooth presenting no
evidence of stress, pathology, or accessory enamel
growth. Right teeth were selected unless it was
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unavailable or the left was better preserved. The
collection itself is curated at the Skeletal Biology
Research Centre, University of Kent, as part of the
UCL/Kent Collection. Ethical approval for the his-
tological analysis of this dental sample was ob-
tained from the UK National Health Service re-
search ethics committee (REC reference: 16/
SC/0166; project ID: 203541).

Non-accessory enamel

Accessory enamel

1cm

Figure 1. Depictions of upper first permanent
incisor 5197 prior to sectioning highlighting the
regions defined as accessory and non-accessory
enamel. Moving left to right the images display
the tooth from the labial, lingual, and mesial
directions.

Sample preparation

Resin casts were produced for each incisor prior to
any destructive analysis, and were produced using
standard methods (Aris, 2020). The casts repro-
duced the surface morphology of the tooth crown
allowing for future study of microwear, crown
morphology, and enamel surface features includ-
ing linear enamel hypoplasia and perikymata.

Thin sections were produced using standard
histological procedures (e.g. Schwartz et al., 2005;
Mahoney, 2008; Aris, 2020). The incisors were em-
bedded in an epoxy resin and hardener mixture
(Buehler®) to minimise the chance of the teeth frac-
turing during sectioning. Embedded samples were
then cut at a low speed using a diamond-edged
wafering blade (Buehler® IsoMet 1000 Precision
Cutter) at a longitudinal angle through the apex of
the incisal crowns. The samples were then mount-
ed on glass microscope slides and lapped using
progressively finer grinding pads (Buehler®) until
around 120pum in thickness. Ground samples were
polished using 0.3um aluminium oxide powder
until evidence of lapping was removed from the
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mounted dental samples. Polished samples were
then placed within an ultrasonic bath for two
minutes in order to remove any remaining debris
before being dehydrated using 90% and 100% etha-
nol-based solutions (Fisher scientific®). The dehy-
drated sections were finally cleared using Histocle-
ar® and mounted with a glass cover slip using a
mounting medium (DPX®). All sections were ex-
amined wusing polarised light microscopy
(Olympus BX53 Upright Microscope). Analysis
and image capture was conducted using micro im-
aging software (cellSens) (see below for detail).

Daily secretion rates
The DSRs for the incisors were calculated for the
inner, mid, and outer areas of the lateral and cus-
pal enamel sites of each tooth using standard
methods (e.g. Beynon et al., 1991a; Schwartz et al.,
2001; Mahoney, 2008; Aris et al., 2020a, 2020b).
Each region within the cuspal and lateral sites was
determined by dividing the length of the enamel
regions into three equidistant portions, following
the longitudinal axis of local enamel prisms (Figure
2). The lateral enamel areas were determined with-
in the section of imbricational enamel equidistant
between the dental cervix and dentine horn. Re-
gions of cuspal enamel were determined within the
appositional enamel starting near the dentine horn.
Additional DSRs were calculated for isolated re-
gions of 5197’s accessory cusp (see Figure 2). These
regions were selected in a fashion as to mirror the
cuspal and lateral regions of the primary cusp.
Within each enamel region a measurement was
made of five consecutive cross striations along the
length of an enamel prism. This measurement was
subsequently divided by five, giving a mean daily
rate of matrix secretion (um/day). This process
was repeated to produce six mean DSRs for each
region. For the standard incisor sample these re-
sults were then similarly divided to give a grand
mean and standard deviation, following the stand-
ard statistical and methodological approaches of
studying human enamel growth rates (e.g. Beynon
et al., 1991 Beynon et al., 1998; Reid et al., 1995;
Lacruz & Bromage, 2006; Mahoney, 2008; Aris et
al., 2020a, 2020b). For S197 the six mean DSRs for
each region were kept separate for future analysis.
All cross striation measurements were taken be-
tween 20x and 40x magnification (Figure 3).

Statistical analysis

Independent sample T-tests were used to compare
mean equivalent regional DSRs between the select-
ed samples. First, the same DSRs of the primary
cusp and accessory cusp of S197 were compared.
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Figure 2. Cross section of Sample 197 displaying the regions from which DSRs were collected. Right superimpo-
sitions show the cuspal (top) and lateral (bottom) sites of the primary cusp. Left superimpositions show the cus-
pal (top) and lateral (bottom) sites of the accessory enamel. White squares represent the inner, mid, and outer
regions of each site respectively moving from the enamel dentine junction towards the outer enamel surface.
Daily secretion rates were collected from healthy clinical teeth from equivalent cuspal and lateral sites to the
right superimpositions.

Figure 3. Cross section of the cuspal enamel site of the primary cusp of Sample 197. The right superimposition
displays a portion of the mid cuspal region, and the white arrows indicate individual cross striations.
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Second, the DSRs collected from the primary cusp
enamel of S197 were compared to those of the
standard clinical sample. Third, the DSRs of the
accessory enamel of S197 were compared to those
of the standard clinical sample. All statistical anal-
yses were conducted using SPSS 24.0.

Results

Accessory enamel DSRs compared to primary cusp
DSRs

Table 1 displays the results of comparing the mean
DSRs of the primary cusp enamel to those of the
accessory cusp enamel, all collected from S197. For
the inner and mid regions of the lateral enamel the
primary cusp enamel presented significantly faster
DSRs. These were faster by a mean rate of 0.53um/
day (p<0.00) in the inner region, and 0.47um/day
(p=0.01) in the mid region. Conversely, accessory
enamel presented significantly faster DSRs for the
inner and mid cuspal enamel regions. These were
faster by a mean rate of 2.14pm/day (p<0.00) in the
inner region, and 1.02um/day (p<0.00) in the mid
region.

Non-accessory enamel DSRs compared to rest of popula-
tion

Table 2 displays the results of comparing the mean
DSRs of the primary cusp enamel of 5197 to those
of the standard clinical sample. For all regions of
the lateral enamel, the standard sample presented
significantly faster DSRs. These were faster by a

mean rate of 0.27um/day (p=0.01) in the inner re-
gion, 0.51pm/day (p<0.00) in the mid region, and
0.37um/day (p=0.02) in the outer region. The
standard sample also presented significantly faster
DSRs for the inner and mid cuspal enamel regions.
These were faster by a mean rate of 0.69um/day
(p<0.00) in the inner region, and 0.65um/day
(p<0.00) in the mid region.

Accessory enamel DSRs compared to rest of population
Table 3 displays the results of comparing the mean
DSRs of the accessory enamel of S197 to those of
the standard clinical sample. For all regions of the
lateral enamel, the standard sample presented sig-
nificantly faster DSRs. These were faster by a mean
rate of 0.80pm/day (p<0.00) in the inner region,
0.98um/day (p<0.00) in the mid region, and
0.59um/day (p<0.00) in the outer region. Converse-
ly, the accessory enamel sample presented signifi-
cantly faster DSRs for the inner cuspal enamel re-
gion by a mean rate of 1.45um/day (p<0.00).

Discussion

Inter-regional enamel growth of S197

The lateral enamel DSRs of the primary cusp were
significantly faster than those of the accessory
enamel in the inner and mid regions. Conversely,
the accessory enamel cuspal DSRs were significant-
ly faster than those of the primary cusp for the in-
ner and mid regions (see Table 1). This finding
goes against those of past research, which found

Table 1. Results of the independent samples T-tests comparing the mean regional DSRs (umy/day) of the
accessory enamel of Sample 197 to the primary cusp enamel of Sample 197. Significant results are marked

in bold, *p<0.00.

Enamel Region Sample N  Mean Min Max  S.D. Sig.
Lateral Enamel
Inner Accessory 6 2.24 2.02 2.37 0.14 0.00%
Primary cusp 6 2.77 2.48 2.98 0.19
Mid Accessory 6 251 2.37 2.81 0.16 0.01
Primary cusp 6 2.98 2.67 3.35 0.24
Outer Accessory 6 3.13 2.89 3.78 0.33 0.42
Primary cusp 6 3.35 2.88 3.77 0.34
Cuspal Enamel
Inner Accessory 6 4.65 4.30 4.98 0.21 0.00*
Primary cusp 6 251 214 2.78 0.12
Mid Accessory 6 3.91 3.37 4.41 0.37 0.00*
Primary cusp 6 2.89 3.44 2.40 0.25
Outer Accessory 6 3.71 3.09 414 0.46 0.81
Primary cusp 6 3.84 3.48 4.24 0.27
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Table 2. Results of the independent samples T-tests comparing the mean regional DSRs (um/day) of the healthy
samples to those collected from the primary cusp enamel of Sample 197. Significant results are marked in bold,

*p<0.00.
Enamel Region Sample N Mean Min Max S.D Sig.
Lateral Enamel
Inner Primary cusp 6 2.77 2.48 2.98 0.19 0.01
Healthy 12 3.04 2.56 3.32 0.21
Mid Primary cusp 6 2.98 2.67 3.35 0.24 0.00*
Healthy 12 3.49 2.86 3.80 0.27
Outer Primary cusp 6 3.35 2.88 3.77 0.34 0.02
Healthy 12 3.72 3.14 4.06 0.25
Cuspal Enamel
Inner Primary cusp 6 251 214 2.78 0.12 0.00*
Healthy 8 3.20 2.84 3.43 0.23
Mid Primary cusp 6 2.89 3.44 2.40 0.25 0.00*
Healthy 8 3.54 3.16 3.86 0.22
Outer Primary cusp 6 3.84 3.48 4.24 0.27 0.69
Healthy 8 3.89 3.36 4.09 0.23

Table 3. Results of the independent samples T-tests comparing the mean regional DSRs (um/day) of the healthy
samples to those collected from the accessory enamel of Sample 197. Significant results are marked in bold, *p<0.00.

Enamel Region Sample N Mean Min Max SD Sig.
Lateral Enamel
Inner Accessory 6 2.24 2.02 2.37 0.14  0.00*
Healthy 12 3.04 2.56 3.32 0.21
Mid Accessory 6 2.51 2.37 2.81 016  0.00*
Healthy 12 3.49 2.86 3.80 0.27
Outer Accessory 6 3.13 2.89 3.78 033  0.00*
Healthy 12 3.72 3.14 4.06 0.25
Cuspal Enamel
Inner Accessory 6 4.65 4.30 4.98 021  0.00*
Healthy 8 3.20 2.84 3.43 0.23
Mid Accessory 6 3.91 3.37 441 037  0.05
Healthy 8 3.54 3.16 3.86 0.22
Outer Accessory 6 3.71 3.09 414 046 074
Healthy 8 3.89 3.36 4.09 0.23
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DSRs to remain similar between equivalent regions
of different non-accessory cusps in typically multi-
cusped teeth (Mahoney, 2008). This unusual varia-
tion in DSR differences between the cusps is the
product of the cuspal DSRs of the accessory cusp
slowing with distance from the enamel dentine
junction (EDJ) along the enamel prism pathway.
This trend also differs to that seen in past research,
which has shown permanent enamel growth rates
of non-accessory enamel to always accelerate with
distance from the EDJ (e.g. Beynon et al., 1991,
1998; Reid et al., 1998; Lacruz & Bromage, 2006;
Mahoney, 2008; Aris et al., 2020a, 2020b).

This finding, in particular, demands further in-
vestigation, primarily to identify if the reversed
growth pattern in cuspal DSRs of accessory enamel
growth is consistent in other human samples.
Should this be the case then the expected principle
notion of enamel growth rates increasing with dis-
tance, a principle formulated on teeth not present-
ing accessory enamel growth from the ED]J, would
need to be addressed. It is plausible that this prin-
ciple, highly supported by the data of past research
(e.g. Beynon et al., 1991; Beynon et al., 1998; Reid et
al., 1998; Lacruz & Bromage, 2006; Mahoney, 2008;
Aris et al., 2020a, 2020b) can only accurately be ap-
plied to growth of non-accessory enamel. Further
research on the growth rates of accessory enamel is
therefore required in order to create an equivalent
growth principle for non-accessory enamel.

Primary cusp enamel growth compared to standard
sample

Despite being the primary cusp of 5197 and dis-
playing standard morphology for an upper perma-
nent first incisor, the regional enamel DSRs varied
significantly from the mean DSRs of the standard
sample (Table 2). Mean DSRs of all lateral enamel
regions, and the inner and mid cuspal regions,
were significantly slower in S197. However, outer
cuspal DSRs were slower by only a mean rate of
0.05um/day in 5197. Overall, while this research
only presents a preliminary case study, the data
suggests that such enamel will grow slower than
the standard sample cohort of the same tooth type
within the same population.

This finding primarily supports the use of teeth
possessing no abnormal or excess enamel in past
growth rate studies (e.g. Beynon et al, 1991;
Beynon et al., 1998; Reid et al., 1998; Lacruz & Bro-
mage, 2006, Mahoney, 2008; Aris et al, 2020a,
2020b), as there is now clear potential for signifi-
cant differences between teeth that do and do not
present accessory enamel growth as defined here.
Perhaps more importantly, there is new incentive
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for future research to continue analysing the
growth rates throughout all regions and types of
enamel from all tooth types. Such research will
serve to expand our knowledge of the growth rate
patterns common in human dentition, by identify-
ing if non-accessory enamel growth rates slow in
the presence of accessory enamel on the same
tooth, or if S197 is a unique case. Future research
should also examine the growth rates of less ex-
treme non-accessory enamel growth than that of
5197. This would help ascertain whether the ex-
tremity of accessory enamel growth is related to
the slowing growth rates of the non-accessory
enamel.

Accessory cusp enamel growth compared to standard
sample

The lateral enamel DSRs of the accessory cusp of
5197 presented significantly slower rates compared
to those of the standard sample (Table 3). Con-
versely, the inner cuspal DSRs of the accessory
cusp were significantly faster. The mid cuspal re-
gion was also faster by a mean rate of 0.37um/day,
but the outer cuspal region presented minimal var-
iation to the standard sample (Table 3). These re-
sults demonstrate the erratic and inconsistent
growth patterns of the accessory enamel of S197. It
is particularly unusual that the cuspal accessory
enamel growth slowed from inner to outer regions,
and that the outer region mean DSR climaxed at a
similar rate to equivalent DSRs of the standard
sample. Further research is required to ascertain
whether this is a unique phenomenon or the stand-
ard growth pattern for accessory enamel.

However, it should be noted that accessory
enamel manifestations differ between different
dental non-metric traits whose etiology includes
excess enamel formation. Future research investi-
gating the growth of accessory enamel should
therefore consider analysing growth rates of teeth
grouped according to their diagnosed traits and
tooth types, as it should not be assumed that acces-
sory enamel grows at similar rates between these
groups. This principle should be applied to all fu-
ture research advised here to avoid inaccurately
grouping the growth patterns of all non-accessory
enamel types.

Conclusions

The inter-regional differences in the growth rates
collected from S197 were erratic, and in some
enamel regions in direct contradiction with those
expected of human incisors and multi-cusped
teeth. Firstly, the differences between the equiva-
lent regional DSRs of the primary and secondary
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cusp of 5197 vary from the similarities observed in
past research comparing non-accessory cusps of
the same teeth. Secondly, the presence of extreme
accessory enamel formation appeared to slow the
growth rates of the non-accessory enamel when
compared to the growth rates of a standard sample
of teeth lacking accessory enamel growth. Finally,
the DSRs from the accessory cusp of S197 highlight
how accessory enamel growth rates will not neces-
sarily follow the trend of increasing rates with dis-
tance from the ED]J. The lack of additional research
greatly limits our understanding of these findings.
Overall, it is clear that more research into the
growth rates of accessory enamel, as well as non-
accessory enamel of the same teeth, is needed. Ide-
ally such research will analyse different tooth
types, and teeth with different diagnosed non-
metric traits, independently.
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The Impact of Hybridization on Upper First Molar Shape in
Robust Capuchins (Sapajus nigritus x S. libidinosus)
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ABSTRACT To better understand the impact of hybridization on development and morphology, I ana-
lyze an understudied phenotype in hybrid morphology research: tooth shape. I apply a 2D geometric
morphometric approach to compare variation in first upper molar cusp tip positions and crown outline
shape among 31 crested capuchins (Sapajus nigritus), 37 bearded capuchins (S. libidinosus), and 44 hy-
brids (S. nigritus x S. libidinosus). A principal components analysis shows that group membership ac-
counts for a significantly greater proportion of variance along the first major axis of M shape variation
than does allometry. While most hybrids have S. nigritus-like M's, several possess a transgressive M!
shape not observed in either parental species. Procrustes distances are greater in hybrids compared to
the parental capuchins, and two-block partial least squares analyses show that hybrids exhibit weaker
integration between cusp tip positions and crown outline shape. These results demonstrate that hybridi-
zation generates novel M! shapes and support the hypothesis that destabilized development results in
elevated phenotypic variance in hybrids. Further studies of dental shape in hybrid primates will gener-
ate important data for on-going efforts to detect potential hybrids in the hominin fossil record and to
understand the evolutionary outcomes of anthropogenic hybridization.

Hybridization, once viewed as rare and universally variation in present-day primate populations in
detrimental (Dobzhansky, 1940; Mayr, 1963), is both natural and anthropogenic contexts (Alberts
increasingly viewed as a frequent and innovative & Altmann, 2001; Bergman et al., 2008; E. L.
evolutionary phenomenon (Ackermann et al., 2019; Bynum et al., 1997; Cortés-Ortiz et al., 2007; Gligor
Arnold, 1997; Taylor & Larson, 2019). Adaptive et al., 2009; Jolly et al., 2011; Malukiewicz et al.,
hybridization and fertile hybrid populations have = 2015; Mather, 1992).

been observed in a wide array of animals and While genetic analysis has been crucial for ex-
plants, such as Galdpagos finches (Grant & Grant,  ploring primate hybridization, there is a growing
2020), toads (C. Chen & Pfennig, 2020), butterflies  interest in understanding the impact of hybridiza-
(Jiggins et al., 2008), and poplar trees (Chhatre et  tion on morphology. Studies of hybrid primate

al., 2018). There is an especially rich body of litera- morphology offer unique insight into the effect of
ture on ancient and contemporary primate hybridi-
zation. Genetic analyses have demonstrated that
hybridization events occurred in many primate
lineages during their course of evolution (de Ma-
nuel et al., 2016; Fan et al., 2018; Kuhlwilm et al.,
2019; Svardal et al., 2017; Tung & Barreiro, 2017; Department of Anthropology
Zichello, 2018), including hominins (Browning et Center for the Study of Human Origins

al., 2018; L. Chen et al., 2020; Durvasula & Sankara- New York University

raman, 2020; Green et al., 2010; Huerta-Sanchez et New York, NY 10003

al., 2014; Reich et al., 2011; Slon et al., 2018). A gro- eak475@nyu.edu

wing number of primate taxa are proposed to have

hybrid origins (Burrell et al., 2009; Detwiler, 2019; This paper was the recipient of the Albert A. Dahl-
Rogers et al., 2019; Roos et al., 2019; Thinh et al., berg prize awarded by the Dental Anthropology As-
2010; Tosi et al., 2000; Wang et al., 2015). Hybridi- sociation in 2020.

zation continues to shape genetic and phenotypic
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rapid genetic recombination on phenotypic devel-
opment and variation. Many studies have evaluat-
ed soft tissue phenotypes in contemporary hybrid
populations using traits that are easy to observe in
the field and can be measured non-invasively, such
as pelage color and distribution, head shape, and
tail carriage (Alberts & Altmann, 2001; N. Bynum,
2002; Kelaita & Cortés-Ortiz, 2013; Phillips-Conroy
& Jolly, 1986). Researchers have also studied the
relationship between hybrid ancestry and hard
tissue phenotype, such as skeletodental size, shape,
and non-metric trait variation (Ackermann et al.,
2006; Ackermann & Bishop, 2010; Boel, 2016; Che-
verud et al., 1993; Eichel & Ackermann, 2016; Ito et
al., 2015; Kohn et al., 2001; Phillips-Conroy, 1978).
The proximate aims of hybrid morphology re-
search are to elucidate how hybrid morphology
quantitatively and qualitatively differs from paren-
tal morphology and if different kinds of hybrids
share diagnosable traits indicative of their hybrid
ancestry (Ackermann, 2010; Ackermann et al.,
2019).

The data derived from hybrid morphology re-
search has important broader implications for pri-
mate conservation and paleoanthropology. Primate
conservation biologists observe that the frequency
of hybridization will likely increase as primate
habitats are disturbed or destroyed by anthropo-
genic interference (Detwiler et al., 2005; Ma-
lukiewicz, 2019; Thompson et al., 2018). Rare, en-
dangered primates may reproduce with more com-
mon heterospecifics if conspecific mates are diffi-
cult to find. Extensive admixture between diver-
gent taxa may result in loss of genetic and pheno-
typic diversity and ultimately fuse two lineages
(Seehausen et al., 2008), or it may generate novel
diversity and prevent inbreeding depression
(Arnold & Meyer, 2006). By studying the variation
in hybrid phenotypes, conservation biologists may
be able to understand if the outcomes of anthropo-
genic hybridization are harmful, neutral, or adap-
tive for endangered primate populations.

Paleoanthropologists acknowledge that hybrid
hominins are likely present in the fossil record.
Fossil evidence demonstrates that multiple hom-
inin taxa cohabited Africa and Eurasia throughout
the Pliocene and Pleistocene and could have hy-
bridized where their ranges overlapped (Détroit et
al., 2019; Griin et al., 2020; Herries et al., 2020;
Spoor et al., 2015). The genetic evidence for hybrid-
ization events throughout hominin evolution is
substantial (Durvasula & Sankararaman, 2020; Ja-
cobs et al., 2019; Sankararaman et al., 2016; Skov et
al., 2020; Villanea & Schraiber, 2019). The hybrid
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ancestry of several fossilized hominin individuals
has been confirmed by ancient DNA analyses (Fu
et al.,, 2015; Slon et al., 2018). However, ancient
DNA preservation is rare in most of the hominin
fossil record, so analyses of hard tissue phenotypes
in extant hybrid primates can be used to assess the
feasibility of using morphological indicators to
identify hybrid hominin fossils (Ackermann et al.,
2019). The identification of hybrid hominin fossils
remains an outstanding issue for reconstructing
hominin phylogenetic relationships, as most the
commonly used phylogenetic frameworks assume
evolutionary relationships are hierarchical rather
than reticulate (Holliday, 2003).

Quantitative genetic theory states that in first-
generation (F1) hybrids, phenotypic trait measure-
ments controlled by additive genetic variation will
be the midparental value (MPV), or the averaged
parental measurements (Falconer & Mackay, 1997).
Tests of this theory indicate that while some F1
hybrid primate phenotypes exhibit the expected
MPV (Hamada et al., 2012), other traits in the same
population may deviate from the expected pheno-
type (Ackermann et al., 2006; Cheverud et al., 1993;
Eichel & Ackermann, 2016). Positive deviations
from the MPV in F1 populations is referred to as
heterosis, or hybrid vigor, while negative devia-
tions are evidence of dysgenesis, or hybrid break-
down. Later-generation hybrids with higher genet-
ic input from one parental taxon are expected to be
more phenotypically like that parent, but some
hybrids resemble one parent more than the other,
regardless of parental genetic contribution (Boel et
al., 2019; Ito et al., 2015). First- and later-generation
hybrid populations sometimes exhibit transgres-
sive phenotypes not observed in either parental
population, such as extreme trait size, novel combi-
nations of parental traits, or the presence of non-
metric craniodental anomalies (Ackermann et al.,
2014; Ackermann & Bishop, 2010; Jolly et al., 1997).
Research on hybrid morphology in primates has
documented a complex array of phenotypic out-
comes that vary within and among hybrid popula-
tions (Alberts & Altmann, 2001). Importantly, these
outcomes are not universally maladaptive
(Charpentier et al., 2012) and may help hybrid
populations occupy ecological niches unavailable
to either parental population, thereby resulting in
novel evolutionary lineages (Arnold, 1997; Zinner
etal., 2011).

The high morphological variability observed
within and among hybrid populations is thought
to be the result of destabilized development
(Clarke, 1993). The uniquely adapted developmen-

2021 | Volume 34| Issue 01



15

tal regimes of two distinct parental taxa are unlike-
ly to merge seamlessly in offspring and could re-
sult in perturbations during hybrid morphogene-
sis. This is supported by the observation that devi-
ations from predicted F1 midparental phenotypes
tend to be more pronounced with increasing genet-
ic distance between parental populations
(Bernardes et al., 2017; Z. J. Chen, 2013; Stelkens &
Seehausen, 2009). Researchers have tested the hy-
pothesis that hybrids experience destabilized de-
velopment using tests of morphological integration
and fluctuating asymmetry (Alibert et al., 1994;
Jackson, 1973; Klingenberg, 2003; Klingenberg &
Mclntyre, 1998). Tightly integrated trait complexes
and highly symmetric bilateral trait measurements
are hypothesized to reflect stable, canalized devel-
opment. So, if hybridization results in develop-
mental destabilization, hybrids are expected to ex-
hibit weaker trait integration and greater fluctuat-
ing asymmetry between bilateral traits than paren-
tal taxa. Some hybrids do meet these expectations
(Ackermann et al., 2014; Leary et al., 1985; Neff &
Smith, 1979), but others do not differ from ob-
served levels of parental trait integration or fluctu-
ating asymmetry (Jackson, 1973; Pallares et al.,
2016). In some cases, hybrid samples exhibit
stronger trait integration and bilateral trait sym-
metry than parents, indicating that hybrid devel-
opment is more stable than parental development
(Alibert et al., 1994; Boel et al., 2019; Debat et al.,
2000).

Despite growing interest in primate hybrid mor-
phology, the relationships among hybrid ancestry,
development, and phenotype remain unclear and
difficult to predict. However, one of the most po-
tentially informative anatomical regions for this
research has also been one of the most understud-
ied: the dentition. Several lines of evidence suggest
that in-depth analyses of dental phenotypic varia-
tion will produce valuable data for hybrid mor-
phology research. Anomalous dental non-metric
traits are observed at high frequencies in some hy-
brid populations, such as supernumerary teeth,
crown rotation and/ or malformation, and dental
crowding (Ackermann et al., 2010, 2014; Acker-
mann & Bishop, 2010; Goodwin, 1998; Heide-
Jorgensen & Reeves, 1993). Intergeneric hybrids of
Theropithecus gelada and Papio hamadryas
(“geboon”) exhibit combinations of parental traits
in their dentitions, such as T. gelada-like enamel
crenulation on P. hamadryas-like low-crowned mo-
lars, resulting in novel dental phenotypes (Jolly et
al., 1997). Most of the geboon hybrids also exhibit-
ed maxillary cheektooth dimensions that exceeded
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the parental means. However, hybrids of more
closely related baboon species P. hamadryas and P.
anubis were not easily differentiable from parental
species based on both metric and non-metric den-
tal traits (Phillips-Conroy, 1978). Similarly, dental
non-metric trait expression did not discriminate
between closely related Macaca fuscata, M. cyclopis,
and their hybrids (Boel et al., 2019). Further anal-
yses of dental size, shape, and non-metric trait ex-
pression in extant primate hybrids would elucidate
if hybrid primates exhibit shared patterns of dental
trait variation.

Dental phenotypic analyses of hybrids also
could help to understand if deviations from typical
parental development generate the high variability
observed in hybrid populations. Mammalian den-
tal development is well-studied, and models of
dental development have been tested in both ex-
tinct and extant primates (Evans et al., 2016; Hlus-
ko et al., 2016; Jernvall & Jung, 2000; Ortiz et al.,
2018; Paul et al., 2017). The iterative nature of den-
tal development results in predictable patterns of
dental trait integration both within the same tooth
crown and among metameres. The patterning cas-
cade model claims that the duration of tooth germ
growth and the spatiotemporal distribution and
strength of embryonic signaling centers within the
germ constrain possible cusp configurations and
crown size in the fully formed tooth (Jernvall,
2000). So, differences between parental and hybrid
cusp configurations and accessory cusp expression
likely reflect deviations in underlying patterning
cascade pathways. Similarly, the inhibitory cascade
model states that mammalian mandibular molar
number and relative size are dictated by embr-
yonic signaling strength and duration of odontoge-
nesis, so differences between hybrid and parental
molar size relationships and molar number likely
reflect differences in this developmental pathway
as well (Kavanagh et al., 2007). Indeed, in a hybrid
baboon population, supernumerary mandibular
molars are positively correlated with increased
molar row length, which suggests that dental deve-
lopment is prolonged in the hybrids compared to
parents (Ackermann et al., 2014).

Data derived from studies of hybrid dentitions
is especially useful for conservation biologists and
paleoanthropologists. Results derived from studies
of hybrid skulls and postcrania are not easily ap-
plied in living primate populations, but the teeth of
primates in hybrid zones can be evaluated, photo-
graphed, or molded and cast during trapping ex-
peditions (Kelaita & Cortés-Ortiz, 2013; Phillips-
Conroy, 1978). While skeletal data is certainly use-
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ful for paleoanthropologists interested in determin-
ing the feasibility of identifying hybrid ancestry
using fossil morphology, teeth tend to be better
preserved and comprise most of the hominin fossil
record (Bailey, 2002; Gémez-Robles et al., 2007;
Martinon-Torres et al., 2012; Wood & Abbott,
1983).

The genus Sapajus is an excellent study taxon for
hybridization research. The robust capuchin clade
underwent rapid radiation and expansion during
the Pleistocene, and species often interbreed where
their ranges meet (Lima et al., 2018; Lynch Alfaro,
Boubli, et al., 2012), making them an appropriate
analog for understanding hominin hybridization.
A sample of hybrids of Sapajus nigritus and S. libidi-
nosus are housed at the Smithsonian National Mu-
seum of Natural History (NMNH). Sapajus nigritus
and S. libidinosus shared a common ancestor ap-
proximately 2.6 Ma and belong to different clades
within the genus, the former belonging to a more
ancient clade endemic to the Atlantic Forest of Bra-
zil, and the latter belonging to a recently evolved
clade adapted to Brazilian dry shrublands (Lima et
al., 2018; Wright et al., 2015). Both species are listed
as ‘near threatened” by the IUCN Red List of
Threatened Species and both are known to occupy
habitats disturbed by agricultural practices (Melo,
Alfaro, et al., 2015; Melo, Fialho, et al., 2015). It is
possible that anthropogenic hybridization could
result in the loss of genetic and phenotypic diversi-
ty among robust capuchin species (Lynch Alfaro et
al., 2014; Martins et al., 2017). A morphological
analysis of hybrid robust capuchins would estab-
lish if phenotypic diversity is impacted by hybridi-
zation.

Here, I apply 2D geometric morphometric
(2DGM) techniques to study variation in first up-
per molar (M?) crown outline shape and cusp tip
configuration among Sapajus nigritus, S. libidinosus,
and their hybrids. Dental shape has been used to
study population affinity and to characterize ex-
tinct and extant primate taxa (Bailey et al., 2016;
Gamarra et al., 2016; Gémez-Robles et al., 2007,
2015; Rizk et al., 2013), including robust capuchins
(Delgado et al., 2015), but has not yet been used to
study patterns of morphological variation among
hybrids and their parental taxa. The primary aims
of this study are to explore variation and the fac-
tors driving variation in M! morphology in hybrids
compared to S. nigritus and S. libidinosus; to deter-
mine if M! morphology can discriminate between
hybrids and parental taxa; and to evaluate if hy-
brids exhibit evidence of destabilized dental devel-
opment compared to parental taxa. Based on previ-
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ous hybrid morphology research, I tested the fol-

lowing predictions:

1) M! shape is statistically distinct among S. nigri-
tus, S. libidinosus, and their hybrids.

2) The mean shape of hybrid M!s is the midparen-
tal value (the mean shape of the combined pa-
rental sample).

3) There is more variability in M! shape within the
hybrid sample than within either parental sam-
ple.

4) Hybrids exhibit weaker covariation between
cusp tip configuration and crown outline shape
than parental taxa.

Materials and Methods

My sample includes Sapajus nigritus (n = 31), S.
libidinosus (n = 37), and a hybrid sample of S. nigri-
tus x S. libidinosus (n = 44). The dental sample com-
prises 112 right M1s (Table 1). Only specimens with
unworn or minimally worn M!s were included.

Table 1. Number of M!s included in this study.

Female Male Total
Sapajus nigritus 16 15 31
S. nigritus x S. libidinosus 21 23 44
S. libidinosus 21 16 37
Total 58 54 112

I'used a Nikon D500 DSLR digital camera fitted
with a macro lens and attached to a copy stand to
photograph M! occlusal surfaces. I positioned the
M! cementoenamel junction (CEJ) parallel to the
lens and included a scale placed at the same level
as the occlusal plane (Bailey, 2004; G6mez-Robles
et al., 2007). While directly referencing the speci-
men, I marked each of the four main M! cusp tips
(the paracone, protocone, metacone, and hy-
pocone) on the digital images using the GNU Im-
age Manipulation Program version 2.10.12 (The
GIMP Development Team, 2019). If a specimen
exhibited slight wear, I marked the cusp tip in the
center of the wear facet.

I uploaded the photographs to TpsDig2 version
2.31 to digitize a series of 2D landmarks (points of
biological homology among specimens) and semi-
landmarks (non-homologous points of morpholog-
ical interest; Bookstein, 1997). Landmarks 1
through 4 were placed on the tips of the paracone,
protocone, metacone, and hypocone (Figure 1).
These landmarks capture variation in the position

2021 | Volume 34| Issue 01



17

of the main cusps relative to each other and rela-
tive to the crown outline. In order to examine vari-
ation in the shape of M! crown outlines, I placed 30
semilandmarks around the perimeter of the occlu-
sal surface, starting at the point of maximum cur-
vature where the buccal and mesial margins inter-
sect. I drew a closed curve around the crown out-
line, and then appended 29 additional equidistant
semilandmarks to the curve (see Figure 1). Finally,
I exported all landmark and semilandmark coordi-
nates as a .tps file to RStudio version 1.2.5033 for
analysis.

Figure 1. The

landmark (1-4)
landmark (5-34) configuration used to analyze
variation in M! cusp tip position and crown
outline shape. M: mesial; D: distal; B: buccal; L:
lingual.

and semi-

All geometric morphometric analyses were per-
formed using the R package geomorph (Adams et
al., 2020). First, I defined semilandmarks 5 through
34 as sliding semilandmarks. Sliding semi-
landmarks can move along the crown outline be-
tween neighboring semilandmarks to optimize
their position with respect to the average shape of
the entire sample. This process removes random
variation from the coordinate data introduced by
the initial arbitrary placement of semilandmarks
around the crown margin and converts semi-
landmarks 5 through 34 to homologous points sta-
tistically comparable to landmarks 1 through 4
(Gunz & Mitteroecker, 2013). Next, I performed a
generalized Procrustes analysis (GPA) on the land-
mark and sliding semilandmark coordinates to
remove the effects of specimen size, orientation,
and position, leaving only variation related to
shape. The GPA superimposes specimens by trans-
lating, scaling, and rotating the coordinates to gen-
erate an average shape, or consensus configura-
tion, for the entire sample (Bookstein, 1997;
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Zelditch et al., 2012). I used the results of the GPA
for all subsequent analyses.

To explore and compare major axes of M! shape
variation among S. nigritus, S. libidinosus, and their
hybrids, I conducted a principal components anal-
ysis (PCA). To visualize variation in shape space, 1
plotted PC 1 against PC 2 and PC 2 against PC 3. 1
included 95% confidence ellipses for each taxon to
illustrate within-taxon variability. Then, to test the
effect of allometry on M! shape, I constructed
twelve linear models using results from the PCA
(Table 2a). Each model tested the association be-
tween scores on PCs 1, 2, and 3 with taxonomic
designation, logarithm-transformed centroid size,
or a combination of both variables. The best-fitting
model for PCs 1, 2, and 3 were selected using the
function for Akaike’s information criterion (AIC) in
the R package bbmle (Bolker et al., 2020).

I used warp grids representing the mean shape
for each taxon to visually evaluate if and how M!
shape varies among groups. To statistically evalu-
ate the extent to which M! shape is morphological-
ly distinct among these groups by maximizing in-
tergroup differences, I extracted the first ten PCs
derived from the PCA (encompassing the majority
of shape variation within the sample) for a discrim-
inate function analysis (DFA). Then I used the re-
sults from the DFA for a cross-validated assign-
ment test.

I measured within- and between-group variance
using pairwise Procrustes distances (the Euclidean
distance between two sets of shape coordinates;
Spoor et al., 2015). A Procrustes distance equal to
zero represents a pair of individuals with identical
M?! shape, while increasing distance reflects in-
creasing dissimilarity in shape. I evaluated statisti-
cal differences in Procrustes distances among taxa
using pairwise t-tests using Bonferroni correction
for multiple comparisons.

I performed a two-block partial least squares
analysis (2B PLS) to evaluate the level of covaria-
tion between the position of cusp tips (block 1:
landmarks 1 through 4) and the shape of the crown
outline (block 2: sliding semilandmarks 5 through
34), and implemented a permutation procedure (1
= 1,000 permutations) to test the r-PLS correlation
coefficients generated by the 2B PLS for statistical
significance. Because calculation of the r-PLS statis-
tic is dependent on sample size, I employed a
standardized z-score converted to pairwise effect
sizes to compare the strength of integration among
groups (Adams & Collyer, 2016). Large pairwise
effect sizes indicate that the level of morphological
integration differs between the two samples.
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Results

Mean M shape in parental and hybrid taxa

The mean shapes for S. nigritus, S. libidinosus, and
the hybrids compared to the pooled-sample con-
sensus configuration are shown in Figures 2a, 2b,
and 2c, respectively. Differences in mean shape are
magnified by a factor of three to assist in visual
interpretation. The average crown outline shape in
S. nigritus is thomboid, while that of S. libidinosus is
more ovoid. The average crown outline in the hy-
brid sample is more mesiobuccally skewed than
either parental taxon and has a waisted lingual
margin. The two parental taxa exhibit similar inter-
cusp distances relative to the crown outline, but
the mean S. nigritus paracone, metacone and hy-
pocone (landmarks 1, 3, and 4, see Figure 1) are
buccally displaced compared to the consensus cusp
tips. The average hybrid protocone, paracone, and
metacone (landmarks 1 through 3, see Figure 1) are
slightly mesially displaced compared to the con-
sensus configuration. The average hybrid M! shape
differs from the expected midparental shape. The
midparental M! crown outline does not have the
waisted lingual margin that is present in the hy-
brid mean outline, and the hybrid protocone, para-
cone, and metacone are mesially displaced com-
pared to the expected midparental M! cusp config-
uration.

a) b)

.....

c) d)
> 0 o

S. libidinosus Midparental mean shape vs. hybrid
Figure 2. Pooled sample consensus M! shape
(gray) compared to mean M! shape (blue)
among (a) S. nigritus, (b) hybrids, and (c) S. libid-
inosus. Figure 2d illustrates the mean parental
M! shape (S. nigritus and S. libidinosus com-
bined, light gray) and the transformation of the
mean parental M! shape into the mean hybrid
shape (blue). All comparisons are magnified by
a factor of 3 to aid in visual interpretation. M:
mesial; D: distal; B: buccal; L: lingual.
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Principal components analysis

The first three PCs account for approximately half
(48.1%) of the variation in M! shape among S. nigri-
tus, S. libidinosus, and S. nigritus x S. libidinosus.
Principal component 1 explains 20.8% of shape
variation, while PC 2 explains 16.6% (Figure 3a).
The warp grids representing M! shape at extreme
ends of variation along each PC illustrate that M's
with low PC 1 scores have a mesiobuccally skewed
rhomboid crown outline which tapers distally and
a waisted lingual margin. The cusp tips are dis-
placed towards the buccal margin. First molars
with high PC 1 scores have squared, symmetrical
outlines and roughly equidistant cusp tips. Along
PC 2, M1s with low scores have mesiobuccally
skewed rhomboid outlines with cusp tips dis-
placed towards the buccal margin, while M's with
high scores have more symmetrical crown outlines,
increased buccolingual distance between the two
mesial cusps and between the two distal cusps,
and lingual displacement of the lingual cusps.
There is substantial overlap among the three taxa,
but hybrids tend to have low PC 1 scores and high
PC 2 scores, while the parental taxa tend to have
high PC 1 scores and low PC 2 scores. The 95%
confidence ellipse for hybrids is much broader
than those of the parental taxa, reflecting greater
variation in shape space.

Principal component 3 accounts for 11.2% of M!
shape variation (Figure 3b). First molars with low
PC 3 scores have symmetrical and ovoid crown
outlines and a rhomboid cusp tip configuration.
High scores on PC 3 correspond to M!s with mesi-
obuccally skewed, rhomboid crown outlines with a
waisted lingual margin, wide intercusp spacing,
and all cusp tips displaced towards the periphery.
There is very little separation among taxa in PC 2
vs. PC 3 shape space. The range of variation among
S. nigritus individuals is almost entirely subsumed
within the range of the hybrids. S. libidinosus tends
to cluster on the low end of PC 2 away from S. nig-
ritus and the hybrids. Based on shape and size of
the 95% confidence ellipses projected onto tangent
space for each taxon, the hybrids exhibit the high-
est variation in M! shape along PCs 2 and 3.

Regression analysis and allometry

The regression analysis demonstrated that taxo-
nomic designation explains more variation in PC 1
scores than does M! size (Tables 2a and 2b). Ap-
proximately 20% (p < 0.001) of variation in PC 1
scores is explained by taxonomic designation. A
post-hoc pairwise t-test using Bonferroni adjust-
ment for multiple comparisons showed that hy-
brids had significantly lower scores on PC 1 than
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Figure 3. Scatter plots of (a) PC 1 against PC 2 scores, and (b) PC 2 scores against PC 3 scores derived from
the PCA of M! shape. The warp grids illustrate the transformation of the consensus configuration (gray)
into the shape of M1s with the lowest (blue) and highest (red) scores along PCs 1 and 2. Ellipses represent
95% confidence intervals for each group. Note that, while there is considerable overlap among the
groups, the hybrids tend to exhibit lower PC 1 and higher PC 2 scores than the parental taxa, correspond-
ing to M!s with skewed crown outlines, a waisted lingual margin, and wider intercusp distances. M: me-
sial; D: distal; B: buccal; L: lingual.
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Table 2. Results of the regression analysis assessing the effect of taxonomic designation and allometry on variation in the first three
principal component (PC) scores.

a)

Model # Model Terms R2 p-value
1 PC 1 ~ log(centroid size) 0.02 0.20
2 PC1 ~ taxon 0.20 <0.001
3 PC 1 ~ taxon + log(centroid size) 0.22 <0.001
4 PC 1 ~ taxon * log(centroid size) 0.22 <0.001
5 PC 2 ~ log(centroid size) 0.06 0.008
6 PC 2 ~ taxon 0.11 0.002
7 PC 2 ~ taxon + log(centroid size) 0.17 <0.001
8 PC 2 ~ taxon * log(centroid size) 0.18 <0.001
9 PC 3 ~ log(centroid size) 0.01 0.29
10 PC 3 ~ taxon 0.07 0.02
11 PC 3 ~ taxon + log(centroid size) 0.09 0.02
12 PC 3 ~ taxon * log(centroid size) 0.09 0.08

The best-fitting model for each PC is in bold.

b)

PC Model # AIC dAIC df Weight

2 -567.3 0.0 4 0.526

3 -566.7 0.6 5 0.383

! 4 -563.8 3.5 7 0.091
1 -546.3 211 3 <0.001

7 -586.3 0.0 5 0.653

8 -584.6 1.7 7 0.284

2 6 -581.3 5.0 4 0.054

5 -577 4 8.9 3 0.007

10 -619.6 0.0 4 0.478

3 11 -619.3 0.3 5 0.416

12 -615.6 4.0 7 0.066

9 -614.6 5.0 3 0.040

The best-fitting model for each PC is in bold.
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both S. nigritus and S. libidinosus (p = 0.003 and p <
0.001, respectively), but no significant difference in
PC 1 scores between S. nigritus and S. libidinosus (p
= 0.99; Figure 4a). More complex models testing
the effect of taxonomic designation on the relation-
ship between PC 1 scores and M! size were non-
significant. Change in M! shape along the main
axis of variation is not driven by size alone. How-
ever, the next-best-fitting model according to AIC
suggested that the average PC 1 score estimated
from M! size varies by taxon.

A more complex model is required to explain
variation in PC 2 scores. First molar size and taxo-
nomic designation only explain 6% (p = 0.008) and
11% (p = 0.002) of variation in PC 2 scores, respec-
tively, and a comparison of the two models indi-
cates that PC 2 ~ taxon is a better fit than PC 2 ~
log(centroid size) (F = 5.93, p = 0.02). A post-hoc
comparison of differences in PC 2 scores by taxon
indicates that S. libidinosus has significantly lower
PC 2 scores than the hybrids (p = 0.001; Figure 4b);
all other pairwise comparisons are non-significant.
A multivariate model combining the effect of taxo-
nomic designation and M! centroid size explains
17% (p <0.001) of variation in PC 2 scores and is a
significantly better fit than PC 2 ~ taxon. There is
no significant increase in explanatory power with
the addition of an interaction term describing
change in the slope of the relationship between M!
shape and size among taxa (F =1.12, p = 0.33). So,
variation in shape along PC 2 is partly driven by
size, but the average PC 2 score estimated from M!
size differs by taxon.

As with PC 1, taxonomic designation explains
the most variation in PC 3 scores rather than M?
size. However, the amount of variation in PC 3
scores explained by taxonomic designation is small
(R2=0.07, p = 0.02), and a post-hoc comparison
average PC 3 scores by taxon indicates that the on-
ly significant difference among taxa is between S.
libidinosus and the hybrids (p =0.016, Figure 4c).
Comparisons with more complex models account-
ing for different size/shape relationships by taxon

do not add significant explanatory power.

Discriminant function analysis

Results for the discriminant function analysis are
illustrated in Figure 5. The DFA maximized differ-
ences in between-group variation, but there is little
separation among parental species and their hy-
brids along linear discriminant functions (LDs) 1
and 2. Along LD 2, there is some separation be-
tween S. libidinosus, which clusters at the positive
end, and S. nigritus and hybrids, which both clus-
ter toward the negative end. Most of the hybrids
have negative loadings on LD 1 and LD 2.

The results of the cross-validated assignment
test are presented in Table 3. The percentage of
individuals correctly classified to their a priori as-
signed taxon ranges from only slightly better than
chance in S. nigritus (61.3%) to moderate in S. libidi-
nosus (73.0%). In the hybrid group 70.5% were cor-
rectly assigned as such. Both S. nigritus and S. libid-
inosus misclassified individuals were more fre-
quently assigned to the hybrid group than to the
wrong parental taxon, reflecting higher variation in
M?! shape among hybrids.

Procrustes distances within and among taxa

The mean pairwise Procrustes distances in M!
shape are listed in Table 4, and frequency distribu-
tions of pairwise Procrustes distances within and
between taxa are visualized in Figure 6. The aver-
age distance for the entire sample is 0.06. Within-
taxon shape variability is highest for the hybrids
(distance = 0.059) compared to the parental taxa (S.
nigritus = 0.055, S. libidinosus = 0.053). All three
taxa have significantly different mean Procrustes
distances (p < 0.001). The between-taxa compari-
sons show a greater degree of similarity between S.
libidinosus and S. nigritus M! shape (distance =
0.058) than between each parental taxon and the
hybrids, and there is approximately equal distance
between the parental taxa and the hybrids (S. nigri-
tus vs. hybrids = 0.061, S. libidinosus vs. hybrids =
0.062).

Table 3. Results of the cross-validated assignment test. The number of individuals correctly assigned to their a

priori designated taxon are in bold.

S. nigritus S. nigritus x S. libidinosus S. libidinosus % Correct
S. nigritus 19 8 4 61.3
S. nigritus x
S. libidinosus > 31 8 70.5
S. libidinosus 4 6 27 73.0

Dental Anthropology
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Figure 4. Box-and-whisker plots and scatterplots of comparing the relationship among taxonomic des-
ignation, log-transformed M! centroid size, and scores for (a) PC 1, (b) PC 2, and (c) PC 3. The p-values
for significant differences in PC scores between groups are indicated above the brackets. The red
dashed regression line on each scatterplot represents a simple PC score ~ log(centroid size) model. in-
dicates the line of best fit for the pooled sample (PC 2 ~ log(Centroid size)). Based on Akaike’s infor-
mation criterion, the variation in PC 1 and 3 scores is best explained by taxonomic designation (Table
2b), while average PC 2 scores estimated from log(Centroid size) significantly differ among taxa
(indicated by separate lines of best fit for each taxon; PC 2 ~ taxon + log(Centroid size)).
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Figure 5. Scatter plot of LDs 1 and 2 derived from the linear discriminant function analysis, in which
among-group differences in M! shape are maximized. Ellipses represent 95% confidence intervals
for each group. First molar shapes along the low end of LDs 1 and 2 are shown in blue, while shapes
for M! on the high end of LDs 1 and 2 are illustrated in red. M: mesial; D: distal; B: buccal; L: lingual.

Table 4. Mean pairwise Procrustes distances within and between taxa. A Procrustes distance value of 0 means
that there is no difference in M shape between two individuals.

S. nigritus S. nigritus x S. libidinosus S. libidinosus
S. nigritus 0.055
S. nigritus x S. libidinosus 0.061 0.059
S. libidinosus 0.058 0.062 0.053
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distances, reflecting the higher morphological variability in this group compared to the parental taxa. Also,
between-group comparisons between one parental taxon and the hybrids exhibit higher mean Procrustes dis-
tances compared to the pairwise distances between parental taxa.
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Covariation between cusp tip configuration and crown
outline shape

The results of the 2B PLS analysis are summarized
in Table 5. There is a strong and statistically signifi-
cant correlation between cusp tip configuration
(block 1) and crown outline shape (block 2) for the
combined sample (r-PLS = 0.66, p = 0. 001). There
are differences in covariation between blocks 1 and
2 among the three taxonomic groups. The two pa-
rental taxa exhibit high and significant correlations
between blocks 1 and 2 (S. nigritus r-PLS = 0.76, p =
0.002; S. libidinosus r-PLS = 0.75, p = 0.001), while
the hybrids exhibit weaker correlation between
cusp configuration and crown outline shape (r-PLS
=0.63, p = 0.015). Effect sizes for each sample indi-
cate that the hybrids, compared to the parental
taxa, exhibit weaker integration than expected
based on its permutated sampling distribution.
However, pairwise statistical comparisons indicate
that there is no statistically significant difference in
the strength of integration among groups
(although at p = 0.07, the difference in integration
between the hybrids and S. libidinosus does ap-
proach significance; Table 5b).

Discussion

The impact of hybridization on primate hard tissue
morphology is difficult to predict. While traits un-
der additive genetic control are expected to exhibit
the midparental state in F1 hybrid populations,
studies reveal that F1 morphology often deviates
from expectations (Ackermann et al., 2006; Ito et
al., 2015). Frequently, F1 hybrid trait morphology
is polytypic and individuals exhibit novel pheno-
types not observed in either parental population
(Bergman et al., 2008; Fuzessy et al., 2014; Jolly et
al., 1997). Many commonly measured phenotypic
traits are not under additive genetic control. Hy-
bridization may affect non-additive trait expres-
sion, resulting in heterosis or dysgenesis (Z. J.
Chen, 2013). The recombination of two divergently
adapted parental genomes in hybrids may disrupt
the interaction and expression of non-additive
genes that control complex physiological and met-
abolic networks, including growth and develop-
ment. This ultimately relaxes the constraints ob-
served in parental developmental pathways and is
associated with increased morphological variabil-
ity in hybrids. Deviations from expected midpa-

Table 5. Results of the two-block partial least squares analysis.

r-PLS p-value Effect size
S. nigritus 0.76 0.002 3.01
S. nigritus x S. libidinosus 0.63 0.015 2.26
S. libidinosus 0.75 0.001 3.94
Taxa pooled 0.66 0.001 --

The r-PLS value reflects the degree of covariation between configuration of the cusp tips (block 1, landmarks 1 through 4) and the
shape of the crown outline (block 2, sliding semilandmarks 5 through 34). Larger effect sizes are associated with stronger observed
covariation between cusp tip and crown outline shape than expected based on the permutated sampling distribution.

b)
S. nigritus S. nigritus x S. libidinosus S. libidinosus
S. nigritus -- 0.78 0.47
S. nigritus x S. libidinosus 0.79 - 0.07
S. libidinosus 0.60 1.44 -

Matrix of pairwise differences in 2B PLS effect size measuring difference in the strength of integration between samples in the lower

triangle with corresponding p-values in the upper triangle.
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rental morphology in F1 hybrids are positively as-
sociated with increasing parental genetic diver-
gence (Allen et al., 2020; Bernardes et al., 2017;
Stelkens & Seehausen, 2009). For example, there
are fewer instances of cranial and postcranial trait
heterosis in hybrids of recently diverged tamarin
subspecies than between crosses of more anciently
diverged tamarin subspecies (Cheverud et al.,
1993; Kohn et al., 2001). Similarly, non-metric indi-
cators of disrupted skeletodental development
tend to be more frequently observed in primates
with increasing parental divergence (Ackermann et
al., 2014; Boel et al., 2019).

Beyond the first generation, hybrid morphology
is expected to more closely resemble that of the
parental population into which the hybrids have
backcrossed (Falconer & Mackay, 1997). Continu-
ous trait values in the backcrossed offspring of an
F1 hybrid and an individual from the parental
population are predicted to be the average of the
parental value and the MPV. Some novel pheno-
types observed in F1 hybrids persist in later-
generation hybrids regardless of parental genetic
contribution. Macaca fuscata x M. cyclopis macaques
have enlarged, M. fuscata-like sinus size even in
backcrossed individuals who derive most of their
ancestry from M. cyclopis (Ito et al., 2015), and
transgressive non-metric dental traits are observed
in backcrossed P. cynocephalus x P. anubis individu-
als (Ackermann et al., 2014). The morphology of
individuals in multigenerational hybrid zones de-
pend on a combination of physiological, reproduc-
tive, and ecological selective pressures
(Charpentier et al., 2008; Fourie et al., 2015; Jolly et
al., 2011; Mourthe et al., 2019). These selection
pressures structure the distribution of hybrid phe-
notypes across contact zones. For example, hybrids
from the contact zone between P. anubis and P.
cynocephalus in Amboseli, Kenya exhibit a continu-
ous distribution of phenotypes ranging from more
P. anubis-like to intermediate to more P. cynocepha-
lus-like, while the phenotypic distribution of hy-
brids in the P. anubis x P. hamadryas contact zone in
Awash, Ethiopia is bimodal with very few interme-
diate phenotypes (Alberts & Altmann, 2001; Wan-
go et al.,, 2019). Phenotypically intermediate hy-
brids in Awash also exhibit reproductive behaviors
intermediate to those observed in parental taxa,
and are therefore thought to be at a reproductive
disadvantage when backcrossing with P. anubis or
P. hamadryas compared to hybrids with predomi-
nantly parental phenotypes and behaviors
(Bergman et al., 2008). Hybrids in recently formed
anthropogenic contact zones show more continu-
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ous phenotypic distributions and symmetrical con-
tribution of parental genes into the contact zone
(Malukiewicz, 2019). So, a biologically relevant
understanding of phenotypic outcomes in hybrid
populations requires information regarding a vari-
ety of endogenous and exogenous variables.

This study assumes that the NMNH is correct in
its taxonomic designations of the specimens used.
However, the hybrids and parental taxa studied
here have not been genotyped, as is preferable in
analyses examining the relationship between phe-
notype and degree of hybridity (Ackermann et al.,
2006; Boel et al., 2019; Cheverud et al., 1993; Hama-
da et al., 2012). The assumption that the parental
taxa are not themselves admixed may be particu-
larly problematic for robust capuchins, as Sapajus
species have a complex history of hybridization in
secondary contact zones (Lima et al., 2018). In ad-
dition, there may be cryptic hybrids in the sample
with a high degree of genetic admixture but no
phenotypic indication of hybridity (Ackermann,
2010; Kelaita & Cortés-Ortiz, 2013). Regardless, the
results of the analyses presented here, combined
with results from previous research, allow for so-
me predictions to be made regarding the genetic
makeup of the robust capuchin hybrids.

My analyses indicate that, while hybrid M?!
shape largely falls within the range of variation
observed in S. nigritus and S. libidinosus, some as-
pects of hybrid M! shape are unique compared to
parental morphology. While PC 1 typically cap-
tures the allometric component of shape variation
(Zelditch et al., 2012), in this study taxonomic des-
ignation explained a greater proportion of varia-
tion in PC 1 scores than did molar size (Table 2).
Hybrids significantly differed from S. nigritus and
S. libidinosus on the main axis of M! shape variation
in the PCA. Hybrids had significantly lower PC 1
scores than both parental taxa and higher PC 2
scores than S. libidinosus, corresponding to M!s
with increased buccolingual distance between
cusps and a waisted lingual crown margin (see
Figures 3 and 4). However, hybrids and S. nigritus
did not exhibit significantly different PC 2 or PC 3
scores. So, some hybrids exhibit a unique molar
morphotype compared to parents, while others
cluster with S. nigritus. This was reflected by the
reasonably accurate classifications generated by
the DFA assignment test (Table 3). Sapajus nigritus
had the lowest correct assignment (61.3%), with
more individuals misclassified as hybrids than S.
libidinosus (Table 3). Sapajus libidinosus specimens
also were more often misclassified as hybrids than
S. nigritus but exhibited the highest percentage of
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correctly classified individuals (73.0%).

The results of the PCA and DFA support recent
revisions in capuchin taxonomy. Based on genetic
and morphological data, the capuchins are pro-
posed to contain two genera: the gracile Cebus cap-
uchins and the robust Sapajus capuchins (Lynch
Alfaro, de Sousa e Silva-Junior, et al., 2012). The
TUCN recognizes eight Sapajus species that can be
subdivided into a more ancient clade that evolved
in the Brazilian Atlantic forest and a clade that re-
cently left the Atlantic Forest to spread throughout
the Amazon (Lima et al., 2018). Sapajus nigritus
belongs to the more ancient clade, and retains mor-
phological features indicative of arboreal living,
such as longer limbs and tails. Sapajus libidinosus
belongs to the Amazonian clade but has recently
evolved morphological traits for terrestrial life in
the dry shrublands of the Brazilian Cerrado-
Caatinga, including thickened molar enamel and
shorter, more robust limbs (Wright et al., 2015).
Sapajus libidinosus is therefore the most morpholog-
ically derived robust capuchin species (Wright et
al., 2015). The results of the PCA and DFA present-
ed here indicate that S. nigritus and S. libidinosus
exhibit statistically significant differences in M!
shape. Hybrids cluster more with S. nigritus rather
than with the more derived S. libidinosus. Based on
the tendency of the hybrids and S. nigritus to clus-
ter along PCs 2 and 3, I would expect the hybrids
to exhibit greater genetic affinity with S. nigritus.
Tail length has been shown to track degree of hy-
bridity in macaques (Hamada et al., 2012), so it
would be interesting to test this in S. nigritus x S.
libidinosus hybrids.

Mean hybrid M! shape in this study is not the
MPYV (see Figure 2). Compared to the expected
shape, the observed hybrid M! mean shape exhib-
its buccolingual expansion and a waisted lingual
margin. However, the MPV is expected only in F1
hybrids and only for traits under additive genetic
control (Falconer & Mackay, 1997). It is highly un-
likely that wild hybrid populations contain only F1
individuals (Kelaita & Cortés-Ortiz, 2013; Phillips-
Conroy & Jolly, 1986). Additionally, it is known
that the genetic architecture controlling M! size
and shape is partly non-additive (Hardin, 2019;
Hlusko et al., 2016). Combined, these observations
indicate that the deviation from the expected mid-
parental M! shape observed in this study are likely
caused by the disruption of non-additive gene ex-
pression or epigenetic interactions in later-
generation S. nigritus x S. libidinosus hybrids. This
suggests that the morphological impact of hybridi-
zation persists beyond early hybrid generations, as
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has been demonstrated in baboons and macaques
(Ackermann et al., 2014; Ito et al., 2015).

The S. nigritus x S. libidinosus hybrids exhibit
evidence of destabilized dental development.
Measured by pairwise Procrustes distances, hy-
brids exhibit statistically significant elevation of
within-taxon variation in M! shape compared to
both parental taxa. This variation may be driven by
relaxed constraints during dental development
(Fuzessy et al., 2014). Indeed, hybrids exhibit lower
mean correlation between cusp tip configuration
and crown outline shape (r-PLS = 0.63) compared
to S. nigritus and S. libidinosus (r-PLS = 0.76 and r-
PLS = 0.75, respectively). Hybrids tend to have
wider intercusp distances and cusps positioned
closer to the crown periphery than the parental
taxa. Cusp tips correspond to the position of em-
bryonic signaling centers in developing tooth
germs. The distance between cusp tips is controlled
by the relative strengths of activator and inhibitor
molecules excreted by each signaling center and
the duration of germ growth. Increased inhibitory
signaling and/or prolonged germ growth are ex-
pected to result in fully formed teeth with widely
spaced cusp tips (Guatelli-Steinberg et al., 2013;
Jernvall, 2000). So, the wide intercusp distances
and weaker correlation of cusp configuration and
crown outline shape observed in S. nigritus x S.
libidinosus hybrids are likely the result of pro-
longed dental development and/or deviation in
levels of signaling molecules compared to those
observed in parental dental development. Similar-
ly, Ackermann et al. (2014) found that the presence
of supernumerary distomolars is associated with
increased molar row length in F1 hybrid P. cyno-
cephalus x P. anubis individuals, suggesting that
dental development is prolonged in hybrids com-
pared to parents. Among other papionin hybrids,
Papio hamadryas x P. anubis hybrids exhibit unique
molar size relationships compared to parental taxa,
suggesting that developmental pathways control-
ling hybrid baboon molar size may be destabilized
compared to unadmixed baboons (Phillips-Conroy,
1978). However, based on frequencies of dental
non-metric trait expression and fluctuating asym-
metry of bilateral cranial traits, there is no evidence
for destabilized dental development in early-
generation M. fuscata x M. cyclopis macaques (Boel
etal., 2019). Itis possible that these observations
support the prediction that the degree of develop-
mental destabilization observed in hybrids is asso-
ciated with parental divergence. Sapajus nigritus
and S. libidinosus shared a common ancestor
around 2.6 Ma (Lima et al., 2018); P. cynocephalus
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and P. anubis diverged approximately 1.5 Ma while
P. hamadryas and P. anubis diverged approximately
800 ka (Rogers et al., 2019); and M. fuscata and M.
cyclopis are estimated to diverge as recently as 170
ka (Chu et al., 2007). A comparison of dental phe-
notypic variation and integration among these dif-
ferent hybrid populations would confirm the rela-
tionship between the degree of parental divergence
and destabilized development in hybrids.

While non-metric dental anomalies are observed
at high frequencies in some mammalian hybrid
populations, this pattern is not shared by all extant
primates. This calls into question the suggestion
that certain dental non-metric traits, especially su-
pernumerary distomolars or dental crowding, are
evidence of significant hybrid ancestry in extinct
hominins (Ackermann, 2010; Ackermann et al.,
2019). However, continuous dental trait variation
remains understudied, even though non-metric
dental traits are often correlated with continuous
trait variation (Ortiz et al., 2018) and a Homo sapiens
fossil with substantial H. neanderthalensis ancestry
exhibits extremely large upper third molars (Fu et
al., 2015). The results presented here suggest that
transgressive M! morphology that falls outside of
the range of variation observed in well-defined
hominin taxa may be indicative of hybrid ancestry
in hominin fossils. Further analyses comparing
molar shape variation in other extant primate hy-
brids would confirm if this is a valid prediction. In
terms of primate conservation, this study did not
indicate that hybridization reduced phenotypic
variation among hybrids of S. nigritus and S. libidi-
nosus. Rather, hybridization generated novel phe-
notypes not observed in either parental popula-
tion. It remains to be determined if expanded inter-
cusp distances in these hybrids facilitate ecological
niche separation from other robust capuchin popu-
lations.

Conclusions

The dentition has been an anatomical region of
interest in hybrid research, but previous work has
predominantly studied non-metric dental trait var-
iation rather than tooth shape. The results present-
ed here suggest that a more in-depth analysis of
the impact of hybridization on continuous dental
phenotypes and development is warranted. The
shape of the first upper molar is statistically dis-
tinct among S. nigritus, S. libidinosus and their hy-
brids, and hybrids exhibit morphological evidence
of destabilized development, including elevated
within-sample variance and weaker correlation
between cusp tip configuration and crown outline
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shape. The same analyses used here applied to the
rest of the postcanine teeth would likely uncover
other significant differences between the hybrids
and parental taxa. A more comprehensive under-
standing of the impact of hybridization on dental
development could be gained by further compari-
sons of continuous trait integration between meta-
meres and between occluding upper and lower
molars; and by comparing levels of fluctuating
asymmetry of continuous traits in left and right
antimeres. The data derived from such studies
would offer crucial information for attempts to
diagnose hybrid ancestry from fossil morphology
and to understand the evolutionary outcomes of
hybridization among endangered primates in de-
graded habitats.
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ABSTRACT At least 250 cave burials along the Meuse river basin of Belgium yield prehistoric remains,
and most date from the Late Neolithic period. Several of these collective burials have been radiocarbon
dated, including the early/late Neolithic deposits of Hastiére Caverne M and Hastiére Trou Gargon C
and the final/late Neolithic caves of Sclaigneaux and Bois Madame. An additional cave burial, Mau-
renne Caverne de la Cave, has been radiocarbon dated to the Middle Neolithic and final/late Neolithic
periods, circa 4,635 to 3,830 years BP, which encompasses the entire range of dates for the other collec-
tive burials. Individuals (1 = 127) are represented by fragmentary gnathic remains with in situ dental
elements. Although the remains have been studied in detail, researchers have yet to compare dental
morphology across cave sites. Arizona State University Dental Anthropology System (ASUDAS) scores
of permanent molar morphology are employed to examine whether differences within and between the
cave burials exist, and whether chronology and geography can account for the variation in traits. Af-
firming our expectations, the final/late Neolithic cave of Sclaigneaux, the most geographically distant
cave burial, and secondarily Hastiere Caverne M, possibly the earliest site, emerge as the most distinc-
tive. The final/late Neolithic sites of Sclaigneaux and Bois Madame exhibit the greatest variability of
trait expression. This research contributes to the understanding of the relatedness of early farming com-
munities, and these findings bear on the mobility and continuity of human groups in the Meuse basin of
Belgium during the terminus of the Neolithic before the onset of the Bronze Age in northern Europe.

The Meuse River basin of central Belgium extends (Trou Gargon), Sclaigneaux, Bois Madame and

along a semi-continuous karstic uplift featuring Maurenne Caverne de la Cave (Maurenne) (Figure
numerous cliff walls, rock formations and at least 1), and adults of both sexes and children are repre-
3,000 caverns. More than 250 of these caves pre- sented, suggesting familial, kin or descent groups

serve the remains of prehistoric humans. Although used the caves for burial. These five cave deposits
these caves have been known for centuries, formal are all radiocarbon dated to the Late Neolithic
exploration of the sites commenced in the winter of (Table 1). However, Maurenne is associated with
1829-1830 and has continued to the present (Polet, three dates from the terminus of the Late Neolithic
2011). Close to 200 of these funerary sites have (4,160 £ 45; 3,950 £ 70; 3,830 £ 90 years BP), and one
been radiocarbon dated to the Late Neolithic peri- date, 4,635 + 45 years BP, from the Middle Neolith-
od (Toussaint et al., 2001). Many of these are collec-

tive burials and contain five to 15 individuals

* .
(Polet, 2011), however, some are larger, such as the Correspondence to:

caves of Bois Madame and Sclaigneaux Frank L'Engle Williams
(Dumbruch, 2003; De Paep & Polet, 2007). Only Department of Anthropology
eight percent of these funerary sites contain be- Georgia State University
tween 55 and 60 individuals (Polet, 2011). P.O. Box 3998

Hundreds of skeletal fragments and dental ele- Atlanta, GA, 30302-3998
ments have been investigated from Hastiere United States
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Figure 1. Map of Belgium showing the location of five Late Neolithic collective burials along the Meuse

River system.

Table 1. Radiocarbon dates associated with five Neolithic collective burials of Belgium, arranged by site and by dis-
tance from Hastiere rockshelter; dating was conducted using Accelerated Mass Spectrometry (AMS) at Oxford
University, UK (OxA) and the University of Groningen (GrA), and conventional methods at the University of

Louvain, Belgium (Lv).

Collective burial

Sample number

Dates in years BP

Reference

Hastiere M
Trou Garcon
Maurenne
Maurenne
Maurenne
Maurenne
Bois Madame
Bois Madame

Sclaigneaux

AMS OxA-6558
AMS OxA-6853
AMS OxA-9025
AMS OxA-9026
Lv-1483
Lv-1482
AMS OxA 10831
AMS OxA 10830
GrA-32975

4,345 + 602
4,220 + 452
4,635 + 45
4,160 + 45¢
3,950 + 70¢
3,830 + 90¢
4,075 + 38¢
3,910 + 40¢
4,155 + 35¢

Bronk-Ramsey et al. (2002
Bronk-Ramsey et al. (2002
Bronk-Ramsey et al. (2002
Bronk-Ramsey et al. (2002

)
)
)
)

Toussaint (2007
Toussaint (2007
Dumbruch (2003)
Dumbruch (2003)

)
)

De Paepe & Polet (2007)

aearly/late Neolithic; » Middle Neolithic; <final/late Neolithic
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ic, implying its use for more than 800 years
(Vanderveken, 1997; Bronk-Ramsey et al., 2002;
Toussaint, 2007).

The Maurenne burial is adjacent to Hastiere
rockshelter formation (see Figure 1). Two other
collective burials at this site include Hastiére M
and Trou Gargon. Hastiére M is one of the oldest
Late Neolithic cave sites and dates to 4,345 + 60
years BP, followed by Trou Gargon, which has
yielded a date of 4,220 + 45 years BP (Bronk-
Ramsey et al., 2002; Toussaint, 2007). These two
can be described as early/late Neolithic.

Two large, well-studied final /late Neolithic
cave burials are Sclaigneaux and Bois Madame.
Sclaigneaux is associated with a single radiocarbon
date of 4,155 + 35 years BP (De Paepe, 2007; De
Paepe & Polet 2007). At Bois Madame in the Burnot
Valley, two dates have been obtained. Both of these
derive from the boundary of the fourth millennium
prior to the Bronze Age, 4,075 £ 38 years BP and
3,910 £ 40 years BP, suggesting the collective burial
of Bois Madame may have been utilized for more
than 150 years (Bronk-Ramsey et al., 2002; Dum-
bruch, 2003, 2007).

Funerary context

Given the scarcity of habitation sites, these prehis-
toric peoples are primarily known from their re-
mains in funerary caves and rockshelters. A range
of burial practices has been inferred, including cre-
mation, burial, a simple deposition of individuals
on cave floors and cu-marks with flint implements.
Comingled remains comprise a majority of the fu-
nerary deposits (Toussaint et al., 2001; Toussaint,
2007; Polet, 2011). At some caves, such as Bois
Madame, the bones are found in a haphazard or-
der as if the individuals were left unburied and
later disturbed by human or non-anthropogenic
agents (Dumbruch, 2003). The mixture of individu-
als within these collective burials could have arisen

from bioturbation. However, the deliberate move-
ment, occasional regrouping and comingling of
bodies is more likely to be the result of burial rites,
reburial and/or adding additional individuals
(Toussaint et al., 2001; Toussaint, 2007).

Comparing individuals across cave burials

Although several well-preserved Late Neolithic
crania are present, most individuals are represent-
ed by fragmentary gnathic remains with associated
molars in situ, permitting an investigation of varia-
tion within and between sites in nonmetric dental
trait expression using the Arizona State University
Dental Anthropology System (ASUDAS) (Turner et
al., 1991; Scott and Irish, 2017). Prior studies of the
inhabitants of these Late Neolithic caves have
found a lack of differentiation in diet (Garcia Mar-
tin, 1999; Semal et al., 1999), internment behavior
(Vanderveken, 1997; Toussaint et al., 2001, 2003)
and stature was estimated to be largely unimodal
(Orban et al., 2000). However, chronological dis-
tinctions are apparent from radiocarbon dating. On
the basis of chronology, we expect the early/late
Neolithic sites to be more similar to each other in
dental morphological expression than to the final/
late cave burials, and vice versa. The three final/
late Neolithic dates from Maurenne suggest this
collective burial is more likely to resemble later
sites than earlier ones.

It is also possible that differences in dental mor-
phology will be patterned with respect to geogra-
phy. Based on distance, individuals from Hastiere
rockshelter (Hastiere M and Trou Gargon) and
Maurenne should be more similar to one another,
and secondarily to Bois Madame, whereas
Sclaigneaux should be the most distinctive (see
Figure 1).

Materials and Methods
A total of 127 individuals from the five caves were
examined (Vanderveken, 1997; Toussaint et al.,

Table 2. Neolithic samples by cave, element, and number of individuals.

Neolithic cave site Maxillae Mandibles Total
Hastiere M 10 10 20
Trou Garcon 6 1 7
Maurenne 9 21 30
Bois Madame 13 15 28
Sclaigneaux 12 30 42
Total 50 77 127
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2001; Dumbruch, 2003; De Paep, 2007; Toussaint,
2007; Williams and Polet, 2017; Table 2). Gnathic
fragments were chosen on the basis of complete-
ness and only relatively unworn crowns were ex-
amined. No isolated teeth were included to avoid
errors in attribution. Given the lack of anterior
teeth preserved in situ, and the inconsistent preser-
vation of premolars, only molars were observed.
Preference was given to young adults and
subadults with relatively unworn cusps of perma-
nent molars to increase the likelihood of accurate
scoring, and included Smith (1984) wear stages 1 to
4. Individuals who exhibited substantial attrition,
exceeding stage 4 (Smith, 1984), were excluded
from the analysis (Turner et al., 1991; Scott and
Irish, 2017).

Dental cast preparation

Dental casts were created from dental impressions
of the original Neolithic material housed at the
Royal Belgian Institute of Natural Sciences in Brus-
sels. To create the dental molds, the dentition was
cleaned and a thin layer of dental molding materi-
al, polyvinylsiloxane (President Jet Plus Regular
Body, Coltene-Whaledent) was applied to the oc-
clusal surface of the molars and allowed to air dry.
Dental casts were created at Georgia State Univer-
sity by pouring centrifuged epoxy resin and hard-
ener (Buehler) onto the dental impressions, which
were placed into putty crucibles —stabilized with
hardener (Buehler) — to catch the excess mixture.
The casts dried for 24 hours before extraction.

Analysis

Dental morphology has been shown to be highly
heritable (Turner et al., 1991; Scott and Turner,
1997; Irish, 2006; Hanihara, 2008; Scott and Irish,
2017; Scott et al., 2018). Dental casts, supplemented
with photographic images, were scored by a single
observer (RLG) to avoid issues of interobserver
error (Turner and Scott, 1997; Hardin and Legge,
2013). Previously conducted intraobserver error
analyses on 34 dental morphological traits found
trait agreement at levels of 0.621 or above
(McHugh, 2012). Since single-sided gnathic frag-
ments were available for the great majority of the
individuals, dental antimeres could not be exam-
ined to identify the maximum expression of any
trait. It is possible that some of the maxillary and
mandibular fragments belonged to the same indi-
viduals. However, given the preservation of the
remains, pairing these elements was not possible. If
some elements are indeed associated, then the total
sample size of 127 would be smaller. Since 77 man-
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dibular and 50 maxillary fragments are included, a
potential minimum number of individuals (MNI)
is 77 (Table 2). These associations are likely irrele-
vant in the current study as maxillary and mandib-
ular molar traits are discussed separately

Another potential problem from the lack of
matching elements might have arisen from inad-
vertently scoring antimeres from the same individ-
ual. However, this is unlikely for several reasons.
First, only in situ molars rather than isolated ele-
ments were scored. Second, the range of dental
attrition and dental ages suggests each gnathic
fragment can be considered unique. Therefore,
each fragment was treated as an individual
(Hardin and Legge, 2013) as shown in Table 2, and
the dental morphological traits were discussed in-
dependently. Score frequencies for each trait with
respect to each cave site were calculated. Statistical
analyses were not attempted due to the small and
idiosyncratic sample sizes.

Results
All scores ascribed to individuals are presented in
the context of the ASUDAS.

Maxillary molars

Metacone

For M1, individuals from Hastiére M and Trou Gar-
con often exhibit a metacone with a score of 4 (see
Table 3). Fewer individuals have a larger metacone
with a score of 5. In contrast, individuals from
Maurenne and Bois Madame frequently present a
metacone with a score of 5 and have a lower fre-
quency of individuals with a score of 4.
Sclaigneaux shows an equal prevalence of individ-
uals with metacone scores of 4 and 5.

For the second molar (M2), the dominant pattern
across sites is a score of 3 or 4, though there is
some variation in expression (Table 3). For in-
stance, Hastiére M and Trou Gargon are nearly di-
vided equally between these two scores, whereas
the final/late Neolithic burials present a greater
tendency for a metacone with a score of 4. Individ-
uals from Bois Madame show a greater range of
expression in their metacone scores as they range
from 2 to 5.

Although the sample size for M3 is limited, the
individual from Hastiere M has a large metacone
with a score of 5, whereas individuals from both
Maurenne and Bois Madame exhibit a smaller cusp
and have scores of 3. The other two sites are inter-
mediate and have scores of 4 for the M3 metacone
(Table 3).
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Table 3. Frequencies of maxillary traits.

Frequency of score

Site n Trait & Tooth 0 1 2 3 4 5 6 7
Hastiere M 8 0.875 0.125
Trou Gargon 5 0.800 0.200
Sclaigneaux 10 Metﬁione 0.500 0.500
Maurenne 8 (M?) 0.250 0.750
Bois Madame 11 0.273 0.727
Hastiere M 5 0.600 0.400
Trou Garcon 4 0.500 0.500
Sclaigneaux 6 Miﬁi;’“e 0.167 0.833
Maurenne 3 0.333 0.667
Bois Madame 8 0.125 0.125 0.375 0.375
Hastiere M 1 1.000
Trou Gargon 2 0.500 0.500
Sclaigneaux 3 Me(;‘}[i;’“e 0333 0.667
Maurenne 1 1.000
Bois Madame 2 1.000
Hastiere M 7 0.429 0.571
Trou Garcon 4 0.500 0.500
Sclaigneaux 10 Hy};‘/’[fone 0.400 0.600
Maurenne 8 (M?) 0.125 0.875
Bois Madame 11 0.273 0.364 0.364
Hastiere M 6 0.167 0.667 0.167
Trou Gargon 2 1.000
Sclaigneaux 4 Hyi‘jlﬁone 0.500 0.500
Maurenne 3 (M?) 0.333 0.667
Bois Madame 8 0.125 0.750 0.125
Hastiere M 1 1.000
Trou Garcon 1 1.000
Sclaigneaux 3 Hyg\iﬁ)‘me 0.333 0.333 0.333
Maurenne 4 1.000
Bois Madame 2 0.500 0.500
Hastiere M 5 0.800 0.200
Trou Gargon 3 0.667 0.333
Sclaigneaux 8 Met?\c/[?nule 1.000
Maurenne 6 (M?) 0.833 0.167
Bois Madame 9 0.667 0.333
Hastiere M 8 0.500 0.250 0.125 0.125
Trou Garcon 4 Metaconule 0.500 0.250 0.250
Sclaigneaux 4 o) 1.000
Maurenne 2 0.500 0.500
Bois Madame 7 0.714 0.286
Hastiere M 1 1.000
Trou Garcon 2 Metaconule 0.500 0.500
Sclaigneaux 2 (M) 1.000
Maurenne 1 1.000
Bois Madame 2 0.500 0.500
Hastiere M 3 0.333 0.667
Trou Garcon 2 . . 0.500 0.500
Sclaigne:ux 3 Carab(el\l/l;l)s Trait o333 0.333 0.333
Maurenne 2 1.000
Bois Madame 5 0.200 0.200 0.200 0.200 0.200
Hastiere M 3 1.000
Trou Garcon 1 . . 1.000
Sclaigneat 2 Carab(el\l/l;z)s Trait 0500 0500
Maurenne 3 1.000
Bois Madame 2 0.500 0.500
Hastiere M 4 1.000
Trou. Garcon 3 Parastyle 1.000
Sclaigneaux 3 (M) 0.667 0.333
Maurenne 2 1.000
Bois Madame 8 1.000
Hastiere M 5 1.000
Trou Garcon 3 Parastyle 0.667 0.333
Sclaigneaux 4 (M?) 0.750 0.250
Bois Madame 7 1.000
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Hypocone

The M! hypocone is primarily scored as a 4 or 5
nearly evenly across three of the sites (see Table 3).
Most individuals from Maurenne, though, are
scored as 5 and more than a quarter of the M! sam-
ples from Bois Madame (27.3%) exhibit a smaller
hypocone and are characterized by scores of 3.

For M2, the hypocone tends to be expressed
most strongly at Maurenne and Sclaigneaux as
most individuals at these sites have scores of 4. For
Bois Madame and Hastiere M, a smaller hypocone
with a score of 3 is the most frequent expression,
with considerable variation (see able 3).

The M3 hypocone is variably expressed at
Sclaigneaux and Bois Madame. In comparison, the
M3 hypocone is most frequently larger at Trou Gar-
¢on and Maurenne with scores of 4 (see Table 3).

Metaconule (Cusp 5)

The metaconule is absent at Sclaigneaux across the
molars (see Table 3). This is not the case at the oth-
er sites with the exception of M3 in which individu-
als from Hastiere M and Maurenne also lack Cusp
5. For M1, three individuals from Bois Madame
present small metaconules with a score of 2. The
early/late Neolithic cave burials of Hastiere M and
Trou Garcon both exhibit substantial variation in
the expression of the metaconule across the molars
(see Table 3). Variation at the early/late Neolithic
sites is particularly marked for the M2at Hastiére
M where the expression of Cusp 5 ranges from ab-
sent in half of the individuals to moderately ex-
pressed with scores of 1-3 in the other half. Trou
Gargon is mostly associated with scores of 1 and 2.
Maurenne and Bois Madame are similar in their
low to absent expression of the metaconule on M2
and M3 (Table 3). In contrast, a prominent meta-
conule is expressed on the M3 of Hastiere M 29,
presenting a score of 5 (Figure 2).

Carabelli’s trait

Carabelli’s trait is relatively well represented
across these Neolithic sites on M!and M2 but is
absent entirely on M3 (see Table 3). However, there
is considerable variation within and between buri-
als (Figures 3 and 4). For M, Bois Madame exhibits
the strongest expression of this trait, with one indi-
vidual having a prominent Carabelli’s cusp with a
score of 7. Bois Madame present the greatest de-
gree of variation, with expressions ranging from 2-
5. One individual from Sclaigneaux has a large
Carabelli’s trait with a score of 5 and another is
even larger with a score of 6 (Figure 4). In compari-
son, this trait on M! is expressed as a 1 or absent
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altogether at the early/late Neolithic sites of
Hastiére M and Trou Gargon (see Table 3).

For M2, Hastiere M and Trou Garc¢on C lack ex-
pressions of Carabelli’s trait while the final/late
sites of Sclaigneaux and Bois Madame show sub-
stantial variation ranging from scores 1-3 (see Ta-
ble 3). Maurenne resembles the Hastiere M and
Trou Gargon, in lacking evidence of a Carabelli’s
trait on M2 (see Table 3).

Parastyle

As at other locations worldwide (Scott et al. 2018),
the expression of a parastyle is rarely observed in
these Neolithic collective burials and is completely
absent on M3 (see Table 3). However, a large M!
parastyle is scored as a 3 on Sclaigneaux 119. A
smaller M2 parastyle is scored as a 2 on
Sclaigneaux 99. In addition, a limited expression of
a parastyle is noted for one M2 from Trou Garcon
(L.G. 3873) characterized as a buccal pit (score of 1).

Mandibular molars

Anterior fovea

The anterior fovea on M is most frequently ex-
pressed as a score of 1 across the cave burials when
it is present (Table 4; Figure 5). There is one indi-
vidual, Maurenne 92, who presents a larger anteri-
or fovea with a score of 3.

Groove pattern

The groove pattern for My is primarily the Y pat-
tern, with the exception of one individual from
Hastiere M and another from Sclaigneaux that ex-
hibit an X pattern. The near ubiquity of the Y pat-
tern, particularly at the final/late Neolithic cave
burials, is further evidenced by the relatively large
number of individuals with this configuration. This
includes all of the Maurenne (n = 12) and Bois
Madame (n = 8) assemblages, and nine out of 10
individuals from Sclaigneaux (see Table 4).

The groove patterns for M, and M3 are more
variable (see Table 4). For M, the groove pattern
for the early/late Neolithic cave burial of Trou
Gargon presents as an X. Individuals from Hastiere
M most often exhibit the plus groove pattern with
some expression of the Y pattern. At Maurenne, all
three groove pattern variants are evident (see Table
4). For M3, Hastiere M 10 exhibits an X groove pat-
tern, as do most individuals from Maurenne.

The final/late Neolithic sites exhibit more varia-
bility in groove patterning for both M> and M3 than
is observed for these teeth in the earlier cave buri-
als. All three configurations are visible at
Sclaigneaux, although the Y pattern is the least
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Figure 4. Sclaigneaux 119, a left M?, exhibits (a) a pro-
nounced Carabelli’s cusp (ASUDAS score = 6), and (b)
a large metacone (ASUDAS score = 4); scale bar =1 cm.

Dental Anthropology

Figure 2. Hastiere Trou Garcon C 20Z, a right M! shows
(a) a large metaconule or Cusp 5 (ASUDAS score = 2)
and (b) a pit form of Carabelli’s trait (ASUDAS score =
1); scale bar =1 cm.

Figure 3. Bois Madame, BM Mx 11, a right maxil-
lary fragment, demonstrates a large Carabelli’s
trait (ASUDAS score = 7), identified by a white
arrow on M1 scale bar =1 cm.

Figure 5. Bois Madame BM Md 32, a left M1, shows
(a) an anterior fovea (ASUDAS score = 1) and (b) a
protostylid (ASUDAS score = 1), both of which are
commonly found across cave sites; scale bar =1
cm.
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Table 4. Frequencies of mandibular traits.

Frequency of score

Site n Trait & tooth 0 1 2 3 4 5 6 X Y +
Hastiere M 2 . 1.000
Sclaigneaux 4 A;‘gig;’r 0.750 0.250
Maurenne 8 (M) 0.625 0.250 0.125
Bois Madame 4 0.500 0.500
Hastiere M 1 1.000
Sclaigneaux 10 g:’t‘gs 0.100 0.900
Maurenne 12 (My) 1.000
Bois Madame 8 1.000
Hastiere M 4 0.250 0.750
Trou Gargon 1 Groove 1.000
Sclaigneaux 15 Pattern 0.400 0.067 0.533
Maurenne 7 (M) 0.143 0.143 0.714
Bois Madame 8 0.375 0.250 0.375
Hastiere M 1 1.000
Sclaigneaux 5 g:’t‘gs 0.200 0.600 0.200
Maurenne 3 (Ms) 0.667 0.333
Bois Madame 2 0.500 0.500
Hastiere M 4 0.750 0.250
Sclaigneaux 11 Ni‘r;sger 0.091 0.727 0.182
Maurenne 12 (M) 0.333 0.583 0.083
Bois Madame 9 0.778 0.222
Hastiere M 5 0.600 0.400
Trou Gargon 1 Cusp 1.000
Sclaigneaux 12 Number 0.750 0.250
Maurenne 8 (M) 1.000
Bois Madame 7 0.714 0.286
Hastiere M 1 1.000
Sclaigneaux 7 Cusp 0.429 0.429 0.143
Number
Maurenne 3 (M) 1.000
Bois Madame 2 ) 0.500 0.500
Hastiere M 5 1.000
Trou Gargon 1 Mid-Trigonid 1.000
Sclaigneaux 12 Crest 0.917 0.083
Maurenne 7 (M2) 0.857 0.143
Bois Madame 5 1.000
Hastiere M 1 . . . 1.000
Sclaigneaux g MidTrigonid ) gg 0111
Crest
Maurenne 3 (M) 1.000
Bois Madame 1 1.000
Hastiere M 5 0.400 0.600
Trou Gargon 1 . 1.000
Sclaigneaux 10 Pr"tl‘\’/ftyhd 1.000
Maurenne 13 (M) 0.538 0.462
Bois Madame 7 0.143 0.857
Hastiere M 4 0.500 0.500
Trou Gargon 1 . 1.000
Sclaigneaux 9 Pr"tl‘\’/ftyhd 0.222 0.778
Maurenne 8 (M>) 0.250 0.750
Bois Madame 5 0.400 0.600
Hastiere M 1 1.000
Sclaigneaux 7 Protostylid 0.429 0.571
Maurenne 2 (Ms) 0.500 0.500
Bois Madame 1 1.000
Hastiere M 2 0.500 0.400
Sclaigneaux 11 Hypoconulid 0.091 0.091 0.182 0.091 0.091 0.455
Maurenne 13 (M) 0.308 0.308 0.154 0.231
Bois Madame 9 0.333 0.222 0.444
Hastiere M 5 0.600 0.200 0.200
Trou Gargon 1 . 1.000
Sclaigneaux 13 Hypol\c/[‘m“hd 0.769 0.154 0.077
Maurenne 8 (Mz) 1.000
Bois Madame 7 0.714 0.143 0.143
Hastiere M 1 1.000
Sclaigneaux 7 Hypoconulid 0.429 0.286 0.143 0.143
Maurenne 3 (Ms) 1.000
Bois Madame 2 0.500 0.500
Hastiere M 4 0.750 0.250
Sclaigneaux 11 Entoconulid 0.818 0.182
Maurenne 12 (M) 0.917 0.083
Bois Madame 9 0.778 0.111 0.111
Hastiere M 1 1.000
Sclaigneaux 7 Entoconulid 0.857 0.143
Maurenne 3 (Ms) 1.000
Bois Madame 2 1.000

Dental Anthropology

2021 | Volume 34| Issue 01



43

prevalent on Mz and the most frequent expression
on M;s (see Table 4). All three groove patterns are
present at Bois Madame for M as they are at
Sclaigneaux and Maurenne. However, only at
Sclaigneaux are the three groove patterns present
on M.

Cusp number

Only five or six cusps are observed on M at the
early/late Neolithic cave burial of Hastiére M and
the final/late site of Bois Madame, whereas
Sclaigneaux and Maurenne both present 4-6 cusps.
However, the predominant number is five cusps
across the cave burials (see Table 4).

This pattern differs for M» in which four cusps is
the most frequently observed. For the individuals
from Maurenne (n = 8) and the individual from
Trou Gargon, this is the only pattern observed for
M. In comparison, there are some Ma from
Hastiére M, Sclaigneaux and Bois Madame that
present five cusps (see Table 4).

For M;, there are primarily four cusps, with the
exception of Maurenne and Sclaigneaux in which
the expression of four and five cusps are equally
represented (Table 4). Furthermore, at Sclaigneaux,
more variation is observed for M3 cusp number
which includes the expression of four, five and six
cusps.

Mid-trigonid crest

The mid-trigonid crest is eliminated for M since
no presence was recorded across sites for this mo-
lar. The mid-trigonid crest is also largely absent on
Mz and M3 at these Neolithic cave burials. One ex-
ception is at Sclaigneaux where it is present, alt-
hough rarely, on both M, and M. The only other
site where a mid-trigonid crest is observable is at
Maurenne and only the M> of Maurenne 18 (see
Table 4).

Protostylid
A buccal pit (score of 1) is common at these Neo-
lithic cave deposits and across the mandibular mo-
lar row (Figure 5). At Sclaigneaux, the buccal pit is
found on all individuals examined (n = 10). Simi-
larly, a buccal pit is more often present than absent
on M; at Hastiére M and Bois Madame. In contrast,
at Maurenne a buccal pit on M is more often ab-
sent than present; this feature is also absent in the
single individual from Trou Gargon (Table 4).

On My, a buccal pit is visible at all sites and is
more often expressed than not, particularly at
Sclaigneaux and Maurenne (see Table 4). One ex-
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ception is Trou Gargon 3, where a protostylid is
scored as a 3.

Any variation of the protostylid is less frequent-
ly exhibited on M3 than on the other molars. At
Sclaigneaux, it is expressed as a buccal pit across
the molar row. A much stronger expression of a
protostylid is evidenced on one individual, Mau-
renne 15, where it is scored as a 6.

Hypoconulid (Cusp 5)

For M1, Hastiere M exhibits a moderate to large
hypoconulid, expressed at scores of 3 and 4.
Sclaigneaux presents the greatest degree of varia-
tion in the expression of the hypoconulid, ranging
across the full spectrum of scores from 0-5, alt-
hough the majority of individuals from this site are
skewed towards the higher end of the scoring spec-
trum. This variation is similar at Bois Madame and
Maurenne where the scores range from 0-5. How-
ever, most individuals from Bois Madame exhibit a
larger hypoconulid with a correspondingly higher
score and nearly a third of the individuals from
Maurenne lack a cusp 5 entirely (see Table 4).

For My, the hypoconulid is more often absent
than present across cave burials, and at Maurenne
and Trou Gargon it is absent altogether. When it is
expressed, the final/late Neolithic caves of
Sclaigneaux and Bois Madame both show greater
variation and the presence of a larger cusp 5. For
example, when the hypoconulid is expressed at
Hastiere M, it ranges in score from 1-3. At the fi-
nal/late Neolithic sites of Sclaigneaux and Bois
Madame, a larger hypoconulid is evident, reflected
in one individual from each site scoring a 4 and 5,
respectively (see Table 4).

Like My, the variation in M3 is more variable
than observed in My, especially for the final/late
Neolithic cave burials. The hypoconulid is com-
pletely absent in the one individual from Hastiere
M and the three individuals from Maurenne. In
contrast, at the final/late Neolithic cave of
Sclaigneaux, the greatest extent of variation is ob-
served, with scores ranging from a low of 1 to a
high of 5. Bois Madame has similar variability of
expression of the hypoconulid, with scores extend-
ing from 0-4.

Entoconulid (Cusp 6)

An entoconulid is expressed on M across the cave
burials but at low frequencies. However, its ex-
pression varies. The most common expression of
the entoconulid, or cusp 6, is a score of 2, as ob-
served at Hastiére M, Maurenne and Bois Mad-
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ame. Sclaigneaux presents an entoconulid with a
score of 1. At the other extreme is Bois Madame in
which a larger entoconulid is scored as a 3. Thus,
the final/late Neolithic caves of Sclaigneaux and
Bois Madame are distinct in the expression of cusp
6 as compared to the other sites.

The entoconulid on M> was eliminated from the
results because it is not observed across the sites.
For M;3, the entoconulid is entirely absent with the
exception of Sclaigneaux. This final/late Neolithic
cave burial presents one individual (Sclaigneaux
19) out of seven with an entoconulid on M3 that is
scored as a 2.

Metaconulid (Cusp 7)

Frequencies for the metaconulid (Cusp 7) are ex-
cluded since only a single tooth fully expressed
this trait in the available Neolithic sample, the left
M; of Boise Madame BM Md 13 (Figure 6).

Discussion
Based on an earlier study of deciduous molar mor-

Figure 6. Left mandibular fragment of BM Md 13,
presents the only fully expressed metaconulid
(Cusp 7) observed (ASUDAS score = 2), demarcat-
ed by the white arrow on Mjy; scale bar =1 cm.

phology (Williams et al., 2018), it was predicted
that the early/late Neolithic cave burial of Hastiére
M would be distinctive and should differ from the
final/late sites of Sclaigneaux and Bois Madame.
Although this prediction was confirmed for some
traits, the deciduous molar morphology of Hastiere
M is more distinctive compared to the permanent
molars. The observation that deciduous molars are
better at identifying relatedness (Paul and Stojan-
owski, 2017) may also apply to these Neolithic cave
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burials.

It was also anticipated that Sclaigneaux —
situated about 35 km from the Hastiére rockshel-
ter—would be distinct if differences in morpholo-
gy can be explained by geographic distance (Figure
1). Sclaigneaux does differ from the other cave bur-
ials in some respects, for example, showing the Y
groove pattern for M2. However, like the other fi-
nal/late Neolithic site of Bois Madame,
Sclaigneaux is quite variable in the expression of
traits. These findings suggest variability is more
pronounced in the final/late than the early/late
Neolithic. The final /late Neolithic sites exhibit
greater variation in the expression of traits, partic-
ularly the hypoconulid, protostylid, parastyle and
Carabelli’s trait across the molar row. However,
the sample sizes are also substantially larger at the
final/late Neolithic sites. This is particularly true of
Sclaigneaux. It is unknown the extent to which the
uneven sample sizes influenced the results.

It was expected that the two early/late Neolithic
cave burials of Hastiere M and Trou Garc¢on should
resemble one another as they are similar chrono-
logically and geographically. Yet there is no con-
vincing evidence that they are similar. In fact, it
appears that Trou Gargon resembles the final/late
Neolithic sites of Bois Madame and secondarily
Maurenne more than these individuals resemble
Hastiére M. Trou Garcon has a greater number of
whole crania available but is represented by a
smaller number of individuals compared to the
other sites (Table 2). The limited sample size for
Trou Gargon precludes definitive statements on its
relationship to the other cave burials. However,
Trou Garcon individuals are at times extreme in
the expression of traits which separates this site
from the others, such as a large protostylid on M
in Trou Gargon 3. Meanwhile, Hastiére M is an
outlier in other ways, such as the pronounced met-
aconule on M3 in Hastiere M 29.

The prediction that Maurenne would resemble
the final/late Neolithic sites of Sclaigneaux and
Bois Madame more than Hastiere M was largely
confirmed by the results. For this reason, it is more
likely that the individuals buried at Maurenne are
primarily associated with the three final/late Neo-
lithic radiocarbon dates. The single Middle Neo-
lithic date obtained from Maurenne may be an ex-
ception. Supporting this assertion is the observa-
tion of similarities between Maurenne and Bois
Madame. Three of the dates for the former and the
two dates for the latter overlap one another and the
two burial chambers are about 10 km from one
another suggesting, perhaps, closer contact existed
between these two groups than between the earlier
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and the more geographically distant individuals
living close to Sclaigneaux cave.

There are also similarities between the caves,
such as the large prevalence of a protostylid and
Carabelli’s trait, and the near absence of a meta-
conulid. There are most frequently five cusps on
M but often four on Mz and Ms. The lack of dis-
crete differences in these Belgian Neolithic caves is
supported by archaeological evidence that sug-
gests common lifeways, an undifferentiated econo-
my and phenotypic homogeneity. Carbon and ni-
trogen isotopes imply similarities in diet across the
Late Neolithic period in which terrestrial resources
were relied upon more than aquatic ones (Semal et
al., 1999). The dental microwear of several Late
Neolithic caves suggests similarities in diet which
comprised a large amount of vegetable fiber
(Garcia-Martin, 2000), but fish may have also been
consumed (Toussaint et al., 2001). Stature regres-
sion formulae from available Neolithic long bones
and the first metatarsal indicate that most of the
individuals were of short stature. It is also possible
that the majority of the long bones come from a
single sex (female) as the sample lacks a bimodal
distribution of values typical of recent Belgians of
both sexes (Orban et al., 2000).

Comparison with other prehistoric burials

A number of studies have been conducted using
dental morphology as a proxy for affinity at Neo-
lithic and other prehistoric sites. Studies of kinship
within and across burials and cemeteries rely on
phenotypic similarity as a proxy for genetic rela-
tionships and rare traits are often utilized to identi-
fy familial relations (Bentley, 1991; Howell and
Kintigh, 1996; Alt et al., 1997; Jacobi, 1997; Cor-
ruccini and Shimada, 2002; Stojanowski & Schillaci,
2006; Pilloud, 2009; Lukacs & Pal, 2013). Familial,
and possibly sibling relations among a triple burial
at Dolni Véstonice from the Upper Paleolithic of
the Czech Republic were evidenced by a sharing of
groove pattern, number of cusps, accessory cusps
and the presence of an entoconulid and parastyle
for at least two of the three individual for each trait
(Alt et al., 1997). The Neolithic cave burials of Bel-
gium probably do not represent individuals from
the same family as noted at Dolni Véstonice. In
fact, it appears that there is a greater degree of var-
iation within the Belgian Meuse Neolithic burials
than between them.

Dental traits of early Neolithic Mediterranean sites
The dental morphology of several burial sites in
the Mediterranean region have been explored. For
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example, at early Neolithic Catalhoyiik in Turkey,
the protostylid, Carabelli’s cusp, groove pattern,
the hypoconulid, entoconulid, hypocone and de-
flecting wrinkle are significantly different from
expected (Pilloud, 2009; Pilloud and Larsen, 2011).
Iberian and Italian Neolithic burials differ in Cara-
belli’s trait and the protostylid among other dental
traits (Lopez-Onaindia & Subira, 2017). The proto-
stylid on M2 and Ms, the hypoconulid of M1 and
Mo, and the entoconulid on M; and to a lesser ex-
tent, groove pattern and cusp number on M, are
suggested to be the most informative in separating
Iberian from Italian Neolithic burials (L6pez-
Onaindia et al., 2018). The Neolithic cave burials of
Belgium exhibit substantial variation in all of these
traits, particularly the size of the hypocone and the
expression of Carabelli’s trait, and remarkable uni-
formity in the presence of a protostylid.

Dental morphology of Late Neolithic cave burials of
Eurasia

Numerous Late Neolithic collective burials exist
across Eurasia, such as the Late Neolithic-
Chalcolithic collective tombs of Catalonia in which
natural crevices and recesses include adults of both
sexes and all ages with few grave goods (L6pez-
Onaindia et al., 2018). However, the dental mor-
phology of only a few Late Neolithic sites have
been studied in detail. An important exception
concerns those surrounding Lake Baikal, Siberia
where an increasingly greater percentage of Cara-
belli’s trait occurs during the Neolithic period
(Waters-Rist et al., 2016). Compared to the Late
Neolithic collective burials of Belgium, a lower ex-
pression of this trait is observed and only at Bois
Madame and Sclaigneaux is a large Carabelli’s
cusp evident (Table 3). Hastiére M and Bois Mad-
ame have higher frequencies of a Y groove pattern
on M (0.250) compared to those observed in Late
Neolithic Siberians (0.140) (Waters-Rist et al., 2016),
although Sclaigneaux has a much lower value of
0.067 (see Table 4). For cusp number of M», 71.4%
of the Siberian Late Neolithic peoples of Lake
Baikal exhibit 5+ cusps whereas the Late Neolithic
burials from Belgium can be characterized as ex-
pressing fewer cusps on the second mandibular
molar. In fact, mostly only four cusps are observed
on Mz However, Hastiére M, and to a lesser extent,
Bois Madame and Sclaigneaux, show some expres-
sion of five cusps on My, ranging from 0.400 to
0.250 (see Table 4). Expression of a protostylid on
M is present in half of Late Neolithic peoples of
Lake Baikal, Siberia (Waters-Rist et al., 2016),
whereas for this temporal period in the Meuse Riv-
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er basin of Belgium is it present more often than it
is absent, and at Sclaigneaux it is observed in 100%
of individuals (n = 10) (Table 4). More than a quar-
ter of individuals (27%) of the Late Neolithic of
Siberia exhibit an entoconulid (Cusp 6) on M1
(Waters-Rist et al., 2016). Comparable frequencies
for the collective burials of Late Neolithic Belgium
for this trait exist at Hastiére M and to a lesser ex-
tent, Bois Madame (Table 4). Unlike their counter-
parts to the east who exhibit a low occurrence of a
metaconulid (Cusp 7) on M1 at 6.5% (Waters-Rist et
al., 2016), at the Late Neolithic caves of Belgium, it
is nearly absent with the exception of BM Md 13
from Bois Madame (Figure 6).

Conclusions

The five well-studied collective burials examined
are somewhat discrete in terms of chronology
based on radiocarbon dates. Although only limited
samples are available for each cave burial, it ap-
pears that our predictions were confirmed.
Hastiére M is only partly distinct from the other
cave deposits in the expression of traits, corrobo-
rating an analysis of deciduous molar morphology
from the Late Neolithic caves of the Belgian Meuse
basin (Williams et al., 2018). The final/late collec-
tive burials of Sclaigneaux and Bois Madame ex-
hibit a greater range of expression of the hypocon-
ulid, entoconulid, protostylid, Carabelli’s cusp,
metacone and metaconulid. Although differences
between the final/late Neolithic cave burials of
Sclaigneaux and Bois Madame and the others from
Hastiere rockshelter are evidenced by dental mor-
phology, these sites likely represent ephemeral
communities that experienced only limited conti-
nuity over time and were perhaps bounded as a
function of distance, and to a lesser degree, by
chronology. Alternatively, this lack of partitioning
of discrete dental traits per burial location may
signal that internment was not strictly kin-based as
is observed at Neolithic Catalhoyiik (Pilloud &
Larsen, 2011), though larger sample sizes to con-
duct statistical analyses would be necessary for an
investigation into potential kin relations based on
dental morphology. In this study, the very low fre-
quencies of a metaconulid and the mid-trigonal
crest characterize the burials. Furthermore, the ex-
pression of Carabelli’s cusp on M! and M2 joins
Sclaigneaux and Bois Madame and secondarily
Hastiére M and Trou Garcon. The greater degree of
variation observed for the final/late Neolithic cave
burials of Sclaigneaux and Bois Madame may have
been the result of a slow but steady influx of peo-
ples, perhaps along waterways, from other loca-
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tions as a prelude to the population restructuring
that occurred concomitantly with the onset of the
Bronze Age. This seems to be the case at other loca-
tions in Eurasia (Subira et al., 2014; Waters-Rist et
al., 2016; Lopez-Onaindia et al., 2018).
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A Morphofunctional Hypothesis for Selection on EDAR V370A and
Associated Elements of Sinodonty
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ABSTRACT The phenomenon of Sinodonty refers to a suite of dental characters shared between East
Asian and Native American populations, and most prominently to the presence of shoveled incisors.
Although this syndrome is a conspicuous aspect of dental differentiation among extant human popula-
tions, elements of which have been recent subject of detailed genetic analysis, adaptive consequences of
shoveled incisors and related features remain unclear. Here, I hypothesize that many of the associated
differences in dentition (along with reduction in mandibular length and increases in salivary gland
branching) arose in parallel with the opportunistic consumption of wild rice and millet in central and
northern China, respectively, and with their subsequent domestication in the Upper Paleolithic. More
efficient mastication and digestion of plant grains (and of other starchy foods obtained via broad-
spectrum foraging) would potentially have been enabled by these traits, yielding greater rates of nutri-
tional intake as wild crops were progressively domesticated. This functional hypothesis, although not
mutually exclusive relative to other proposed selective factors, matches the estimated timeline in China
for both origin and time to fixation of the associated allele (EDAR V370A), and is consistent with chron-
ic energetic gain and fitness benefits independent of any assumptions for concurrent climatic conditions.

Lingually shoveled incisors, an anatomical feature
first described by Hrdlicka (1920, 1921), are a sali-
ent characteristic of the phenomenon now termed
Sinodonty, a suite of dental characters common
between Native American and East Asian popula-
tions, but occurring at much lower frequencies in
non-Sinodont populations (Turner, 1971, 1976,
1986, 1990; see also Mizoguchi, 1985; Scott &
Turner, 1988; Stojanowski et al., 2013; Scott et al.,
2018). This disjunct geographical distribution has
historically provided strong indirect support for
hypothesized Old World origins of New World
human populations (e.g., Turner & Bird, 1981).
Anatomically, the condition of Sinodonty refers
primarily to the presence of posteriorly shoveled
incisors, single-rooted upper premolars, and three-
rooted lower molars, and is strongly heritable
(Hanihara et al., 1974; Blanco and Chakraborty,
1976), but is also likely to be polygenic in origin.
Genetically, presence of the allele EDAR V370A
significantly influences the condition of incisor
shoveling along with a variety of other ectodermic
features, including increased thickness of scalp
hairs (see Bryk et al., 2008; Fujimoto et al., 2008;
Chang et al., 2009; Kimura et al., 2009). Increased
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tooth crown size also associates with EDAR V370
(Kimura et al., 2009; Park et al., 2012), and its great-
er expression in mice furthermore reduces mandib-
ular length (Adhikari et al., 2016). Pleiotropic ef-
fects of this allele are thus substantial.

Positive selection on EDAR V370A has been in-
tense in humans, consistent with its very high fre-
quencies in East Asian and Native American popu-
lations relative to other groups (see Sabeti et al.,
2007; Bryk et al., 2008; Kamberov et al., 2013; Hlus-
ko et al., 2018). Demic modelling based on extant
frequencies of EDAR V370A in primarily Asian
populations (Kamberov et al., 2013) indicates geo-
graphical origins of the allele in central and north
China, within a region broadly congruent with the
extensive alluvial plains of the Yellow, Huai, and
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Yangtzi (Changjiang) Rivers. This demic model
also places time of origination for the allele be-
tween ~40,000 and ~13,000 years BP, with a modal
value of 35,300 years BP. A parallel approach to
allele age using maximum likelihood estimation
for data from modern Han Chinese places origina-
tion between ~38,000 and ~35,000 years BP (see
Kamberov et al., 2013). Finally, the modal value
for fixation time of EDAR V370A has been estimat-
ed (using haplotype data from 23 individuals of
Chinese descent) as 10,740 years BP (Bryk et al.,
2008). These estimates for origination and fixation
of EDAR V370A within East Asia are recent rela-
tive to the age of our species, and are also sugges-
tive of powerful selective forces at play over a
short time interval.

Because scalp hair density is increased by EDAR
V370A, various authors have suggested that ther-
moregulatory and water balance would be influ-
enced by this morphological change, particularly
in the cooler and drier climates of the Upper Paleo-
lithic (see Yuan et al., 2004; Chang et al., 2009). An
alternative hypothesis links increased eccrine
(sweat) gland density to greater evaporative heat
loss in a humid monsoonal climate (Kamberov, et
al., 2013). Mammary duct density also increases in
the presence of EDAR V370A, raising the possibil-
ity of enhanced maternal milk delivery and associ-
ated fitness benefits (Hlusko et al., 2018). Concom-
itant changes in dentition may thus have derived
pleiotropically from selection on other traits.

However, Sinodonty by definition refers to
tooth anatomy, which broadly reflects diet in
mammals (Ungar, 2010; Pineda-Munoz et al.,
2017). It is therefore parsimonious to consider die-
tary shifts concurrent with the rise of EDAR V370A
and associated elements of Sinodonty that may
have been the target of natural selection. In partic-
ular, the timeline for fixation of this allele, along
with its inferred geographical region of origin, cor-
respond well to archaeological data that indicate
foraging of wild rice and millet in China, along
with their subsequent domestication. The origins
of prominent features of Sinodonty, in other
words, correlate temporally with a major dietary
shift associated with the emergence of cultivated
crops in East Asia. I hypothesize that this special-
ized human dentition, along with other related
phenotypic effects of EDAR V370A, were advanta-
geous for the mastication and subsequent digestion
of sympatric wild grains, and thus yielded energet-
ic advantage during the extended process of crop
domestication.
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Timeline for rice and millet domestication in China
Domesticated rice in East Asia refers to a single
subspecies (Oryza rufipogon ssp. japonica) derived
from a wild ancestor, whereas millet refers to two
species domesticated from different grass genera
(broomcorn millet: Panicum miliaceum; foxtail mil-
let: Setaria italica). Phylogenetic reconstruction
places rice domestication in China at ~13,500-8200
BP (Molina et al., 2011), a range congruent with
corroborative archeological evidence (see Liu et al.,
2007; Gross & Zhao, 2014). Similarly, archeological
finds are consistent with the domestication and
cultivation of millet nearly 10,000 years ago (Lu et
al.,, 2009; Yang et al., 2012; Bestel et al., 2014).

Foraging on wild grains would have necessarily
preceded their domestication. For example, pro-
cessing with grinding stones of wild grass seeds
(including possibly ancestral millets) occurred as
early as ~24,000 years BP (see Liu et al., 2013; Liu et
al. 2018). The oldest known sites for pottery in
China date to ~20,000-10,000 years BP, possibly
marking the emergence of agriculture (see Wang &
Sebillaud, 2019). Starchy foods more generally be-
came increasingly prevalent through the Upper
Paleolithic in China, as suggested by increased us-
age of nuts, beans, and tubers (see Liu et al., 2013).
Archeological records cannot capture in detail the
spectrum of foraging and cultivation behaviors
carried out over millennia, and across a geograph-
ical mosiac, during the process of crop domestica-
tion (see Fuller et al., 2014; Larson et al., 2014).
Nonetheless, the overlap between estimated time-
lines for the origin and fixation of EDAR V370A,
and for the domestication of rice and millet, is sub-
stantial (Figure 1).

Functional consequences of Sinodonty

Shoveled incisors and related features of Sinodonty
may influence chewing dynamics and masticatory
efficiency. It has long been suggested that shovel-
ing increases tooth strength and resistance to bend-
ing (see Hrdlic¢ka, 1921; Dahlberg, 1963). Specific
effects of incisor shoveling and changes in premo-
lar and molar root numbers are unknown for mas-
tication, which is associated with diverse features
of jaw kinematics (see Ross et al., 2012). Also rele-
vant is the substantial reduction in mandibular
length associated with expression of the EDAR
allele (by 5-10% in mice; see Adhikari et al., 2016).
In human agriculturalists, mandible dimensions
are reduced relative to non-agricultural popula-
tions, consistent with relaxation of masticatory de-
mand (see von Cramon-Taubadel, 2011; Noback &
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Figure 1. Timelines for estimated origin and fixation of EDAR V370A, and for relevant ar-
chaeological data and estimates of crop domestication. Dashed lines indicate approximate
temporal ranges; see text for details and relevant citations.

Harvati, 2015; Katz et al., 2017). Paleontological
data are not available to document the tempo of
mandibular reduction across the rice and millet
domestication sequence in East Asia, but a causal
link with EDAR V370A cannot be excluded.

Interestingly, another consequence of enhanced
EDAR expression in mice is to increase branching
of adult salivary glands (by ~25%; Chang et al.,
2009), which may in turn increase rates of saliva
production and thereby facilitate starch digestion
in the mouth (Valdez & Fox, 1991). This mecha-
nism would provide a direct linkage between ana-
tomical changes associated with EDAR V370A ex-
pression in humans, and advantageous physiologi-
cal outcome as starchy crops were domesticated.
An analogous argument was advanced by Hlusko
et al. (2018) relative to increases in mammary duct
density and lactation; such effects on gland density
could moreover be complementary in some con-
texts (e.g., greater energy uptake would enable
increased milk production), and would pertain
independently of any specific climatic conditions.
Pleiotropic changes in teeth, mandibular bone, and
salivary gland density resulting from EDAR
V370A can therefore influence human nutritional
physiology in diverse ways.
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Discussion and Conclusions

Various alleles alternative to EDAR V370A may
contribute to tooth shoveling and other features
characteristic of Sinodonty, and do not necessarily
correspond to specific dietary adaptations. Promi-
nent incisor shoveling in Neanderthals, for exam-
ple, well precedes the origin of EDAR V370A, and
does not associate with increased masticatory
stresses (Clement et al., 2012). Similarly, a 3-rooted
lower second molar has been described from a
Denisovan mandible from western China, dated at
~160,000 BP (Bailey et al., 2019), although identifi-
cation of this tooth has been challenged (see Scott
et al., 2020; Bailey et al., 2020). The age of this spec-
imen nonetheless well precedes the 38,000-35,000
BP estimated origination time for EDAR V370A
(see Kamberov et al., 2013), and its features pre-
sumably derive from different genetic origins. Inci-
sor shoveling in Native Americans likely derives
genetically from their Eurasian source populations
in northeastern Siberia (see Flegontov et al., 2019;
Mathieson, 2020), but the oldest known human
dentition from this latter region (~31,000 BP) is un-
fortunately incomplete with unknown occurrence
of Sinodonty (see Sikora et al., 2019). The in-
creased incidence of shoveling in Down syndrome
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(see Cohen et al., 1970) is not yet characterized at
the allelic level. Finally, an additional EDAR vari-
ant is found in south China and southeast Asia, but
has not apparently been the target of positive selec-
tion (Riddell et al., 2020).

A pressing empirical need to evaluate any func-
tional hypothesis relating to Sinodonty and to ef-
fects of EDAR V370A is to obtain a quantitative
assessment of tooth and mandibular variation
through time in East Asia. Changes in dentition
and mandibular dimensions across the Paleolithic
in China are not currently available, although there
was a substantial reduction in mandibular dimen-
sions from the Neolithic through the Bronze Age
(Li et al., 2012). Incisor shoveling incidence in
western European populations (which is low rela-
tive to that found in East Asia) has declined since
the Neolithic (Brabant, 1971), a trend which may
derive from genetic drift. Quantitative measure-
ments of tooth morphology (e.g., Carayon et al.,
2018) would enable better characterization of the
shoveling phenotype and associated variation
through time and among human populations,
along with finite-element modeling of tooth bend-
ing mechanics. Similarly, consequences of changes
in mandibular geometry can be inferred from me-
chanical modeling, although functional outcomes
can be complex and not necessarily predictable
from linear data (Sella-Tunis et al., 2018), to which
end three-dimensional structural modelling using
finite-element analysis would be appropriate (see
Morales-Garcia et al., 2019).

Multiple hypotheses pertain to the possible se-
lective advantages of EDAR V370A, and none of
these are mutually exclusive. Recognition of the
temporal correlation between allele age and the
timelines for wild grain consumption and domesti-
cation in East Asia, however, provides a linkage
between diet and nutritional gain during the tran-
sition to agriculture. Worldwide, this transition
has been associated with diverse changes in hu-
man behavior and morphological features, and is
suggestive of powerful selective forces at play. For
example, an allele for a highly active form of alco-
hol dehydrogenase originated in central China in
parallel with rice domestication, prompting specu-
lation as to increased dietary exposure to ethanol
derived from carbohydrate fermentation (Peng et
al., 2010). The pleiotropic effects of EDAR V370A
are multifaceted, and unifactorial explanations for
associated selective forces are likely to be incom-
plete. Nonetheless, chronic energetic benefits con-
current with grain domestication in East Asia have
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not previously been envisioned for this allele, and
may have been of considerable advantage.
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BOOK REVIEW

A World View of Bioculturally Modified Teeth.
Edited by Scott E. Burnett and Joel D. Irish.
University Press of Florida. 2017. 368 pp.,
$110.00 (hardcover). ISBN: 9780813054834.

There is great public and academic interest in inten-
tional body modification. Interest is largely driven
by the glimpse that bodily alterations offer into the
belief systems of past and present societies. In focus-
ing on the myriad populations that practice(d) inten-
tional modification of the teeth, the edited volume, A
World View of Bioculturallu Modified Teeth, offers read-
ers a fascinating collection of chapters that illustrate
the worldwide and temporal variation of an ancient
practice. Four main types of intentional dental modi-
fication are discussed across 20 chapters: ablation
(intentional tooth removal), filing, notching and in-
cising, inlays (drilling the tooth to insert precious
stones or metal), and tooth dyeing. The volume edi-
tors, Scott Burnett and Joel Irish, have the expertise
and network to move such research in a much need-
ed direction with the aim of pulling together popula-
tion-level data rather than case studies of single indi-
viduals or sites, which have dominated the scholarly
literature up to now. This approach fosters greater
understanding of the social implications and biologi-
cal consequences of intentional dental modification.
The book is divided into four sections covering
different geographic regions: I) Africa, II) Europe
and Northeast Asia, III) Southeast Asia, Australia,
and Oceania, and, IV) the Americas. South America
is, unfortunately, missing, though an Introduction
written by Burnett and Irish provides a useful over-
view and ample references to work done in this re-
gion. Geographic coverage by the volume is, none-
theless, expansive. It is fitting that a foreword by
Clark Spencer Larsen and a conclusion chapter by
George Milner bookend the volume, as they pub-
lished a widely read and highly regarded review of
archaeological cases of dental modification in 1991.
There is a nice mix of early, mid- and late career
scholars such that the volume contains chapters by
the ‘who’s who' of dental anthropology but also
brings newer researchers into the fold. As well, the
authors come from different professional environ-
ments, including government ministries, museum
curators, private companies, and various universi-
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ties. Within the overarching theme of population
perspective, the chapters have different aims, which
exposes the reader to a broad range of methods that
are used to explore diverse questions. The chapters
are well written, clearly organized and blessedly
concise. The most commonly discussed topics are (i)
improved diagnostic methods (especially to distin-
guish causes of tooth ablation), (ii) the possibility
that tooth ablation in some African groups was done
because tetanus or infantile fever caused lockjaw,
(iii) the effect of dental modification on oral health,
(iv) the tools and methods used to modify teeth
along with the proficiency of the person who per-
formed the procedure, (v) the association of modifi-
cation with sex, age, status, family/lineage, popula-
tion and other identity categories, (vi) the role of
modification as a physical signal to people/groups
within (intra-) vs. outside (inter-) the population,
(vii) the origin of the practice especially in regard to
cultural diffusion vs. independent invention, and
(viii) the use of spatiotemporal patterns of modifica-
tion to infer movement and interaction amongst past
populations.

The book is best suited to readers with some basic
(bio)archaeological knowledge, but for the most part
can also be understood by those without such
knowledge. Most chapters contain evocative photo-
graphs of modified teeth and, if anything, one could
wish for more of these. Other depictions of tooth
modification are also compelling, including an im-
age from the ancient Egyptian Tablet of Terura de-
picting a man being fed through a hollow tube
placed in an opening possibly left by ablated teeth
that were removed because of lockjaw (in the chap-
ter by Bolhofner about Ancient Nubia) and a picture
of an approximately 2000-year-old stone rain deity
mask with clear evidence of inlays in the anterior
teeth (in the chapter by Mayes and colleagues about
Oaxaca, Mexico). Harvey and colleagues created use-
ful drawings that reconstruct the face and smile of
Jomon individuals from Japan with tooth ablation
(to “flesh out the skulls’). Many chapters include fas-
cinating and informative accounts of tooth modifica-
tion by past indigenous peoples and those with
whom they came into contact (from sub-Saharan
Africa, Southeastern Australia, Western Micronesia,
Mesoamerica, and ancient Nubia) and the chapters
on Taiwan, by Pietrusewsky and colleagues, and
Bali, by Artaria, even include photographs of recent
people undergoing tooth modification.

A valuable feature of this book is two chapters
that explore intentional dental modification in mod-
ern populations, one living in Cape Town, South
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Africa, in a chapter by Friedling, and the other living
on the island of Java in Indonesia, in a chapter by
Artaria. The ability to ask people why they chose to
modify their teeth provides tremendous insight into
what is often the most elusive question we have of
past populations, which is “why did they do that?”
Respondents gave a variety of reasons for removing
or filing their teeth, most commonly involving no-
tions of beauty, identity, and custom. I would have
appreciated a chapter about modern-day dental pro-
cedures common in Western and other societies, of-
ten termed ‘cosmetic dentistry’, and including teeth
straightening, whitening, replacement (i.e. veneers,
caps including decorative gold crowns, bridges, den-
tures, etc.) and even the wearing of dental grills.
Such chapters would serve to lessen the ‘othering’
that can happen with a book like this, as many read-
ers will associate the examples with foreign places
and peoples, and not think about dental modifica-
tion for non-therapeutic purposes as a practice that
is common in their own society.

The most common finding across populations that
practiced dental modification is its occurrence dur-
ing adolescence (circa 10-25 years of age), with the
physical changes of puberty most closely tied to cer-
emonial events. Other findings common across pop-
ulations proved elusive, as the association of dental
modification with sex, status, and other identity
groups is quite variable. An unexplored avenue is
the comparison of skeletal markers of repetitive
physical activity, such as long-bone cross-sectional
geometry or muscle entheses, among those with and
without dental modification, to identify different
task or occupation groups, especially involving dif-
ferential mobility. As well, at sites with skeletons
suitable for radiocarbon dating, Bayesian modelling
of each individual could illuminate fine-scale tem-
poral patterns in dental modification.

The chapters that explored the effect of dental
modification on oral health, perhaps surprisingly,
did not always find a significant increase in caries or
infection rates, although authors note these findings
need to be substantiated with tooth specific data and
by taking into account confounding factors such as
age, diet, and dental wear. Radiographic and micro-
scopic methods proved useful in detecting changes
in the inner tooth layers (dentine and pulp) and alve-
olar bone. A future avenue to explore the impact of
dental modification on oral health is via human and
microbial biomolecules (proteins and DNA) in calcu-
lus deposits.

This volume demonstrates that isotopic methods
can elucidate relationships between dental modifica-
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tion and aspects of identity, as shown by Kusaka
who used stable carbon and nitrogen isotopes to re-
construct dietary differences among different Jomon
sites; Hedman and colleagues who used strontium
isotope ratios to determine the birthplace of individ-
uals with dental modification at Cahokia; and New-
ton and Domett who reference oxygen and stronti-
um isotope work being done to detect immigrants at
several Southeast Asian sites. While there were no
chapters in this volume that used ancient DNA data
to explore genetic affinity and dental modification
patterns, such work has recently been done and will
no doubt become more common in the future.

All in all, the reader will undoubtedly come away
with an appreciation of the wide range of insights,
ranging from the ‘how’ to the ‘why’, that can be
drawn by studying intentional dental modification.
The editors and authors aptly demonstrate the utility
of population-level investigations. As is often the
case in bioarchaeology, much of the research raises
just as many questions as answers. Yet, with new
research broaching ever more sophisticated ques-
tions, as seen in this volume, our understandings are
sure to grow and improve.
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