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a b s t r a c t

We present an analysis of a set of previously unreported hominin fossils from Maba (Guangdong, China),
a cave site that is best known for the presence of a partial hominin cranium currently assigned as mid-
Pleistocene Homo and that has been traditionally dated to around the Middle-Late Pleistocene transition.
A more recent set of Uranium series dates indicate that the Maba travertine may date to >237 ka
(thousands of years ago), as opposed to the original U-series date, which placed Maba at 135e129 ka. The
fossils under study include five upper first and second molars and a partial left mandible with a socketed
m3, all recovered from different parts of the site than the cranium or the dated sediments. The results of
our metric and 2D geometric morphometric (‘GM’) study suggest that the upper first molars are likely
from modern humans, suggesting a more recent origin. The upper second molars align more closely with
modern humans, though the minimum spanning tree from the 2D GM analysis also connects Maba to
Homo neanderthalensis. The patterning in the M2s is not as clear as with the M1s. The m3 and partial
mandible are morphometrically intermediate between Holocene modern humans and older Homo sa-
piens. However, a minimum spanning tree indicates that both the partial mandible and m3 align most
closely with Holocene modern humans, and they also may be substantially younger than the cranium.
Because questions exist regarding the context and the relationship of the dated travertine with the
hominin fossils, we suggest caution is warranted in interpreting the Maba specimens.

© 2014 Elsevier Ltd. All rights reserved.
Introduction and background

The Maba (or Ma-pa in earlier transliterations) hominin site is
located in Shizhishan (‘lion hill’ in English), near Maba village,
Shaoguan City, Guangdong Province, China (Fig. 1). Maba is best
known for the discovery of a partial hominin cranium (Wu and
Peng, 1959) in a narrow trench in 1958 by local farmers digging
in the cave for fertilizer (Howells, 1977; Wu and Wu, 1985; Wu and
il.com (C.J. Bae), eric.delson@
Poirier, 1995; Bae, 2010). This specimen has been only incompletely
analyzed to date (see Bae, 2010; Wang, 2011).

Maba is actually a series of inter-connected natural passages
with several cave entrances (e.g., Feisuyan, Yinyan, Shuidong) that
developed over a long period of time as groundwater filtered
through natural faults in the limestone hill. Adjacent to the Maba
site and considered a part of Shizhishan is a second low lying hill.
According to the local Chinese researchers, it is thought that the
two low lying hills once comprised one larger hill. The second hill is
very similar to the first with multiple caves and naturally winding
passages that connect the caves. Although vertebrate fossils were
found in the second cave, no hominin fossils or archaeological
materials of note have been reported.

mailto:cjbae@hawaii.edu
mailto:k_s_g@hotmail.com
mailto:eric.delson@lehman.cuny.edu
mailto:eric.delson@lehman.cuny.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhevol.2014.04.003&domain=pdf
www.sciencedirect.com/science/journal/00472484
http://www.elsevier.com/locate/jhevol
http://dx.doi.org/10.1016/j.jhevol.2014.04.003
http://dx.doi.org/10.1016/j.jhevol.2014.04.003
http://dx.doi.org/10.1016/j.jhevol.2014.04.003


Figure 1. Map of China with location of Maba and other important Mid-Pleistocene Homo localities (Xujiayao, Jinniushan, Dali, Chaoxian).
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No Paleolithic archaeological traces (e.g., lithic or bone artifacts,
hearths, fire-cracked rock, etc.) have been reported from Maba. A
detailed taphonomic study of the Maba faunal assemblage to
identify presence/absence of hominin behavioral traces has yet to
be conducted.1 A Neolithic deposit is present at the top of Shiz-
hishan, roughly 40e50 m to the west and 20e30 m above where
the Maba craniumwas found. The Neolithic deposits do not appear
to be related in any way to the Maba materials discussed here.
Following the discovery of the Maba cranium, the Guangdong
provincial and Qujiang district governments decided to preserve
the site, which involved muchmodification of the original passages
and cementing over some features.

A diversity of Late Pleistocene fauna was identified at Maba,
including such extinct taxa (at least for southernChina) asRhinoceros
sinensis, Stegodon orientalis, Palaeoloxodon namadicus, and Crocuta
crocuta (Wu and Poirier, 1995). Ailuropoda was identified in the
faunal assemblage, which could suggest the presence of a heavily
bamboo forested environment. However, no micromammal bones
1 The excavations at Maba occurred at a time when no systematic program
existed to completely retain all faunal materials, particularly the difficult-to-
identify bone fragments (see Norton and Gao, 2008 for similar difficulties with
the analysis of the Zhoukoudian Upper Cave faunal materials). Thus, except for the
most easily identifiable teeth and cranial fragments that are currently stored in the
Maba Museum and elsewhere (e.g., Institute of Vertebrate Paleontology and
Paleoanthropology), it would be difficult to track down a more complete sample of
the original faunal assemblage.
assigned to Rhizomys sinensis (bamboo rat) were reported. The
presence of Rhizomys, which lives primarily on bamboo roots, could
also be used as indirect evidence of a more heavily bamboo forested
environment (Lycett and Bae, 2010). No non-human primates were
identified in the Maba faunal collection; these are also useful in-
dicators of a heavily forested environment (Norton et al., 2010). A
moredetailed analysis of the faunal assemblage iswarranted inorder
to better understand the paleoenvironment around Maba.
Chronology

Several different dates for Maba exist based on biostratigraphy
and Uranium-series geochronology. Based on biostratigraphy, the
Maba site has been assigned to the Late Pleistocene (Han and Xu,
1989). The original U-series date of 135e129 ka (thousands of
years ago) places Maba at the very end of the Middle Pleistocene
(Yuan et al.,1986). However, a second set of U-series dates averaging
>237 ka was more recently published (Gao et al., 2007), leading to
the suggestion that the minimum age of Maba should be > 237 ka,
rather than ~130 ka. Although the two U-series dates are widely
divergent, both derived from samples collected from the same
flowstone. Gao et al. (2007), using more modern methodologies,
suggest that the >237 ka date is more reliable than the original
~130 ka date. It should be noted that the flowstone is actually about
20 m south of the location of the Maba cranium and even farther
away from the locations of where the materials being presented



Figure 2. The Maba (Feisuyan) mandible (medial, lateral, superior views).
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here were found.2 Accordingly, there is currently no way to narrow
the age range of the Maba hominin fossils, including the fossils
discussed here, but especially the Maba cranium, except to say that
they may date to the Middle Pleistocene, may date to the Late
Pleistocene, or may even be of more recent origin. The associated
fauna, however, does at least suggest a Late Pleistocene age for some
of the human fossils. Because there is no way for us to show a
precise stratigraphic relationship between the flowstone and the
hominin fossils, we suggest caution is warranted in any study that
utilizes the U-series dates in a chronophenetic analysis of the Maba
materials. If permission were to be obtained in the future, it would
be worthwhile to attempt direct dating of all the Maba human
fossils using 14C, U-series and/or ESR approaches (see Joannes-
Boyau and Grün, 2011; Aubert et al., 2012; Storm et al., 2013).

Maba hominin fossils

The original Maba cranium is currently housed in the Institute of
Vertebrate Paleontology and Paleoanthropology (IVPP) in Beijing,
where it is cataloged as PA 84.3 Casts are found in many different
research institutions. The Maba fossil is comprised of a relatively
complete calotte, a large portion of the right orbit and part of the
nasal (Wu and Poirier, 1995; Bae, 2010). Some paleoanthropologists
have suggested that Maba represents an eastern Asian Neanderthal,
primarily because of its purported age, rounded orbits, and the
presence of robust supraorbital tori (e.g., Wu and Peng, 1959;
Howells, 1977). The Maba cranium has been well described else-
where (Wu and Wu, 1985; Wu, 1988; Pope, 1992; Wu and Poirier,
1995; Bae, 2010).

The focus of the present study is an additional set of hominin
fossils that were discovered in 1960 and 1984 during follow up
investigations of the Maba cave site (Figs. 2 and 3). Photographs of
these fossils were published in 1988 (Guangdong Provincial
Museum and Museum of Qujiang County, 1988), but no detailed
analysis has yet been conducted. During the 1960 field season, a
partial mandible (PA 104) with a socketed lower molar was
discovered in backfill from an area that has been called Feisuyan.
Feisuyan is located about 10e15 m above and west of the Maba
cranium trench, from which the backfill is thought to have origi-
nated. In 1984, two loose teeth were discovered in an area referred
to as Yinyan Cave, about 10e15 m to the north of the Maba cranium
trench; unfortunately, we were unable to locate one of these two
teeth. Also in 1984, three loose teethwere excavated from Shuidong
Cave, which is located about 10e15 m to the east of the Maba
cranium trench. The stratigraphic and temporal relationships
among these three sets of specimens and the original Maba cra-
nium are unclear at best.

Materials and methods

In order to be able to discuss the Maba and other fossils without
recourse to a taxonomic determination, we use the neutral term
mid-Pleistocene Homo (mPH, see Wang, 2011; also Athreya, 2007,
for a slightly different concept) for specimens that are not readily
identified as Homo erectus, Neanderthal or modern human. This
2 Unfortunately, no map exists that illustrates the relationship between the
travertine sampled for the dating analysis, the Maba cranium, and the hominin
fossils discussed in this study. In a paper which appeared while this study was in
press, Shen et al. (2014) provide a plan view of the site with elevations of different
areas.

3 ‘PA’ is the catalog number sequence of the IVPP for paleoanthropological ma-
terials; archaeological and vertebrate paleontological materials are given a different
designation (e.g., non-hominoid vertebrate fossils begin with the letter ‘V’). Re-
searchers from the IVPP were originally involved with the Maba field projects.
term is roughly equivalent to ‘archaic Homo sapiens’, but without its
nomenclatural baggage.

Materials (Maba fossils)

Because the Maba teeth and mandible have not been previously
reported, particularly to the international scientific community, we
provide morphological descriptions of each of the fossils. We relied
primarily on the following references for the morphological de-
scriptions: Aiello and Dean (1990), Turner et al. (1991), Scott and
Turner (1997), and White and Folkens (2000). We use uppercase
‘M’ to represent upper molars and lowercase ‘m’ for lowers,
following current paleontological practice (see author guide for the
Journal of Vertebrate Paleontology). Cusp sizes are estimated here,
although important data can be obtained from detailed metric
analyses of cusp sizes (see Bailey and Lynch, 2005; Quam et al.,
2009; G�omez-Robles et al., 2011a).
Yinyan Left M2 (#1) (Fig. 3, row A) Relatively unworn complete
tooth with three intact roots. The original Chinese publication
(Guangdong Provincial Museum and Museum of Qujiang County,
1988) lists this specimen as an M2, but it is difficult to identify
with certainty. The roots do not diverge as much as would be
expected in an M1 (White and Folkens, 2000; Bailey, Personal
communication). On the other hand, the paracone of the Yinyan
tooth is expanded mesiobuccally, making the occlusal surface
shape somewhat rhomboidal, while the occlusal surface of an M2
tends to be relatively square. Moreover, although the distal
enamel edge displays a small interproximal contact facet (‘IPCF’),
the mesial face does not show an IPCF, which is unexpected in



Figure 3. The Maba teeth (1: mesial view; 2: distal view; 3: lingual view; 4: buccal
view; 5: occlusal view). A: Yinyan left M2 (our specimen #1); B: Shuidong right M2
(our specimen #2); C: Shuidong right M1 (our specimen #3); D: Shuidong right M1
(our specimen #4); E: Feisuyan left m3 (our specimen #5). For instance, A1 ¼ Yinyan
left upper M2 (mesial view).
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any upper molar. Overall, we agree with the original view that this
specimen is most likely an M2.

The occlusal surface of the Yinyan M2 has four distinct cusps,
with the protocone being the largest. The cusp size sequence is
protocone > metacone ~ ¼ paracone > hypocone. No other dis-
tinguishing characters (e.g., Carabelli's cusp, accessory tubercles,
parastyle, enamel extensions) appear on this specimen.4 The roots
are fairly straight and sit directly under the crown. The lingual root
is the largest. The mesiobuccal and distobuccal roots are thinner
and become bifurcated about halfway down the roots; both display
some evidence of rodent gnawing. Because we could confidently
identify the cusps, we included this specimen in the linear mea-
surement and geometric morphometric analyses.

Shuidong Right M2 (#2) (Fig. 3, row B) Very worn tooth with two
intact roots and one chipped root. The original Chinese publication
lists this specimen as an M2. Because of the extensive wear on the
occlusal surface it is difficult to determine whether this tooth is an
M1 or an M2. For instance, we could not determine relative cusp
4 Carabelli's cusp is usually found in European populations (Scott and Turner,
1997). Although the trait was identified on the Chaoxian M1s (Bailey and Liu,
2010), it was not found to be present on the Maba teeth.
size. However, the presence of IPCFs on both the mesial and distal
enamel edges rejects its identification as an M3. The mesiobuccal
and distobuccal roots are intact, but the lingual root is chipped
about halfway down. The mesiobuccal and distobuccal roots are
also curved toward the distal side, a feature often present in M3s
and sometimes present in M2s. This specimen seems most prob-
ably an M2. Due to the extensive wear on the tooth, no other dis-
tinguishing characters are present except for a slight enamel
extension between the mesiobuccal and lingual roots. Because the
occlusal surface was very worn, this specimen was not included in
the geometric morphometric analysis.
Shuidong Right M1 (#3) (Fig. 3, row C) Very worn tooth with one
intact root and two chipped roots. The original Chinese publication
lists this specimen as an M1, and we concur with this assessment.
Despite extensive wear on the occlusal surface, the overall shape of
the tooth is rhomboidal. The lingual root is intact and does not sit
directly under the occlusal surface but rather is oriented more
lingually. A piece of the lingual root is chipped off toward the base.
The chip does not appear to be from rodent gnawing, but likely
derived from another natural process. The mesiobuccal and dis-
tobuccal roots are chipped, and a slight enamel extension appears
between them. Because of the extensive wear on the occlusal sur-
face, it was difficult to determine the location of the four primary
cusps. As a result, we chose to exclude this tooth from the geo-
metric morphometric analysis, although we did include it in the
analysis of the linear measurements.
Shuidong less worn Right M1 (#4) (Fig. 3, row D) Relatively un-
worn crown with only the base of the roots. The original Chinese
publication lists this specimen as an M1, and we agree with this
identification. The overall shape of the occlusal surface is rhom-
boidal and skewed slightly toward the buccal side. Interproximal
contact facets are present on both the mesial and distal enamel
edges. Four cusps are readily identified on this specimen, with the
cusp size sequence protocone > paracone > hypocone > metacone.
No other distinguishing characteristics are present. Because this
tooth is relatively unworn and the cusps could be confidently
identified, it was included in the metric and geometric morpho-
metric analyses.
Feisuyan Left m3 (#5) (Fig. 3, row E) Relatively unworn occlusal
surface with two roots (mesial and distal). This tooth was socketed
in the adult partial mandible (PA 104), near the ramus, so its
identification as a left m3 is certain. The tooth appears to have been
slightly rotated counterclockwise in the corpus during life, so that
the longitudinal occlusal groove is oblique to the probable tooth-
row orientation. The occlusal surface outline is roughly
pentagonal, having four cusps with size sequence
protoconid > metaconid ¼ entoconid > hypoconid. An anterior
fovea (and a small supernumerary cusp, perhaps what some call a
mesial marginal tubercle) is present between the protoconid and
metaconid. Another supernumerary cusp appears to be present
between the entoconid and hypoconid. Because of the small size,
we feel it is not warranted to call this cusp a hypoconulid; however,
it might be considered an entoconulid. Both roots lie directly under
the occlusal surface of the tooth, and both are freshly fractured
(possibly from excavation?) about half to two-thirds of the way
down the roots. Otherwise, the roots are relatively uninformative.
Because of the unworn nature of the occlusal surface, this
specimen was included in the metric and geometric
morphometric analyses.
Feisuyan Mandible (PA 104) (Fig. 2) The partial left mandible is
nearly intact distal to the m3. The m2 alveolus is complete except
for slight breakage anteriorly; the base of the corpus is also missing
below the m2 and its buccal surface is broken away below the
mesial root of m2 andwhere the distal part of m1 would have been,
revealing part of the inner structure. The ramus includes the



Table 1a
Linear measurements (mm) of the Maba M1s with means and standard deviations
for comparative data. See text for sources of the latter.

Specimen/Population Buccal-Lingual (s.d.) Mesial-Distal (s.d.)

Maba#3 11.10 11.50
Maba#4 10.40 11.40

Au. afarensis (n ¼ 6) 13.37 (1.18) 12.22 (0.91)
Au. africanus (n ¼ 9) 13.83 (0.63) 12.58 (0.36)
P. robustus (n ¼ 15) 14.42 (0.89) 13.71 (0.47)
P. boisei (n ¼ 6) 16.62 (1.02) 15.07 (0.71)
early Homo (n ¼ 10) 13.05 (0.88) 12.73 (0.84)
H. erectus (n ¼ 13) 13.05 (0.86) 11.85 (0.86)
Mid-Pleistocene Homo (n ¼ 4) 12.98 (1.37) 11.53 (1.31)
Neanderthal (n ¼ 10) 12.72 (0.76) 12.26 (0.98)
Middle Paleolithic Modern

Human (n ¼ 5)
12.80 (0.69) 11.16 (0.34)

Upper Paleolithic Modern
Human (n ¼ 155)

12.10 (0.62) 10.60 (0.60)

Mesolithic Modern
Human (n ¼ 187)

11.90 (0.59) 10.40 (0.54)

Neolithic Modern
Human (n ¼ 157)

11.21 (0.60) 9.82 (0.53)

Table 1b
Linear measurements (mm) of the Maba M2s with means and standard deviations
for comparative data. See text for sources of the latter.

Specimen/Population Buccal-Lingual (s.d.) Mesial-Distal (s.d.)

Maba#1 11.30 8.90
Maba#2 10.70 9.40

Au. afarensis (n ¼ 8) 14.64 (0.76) 13.11 (0.70)
Au. africanus (n ¼ 11) 15.60 (0.76) 13.80 (0.71)
P. robustus (n ¼ 12) 15.84 (0.97) 14.73 (0.53)
P. boisei (n ¼ 4) 18.38 (1.87) 16.05 (1.03)
early Homo (n ¼ 6) 14.82 (1.71) 12.77 (1.03)
H. erectus (n ¼ 14) 13.09 (0.95) 11.86 (1.10)
Neanderthal (n ¼ 17) 12.83 (0.85) 10.82 (0.89)
Middle Paleolithic Modern

Human (n ¼ 3)
12.60 (0.40) 10.93 (0.75)

Upper Paleolithic Modern
Human (n ¼ 128)

12.30 (0.77) 10.05 (0.79)

Mesolithic Modern
Human (n ¼ 206)

11.81 (0.78) 9.62 (0.64)

Neolithic Modern
Human (n ¼ 148)

10.92 (0.88) 8.99 (0.61)
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complete mandibular condyle and gonial region, but the tip of the
coronoid process appears snapped off.
Table 1c
Linear measurements (mm) of the Maba m3s with means and standard deviations
for comparative data. See text for sources of the latter.

Specimen/Population Buccal-Lingual (s.d.) Mesial-Distal (s.d.)

Maba#5 11.10 10.50

Au. afarensis (n ¼ 2) 11.70 (0.57) 14.00 (0.85)
Au. africanus (n ¼ 7) 13.74 (0.72) 15.46 (0.93)
P. robustus (n ¼ 10) 14.39 (1.20) 16.65 (1.20)
P. boisei (n ¼ 12) 16.53 (1.14) 19.37 (1.34)
early Homo (n ¼ 8) 13.55 (1.13) 15.83 (1.40)
H. erectus (n ¼ 27) 11.67 (0.86) 12.75 (1.59)
Neanderthal (n ¼ 16) 10.96 (0.55) 11.97 (0.47)
Middle Paleolithic Modern

Human (n ¼ 3)
11.37 (0.50) 12.47 (0.51)

Upper Paleolithic Modern 10.90 (0.95) 10.95 (0.96)
Materials (comparative)

Tooth lengths and widths were collected fromvarious published
sources (Tables 1aec). Comparative tooth measurement data
included Neolithic, Mesolithic, Upper Paleolithic, and Middle
Paleolithic modern humans, as well as Neanderthals (Voisin et al.,
2012). Data from older hominins (australopiths, Homo habilis,
H. erectus, Asian mPHs) were drawn from Robinson (1956), Tobias
(1967), Wood (1991), Wu and Poirier (1995), Kimbel et al. (2004),
Kaifu et al. (2005), Bailey and Liu (2010), and Macaluso (2010).

We conducted a two-dimensional geometric morphometric (2D
GM) analysis on a mixed-sex set of photographic images of left M1s
(n ¼ 53), left M2s (n ¼ 58), left m3s (n ¼ 47), and left mandibles
(linear measurements: n ¼ 62; GM: n ¼ 39) from various hominin
taxa (australopiths, early and later Homo, and modern humans)
including the Maba specimens described above (Table 2aee).5 In
order to increase sample sizes, we mirror-imaged right M1s, right
M2s, right m3s, and right mandibles in cases where an adequate
image of a left was absent, but the right was present. In no case did
we knowingly use images of a right and left tooth or mandible from
the same individual. The modern human samples include some
photographs, but they are primarily based on specimens we were
able to study directly. The modern human mandibles derive from
two collections: 11 specimens, originating from Southeast Asian
cadavers, are part of the comparative human osteology collection
stored at the Joint POW/MIA Accounting Command (Central Iden-
tification Laboratory; JPAC/CIL 1-11) and studied with their
permission; these were included in both the 2D GM analysis and
the linear measurement analysis (data collected by CJB and JJ). We
also included 24 specimens (10 Chinese, 10 African, and four of
European origin) housed in the Division of Anthropology, American
Museum of Natural History, New York (AMNH) in the linear mea-
surement analysis (data collected by NMW). The modern Korean
teeth were donated by Meehyun Jin, D.D.S., and the Neolithic Chi-
nese sample is a collection of human teeth (and bones) recently
5 Because we were working with isolated teeth and mandibles in many cases, it
was difficult, if not impossible, to identify the sex of each specimen. Thus, we refer
to our study collection as ‘mixed-sex’ (sensu Ant�on et al., 2011).
excavated from Dushandong, a human burial cave site located in
the Bose Basin, Guangxi, China and studied with permission from
Wei Wang. Linear measurements of fossil mandibular dimensions
were graciously provided by Antonio Rosas (see e.g., Rosas et al.,
2002) and complemented by data collected by NMW on hominin
casts at the AMNH (Table 2d; Supplementary Online Material
[SOM] Table S1).

Taxa were defined broadly, so that H. erectus as used here in-
cludes specimens sometimes placed in other species (see Baab,
2008, for support of this broad definition); the Tighenif sample is
included in this species as well, as per previous evaluations,
although it might alternatively be considered asHomo cf. antecessor
(Dean and Delson, 1995; Delson and Baab, 2012). The juvenile
Atapuerca specimen from level TD6, referred to Homo antecessor, is
included in the analyses of the m3 and mandible under the mid-
Pleistocene Homo category (Tables 2cee).

In general, we chose high resolution photos of teeth that had
four cusps and complete occlusal outlines. We excluded specimens
from these analyses for many different reasons. For instance, when
the occlusal surface was too worn, damaged, or incomplete, the
specimen was removed from the study (Bailey, 2004; Martinon-
Torres et al., 2006; G�omez-Robles et al., 2007; Bailey and Liu,
2010; Benazzi et al., 2011). A good example of this was when a tooth
Human (n ¼ 117)
Mesolithic Modern

Human (n ¼ 182)
10.23 (0.72) 10.44 (0.77)

Neolithic Modern
Human (n ¼ 110)

9.46 (0.72) 9.84 (0.85)



Table 2a
Taxonomy and identification of the specimens utilized in the 2D GM analysis of the
Maba M1s (n ¼ 53).

Genus/Species Specimens

Au. afarensis (n ¼ 2) AL 200-1; LH 5
Paranthropus boisei (n ¼ 1) OH 5
Paranthropus robustus (n ¼ 1) SK 48
Au. africanus (n ¼ 5) MLD 6, Stw 252, Taung 1;

TM 1512; STS 52
Homo habilis s.l. (n ¼ 5) OH 13, OH 24, OH 65;

AL 666-1; ER 1813
Homo erectus s.l. (n ¼ 5) Sangiran 4; Zhoukoudian;

Dmanisi 2282; Trinil 1;
WT 15000

mid-Pleistocene Homo (n ¼ 3) Arago 21; Petralona;
Steinheim

Homo neanderthalensis (n ¼ 7) Shanidar 2; Amud 1; Kulna;
Pech de l'Aze; Saccopastore 1;
Quina 5; St. C�esaire 1

early modern Homo sapiens (n ¼ 7) Qafzeh 5, 6, 7, 9, 11; Skhul 5;
T�emara

late Upper Paleolithic Homo sapiens (n ¼ 5) Dolní Vĕstonice 13-15;
Kubbaniya; Mlade�c 2

Holocene Homo sapiens (n ¼ 11) Dushandong (DSD1-DSD6);
modern Korean collection
(K6eK9; K20)

Homo sp. indet. (n ¼ 1) Maba 4

Table 2c
Taxonomy and identification of the specimens utilized in the 2D GM analysis of the
Maba m3 (n ¼ 47).

Genus/Species Specimens

Au. afarensis (n ¼ 1) AL 400-1
Au. africanus (n ¼ 1) STS 52
Paranthropus robustus (n ¼ 1) TM 1517
Homo habilis (n ¼ 2) OH 13; OH 16
Homo erectus s.l. (n ¼ 7) Dmanisi 211; ER 992; Sangiran 9;

Sangiran B; Tighenif 2; Tighenif 3; SK 15
mid-Pleistocene Homo (n ¼ 4) Arago 13; ATD6-96; Mauer; Montmaurin
Homo neanderthalensis (n ¼ 4) Amud 1; Tabun 1; Vindija 206; Vindija 231
Homo floresiensis (n ¼ 1) LB 6
early Homo sapiens (n ¼ 1) Qafzeh 9
late Upper Paleolithic modern

Homo sapiens (n ¼ 2)
Dolní Vĕstonice (3, 13)

Holocene modern Homo
sapiens (n ¼ 22)

Dushandong (DSD7-DSD9); modern
Korean collection (K21eK39)

Homo sp. indet. (n ¼ 1) Maba 5
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was missing one or more of the four cusps needed to create the
centroid. Incompletely formed teeth were removed from the
analysis. We excluded photographs of hominin fossils where the
resolution was too grainy to capture a reliable image of the loca-
tions of the four cusps and/or outline of the shape of the occlusal
surface. As well, photographs of teeth taken at an angle to the
occlusal surface rather than directly parallel to it were omitted; an
image taken at an angle can skew the overall shape of the occlusal
surface (Gharaibeh, 2005). The hominin fossil photographs were
contributed by Erik Trinkaus and ED, including some items from
publications or photographed by colleagues. Photographs taken of
fossils by ED and those taken specifically for this study were
carefully arranged with the lens parallel to the occlusal plane.
Following discussion with Trinkaus and comments from ED about
their photos, we can confidently say that all of the photos we uti-
lized were taken by professional paleoanthropologists using fairly
Table 2b
Taxonomy and identification of the specimens utilized in the 2D GM analysis of the
Maba M2s (n ¼ 58).

Genus/Species Specimens

Au. afarensis (n ¼ 2) AL 200; LH 5
Au. africanus (n ¼ 5) MLD 6; MLD 9; STS 52; STS 71;

Taung
Paranthropus boisei (n ¼ 1) OH 5
Paranthropus robustus (n ¼ 2) SK 48; Stw 252
Homo habilis (n ¼ 5) AL 666; KNM ER 1813; OH 13;

OH 16; OH 65
Homo erectus (n ¼ 4) KNM WT 15000; Sangiran 4;

Trinil; Zhoukoudian
mid-Pleistocene Homo (n ¼ 3) Petralona; Steinheim; Arago 21;
Homo neanderthalensis (n ¼ 6) Amud 1; Quina 5; Saccapastore 1;

Shanidar 2; Sima de las Palomas 36;
St. C�esaire 1

early modern Homo sapiens (n ¼ 5) Qafzeh 6, 7, 9, 11; Skhul 5
late Upper Paleolithic modern

Homo sapiens (n ¼ 3)
Dolní Vĕstonice 13; Dolní
Vĕstonice 14; Mlade�c 2

Holocene modern Homo
sapiens (n ¼ 21)

modern Korean collection
(Chungbuk University)a

Homo sp. indet. Maba 1

a Contact corresponding authors for this specimen list.
standard photographic procedures. We admit that some degree of
error may still be present when using photographs of hominin
fossils taken by others, but we believe that the data set we usedwas
of high quality without obvious problems.

Methods

We took maximum mesial-distal and buccal-lingual measure-
ments of the Maba teeth using Mitutoyo digital calipers (model no.
CD-20C). The measurements were taken at the widest points along
the mesial-distal and buccal-lingual lengths and comparisons were
made with the modern human and hominin fossil data sets
(Tables 1aec). Convex hulls were created around each population
to show the degree of overlap and variation. Because of the rela-
tively large samples of modern humans (Upper Paleolithic, Meso-
lithic, Neolithic) only the convex hulls are presented for those
specific distributions. All of the older hominin populations have
smaller sample sizes and the individual data points are presented
along with the convex hulls.

We photographed eachMaba tooth twice, using both a Dino-Lite
Digital Microscope [model AM413T Dino-Lite Pro (20e230�
magnification)] with stand and a Canon Rebel XT camera with
Canon Macro Lens EF 100 mm e F/2.8, arranged with the lens
parallel to the occlusal plane. The methodology we employed for
the photography of the teeth closely followed other recent dental
studies that focused on the analysis of the occlusal surfaces (e.g.,
Bailey, 2004; Bailey and Lynch, 2005; Martinon-Torres et al., 2006;
G�omez-Robles et al., 2007, 2008, 2011b, 2012; Bailey et al., 2008;
Table 2d
Taxonomy and identification of the specimens utilized in the analysis of the
mandibular linear measurements (n ¼ 62).

Genus/Species Fossil(s)

Mid-Pleistocene Homo
(n ¼ 10)

AT-6, AT-83, AT-505, AT-605, AT-607,
AT-888, AT-950, Arago 13, Mauer,
Montmaurin

Homo sapiens (n ¼ 40) Modern: African ¼ 10, Chinese ¼ 10,
European ¼ 4, JPAC/CIL ¼ 11. Also Upper
Paleolithic Europe: Brno 3, Dolní Vĕstonice 3,
Predmostí 3, Predmostí 4; and Middle
Paleolithic Israel (‘early H. sapiens’): Skhul 5

H. neanderthalensis (n ¼ 7) Amud 1, Kebara 2, La Ferrassie 1,
La Quina 5, Tabun 1, Tabun 2, Shanidar 1

H. erectus s.l. (n ¼ 4) Zhoukoudian G11, Zhoukoudian H1,
Tighenif 2, Tighenif 3

Homo sp. indet. (n ¼ 1) Maba (PA 104)

*Abbreviations: AT ¼ Atapuerca (Sima de los Huesos).



Figure 4. Shuidong right M1 with cusps marked by larger colored circles [protocone
(red), paracone (blue), metacone (green), hypocone (yellow)] and the sliding semi-
landmarks that were digitized in tpsDig2. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 2e
Taxonomy and identification of the specimens utilized in the 2D GM analysis of the
Maba mandible (n ¼ 39).

Genus/Species Fossil(s)

Homo erectus s.l. (n ¼ 3) Tighenif 2; Tighenif 3; Zhoukoudian
mid-Pleistocene Homo (n ¼ 3) ATD6-69; Mauer; Arago 13
Homo neanderthalensis (n ¼ 5) Amud 1; Moustier 1; Regourdou;

Tabun 2; Zafarraya 2
early modern Homo sapiens (n ¼ 4) Haua Fteah 1; Qafzeh 9; Qafzeh 11;

Skhul 5
Upper Paleolithic Homo sapiens (n ¼ 7) Abri Pataud 1; Dolní Vĕstonice 15;

Kubbaniya; Nazlet Khater; Predmostí;
Zhoukoudian Upper Cave 101;
Zhoukoudian Upper Cave 102

Holocene Homo sapiens (n ¼ 16) Modern human collection stored
at JPAC/CILa (n ¼ 10); Baharini;
Halfa (n ¼ 4); Vogelherd 1

Homo sp. indet. (n ¼ 1) Maba (PA 104)

a JPAC/CIL ¼ Joint POW/MIA Accounting Command/Central Identification
Laboratory.
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Xing et al., 2009; Bailey and Liu, 2010; Liu et al., 2010). We collected
five different images from each of the specimens (mesial, distal,
lingual, buccal, and occlusal directions as defined by, among many
others, White and Folkens, 2000). Polyvinylsiloxane impression
material (Exafine Putty Type Catalyst and Base) was used to help
hold the tooth in place with the face of interest parallel to the lens.
After checking the clarity of the dental images, we found the Dino-
Lite (~20� magnification) consistently produced better quality
images than the camera, such that it was easier to determine the
location of the different cusps and the outline of the occlusal sur-
face.We used the Dino-Lite images of the tooth occlusal surfaces for
the collection of GM data.

We photographed the Maba and modern human mandibles
using the Canon Rebel XT camera with a standard Canon EF
18e55mm lens as above. Photographs of themandibles were taken
from the lateral, medial, and superior sides. Only the lateral view
was utilized for this analysis.

Geometric morphometrics Geometric (landmark-based) morpho-
metrics is a powerful set of shape analysis tools routinely used to
evaluatemorphological variationwithin and between hominin taxa
(O'Higgins, 2000; Richtsmeier et al., 2002; Slice, 2005, 2007; Perez
et al., 2006; Baab et al., 2012; for application to the broader
biological sciences see; Bookstein, 1991; Rohlf and Marcus, 1993;
Dryden and Mardia, 1998; Adams et al., 2004; Zelditch et al.,
2004; Viscosi and Cardini, 2011). Geometric morphometrics can
be defined as “the empirical fusion of geometry with biology
(Bookstein, 1982:451)” and “deals with the study of form in two-
or three-dimensional space” (Richtsmeier et al., 2002: 64). The
advantage of GM over traditional analyses of linear data is that
the former method relies on the “complete retention of
geometric information”, while the latter method, which relies on
“a limited set of linear distances, ratios, or angles[,] frequently
fails to capture the complete spatial arrangement of the
anatomical points (landmarks) on which the measurements are
based” (Slice, 2007: 262).

Teeth Prior to data collection, all of the occlusal surface digital
images were oriented with the mesial side uppermost and the
lingual side of the tooth to the left (see Fig. 4 for an example). Four
cusps were labeled on the occlusal surfaces of the M1s and M2s
[protocone (red), paracone (blue), metacone (green), hypocone
(yellow)] and m3s [metaconid (red), entoconid (blue), hypoconid
(green), protoconid (yellow)] in MakeFan7 (Sheets, 2001).
Because MakeFan7 creates a centroid that relies on four data
points, in cases where a fifth cusp (e.g., m3 hypoconulid) was
present, we did not mark it. For landmark location of each of the
cusps, we used the highest point of the cusp (see Bailey, 2002;
Martinon-Torres et al., 2006; G�omez-Robles et al., 2007). When
the cusp was more worn down we used the center of the dentine
facet as the landmark location. The cusps were digitized in the
same order for every specimen. After locating the centroid based
on the four cusps for each of the teeth, 30 equiangular fan lines
were drawn in MakeFan7 with an exaggeration of three in order
for the fans to cross the edge of the tooth's occlusal surface. The
equally-spaced fan lines were then digitized using TpsDig2,
version 2.16 (Rohlf, 2010a) at the point where the fan line crossed
the edge of the occlusal surface. For the M1s and M2s, the first
landmark digitized was the point directly above the apex of the
protocone (or the fan line closest to that point). For the m3s, the
digitization process began with the fan line directly above the
apex of the metaconid (or the fan line closest to that point).
Landmarks were always digitized in a clockwise direction. Using
tpsUtil and tpsRelw (Rohlf, 2010b, c), each of the resultant 30
semilandmarks were slid in order to minimize the bending
energy between each landmark configuration and the target form
(Bookstein, 1997; Gunz et al., 2005). The utility of sliding
semilandmarks and the program MakeFan7 (Sheets, 2001) for the
2D GM analysis of tooth occlusal surfaces has been well
documented (e.g., Martinon-Torres et al., 2006; Perez et al., 2006;
G�omez-Robles et al., 2007, 2008, 2011b; Xing et al., 2009; Liu
et al., 2010). Data were then subjected to a generalized Procrustes
analysis (GPA) such that the effects of translation, rotation and
scaling could be removed. Resultant shape variables were
analyzed using relative warps analysis in TpsRelw. Resultant plots
of relative warps, thin plate splines and principal components
were generated in Microsoft Excel and tpsRelw. Minimum
spanning trees were created in the program PAST (Hammer et al.,
2001) to evaluate the closest links between the various data points.
Mandible We examined a set of linear measurements on the
mandible, especially by comparison to the data set published by



Table 3
Mandibular linear measurement variables utilized in this study.a

Variable name Definition

CorHm3 Corpus height taken at bucco-distal corner of m3 aveolus
CorWm3 Corpus thickness taken at bucco-distal corner of m3 aveolus
CorGon Vertex of coronoid process to gonion osteometric point
ConM3 Posterior aspect of articular surface of condyle to

bucco-distal corner of m3 aveolus
CorCon Vertex of coronoid process to most posterior aspect

of articular surface of condyle
ConGon Most posterior aspect of articular surface of condyle

to gonion
GonM3 Gonion to bucco-distal corner of m3 alveolus
M3Cor Bucco-distal corner of m3 alveolus to coronoid process vertex
LinCor Most prominent point of lingula mandibulae to vertex

of coronoid process
LinCon Most prominent point of lingula mandibulae to most

posterior aspect of articular surface of condyle
LinGon Most prominent point of lingula mandibulae to gonion
LinM3 Most prominent point of lingula mandibulae

to bucco-distal corner of m3 aveolus

a Based on Rosas et al., 2002
Figure 5. Feisuyan (Maba) mandible with locations of landmarks (see Table 4 for
description of landmarks).

Table 4
Mandibular landmarks digitized in this study.

Number Landmark Landmark description

1 Base of m3 Where m3 and the
corpus meet

2 Halfway between m3 and base
of the corpus

Using a ruler, a vertical line
is drawn (perpendicular
to corpus base) between
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Rosas (e.g., Rosas, 1997; Rosas et al., 2002), part of which was
graciously provided by that author. Using sliding calipers,
additional measurements were taken on a sample of modern
human mandibles from JPAC/CIL (by JJ) and the AMNH (by
NMW), as well as on selected casts of fossil hominins (by NMW).
The variables examined are defined in Table 3 and the raw data
provided in SOM Table S1. Univariate, bivariate and multivariate
analyses of these data were carried out in R version 2.150 (The R
Foundation for Statistical Computing, 2012).

Before the mandible GM data collection began, all of the spec-
imens were oriented laterally, with the superior side facing up-
permost and the anterior side facing toward the left side of the
computer screen. Each mandible's digital image was visually ori-
ented so that the corpus of the mandible was parallel to the bottom
of the computer screen (see Fig. 5 for an example). Nine 2D
mandibular landmarks were digitized using tpsDig2 (Table 4). As
with the data collection protocol for the teeth, the mandible
landmarks were always digitized in the same order. The data were
analyzed (GPA and PCA) in tpsRelw and the resultant principal
components exported to Microsoft Excel. The data collection pro-
tocol for the mandibles was similar to other recent geometric
morphometric studies of mandibles (e.g., Nicholson and Harvati,
2006; Miller et al., 2008). However, we were restricted to
analyzing the Maba mandible in two dimensions due to the lack of
3D data.6 As with the teeth, minimum spanning trees were created
(using the program PAST (Hammer et al., 2001)) to evaluate the
closest links between the various data points.
base of m3 and base of
the corpus; this landmark
is at the midpoint of the line.

3 At the base of the mandible,
directly
under the m3

Using a ruler, a vertical
line is drawn (perpendicular
to corpus base) from base
of m3; this landmark is
where the line crosses the
base of the corpus

4 Beginning of the gonial angle
(anterior)

5 End of the gonial angle
(posterior)

6 Mandibular condyle Highest point
7 Mandibular notch Center point
8 Coronoid process Highest point
Results

M1

Size variation Fig. 6 plots the mesial-distal and buccal-lingual
linear measurements of upper first molars from modern
H. sapiens (Neolithic, Mesolithic, Upper Paleolithic, Middle
Paleolithic) and smaller samples of Neanderthals, Asian mPHs,
H. erectus, H. habilis, and australopiths (Ns, means, standard
deviations presented in Table 1a). In general, the more recent
modern humans (Neolithic and Mesolithic) have the smallest
6 Unfortunately when visiting the Maba site in 2009, we did not have a Micro-
scribe with which to collect three dimensional landmark data on the mandible.
teeth, while the older modern humans (Upper and Middle
Paleolithic) have slightly larger teeth. The older hominins,
including the Neanderthals, generally have larger teeth than the
modern humans (some overlap does exist between the
Neanderthals and the Middle Paleolithic modern humans). Not
surprisingly, the robust australopiths have the largest M1s. The
convex hulls, which represent the overall ranges of each sample,
also indicate that despite some overlap between the older and
younger specimens, there is general separation. The Maba M1s
display interesting variation, with both Maba #3 and #4 falling at
the upper range of the modern humans and the lower range of
the older hominins (especially for MD length). Maba #3 is clearly
on the large side for a modern human and is particularly
interesting given that because of the heavy wear, it is probable
that the measurements, particularly the mesial-distal length
could be slightly higher (see Bailey and Liu, 2010). Thus, if not
9 Center of the curve of the mandibular
ramus

See Fig. 5 for locations of landmarks on the Maba mandible. Standard references
(e.g., White and Folkens, 2000) were used to identify these landmarks.



Figure 6. Scatterplot of mesial-distal length and buccal-lingual width for Maba and selected other M1s. Raw data presented in Table 1a. Measurements in mm.
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worn, it might be possible for Maba #3 to fall more clearly within
range of the older hominin samples.

Shape variation In order to be consistent with previous GM studies
of occlusal surfaces (e.g., Martinon-Torres et al., 2006; G�omez-
Robles et al., 2007, 2008; Xing et al., 2009; Liu et al., 2010), the
results discussed are based on the output using the sliding
Figure 7. Principal components plot (PC1ePC2) of Maba #4 and selected other hominin M
Pleistocene Homo fossils as a dotted black line. For comparative purposes, the branches be
of the references to color in this figure legend, the reader is referred to the web version of
semilandmark data (tpsRelw). Because the occlusal surface of
Maba #3 was heavily worn, it was excluded from this analysis,
which only includes Maba #4. The results of the principal
components analysis are presented in Fig. 7, with the cumulative
percent of the total variation explained for the first five principal
components (84.71%) presented in Table 5. The first two principal
1s. Minimum spanning tree shows links to Maba as a solid black line, those to mid-
tween all of the other hominins are presented as light blue lines. (For interpretation
this article.)



Table 5
Relative warps/principal components analysis for the M1s, M2s, m3s, and the mandibles.

M1s M2s m3s Mandibles

%Total
explained

Cumulative % total
explained

%Total
explained

Cumulative %
total explained

%Total
explained

Cumulative % total
explained

%Total
explained

Cumulative % total
explained

PC 1 45.15% 45.15% 26.92% 26.92% 43.83% 43.83% 39.16% 39.16%
PC 2 15.62% 60.77% 24.67% 51.60% 20.27% 64.10% 18.35% 57.51%
PC 3 10.44% 71.21% 17.12% 68.72% 9.77% 73.87% 10.37% 67.88%
PC 4 7.73% 78.94% 9.03% 77.75% 6.18% 80.05% 8.31% 76.19%
PC 5 5.77% 84.71% 5.49% 83.24% 7.23% 83.42%
PC 6 5.64% 89.06%

The table includes the percentage of variance explained and the cumulative total explained for all principal components explaining more than 5% of variation.
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components account for 60.77% (PC1: 45.15%; PC2: 15.62%) of the
explained variance. Here and elsewhere, details are only
presented for PCs explaining at least 5% of variance.

By visualizing the thin plate spline plots in tpsRelw, we were
able to evaluate the nature of the variation at the extremes of the
PC1 and PC2 axes (Fig. 7). Along PC1 the lingual side of the occlusal
surface goes from convex to more concave as one moves from the
negative to positive extreme, with individuals on the positive side
rotated to look more diamond shaped. At the negative extreme of
PC1 the buccal side is more concave, while at the positive extreme
the buccal side is more convex. Along PC2, as one moves from the
negative side of the axis to the positive side, the shape of the
occlusal surface changes from more squarish-rectangular to more
diamond shaped. In the positive extreme of PC2 the buccal side is
more convex than in the negative extreme.

A great deal of morphological variation is present in the occlusal
surfaces of the M1s with specimens falling in each of the four
quadrants (Fig. 7). However, a number of interesting patterns can
be discerned. For instance, all of the H. habilis and H. erectus fossils
appear to share a number of common characteristics and plot
closely on the positive side of PC2, while four of the five Austral-
opithecus africanus specimens also fall on the same side of PC1. The
one Au. africanus fossil (STS 52) that plots on the negative side of
PC1is actually borderline and overall, groups closely with the rest of
the Au. africanus samples. Mid-Pleistocene Homo comfortably falls
away from the Holocene modern humans. Except for one specimen
(Kulna), the Homo neanderthalensis fossils also plot on the positive
side of PC1and overlap to some degree with the ranges of the older
hominins (e.g., Au. africanus, H. habilis, H. erectus). Interestingly, the
H. neanderthalensis specimens also overlap with the early modern
humans and Upper Paleolithic modern humans. The vast majority
of the Holocene modern humans plot on both the positive and
negative sides of PC1. Except for one individual (DSD 5), all Holo-
cene modern humans fall on the negative side of PC2 and away
from the older hominin samples. The two Paranthropus and two Au.
afarensis specimens actually plot closely with the modern humans.
However, because of the small sample sizes this patterning should
be interpreted with caution. Maba #4 falls comfortably within the
range of modern humans and far away from the older hominin
samples. The Maba data point aligns most closely with the modern
Korean samples (K6, K20). Indeed, the minimum spanning tree
created in PAST indicates Maba #4 is most closely linked to the
modern Korean samples (Fig. 7). The mPH fossils (dotted black line)
are most closely linked to H. habilis and H. erectus, with one mPH
individual (Arago 21) also linked to an early modern human
(Temara 3).
M2

Size variation Fig. 8 plots the mesial-distal and buccal-lingual
linear measurements of upper second molars from a variety of
modern H. sapiens (Neolithic, Mesolithic, Upper Paleolithic,
Middle Paleolithic) and smaller samples of Neanderthals, Asian
mPHs, H. erectus, H. habilis, and australopiths (Ns, means,
standard deviations presented in Table 1b). Not surprisingly, the
older hominins (australopiths, H. habilis, H. erectus) all have much
larger tooth dimensions than Late Pleistocene and Holocene
modern H. sapiens and Neanderthals. The convex hulls show fairly
clear separation between the older hominins and the Late
Pleistocene populations. Even among the Late Pleistocene
samples, separation exists between the Middle Paleolithic modern
H. sapiens and Neanderthals and the Upper Paleolithic, Mesolithic,
and Neolithic modern humans. Maba #1 and Maba #2 fall
comfortably within the range of Mesolithic and Neolithic modern
H. sapiens and at the lower end of the range of Upper Paleolithic
modern humans. It should be noted that Maba #2 is heavily worn
and may have originally been slightly larger when unworn.
However, even in its original state it is unlikely that it would have
fallen within the range of the older hominins and outside the
range of the Late Pleistocene and Holocene modern H. sapiens.

Shape variation The results are based on the sliding semiland-
marks and analyzed in tpsRelw. The following analysis only in-
cludes Maba #1, due to the heavy wear on the occlusal surface of
Maba #2. The results of the principal components analysis are
presented in Fig. 9 with the cumulative percent total of the first five
principal components (83.24%) presented in Table 5. The first two
principal components account for 51.60% of the explained
variance (PC1: 26.92%; PC2: 24.67%).

We evaluated the nature of the variation at the extreme ends of
PC1 and PC2 using the thin plate splines function in tpsRelw (Fig. 9).
Visually, a greater degree of variation appears to be present be-
tween the positive and negative sides of PC1 vis-�a-vis PC2. Along
PC1, the primary difference is between the buccal and lingual sides.
At the positive end of PC1, the buccal side is more convex while it is
a bit more perpendicular on the negative side, although the para-
cone appears to bulge out a bit more on the latter side. Along the
positive extreme of PC1, the lingual side is a bit more concave, while
it is straighter in the negative extreme. Principal component 1
appears to reflect a greater degree of variation when moving from
one end to the other. For instance, the shape at the positive extreme
is more rectangular, while that at the negative side is more squarish
and particularly rounded at the distal-lingual corner.

As with the M1s, the M2s display a marked degree of morpho-
logical variation, with both hominin fossils and modern humans
plotting in all four quadrants (Fig. 9). Unfortunately, the degree of
variation in the M2s appears to be greater than among the M1s;
thus, it is difficult to identify any clear patterns. For instance, not
only do the six H. neanderthalensis specimens plot in three different
quadrants, the minimum spanning trees have them most closely
related to Holocene modern humans, and in some cases Au. afri-
canus, H. habilis, early modern humans and even the Maba #4
specimen, which is the fossil in question here. In no cases were the



Figure 8. Scatterplot of mesial-distal length and buccal-lingual width for Maba and selected other M2s. Raw data presented in Table 1b. Measurements in mm.
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H. neanderthalensis fossils linked most closely to each other. Even
the mPH specimens link closely with several Holocene modern
humans (dotted black lines), which is not a pattern seen in the
analysis of the M1s (see above). Maba #4 falls in the lower right
quadrant (PC1 positive side, PC2 negative side) where a majority of
Figure 9. Principal components plot (PC1ePC2) of Maba #1 and selected other hominin M
Pleistocene Homo fossils as a dotted black line. For comparative purposes, the branches be
of the references to color in this figure legend, the reader is referred to the web version of
Holocene modern humans also plot. However, according to the
minimum spanning tree analysis, the closest specimens are a Ho-
locene modern human (Samsong) and a H. neanderthalensis fossil
(St. C�esaire). Maba #4 appears to most closely align with modern
humans. However, the greater degree of variation found in the GM
2s. Minimum spanning tree shows links to Maba as a solid black line, those to mid-
tween all of the other hominins are presented as light blue lines. (For interpretation
this article.)
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analysis of the M2 vis-�a-vis the M1 prohibits us from drawing the
conclusion that Maba #4 is clearly a modern human based on these
analyses of M2.

m3

Size variation Fig. 10 plots the mesial-distal and buccal-lingual
linear measurements of lower third molars from a variety of
modern H. sapiens (Neolithic, Mesolithic, Upper Paleolithic,
Middle Paleolithic) and smaller samples of Neanderthals, Asian
mPHs, H. erectus, H. habilis, and australopiths (Ns, means,
standard deviations presented in Table 1c). Fairly clear separation
exists between the modern H. sapiens and the older hominin
populations, though it should be noted that a substantial amount
of overlap does exist between the Middle Paleolithic humans,
Neanderthals, and H. erectus populations. Not surprisingly, the
convex hulls indicate a substantial amount of overlap between
these three latter samples and little overlap between the other
older (australopiths, early Homo) and younger populations (Upper
Paleolithic, Mesolithic and Neolithic modern humans). The Maba
m3 falls at the upper end of the range of the Mesolithic and
Neolithic modern humans and nicely within the breadth of the
Upper Paleolithic H. sapiens. The Maba m3 generally falls outside
the range of the Neanderthals, though it is close to the H. erectus
samples. Maba m3 clearly falls outside the breadth of early Homo
and the australopiths.
Shape variation The results discussed are again based on the
output using the sliding semilandmark data (tpsRelw). The results
of the principal components analysis are presented in Fig. 11, with
the cumulative percent total for the first four principal components
(80.05%) presented in Table 5. The first two principal components
account for 64.10% (PC1: 43.83%; PC2: 20.27%) of the explained
variance.

By visualizing the thin plate spline plots in tpsRelw we were
able to evaluate the nature of the variation at the extremes of the
PC1 and PC2 axes (Fig. 11). As one moves along the PC1 axis from
negative to positive, the lingual side of the occlusal surface goes
Figure 10. Scatterplot of mesial-distal length and buccal-lingual width for Maba #5
from concave to convex. Along PC1, the buccal side bulges out a bit
more on the negative side and becomes straighter toward the
positive end of the PC1 axis. Both mesial and buccal sides of the
positive and negative PC2 extremes bulge out a bit and are
rounded. The distal areas of both negative and positive extremes
of PC2 are rounded. The primary difference along PC2 appears to
be that the metaconid on the positive side is oriented more
mesially, while the metaconid at the negative extreme is oriented
more mesiobuccally. Overall, the extremes of PC1 are more
rounded, while the extremes of PC2 are more squared/rectangular
in shape.

As with the M1s and M2s, a great deal of morphological vari-
ation is present on the occlusal outlines of the m3s, with speci-
mens falling in each of the four quadrants (Fig. 11). Most of the
earlier hominins fall on the positive side and most of the Holocene
modern humans on the negative side of PC1. The Au. africanus
specimen falls well outside the range of all of the other specimens
on the negative sides of both PC1 and PC2. Only one H. erectus
fossil (Sangiran-B) falls on the negative side of PC1. There is a great
deal of overlap among H. erectus, mPH, and H. neanderthalensis.
Interestingly, the one H. antecessor specimen (TD6-96) that was
included with the H. erectus fossils falls within their range and
well away from the mPH fossils. There is a relatively tight
grouping of modern H. sapiens on the negative side of PC1. There is
no noticeable difference between the modern Korean and
Neolithic Chinese samples. The Maba m3 generally falls between
the Holocene modern humans (both Korean and Chinese) and
earlier hominins. It is closest to one Holocene modern human
(Korean), which is at the extreme edge of that particular sample,
and a Paranthropus robustus. Although falling within the over-
lapping range of H. erectus and the Neanderthals, the Maba
specimen is relatively distant from mPH. The minimum spanning
tree indicates that the Maba m3 is most closely linked to a Ho-
locene modern human (Korean) and not closely related to the
P. robustus. The mPH fossils (dotted black line) display a great deal
of variation, connecting directly to H. habilis, H. neanderthalensis,
and Holocene modern humans.
and selected other m3s. Raw data presented in Table 1c. Measurements in mm.



Figure 11. Principal components plot (PC1ePC2) of Maba #5 and selected other hominin m3s. Minimum spanning tree shows links to Maba as a solid black line, those to mid-
Pleistocene Homo fossils as a dotted black line. For comparative purposes, the branches between all of the other hominins are presented as light blue lines. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Mandible

Linear metrics Twelve variables were analyzed through univariate
comparisons across four taxa: modern H. sapiens, H. nean-
derthalensis, mPH, and H. erectus (see Table 6 and Fig. 12). In almost
all cases, the Maba specimen's measurements fall within the range
of our H. sapiens sample, but they often were outside the range of
one or more of the other species. For example, corpus height at
m3 fell within the range of all taxa except H. erectus (falls below),
while corpus width at m3 fell within all ranges except for the
very large mPH. Maba was smaller than all studied comparative
samples in its condyle to gonion, m3 to gonion, and m3 to
coronoid distances, and in gonion to lingula it falls below the
range for H. erectus and H. neanderthalensis, within the lowest
quartile for mPH and just within the second quartile for
H. sapiens. On the other hand, in lingula to condyle distance,
Table 6
Descriptive statistics on mandibular variables by taxonomic group.

Maba H. sapiens Neanderthals
n ¼ 41 n ¼ 7

x Min-Max n SD x Min-Max n

CorHm3 29.5 27.1 20.4e34.2 38 3.4 31.1 23.9e35.8 7
CorWm3 16.0 15.9 12.6e19.2 39 1.5 16.4 132.0e19.6 7
CorGon 61.2 58.9 48.4e73.9 39 7.4 65.0 54.6e73.0 6
ConM3 60.8 55.9 46.4e63.4 32 4.0 69.1 63.0e75.5 6
CorCon 39.7 36.3 30.7e42.1 30 3.1 42.0 34.1e49.5 7
ConGon 47.1 61 50.2e76.7 33 5.9 62.1 52.3e72.9 7
GonM3 31.5 37.6 26.1e53.7 36 6.1 50.0 42.5e55.5 7
M3Cor 30.1 38.9 30.4e50.3 36 5.2 45.1 36.4e54.1 7
LinCor 35.3 31.7 23.3e42.0 38 4.8 34.8 22.1e40.3 7
LinCon 39.8 35.8 30.4e41.9 34 2.7 35.8 25.8e45.7 7
LinGon 27.8 30.5 22.3e41.4 41 4.3 36.0 29.8e42.4 7
LinM3 23.5 23.2 15.9e30.4 38 3.4 34.7 17.4e42.6 7
Maba falls above the ranges for H. erectus and H. neanderthalensis
and within the highest quartile for mPH and H. sapiens. No
univariate plots clearly distinguished among the several species.

A principal components analysis of all 12 variables normalized
by geometric mean (Figs. 13 and 14) also revealed a great deal of
variation in the modern human sample but no clear pattern of taxic
separation. Principal component 1 explained 37.2% of variance,
while PC2 explained 22.4% and PC3 12.9%; additional PCs explained
less than 10% of variation and were not analyzed further (see
Table 7). Neanderthals scored high on PC1, while modern humans
scored low, with H. erectus, mPH andMaba nearer to themiddle. On
PC2, Maba scored somewhat high, and it was placed near some
modern humans and one mPH, while H. erectus spanned the entire
range. Maba came out at the high end of PC3, along with several
modern humans and one Neanderthal. Looking at the variables
with the highest and lowest eigenvalues for (effectively correlation
Mid-Pleistocene Homo H. erectus
n ¼ 10 n ¼ 4

SD x Min-Max n SD x Min-Max n SD

4.0 29.8 25.6e35.3 10 3.7 34.5 30.6e38.9 4 3.4
2.3 18.4 16.4e23.5 10 2.6 20.9 15.9e23.8 4 3.5
7.3 65.3 56.9e82.3 10 8.0 75.6 66.7e91.5 4 11.5
4.4 63.9 40.1e76.1 10 10.7 62.2 57.0e70.6 4 5.9
5.4 40.6 35.2e55.3 10 5.8 39.9 37.4e43.7 3 3.4
7.2 60.9 53.4e66.5 10 5.3 69.9 60.5e80.3 4 8.4
4.0 45.7 35.4e56.6 10 8.6 46.1 35.7e53.3 4 7.6
7.5 44.9 37.6e59.6 10 7.8 45.8 36.9e60.5 4 10.2
6.5 33.5 29.0e41.0 10 3.8 38.0 31.3e45.2 4 5.7
6.4 35.5 27.4e40.6 10 3.9 36.7 33.9e38.9 4 2.4
5.0 34.0 25.1e41.7 10 5.1 38.5 31.7e43.7 4 5.1
8.4 32.0 24.2e39.9 10 6.2 23.9 18.3e32.0 4 6.0



Figure 12. Box and whisker univariate comparisons of 12 mandibular variables in Homo sapiens, H. neanderthalensis, Mid-Pleistocene Homo, and H. erectus. The central bar of each
box represents the median, or 50th percentile. The top and bottom of each box represent the value of the 25th and 75th percentiles, respectively. The whiskers extend to the farthest
observation that is less than 1.5 times the length of the box. Any individuals outside of the whisker range are plotted separately.
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with) these three PCs revealed some potential interpretations.
Variables LinM3, ConM3 and GonM3 all had high values for PC1,
while ConGon, CorGon and LinCor had low values. This suggests
that PC1was affected positively by a long ramus and negatively by a
low ramus (so a high-scoring individual would have a long but low
ramus). We also can reject the possibility that PC1 was correlated
with absolute size, as typically in such cases all eigenvalues are
positive (or possibly all negative). For PC2, most eigenvalues are



Figure 13. Results of a principal components analysis of all 12 mandible variables normalized by geometric mean. Here, PC1 (explaining 37.2% of variance) and PC2 (22.4%) are
compared.
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negative; the positive values include LinCon and ConM3, while the
largest negative values were CorCon, M3Cor and CorGon. These
values suggest that an individual that scored high on PC2 had a
relatively large or tall condyle but short coronoid (or ramus overall).
On PC3, the highest eigenvalues were for LinCon, ConM3 and Lin-
Cor, while the lowest were for LinGon, ConGon and CorCon. Taken
together, these suggest that PC3 was affected positively by a rela-
tively large (especially tall) superior part of the ramus and nega-
tively by gonion size and ramus length; that is, an individual
scoring high on PC3 would have had a tall ramus superiorly but
small gonion and perhaps a short ramus (anteroposteriorly), as
does Maba. The overall suggestion is that the Maba mandible is
most likely from a modern individual. However, this cannot be
claimed without some hesitation.

Shape variation The results of the principal components analysis
are presented in Fig. 15. The breakdown of the cumulative percent
total for the first six principal components (89.06%) can be found in
Table 5. The first two principal components account for 57.51%
(PC1: 39.16%; PC2: 18.35%) of the explained variance.

A great deal of morphological variation is present in Fig. 15. The
three H. erectus data points group in one quadrant (negative PC1,
positive PC2). Mid-Pleistocene Homo and H. neanderthalensis plot
positively on PC1 and on both the positive and negative sides of
PC2. The early modern humans (Qafzeh, Skhul, Haua Fteah) fall
close to the zeroezero area of the PC1-PC2 chart. All of the Upper
Paleolithic modern humans, except Zhoukoudian Upper Cave 102,
fall on the bottom right quadrant (positive PC1, negative PC2). The
Holocene modern humans, which all derive from western Eurasia,
overlap to a large extent with many of the other samples. The
present day modern humans, all from Southeast Asia, fall nega-
tively on PC1, except for two plotting just into positive territory. In
none of the cases do the present day modern human samples fall in
the upper right quadrant where the majority of the mPH and
H. neanderthalensis specimens align. The Maba mandible falls on
the negative side of PC1 and low positive side of PC2, closest to the
Zhoukoudian H. erectus, Skhul 5, and a present day modern human
specimen. The Maba specimen falls well away from the mPH and
H. neanderthalensis samples. The minimum spanning tree indicates
that the Maba mandible is most closely linked to a Holocene
modern human and an early modern human. The mPH fossils
(dotted black line) display a great deal of variation, connecting
directly to H. neanderthalensis, early modern humans, Upper
Paleolithic modern humans, and Holocene modern humans.
Discussion

Implications of morphological variation

M1s Studies of M1 morphological variation have indicated that a
number of characters exist that can be used to distinguish different
hominin taxa (see Wood and Engleman, 1988 among many others).
For instance, Bailey (2004:183) was able to show that “statistically
significant differences reflecting overall crown shape and internal
placement of the crown apices” separate Neanderthals from
modern H. sapiens. Using geometric morphometric approaches,
G�omez-Robles et al. (2007) found that many similarities exist
between mPH and Neanderthals, but both differ from modern
H. sapiens. In particular, they showed that the earlier hominins,
starting with mPH, but especially with Neanderthals, can be
“characterized by a relatively distal displacement of the lingual
cusps and protrusion in the external outline of a large and
bulging hypocone”, while modern humans in general retained the
“primitive morphology with a square occlusal polygon associated
with a round external outline” (G�omez-Robles et al., 2007: 272).

In the G�omez-Robles et al. (2007: 277) study there is a great deal
of overlap among the various hominin taxa. Mid-Pleistocene Homo
and the Neanderthals fall primarily in the upper right quadrant,
where specimens falling on the positive side of the PC1 have “a
relatively distal displacement of the lingual cusps, especially the
hypocone, so that the angles formed at the hypocone and the
paracone are more acute while those at the protocone and the
metacone are more obtuse” and specimens plotting on the positive
side of the PC2 feature a “slight displacement of the occlusal
polygon towards the distal face.” Modern humans overlap with



Figure 14. Results of a principal components analysis of all 12 mandible variables normalized by geometric mean. Here, PC1 (explaining 37.2% of variance) and PC3 (12.9%) are
compared.
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many of the other hominin taxa, particularly H. habilis. Although
our results are similar to those of the G�omez-Robles et al. (2007)
study at a superficial level, a number of differences are notice-
able. For instance, in our study H. habilis and Holocene modern
humans display clear separation, while Neanderthals, Au. africanus,
early modern humans, and even H. erectus to some extent overlap
greatly (Fig. 7). Furthermore, most of the Holocenemodern humans
fall away from the core grouping of Neanderthals, Au. africanus, and
early modern humans.

There may be several factors at play here, which could explain
why, despite using a similar geometric morphometric approach,
differences exist between our results and those of G�omez-Robles
et al. (2007). One possible explanation for this is that although
most of our comparative early modern human and early Upper
Paleolithic human samples derive from western Eurasia, our Ho-
locene modern human data are from eastern Asia (i.e., China and
Korea). Almost all of the G�omez-Robles et al. (2007) samples
(except the Sangiran H. erectus fossils) derive from western
Eurasian and African contexts. In addition, G�omez-Robles et al.
Table 7
Explained variance and eigenvalues for first five principal components of mandibular lin

PC1 PC2
% Variance explained 37.2 22.4

CorHm3 �0.009810177 0.01290375
CorWm3 �0.022547563 0.08069906
CorGon �0.304522509 �0.25423782
ConM3 0.423859102 0.15070219
CorCon 0.064907868 ¡0.74648579
ConGon �0.375342299 0.03340525
GonM3 0.370630053 �0.21047024
M3Cor �0.083438499 �0.43509883
LinCor �0.226852510 �0.02797349
LinCon �0.172847720 0.25765191
LinGon �0.032953144 �0.13692229
LinM3 0.595950563 �0.16760887

PCA values in bold are the several highest and lowest scoring variables on PCs 1e3 (see
(2007) have a larger sample size (N ¼ 105), including larger sam-
ples of mPH and H. neanderthalensis, compared with our own
(N¼ 53). Yet a third possibility is that theremay be a greater degree
of variation than originally anticipated in using photographs taken
by many different researchers. Although these differences in
composition, sample size, and/or photograph variation may help to
explain the distinction between the G�omez-Robles et al. (2007)
study and our analysis, one point is still clear from our study. The
Maba M1s fall comfortably within the range of Holocene modern
humans and most closely to the modern Korean samples and far
away from the fossil hominins. The GM results for the M1s
corroborate the analysis of the linear measurements that indicate
theMaba samples fall comfortably within the upper range of recent
humans. The minimum spanning tree indicates a close link with
modern humans as well.

Our results suggest that the most parsimonious explanation for
why the Maba M1s align most closely with Holocene modern
humans is that, in fact, these Maba teeth are also from recent
modern humans. We are certainly not suggesting here that modern
ear measurements.

PC3 PC4 PC5
12.9 9.7 6.4

�0.1462693964 0.25812187 �0.30299745
�0.1324331983 0.02907412 0.03190631
0.0008480897 0.45359426 0.10404935
0.4324661909 �0.22886266 0.05585963

¡0.1876344404 �0.27052265 0.32046861
�0.3223109996 �0.60996350 �0.20115040
�0.1270760870 0.24547475 �0.59967816
0.2805561223 �0.11054827 0.45115485
0.3253621110 0.32543200 �0.03512850
0.4403970533 �0.19027017 �0.35814885

�0.4656956380 �0.03619730 0.16265736
�0.1529880966 �0.11517904 0.17592536

text).



Figure 15. Principal components plot (PC1ePC2) of nine mandibular landmarks. The minimum spanning tree shows links to Maba as a solid black line, those to mid-Pleistocene
Homo fossils as a dotted black line. For comparative purposes, the branches between all of the other hominins are presented as light blue lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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humans were living in Maba during the Middle Pleistocene. How-
ever, we note that the M1s were found in Yinyan and Shuidong and
that the relationship (stratigraphic as well as evolutionary) be-
tween these teeth and theMaba cranium is uncertain. Thus, there is
no reason for us not to believe that these are teeth of modern
H. sapiens, unrelated to the archaic Maba cranium. Furthermore, it
is reasonable to suggest that these teeth are derived from more
recent (e.g., terminal Pleistocene-Holocene) deposits, particularly
because in at least one other area of the cave, Neolithic deposits
were identified. According to the results of our analyses and from
what we understand of the relationship among the different de-
posits, it is most conservative for us to suggest that these teeth are
of modern humans and likely of more recent origin than the Maba
cranium. Future studies could help clarify the taxonomic position of
these teeth, particularly by applying other methodologies (e.g.,
Arizona State University Dental Anthropology System [ASUDAS],
Turner et al., 1991) and/or finding more hominin fossils in secure
stratigraphic position.

M2s Not many studies have been conducted on the M2. A dental
study by Henry-Gambier et al. (2004) on a sample of hominin teeth
from the early Aurignacian Brassempouy site included a brief
analysis of the M2. Henry-Gambier et al. (2004) concluded that
the taxonomic assignment of the Brassempouy hominin teeth is
problematic. However, using a combination of traits, including
“hypocone reduction/absence and short roots”, Bailey and Hublin
(2005:119) concluded that the Brassempouy M2s are almost
surely those of modern H. sapiens. A recent comprehensive
analysis by Martinon-Torres et al. (2012) of the Sima de los
Huesos (‘SH’) hominin teeth utilizing the ASUDAS (Turner et al.,
1991) found support for a link between mPH and
H. neanderthalensis. The Martinon-Torres et al. (2012) study
included an analysis of the M2s, which corroborated the analyses
of the other SH hominin teeth included in their study. The recent
geometric morphometric study by G�omez-Robles et al. (2012) of
SH M2s indicates that features can separate the SH hominins
from other groups (e.g., modern H. sapiens, H. neanderthalensis).
G�omez-Robles et al. (2012: 519) noted that part of the reason for
this may be because “[t]he proportion of three-cusped molars
(defined either as molars completely lacking the hypocone or
with an extremely reduced one) differs in European Homo
heidelbergensis [our mPH], H. neanderthalensis and H. sapiens”,
which serves to give “rise to general differences in mean shape
between them.” Additional discussion of some of these details is
provided in G�omez-Robles et al. (2013), but their discussion does
not directly impact our interpretation.

Here, the analysis of the M2 linear measurements (buccal-
lingual/mesial-distal) clearly indicates that the Maba M2s should
be allocated to Holocene modern humans. However, as noted
above, the GM results indicate that a great deal of morphological
overlap exists among the different hominin taxa included in this
study. Indeed, unlike the case with the M1 GM analysis, where the
Maba specimen is clearly linked to Holocene modern humans, one
of the minimum spanning trees for the Maba M2 joins it with an
H. neanderthalensis specimen. This may be partly the reason why,
like the m3 (see below), few GM studies have been attempted on
the M2 (for recent discussion see Bailey, 2002; G�omez-Robles et al.,
2012). We are not the only ones to note the greater degree of
variation in M2 occlusal surfaces. Martinon-Torres et al. (2012:
19e20) observed in their analysis of the Sima de los Huesos Middle
Pleistocene hominin teeth that “[t]he occlusal contour of the M2s is
more variable than that of the M1s due to the reduction of the
hypocone, which is responsible for the MD [mesial-distal]
shortening.”

m3s Probably due to the great deal of variation, not many dental
studies have concentrated on the m3. One of the primary studies
(Tompkins, 1996) focused on comparisons among Neanderthals,
mPHs, and modern humans (southern Africans, French-
Canadians). Tompkins (1996) determined that m3 development of
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Neanderthals, mPHs, and modern southern Africans was
significantly different from the modern French-Canadian sample.
As discussed above, the comparison of the linear measurements
of the m3s indicate overlap among the Middle Paleolithic, Upper
Paleolithic, Mesolithic, and Neolithic modern humans (Fig. 10).
The Maba m3 falls nicely within the range of these data points
and far away from the older hominins (e.g., australopiths, early
Homo) and generally outside the breadth of H. erectus and the
Neanderthals.

To our knowledge, this is the first GM study of the m3 occlusal
outline (but see G�omez-Robles et al., 2012 study of the M3). Our
results suggest that despite a high level of intra-specific variation,
our modern human teeth (Korean modern and Chinese Neolithic)
generally cluster together and fall away from the older hominins
(Fig. 11), suggesting that informative data could be derived from
closer evaluation of the morphology of the m3. The Maba m3 falls
between the Holocenemodern and the older hominin samples. The
two data points that fall closest to the Maba m3 are a modern
Korean and a P. robustus. The modern Korean data point is in fact at
the extreme edge of the range of the Holocene modern samples.
However, the minimum spanning tree links the Maba data point
most closely with a Holocene modern human. The Maba m3 falls
away from the range of mPH, though it falls within the ranges of
H. erectus and the Neanderthals, samples that display a relatively
high degree of variation. The most likely interpretation is that the
Maba m3 represents a H. sapiens individual, closest to Holocene
modern humans and more distant from the older hominin repre-
sentatives, while even further away from mPH.
Mandible Mandibular morphology is often considered to be
related to some combination of genetic and environmental/func-
tional influences and to be more variable than that of the cranium
(Cleaver, 1937; Humphrey et al., 1999; Nicholson and Harvati, 2006;
Miller et al., 2008; Ant�on et al., 2011; Kaifu et al., 2011). The greater
degree of variability has led to suggestions that morphological
variation in the cranium is more informative than that in the
mandible (e.g., Cleaver, 1937). Indeed, Humphrey et al. (1999:
511) noted that although “it is premature to conclude firmly that
mandibles are less useful than crania for discriminating between
populations”, results of their comprehensive multivariate study
suggested to them that there was some degree of support for the
argument. Nicholson and Harvati (2006), however, using 3D GM
approaches, had a higher success rate of correctly classifying
mandibles across various geographic samples, though still lower
than studies that focused on the crania (e.g., Howells, 1973).

Nevertheless, analyses that have focused on mandibular
morphological variation have been able to draw a number of
interesting conclusions. For instance, Kaifu (1997) was able to
document a fair degree of difference between the earlier Japanese
Jomon (Early and Middle Holocene) and later Yayoi (Late Holocene)
mandible samples he analyzed. This led him to conclude that
change in diet (Jomon: hunter-gatherer-fishers; Yayoi: rice farmers)
and some degree of gene flow could best account for the variation.

Our analysis of mandibular linear metrics from both univariate
and multivariate perspectives was inconclusive, revealing a great
deal of overlap among the included taxa and with the Maba frag-
ment: several of the Maba values are smaller (and one is larger)
than most or all other individuals. Nonetheless, an allocation to
H. sapiens appeared most likely overall. In the GM analysis, the
Maba partial mandible clearly falls away from the western Eurasian
mPHs and Neanderthals and aligns most closely with Zhoukoudian
H. erectus, a modern human from Southeast Asia, and an early
modern human (Skhul 5). We duly note, however, that the range of
variation among the modern human samples is noticeable, falling
in three of the four quadrants of the PC1ePC2 plot (Fig. 15).
Furthermore, Maba also aligns very closely to the Skhul 5 mandible,
which has been “described as having a moderately developed chin,
a tall and narrow ramus, and condyles with a modern human
morphology (McCown and Keith, 1937)” (Nicholson and Harvati,
2006: 369). The minimum spanning tree most closely links the
Maba mandible with a Holocene modern human.

Conclusions

The original intent of this paper was to determine whether
additional putative later Middle Pleistocene specimens from Maba
would illuminate the antecedents of H. sapiens in China. Unfortu-
nately, it appears that the dentognathic specimens available for
analysis from the Maba site complex are probably not contempo-
raneous with the clearly ‘archaic’ Maba cranium. Instead, the
mandible fragment with m3 and the isolated teeth are all probably
intrusive modern humans of much younger age and uncertain
origin. This is not to say that the study was unimportant: only
through detailed analyses of such specimens can we determine
their relevance to the broader picture. More such studies are
necessary to test current hypotheses in paleoanthropology,
particularly in regions where small groups of isolated fossils are
common. Although our conclusion is that in fact these particular
specimens can contribute little to the question of whether mPH
succeeded H. erectus in eastern Asia, only their complete analysis
allowed us to reach such a conclusion and exclude these fossils
from further paleoanthropological discussion.
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