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1. Introduction

Dental age, or predicted age, is a chronological term corre-
sponding to the developmental stages of an individual tooth or a set
of teeth (Smith, 1991). Dental age standards for modern human
populations have been published in several studies, with most
relying on children of primarily European descent (Demirjian et al.,
1973; Smith, 1991; Willems et al., 2001; Te Moananui et al., 2008;
AlQahtani et al., 2010). Actual histology (Dean et al., 2001) and,
more recently, virtual histology using submicron synchrotron
scanning (Smith et al., 2010a, 2015; Xing et al., 2019) have made the
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estimation of chronological age of juvenile fossil hominins possible.
Comparing fossil hominin chronological age estimates with dental
age estimates based on modern human standards can reveal
whether a particular fossil hominin had advanced dental devel-
opment, with potential implications for the pace of its life history
(Smith et al., 2007a, b, 2010a; Dean and Liversidge, 2015; Xing et al.,
2019).

Most recently, Xing et al. (2019) estimated the dental age of the
Xujiayao juvenile (PA1480), a late Middle Pleistocene archaic
hominin from East Asia, using the system introduced by
Shackelford et al. (2012) that used data fromMoorrees et al. (1963).
On this basis, we found that the chronological age of Xujiayao (6.51
years) could be easily accommodated within the range of modern
human dental ages based on either individual teeth or the whole
dentition (Xing et al., 2019). Xujiayao's dental age based on six teeth
was very close to its chronological age, suggesting that its dental
development was not accelerated compared with that of modern
humans. In addition, we found that the Xujiayao teeth have several
developmental features that trend with those found in modern
humans, including prolonged crown formation times, delayed first
molar emergence, and increased density of perikymata in the cer-
vical halves of teeth. These findings indicate that Xujiayao may be
the first archaic Homo to display a suite of modern human devel-
opmental features (Xing et al., 2019).

Subsequent to our study, �Se�selj et al. (2019) published a new set
of reference values for estimating dental ages based on develop-
mental stages of forming permanent canines, premolars, and mo-
lars of 590 individuals, predominantly of European descent, from
the Fels Longitudinal Study (FLS). They used longitudinal
ating dental age for the Xujiayao juvenile, a late Middle Pleistocene
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radiographs that were taken between 1929 and 1984, including
those used by Moorrees et al. (1963). Using transition analysis,
�Se�selj et al. (2019) produced reference age values to estimate dental
ages, finding them to be generally higher than those of Moorrees
et al. (1963) but comparable with those of Liversidge (2009).
These authors argued that their reference values, and those of
Liversidge (2009), are more accurate than those of Moorrees et al.
(1963). Using these new reference values, �Se�selj and Konigsberg
(2020) estimated the dental age of Xujiayao at 7.72 years old,
with a 95% confidence interval from 6.52 to 9.13 years of age. We
have no disagreement with their estimate using these new refer-
ence standards.

However, we do question their central conclusion about
Xujiayao's pace of dental development. Based on their dental age
estimate, �Se�selj and Konigsberg (2020: 4) concluded that “although
many aspects of dental development in Xujiayao 1 may well be
within the range of variation of recent modern humans, we find
that the stages of its dental development, given its chronological
age, appear to be accelerated compared with average recent mod-
ern human values observed in the FLS sample and an unrelated,
ethnically diverse clinical sample of London children (Liversidge,
2009). Relative to recent modern human children of comparable
stages of dental development, the chronological age of Xujiayao 1 of
6.51 years falls on the lower bound of the 95% HPD interval (i.e., the
accelerated end) for the FLS sample, well below the median of 7.72
years, and within, although toward the lower end, of the 95% HPD
interval for the London sample, below themean of 7.3 years. Jointly,
this strongly suggests that the tempo of dental development in
Xujiayao 1 was accelerated compared with recent modern human
children of comparable chronological age.”Wequestion the validity
of this conclusion because it assumes that the FLS-based reference
age values accurately reflect the range of variation in dental
development present in modern humans. Do these reference
standards, for example, accurately predict known ages of modern
human children from diverse modern human populations? It is
known that some populations of non-European descentde.g., Pa-
cific Islanders and the Maori (Te Moananui et al., 2008) and black
southern Africans (Tompkins, 1996a, b; Liversidge, 2008; Reid and
Guatelli-Steinberg, 2017; Esan and Schepartz, 2018)dhave more
rapid rates of dental development than modern Europeans. The
necessity of evaluating rates of hominin dental development in this
broader human context has, indeed, been a recurrent theme in the
literature (Mann et al., 1990; Guatelli-Steinberg, 2009; Dean and
Liversidge, 2015).

�Se�selj and Konigsberg (2020) appear to recognize the impor-
tance of including a wide range for estimating age in fossil homi-
nins. They contend that their results for Xujiayao are comparable
with those obtained by using what they term an ‘ethnically diverse’
sample from Liversidge (2009), consisting of data from white and
Bangladeshi Londoners. Although the Liversidge (2009) study used
a very large (n ¼ 1050) and valuable sample, we do not consider
that sample to be ‘diverse’ enough to capture the broader range of
human variation. Although a truly ethnically diverse sample is not
available to us for comparison, here, we use modern South Africans
from the WITS Atlas (Esan and Schepartz, 2018) and Europeans
from the London Atlas (AlQahtani et al., 2010) as reference samples
to evaluate whether the dental stages of Xujiayao can be encom-
passed within a more ethnically diverse modern human sample of
similar age. The selection of these two comparative frameworks is
intended to provide a fuller picture of the range of modern human
variation. The results show that the Xujiayao juvenile's state of
dental development can be easily accommodated within that of
modern 6- to 7-year-old black southern African children. On this
basis, we disagree with the conclusion that Xujiayao is particularly
developmentally advanced relative to modern humans.
Please cite this article as: Xing, S et al., A broader perspective on estim
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2. Methods and results

2.1. Dental stages of Xujiayao using the Demirjian system

In our original publication (Xing et al., 2019), we scored the
Xujiayao fossil using the dental stage descriptions of Moorrees et al.
(1963). To compare Xujiayao's state of dental development with
that of black southern Africans reported in theWITS Atlas (Esan and
Schepartz, 2018), we report scores based on the Demirjian et al.
(1973) system in the following paragraphs.

The I1 of the Xujiayao juvenile is broken, but its original length
could be reasonably reconstructed following the extension of the
outer and intersurface profiles. After the restoration, the root length
is still clearly shorter than the crown height, but has passed one-
quarter of the estimated root length. It is graded as stage F to
avoid underestimating the dental age of Xujiayao. The P3 and P4 just
started root formation, and the stages of these two teeth were
scored as stage D. The root of the canine is only slightly longer than
that of the premolars, but is still less than one-quarter of the
apparent full length. To avoid underestimating dental age, we
scored it as stage E. The M1 has completed about three-quarters of
its full length, has with a wide open apex, and therefore fits the
criterion of stage G. The hypocone of the M2 is close to completion,
whereas the other cusps have incipient root parts, so the stage of
this tooth is graded as D. Table 1 summarizes the Moorrees et al.
(1963) and Demirjian et al. (1973) scores for the Xujiayao juvenile.

2.2. Dental age of Xujiayao using reference data of modern Africans
and Europeans

To evaluate whether the dental stages of Xujiayao are compa-
rable with those of modern black southern Africans of a similar age,
we indicate the Xujiayao dental stages (Table 2) in the table pub-
lished by Esan and Schepartz (2018) for the maxillary dentition of
children between 6 and 6.99 years of age. We chose this age range
because it brackets the chronological age of 6.51 years obtained
from virtual histology. All of Xujiayao's scores fall within the range
of observed variation for 6- to 6.99-year-olds (n ¼ 54) present in
this modern black southern African sample. The comparisons in
Table 2 show that the D stage for the Xujiayao P3, P4, andM2 and the
F stage for the Xujiayao I1 are the most common scores of the age
range of 6e6.99 years for the black southern African children. Two
teeth, Xujiayao's C1 and M1, are at the accelerated end of the
spectrum for this age range, but are nevertheless encompassed
within it. For both teeth, 14.8% of the samples fall into the same
categories as Xujiayao.

In Table 2, we also indicate the Xujiayao scores in the 7- to 7.99-
year age bracket given in Esan and Schepartz (2018). This age range
spans the dental age of 7.72 years that �Se�selj and Konigsberg (2020)
calculated for Xujiayao. In contrast to the 6- to 6.99-year age
bracket, not all of Xujiayao's dental development scores fall within
the observed range of variation in the 7- to 7.99-year age interval
for the modern black southern African population sample (n ¼ 15).
Table 2 shows that the Xujiayao I1 developmental stage was never
observed in this age bracket; the tooth is less advanced than that of
any of the children in this age range. For four tooth types (C1, P4, M1,
and M2), the Xujiayao developmental stage falls in the most
commonly occurring stages for this age range. For the P3, Xujiayao's
developmental stage falls within the second most commonly
occurring stage, which is also the least advanced stage for these
children.

To better contextualize these findings, we also include
Xujiayao's Moorrees scores relative to the London Atlas of Tooth
Development in Table 3 (data from AlQahtani et al., 2010: Table 5).
The P4 is more developed than that of any of the 6.5-year-olds in
ating dental age for the Xujiayao juvenile, a late Middle Pleistocene
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Table 1
Dental stages of Xujiayao 1 based on two different systems.a

Xujiayao teeth Dental stages following Moorrees et al. (1963) Dental stages following Demirjian et al. (1973)

I1 R1/2 F
C1 R1/4 E
P3 Ri D
P4 Ri D
M1 R3/4 G
M2 Crc D

a Crc ¼ crown complete; Ri ¼ initial root formation; R1/4 ¼ root length 1/4; R1/2 ¼ root length 1/2; R3/4 ¼ root length 3/4.

Table 2
The counts of individuals from Esan and Schepartz (2018) within the range of 6e6.99 and 7e7.99 years of age (combined for sex).a

B C D E F G H Total Xujiayao timing compared with the African sample

Maxilla 6e6.99 years
I1 1 3 36 8 6 54 On par with the majority (67%) of the African sample
C1 2 42 8 2 0 0 54 More advanced than 81% (44/54) of the African sample; differs from the majority by 1 stage
P3 2 52 0 0 0 0 54 On par with the majority (96%) of the African sample
P4 12 42 0 0 0 0 54 On par with the majority (78%) of the African sample
M1 10 36 8 0 54 More advanced than 85% (46/54) of the African sample; differs from the majority by 1 stage
M2 22 30 2 0 0 0 54 On par with the majority (56%) of the African sample
Maxilla 7e7.99 years
I1 0 3 12 15 Less advanced than 100% (15/15) of the African sample; differs from the majority by 2 stages
C1 3 9 3 0 0 15 On par with the majority (60%) of the African sample
P3 5 7 3 0 0 15 Less advanced than 67% (10/15) of the African sample; differs from the majority by 1 stage
P4 12 2 1 0 0 15 On par with the majority (80%) of the African sample
M1 4 9 2 15 On par with the majority (60%) of the African sample
M2 10 5 0 0 0 15 On par with the majority (67%) of the African sample

a The scoring system (A, B, C, D, E, F, G, and H) of Demirjian et al. (1973) was used to grade the dental stages. A is the least developed, and H is the most advanced
developmental stage. For each tooth type, the development stage for which the largest proportion of the sample was scored is highlighted in boldface. The dental stages of the
Xujiayao teeth are italicized.

Table 3
Range of reported developmental stages found in 6.5- (n ¼ 24) and 7.5-year-olds (n ¼ 24) from the London Atlas (AlQahtani et al., 2010).a

Minimum Median Maximum Xujiayao's relative timing compared with the London Atlas (LA) sample

6.5-year-olds
I1 Crc R1/4 R1/2 R3/4 Toward the advanced end of the LA sample (between the median and maximum)
C1 Crc Ri R1/4 At the advanced end of the LA sample (maximum)
P3 Cr3/4 Crc Ri At the advanced end of the LA sample (maximum)
P4 Cr1/2 Crc Crc Ri More advanced than the entire LA sample
M1 R1/4 R1/2 R3/4 At the advanced end of the LA sample (maximum)
M2 Coc Cr1/2 Crc At the advanced end of the LA sample (maximum)
7.5-year-olds
I1 R1/4 R1/2 R3/4 Rc Toward the slower end of the LA sample (between the minimum and medium)
C1 Ri R1/4 R1/2 On par with the LA sample (median)
P3 Cr3/4 Ri R1/4 On par with the LA sample (median)
P4 Cr3/4 Crc Ri R1/4 Toward the advanced end of the LA sample (between the median and maximum)
M1 R1/4 R3/4 A1/2 On par with the LA sample (median)
M2 Cr1/2 Crc Cr3/4 R1/4 Toward the slower end of the LA sample (between the minimum and medium)

a The scoring system of Moorrees et al. (1963) was used to grade the dental stages. From least advanced to most advanced, the abbreviations are as follows: Coc ¼ cusp
outline complete; Cr1/2¼ crown 1/2 complete; Cr3/4¼ crown 3/4 complete; Crc¼ crown complete; Ri¼ initial root formation; R1/4¼ root length 1/4; R1/2¼ root length 1/2;
R3/4 ¼ root length 3/4; A1/2 ¼ apex 1/2 closed. For each tooth type, the dental stages of the Xujiayao teeth are italicized.
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this sample (n ¼ 24), while all of Xujiayao's values can be found
among white and Bangladeshi 7.5-year-old Londoners (n ¼ 24).
3. Discussion and conclusions

�Se�selj et al. (2019) provided an important new set of reference
values for dental aging. We do not question that their values pro-
vide more accurate age estimates in their population samples than
those of Moorrees et al. (1963), which they found to underestimate
chronological ages, nor do we question the assessment by �Se�selj
and Konigsberg (2020) of Xujiayao's dental age based on these
new standards. We do, however, question whether the chrono-
logical age of Xujiayao, or any fossil hominin, should be designated
Please cite this article as: Xing, S et al., A broader perspective on estim
archaic hominin from East Asia, Journal of Human Evolution, https://doi.
as advanced compared withmodern humans based on dental aging
standards that rely on people of primarily European descent.

There is mounting evidence that in some modern human pop-
ulations, dental development occurs at a faster pace than it does in
modern Europeans (Liversidge, 2008; Te Moananui et al., 2008;
Reid and Guatelli-Steinberg, 2017; Esan and Schepartz, 2018). For
New Zealand children, Te Moananui et al. (2008) found that dental
ages using the Demirjian (1994) system consistently overestimated
mean dental age for European, Maori, and Pacific Islander samples,
especially for the Maori and even more so for Pacific Islanders. For
example, for boys with a chronological age of 6 years, the Demirjian
dental ages were, on average, 0.78 years older for boys of European
descent, 0.88 years older for boys of Maori descent, and 1.19 years
older for boys of Pacific Island descent.
ating dental age for the Xujiayao juvenile, a late Middle Pleistocene
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For black southern Africans, there is evidence from both radio-
graphic studies (Tompkins, 1996a, b; Liversidge, 2008; Esan and
Schepartz, 2018) and one histological study (Reid and Guatelli-
Steinberg, 2017) of dental advancement relative to modern peo-
ple of European ancestry. Liversidge (2008) found that the
mandibular third molars of black South African children initiate
and complete formation earlier than both white and Bangladeshi
London children. Given the advancement at all stages of black
southern African third molar formation, Liversidge (2008) sug-
gested that initiation of the third molar might be earlier in black
southern Africans than in Bangladeshi or white Londoners. Reid
and Guatelli-Steinberg (2017) confirmed this suggestion; they
found, through histological examination, that earlier ages of both
M2 and M3 initiation in black southern Africans corresponded with
their earlier ages at crown completion, as compared with in-
dividuals of European ancestry. Esan and Schepartz (2018), recog-
nizing the limitations of European-based standards for dental age
estimation of black southern African children, produced a
population-specific dental atlas, called theWITS Atlas. Based on the
‘number and magnitude’ of the differences between this and the
London Atlas, these authors concluded that the London Atlas “is not
suitable for age estimation of Black Southern Africans” (Esan and
Schepartz, 2018: 215). They noted, for example, that a 9.5-year-
old southern African child with emerged first premolars would be
scored as 11.5 years of age using the London Atlas. Thus, although
dental developmental reference standards for all modern human
populations are not yet available, the growing body of data for non-
European ancestry populations clearly demonstrates that there is
substantial variation in modern human dental development that
should be considered when evaluating developmental timing in
fossil hominins.

With respect to Xujiayao, all the Demirjian dental stage values of
its six teeth fall within those of 6- to 6.99-year-olds of the WITS
Atlas based on black southern Africans, but not all of its values fall
within those of 7- to 7.99-year-olds. By way of contrast, in the
London Atlas, based on London white and Bangladeshi children
(AlQahtani et al., 2010), developmental stages of all six teeth fall
within the 7.5-year-old group, but not within the 6.5-year-old
group. Thus, if judged by the southern African comparison,
Xujiayao's dental age does not appear to be so different from its
chronological age, although for a 6.51-year-old, its canine and first
molar are at the advanced end of the 6- to 6.99-year-old age range.
We agree with �Se�selj and Konigsberg's (2020) suggestion that fast
average root extension rates in Xujiayao's M1 (Xing et al., 2019) may
help to explain the somewhat more advanced development of this
tooth.

The key question is whether Xujiayao, at approximately 6.51
years of chronological age, falls outside the range of variation of
modern human dental development. Given that Xujiayao's
developmental stages can be accommodated within 6- to 6.99-
year-old southern Africans, it seems to be included within this
broader modern range, while the developmental state of its first
molar and canine suggests that it may be at the advanced end of
that range.

Using a large and diverse radiographic reference sample that
included sub-Saharan Africans, Rosas et al. (2017) determined that
Moorrees stage scores for the Neanderthal El Sidr�on J1 placed it at
7.3 years of age, which is slightly younger than its histologically
estimated age of 7.7 years. This result is interesting insofar as other
studies suggested accelerated rages of dental development in Ne-
anderthals (Smith et al., 2007a, 2010a). This result is also inter-
esting because four of the six Xujiayao teeth (I1, P3, M1, and M2) are
at earlier Moorrees stages than those of El Sidr�on J1, suggesting
that, with respect to this diverse modern human sample, Xujiayao's
dental age would be somewhat less than 7.3 years of age. We
Please cite this article as: Xing, S et al., A broader perspective on estim
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suggest that Xujiayao, like El Sidr�on J1, is encompassed within the
broad range of developmental rates present in people today.

It has been pointed out that even individual extant great apes
(Gorilla, Pan, and Pongo) can overlap with modern humans in the
developmental stages of some teeth at similar chronological ages,
although humans can be distinguished from great apes by their late
M3 initiation ages and completion times (Anemone et al., 1991;
Beynon et al., 1991; Kuykendall, 1996; Dean and Liversidge, 2015).
Long-period line periodicity and crown formation times of extant
apes also overlap with, or can approach, those of modern humans
(Beynon et al., 1991; Reid et al., 1998; Schwartz and Dean, 2001,
Schwartz et al., 2001; Smith et al., 2007c, d; Kelley and Schwartz,
2010). Finally, distribution patterns of perikymata appear to
differentiate humans from great apes (Dean and Reid, 2001), while
later M1 emergence times in humans also appear to more clearly
distinguish them from great apes (Zihlman et al., 2004; Schwartz
et al., 2006; Kelley and Schwartz, 2010; Smith et al., 2010b, 2013;
Kelley et al., 2014). Therefore, a package of dental growth and
development variables, as provided in our original article (Xing
et al., 2019), is especially useful when assessing the modernity of
dental growth and development from individual fossil specimens
(see also Smith et al., 2010a; Rosas et al., 2017). Our reassessment in
the present article supports the original conclusions of Xing et al.
(2019), namely, that with the possible exception of root growth
rates and the pattern (not pace) of dental development, Xujiayao's
dental growth and development is modern.
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