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Abstract A strong focus on the morphological  differences 
between African and Asian H. erectus has generally 
overshadowed variation among populations of Asian  
H. erectus. This study explored variation in Asian H. erectus 
using 3D geometric morphometric methods, examining 
the shape of the neurocranium, frontal bone, occipital 
bone and temporal base. Analyses focused on the elucida-
tion of geographic, temporal and size-related patterns of 
cranial shape variation in a representative sample from 
Zhoukoudian, Sangiran, Ngandong, Sambungmacan and 
Ngawi. In regards to the neurocranium, geographic dif-
ferences explained the greatest proportion of variation, 
followed by geochronological age (these two factors 
explained similar shape differences within the neurocra-
nium) and size. The temporal base, frontal and occipital 
bones were strongly influenced by geography and size. 
Although the later Javanese and Zhoukoudian specimens 
were generally distinct, there was some overlap between 
Sangiran 2 and the northern Chinese specimens. This 
may suggest that isolation between the two regions did 
not occur until the Middle or Late Pleistocene or that 
the Sangiran hominins are morphologically close to the 
common ancestor of the Zhoukoudian and later Javanese  
H. erectus. The late Indonesian fossils did group together 
in the principal components analyses. Yet there were subtle 
shape differences between the Sambungmacan/Ngawi fos-
sils and those from Ngandong, indicating the presence of 
two similar but slightly different potentially contemporane-
ous morphs. The Sambungmacan specimens do not appear 
to be morphological intermediaries between the Sangiran 
and Ngandong fossils in regards to overall cranial shape.
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Introduction

Despite the implicit assumption of broad homogeneity 
within Asian H. erectus, there is variation in the cranial 
morphology of the Javanese and Chinese H. erectus sam-
ples. This diversity has implications for the interpretation of 
the taxonomy and evolutionary history of H. erectus. 
Although H. erectus s.l. is now known from sites across the 
Old World, the initial H. erectus discoveries were from sites 
on the Indonesian island of Java (Trinil; Dubois 1894), and 
from mainland China (Zhoukoudian; Black 1929). A pre-
occupation with the distinctions between African and Asian 
H. erectus has generally overshadowed potential variation 
within Asian H. erectus (e.g., Wood 1984, 1994; Andrews 
1984; Stringer 1984; Villmoare 2005). Yet, those studies 
that have explored differences within and among Asian  
H. erectus fossil assemblages have uncovered complex and 
sometimes conflicting patterns of geographic, temporal,  
and size-related cranial variation (von Koenigswald and 
Weidenreich 1939; Weidenreich 1943, 1951; Jacob 1975, 
1978; Sartono 1975; Rightmire 1990; Kidder and Durband 
2000, 2004; Antón 2002; Durband et al. 2005; Kaifu et al. 
2005, 2008; Liu et al. 2005; Baab 2007).

Some researchers have reported a robust relationship 
between morphology and geography within Asian H. erectus. 
These studies show that the Javanese and northern Chinese 
samples are each relatively homogenous but clearly distinct 
from one another in regards to their cranial shape (Weidenreich 
1951; Picq 1990; Kidder and Durband 2000, 2004; Antón 
2002; Durband et al. 2005), despite the greater time depth of 
the Indonesian fossil sample. Differences have been docu-
mented in the overall shape of the cranial vault, including the 
frontal bone, occipital bone, and the temporomandibular joint 
(TMJ). In contrast, other studies have documented greater 
overlap between the Indonesian and Chinese morphologies 
(Rightmire 1990; Bilsborough 2000; Liu et al. 2005).

Cranial shape may have changed over time both within 
Asian H. erectus as a whole as well as within regional sam-
ples (e.g., Antón 2002). It has been well-established that the 
average brain size increased over time in H. erectus s.l. 
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(Wolpoff 1984; Leigh 1992; Rightmire 2004) and within 
Asian H. erectus s.s. in particular (Sartono 1975; Antón and 
Swisher 2001). However, it is unclear exactly how this relates 
to changes in cranial shape within this taxon, although Antón 
(2002) has speculated that an increase in cranial height and 
minimum frontal breadth were the result of increasing 
endocranial volume in the Javanese H. erectus. Santa Luca 
(1980) identified several evolutionary trends in the shape of 
the cranium within Asian H. erectus which he also attributed 
to an increase in brain size. These changes include an increase 
in the breadth across the temporal squamae, a decrease in the 
size of the sagittal keel, a reduction of the supraorbital sulcus 
and a more vertically oriented occipital plane. More recently, 
Kaifu et al. (2008) suggested that increases in external cra-
nial dimensions in the more recent Indonesian fossils corre-
spond to increases in endocranial capacity.

Differences within the sites of Sangiran, Ngandong, and 
Zhoukoudian have also been attributed to sexual variation 
(e.g., Weidenreich 1943; Santa Luca 1980; Rightmire 1990; 
Wolpoff 1999). Interpretations of sexual variation must be 
viewed cautiously, however, due to well-documented diffi-
culties in assigning sex to individual fossils (Armelagos and 
Van Gerven 1980). To avoid the risks associated with assign-
ing sex to the fossils, this study focused on size-related vari-
ation; within Asian H. erectus, and within limited 
temporogeographic samples (such as Ngandong), this prob-
ably corresponds to sexual variation. However, size varia-
tion outside of these circumscribed samples must be viewed 
as a combination of sexual and allometric variation. Recent 
work has highlighted the effect of size on certain aspects of 
cranial shape often used to define H. erectus, such as occipi-
tal angulation and degree of postorbital constriction (Spoor 
et al. 2005).

In addition to questions which apply to the Asian H. erectus 
sample as a whole, there are also areas of ambiguity related 
specifically to the Javanese H. erectus sample. For example, 
it is unclear whether the Sambungmacan fossils form a sin-
gle, homogenous sample and, if so, whether they are a good 
morphological intermediary between the Sangiran and 
Ngandong samples (Frayer et al. 1993; Wolpoff 1999; Baba 
et al. 2003; Kaifu et al. 2008), or whether they are more 
closely related to the Ngandong specimens (Sartono 1975; 
Jacob 1975, 1978; Delson et al. 2001; Antón 2002). The less 
widely-known Ngawi specimen has also been grouped with 
the Ngandong and Sambungmacan fossils, although only 
limited morphometric comparisons have been made between 
Ngawi and other Indonesian H. erectus (Sartono 1990; 
Widianto and Zeitoun 2003).

Jacob (1975, 1978) and Sartono (1975) have further linked 
the Ngandong/Sm 1 group to S 17 which is considerably 
older (1.3 Ma: Larick et al. 2001) on the basis of overall size 
and details of cranial form such as the large supraorbital tori. 
By excluding other Sangiran hominins from this group, these 

workers were implicitly supporting the presence of two or 
more separate lineages within Javanese H. erectus for over 1 
Myr. Jacob (1978) extended this lineage back in time even 
further to >1.5 Ma by arguing for an ancestor–descendent 
relationship between “Pithecanthropus modjokertensis” 
(which includes S 4) and “P. soloensis” (Ngandong, Sm 1, 
and S 17).

This study complements previous efforts to better char-
acterize and understand the degree and pattern of variation 
within Asian H. erectus based on linear measurements and 
discrete characters by focusing on an alternate source of 
information: three dimensional (3D) cranial shape. Three 
dimensional geometric morphometrics has advantages over 
standard linear measurements in that it retains the original 
geometry of the specimens and can be used to visualize 
shape differences related to external factors such as geogra-
phy or size. Although discrete traits have proven central to 
the debate about the distinctiveness of Asian vs. African  
H. erectus, they have also proven quite controversial. For 
instance, disagreements concerning individual character 
definitions, independence of characters, and taxonomic  
distribution of characters remain unsettled (e.g., Stringer 
1984; Andrews 1984; Wood 1984, 1991, 1994; Hublin 1986; 
Bräuer 1990; Kennedy 1991; Bräuer and Mbua 1992; 
Villmoare 2005). Cranial shape, as quantified by geometric 
morphometric techniques, provides a less subjective source 
of information about cranial morphology and allows for the 
study of the shape of biological structures, rather than just a 
limited set of linear measurements. In this study the rela-
tionship between cranial shape variation and several exter-
nal variables, specifically geography, geological age and 
cranial size, was explored using principal components and 
multiple regression analyses. In addition, the affinities of 
individual specimens within the Javanese sample and pos-
sible evolutionary relationships were also assessed using 
this dataset.

Materials

In this study 3D landmark data were acquired from Indonesian 
and Chinese H. erectus cranial fossils. Original specimens 
were used when available, but casts were substituted for the 
Zhoukoudian, S 12, S 17 and Ngawi fossils (Table 6.1). 
Although data was collected from the well-preserved Perning 
fossil calvaria, it was not included in any analysis as a result 
of its very young age. The age of Zkd 3 is unclear. It may be 
a young subadult (8–9 years of age) (Weidenreich 1943), an 
older subadult (Black 1929, 1931; Antón 2001), or an adult 
(Mann 1971). It was therefore included in analyses when 
possible, but its possible subadult status must be kept in mind 
when discussing this specimen.
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Although clearly relevant to the broader questions 
 pertaining to H. erectus, non-Asian H. erectus specimens, 
including those from Africa and Dmanisi, were excluded 
from this study in order to focus on variation within a more 
limited geographic region; details regarding cranial shape 
variation in H. erectus as a whole can be found in Baab 
(2007, 2008). Although the transition among groups of 
Pleistocene Homo in China is not well understood, later 
specimens from sites such as Dali, Maba and Jinniushan 
were also not analyzed because they are most commonly 
assigned to “archaic” H. sapiens based on their large endocra-
nial volume and cranial morphology (e.g., Rightmire 2004; 
Baab 2007). In contrast, numerous studies have confirmed 
the attribution of the younger Ngandong fossils to H. erectus 
(Santa Luca 1980; Rightmire 1990; Antón 2002; Baab 2007). 
Unfortunately, most of the oldest fossils in both Indonesia 
and China are quite distorted due to diagenetic forces (e.g., S 
27 and Gongwangling), and several of the Chinese H. erec-
tus fossils are not widely accessible to researchers. Therefore, 
information about the morphology in the earliest Asian H. 
erectus crania is limited to that of S 4, and it was not possible 
to evaluate claims for intra-Chinese variation (Dong 1989;  

Li and Etler 1992; Antón 2002; Kidder and Durband 2004; 
Durband et al. 2005).

Methods

Data Acquisition and Processing

A total of 131 midline and bilateral 3D landmarks (such as 
standard osteometric points like bregma) were recorded from 
each cranial specimen with a Microscribe 3D/3D-X digitizer. 
In addition, three midline and nine bilateral curves were 
recorded from each specimen when possible. Each curve is a 
series of landmarks (termed semilandmarks) taken along a 
cranial contour like the midsagittal plane or along the tempo-
ral squama. For all specimens, each curve was then  resampled 
to the same number of semilandmarks using weighted linear 
interpolation. The linear interpolation worked as follows: (1) 
the total length of the curve was calculated as the sum of the 
distances between the original neighboring semilandmarks, 
(2) the total distance was divided by the number of desired 

Table 6.1 List of fossil specimens used in this study and their respective cranial capacities, as well as centroid sizes from two of the neurocranial 
analyses

Region Specimen*
Endocranial capacity  
(cm3)

Centroid size/log centroid sizeg

Max. Indonesian Max. Chinese

China Zkd 3 915a N/A 425.57/6.05
Zkd 5 1140a N/A 459.14/6.13
Zkd 11 1015a 405.37/6.00 430.97/6.07
Zkd 12 1030a 411.62/6.02 437.32/6.08

Early Indonesia S 2 813b 379.82 / 5.94 N/A
S 4 908b N/A N/A
S 12 1059b N/A N/A
S 17 1004b 416.11/6.03 448.43/6.11

Late Indonesia Sm 1 1100c 421.31/6.04 N/A
Sm 3 917d 394.82/5.98 422.73/6.05
Ng 1 1172e N/A N/A
Ng 6 1251e 434.28/6.07 468.49/6.15
Ng 7 1013e N/A N/A
Ng 10 1135e N/A N/A
Ng 11 1231e 427.20/6.06h 458.74/6.13
Ng 12 1090e 418.27/6.04 446.30/6.10
Ngawi 1000f 391.36/5.97 418.62/6.04

aWeidenreich (1943)
bHolloway (1981)
cJacob (1975)
dMarquez et al. (2001)
eHolloway (1980)
fSartono (1990)
gCentroid size is calculated as the square root of the sum of squared distances from the centroid to each landmark and is therefore dependent upon 
the number and type of landmark used. Hence, centroid sizes in different analyses are not directly comparable
hNg 11 had all necessary landmarks so centroid size could be computed, but it was not included in the analysis to maintain more equivalent tem-
porogeographic sample sizes
*Zkd (Zhoukoudian), S (Sangiran), Sm (Sambungmacan), Ng (Ngandong)
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resampled semilandmarks, (3) the resampled semilandmarks 
were evenly spaced along this curve, and their coordinates 
were calculated as averages of the two closest original 
semilandmarks (weighted by proximity to the resampled 
landmark position). The endpoints of the curves remained 

unchanged in all cases. The landmark protocol included 
landmarks and curves from all regions of the vault, temporal 
base, and occipital (see Table 6.2) and was similar to land-
mark sets employed by Frost et al. (2003), Harvati et al. 
(2004) and McNulty et al. (2006). Not all landmarks  collected 

(continued)

Table 6.2 Landmarks and curves: definitions and abbreviations

Landmark/curve Abbr. Definition Ref.

Dorsal landmarks
Inion IN Point at which the superior nuchal lines merge in the external occipital protuberance 

(or linear tubercle)
b

Lambda LA The apex of the occipital bone at its junction with the parietals, in the midline a
Bregma BR Posterior border of the frontal bone in the midline a
Midline post-toral sulcus PTS Minima of concavity on midline post-toral frontal squama f
Glabella GL Most anterior midline point on the frontal bone, usually above the frontonasal 

suture
b

Nasion NA The intersection of the fronto-nasal suture and the median plane a
Alveolare AL Midline point at the inferior tip of the bony septum between the upper central 

incisors
b

Alare ALR The most lateral point on the margin of the nasal aperture b
Zygoorbitale ZO Point where the orbital rim intersects the zygomaticomaxillary suture b
Dacryon DA Point where the lacrimomaxillary suture meets the frontal bone b
Supraorbital notch SON Point of greatest projection of notch into the orbital space, taken on the medial side 

of the notch
f

Frontomalare- temporale FMT Point where the frontozygomatic suture crosses the temporal line  
(or outer orbital rim)

b

Frontomalare-orbitale FMO Point where the frontozygomatic suture crosses the inner orbital rim b
Mid-torus inferior MTI Point on inferior margin of supraorbital torus roughly at the middle of the orbit 

(on superior margin of orbit)
c

Mid-torus superior MTS Point on superior aspect of supraorbital torus, directly above mid-torus inferior  
on anterior aspect of torus

c

Anterior pterion AP Where coronal suture intersects sphenofrontal or sphenoparietal suture
Jugale JG The point in the depth of the notch between the temporal and frontal processes  

of the zygomatic
b

Porion PO Uppermost point on the margin of the external auditory meatus b
Auriculare AU A point vertically above the center of the external auditory meatus at the root  

of the zygomatic process
b

Malar root origin MR Point where zygomatic root arises from the maxilla (often a point of convexity 
between molar juga and zygomatic root)

f

Frontotemporale FT The point where the temporal line reaches its most anteromedial position on the 
frontal

b

Parietal notch PN On postero-superior border of the temporal where the squamosal and parietomastoid 
sutures meet

b

Asterion AS The common meeting point of the temporal, parietal, and occipital bones, on either side a
Ventral Landmarks
Opisthion OP Midline point at the posterior margin of the foramen magnum b
Tympanomastoid junction TM Point where tympanic tube and mastoid fissure meet laterally
Medial petro-tympanic crest MPT Most medial point of petrotympanic crest at level of carotid canal e
Lateral petro-tympanic crest LPT Lateral origin of petrotympanic crest e
Stylomastoid foramen SF Posterior border of stylomastoid foramen d
Postglenoid PG Infero-lateral most point posterior to glenoid fossa and anterior to ectotympanic  

tube (corresponds to postglenoid process)
c

Entoglenoid EG Most inferior point on the entoglenoid pyramid d
Lateral articular fossa LAF Deepest point on the lateral margin of the articular eminence d
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Table 6.2 (continued)

were analyzed. Four landmarks (metopion, mid-parietal, and 
mid-temporal squama left and right) were calculated as the 
midpoint of a single curve (see Table 6.2 for details).

While most Asian H. erectus calvaria and crania preserve 
the cranial vault and the lateral basicranium (particularly the 
mastoid and TMJ regions), the exact structures preserved 
varied among individuals. Bilateral landmarks missing 
 unilaterally were reconstructed by reflection of their antim-
eres across the midsagittal plane (e.g., McNulty et al. 2006; 
Gunz and Harvati 2007). Landmark configurations for all 
individuals were then superimposed using generalized 
Procrustes analysis (GPA) in order to remove the effects of 
location, orientation and scale (although shape variation 
related to size is not removed) (Rohlf 1990; Rohlf and 
Marcus 1993; O’Higgins 2000; Adams et al. 2004). GPA 
works by first superimposing specimens’ centroids (geomet-
ric center) at the origin, scaling configurations to a unit cen-
troid size (centroid size is the square root of the sum of the 
squared distances between each landmark and the centroid) 
and then rotating them until the residual sum-of-squares 
across all landmarks and specimens falls below a set toler-
ance level (Gower 1975; Rohlf and Slice 1990). In all cases 

the landmarks were averaged with their reflected equivalents 
in order to minimize the effects of bilateral asymmetry, par-
ticularly essential for fossil specimens (Bookstein 1996) and 
the superimposed landmarks were then treated as shape vari-
ables in standard multivariate statistical analyses (Kent 
1994). Morpheus et al. (Slice 1998) was used for generalized 
Procrustes analysis as well as for visualization purposes, and 
statistical analysis was performed in SAS 8 (SAS Institute 
1999–2001).

In the case of Zkd 5, portions of both temporal bones were 
recovered in the mid-1930s and described by Weidenreich 
(1935, 1936–1937, 1943). In 1966, members of the Institute 
of Vertebrate Paleontology and Paleoanthropology recovered 
both a frontal and an occipital bone that also belong to Zkd 5 
(but see Schwartz and Tattersall 2003). Together these form 
a nearly complete cranium lacking its superior aspect. While 
most of the frontal squama is present, the posterior border is 
not complete. This specimen has been reconstructed in the 
area of bregma but no sutures are preserved. The midsagittal 
curve was recorded from glabella to the general region of 
bregma on Zkd 5, and Zkd 2, 3, 10, 11 and 12 were used to 
estimate the position of bregma along this original curve.

Landmark/curve Abbr. Definition Ref.

Center of mandibular fossa CMF The intersection of the perpendicular axes though the longest and widest parts  
of the mandibular fossa

Medial squamo-tympanic 
fissure

MST Intersection of squamotympanic fissure with medial edge of mandibular fossa

Lateral squamo-tympanic 
fissure

LST Intersection of squamotympanic fissure with lateral edge of mandibular fossa

Foramen spinosum FS Point on posterior margin of foramen spinosum
Temporosphenoid suture TS Point where temporosphenoid suture passes from squama to cranial base  

(often on infratemporal crest)
Lingual canine margin LC Most lingual aspect of canine alveolar process f
M1–M2 contact M1–2 Point of contact projected onto buccal alveolar margin c
M2–M3 contact M2–3 Point of contact projected onto buccal alveolar surface f
Metopion ME Point midway between glabella and bregma in midline, calculated a postieri b
Mid-parietal MP Point midway between bregma and lambda in midline, calculated a postieri
Mid-temporal squama MTS Point midway along temporal squama between TS and PN, calculated a postieri
Curves
Midsagittal Frontal Profile MFP From bregma to glabella along midline
Midsagittal Occipital Profile MOP From lambda to opisthion along midline
Superior Frontal Torus SFT From frontomalaretemporale to midline, along the supero-anterior edge of the 

frontal torus

a Howells (1973)
b White and Folkens (2000)
c Frost (2001)
d Harvati (2001)
e Harvati (2003)
f McNulty (2003)
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Study Design

Two geographic groups were recognized in this analysis: 
Indonesia and China. In order to statistically investigate the 
effects of time on the fossil sample, specimens were assigned 
to one of four time bands of 400 kyr each from 1.6 Ma to the 
present. While narrower time bands (e.g., 200 Ka; Wood 
1993) would have provided more fine-grained temporal reso-
lution, the 400 kyr time bands still permitted a reasonable 
degree of resolution while also allowing for wider confidence 
limits around the age of each specimen (necessary due to 
well-documented uncertainties surrounding dating of Asian, 
particularly Indonesian, H. erectus sites). Each specimen 
was assigned to a single time band based on evaluation of the 
available data (see Baab 2007 for discussion) as summarized 
in Table 6.3. In each analysis the centroid size was calculated 
for all individuals (see Table 6.1) and acted a multivariate 
proxy for size (Bookstein 1996).

Several sets of landmarks were designed to maximize 
inclusion of incomplete fossil specimens. The three neuro-
cranial landmark sets captured the overall shape of the vault 
including the supraorbital torus. There were also three 
regional analyses which focused on the frontal bone, tempo-
ral base, and occipital bone. The fossil samples for each 
landmark set differed based on individual fossil preservation. 
Table 6.4 provides details about the composition of samples 

and landmarks in each analysis. Results were reported for 
each landmark set separately, but interpretations of geo-
graphic, anagenetic and size-related variation were based on 
the combined results of these analyses. One of the neurocra-
nial analyses was performed on only the Indonesian fossil 
hominins (“Indonesians Only”), in order to focus on ques-
tions specific to this more temporally variable sample.

Both the frontal and occipital bone analyses included 
landmarks and semilandmarks (see Table 6.4). For the fron-
tal bone analysis, the semilandmarks were resampled from 
three curves: the midsagittal frontal profile (MFP) and the 
superior frontal (supraorbital) torus (SFT left and right). 
MFP was resampled to eight semilandmarks, including gla-
bella and bregma. SFT right and left were resampled to five 
semilandmarks each, which included frontomalaretemporale 
as the first landmark. Because the supraorbital curves ended 
at the midline which was also captured by the midsagittal 
line, the last of these five semilandmarks was dropped from 
each of the supraorbital curves. Combined, a total of 25 land-
marks and semilandmarks were analyzed in the frontal bone 
analysis. The occipital bone analysis was focused exclusively 
on the curvature of the bone in the midline and the position 
of asterion. The midline occipital profile (MOP) curve was 
taken from lambda to opisthion in the mid-sagittal plane.  
In addition to asterion, lambda, and opisthion, eight 
semilandmarks were analyzed that were evenly spaced 

Table 6.3 Geochronological time bands for Asian Homo erectus sites/specimens (preferred ages in Ma outlined)

Site/specimen Time band 1: £1.6–1.2 Time band 2: <1.2–0.8 Time band 3: <0.8–0.4 Time band 4: <0.4

S 4 >1.5a 1.07–0.99b, c

S 17 1.3–1.24d 0.99–0.78e, c

S 12 1.2–0.98d ~0.78b

S 2 1.2–0.98d ~0.78b

Zhoukoudian (all but 5)* 0.6–0.4f or >0.5 (0.8–0.6)g, o

Zkd 5 0.4–0.5g ~0.35f, 0.29h

Sambungmacan ~1.0 (Kabuh or 
Jaramillo)e, i

£0.78 (Brunhes)e, i–j 0.05–0.032k

Ngawi Kabuhl Kabuhl High Terraces (same age as 
Ngandong)l

Ngandong Middle Pleistocenem 0.05–0.032k or 0.1n

aAntón (2003)
bItihara et al. (1994)
cHyodo et al. (1993, 2002)
dLarick et al. (2001)
eJacob et al. (1978)
fGrün et al. (1997)
gShen et al. (2001)
hYuan et al. (1991)
iMatsu’ura et al. (2000) for Sm 2
jBaba et al. (2003) for Sm 4
kSwisher et al. (1996)
lSartono (1990)
mSanta Luca (1980)
nBartstra et al. (1988)
oShen et al. (2009).
*Zkd 3 is the oldest of the Zhoukoudian fossils and may be older than 0.8 Ma, but this date is based on extrapolations from approximating sedi-
mentation rates (Shen et al. 2001)
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Table 6.4 Neurocranial and regional analyses: composition of samples and landmark sets

Analysis

Fossils

LandmarksaChina Indonesia

Maximum Landmarks Zkd 11 & 12 S 17, Sm 3, Ng 6, 11 &12, Ngawi OP, IN, LA, MP, BR, MET, PTS, GL, SON, 
FMT, FMO, AP, MTS, PO, AU, FT, PN, 
AS, TM, EG, TSb

Maximum Indonesian Zkd 11 & 12 S 2, 17, Ngawi, Ng 6, 11, 12,Sm 1 & 3 OP, IN, LA, MP, BR, FMO, FMT, FT, AP, 
MTS, PO, AUR, TM, EG, PN, AS, TS

Maximum Chinese Zkd 3, 5, 11 & 12 S 17, Ng 6, 11 & 12, Sm 3, Ngawi IN, LA, MP, BR, ME, PTS, GL, SON, FMO, 
FMT, FT, AP, MTS, PO, AUR, TM, EG, 
PN, AS

Indonesians Only None S 2, 17, Ngawi, Ng 6, 11, 12, Sm 1 & 3 OP, IN, LA, MP, BR, FMO, FMT, FT, AP, 
MTS, PO, AUR, TM, EG, PN, AS, TS

Frontal Bone Zkd 3, 5, 11 & 12 S 17, Sm 3c, Ng 6 & 12, Ngawi BR, GL, NA, FMT, FMO, MTI, AP, FT, twelve 
semilandmarksd

Temporal Base Zkd 3 & 5 S 2, 4 & 17, Sm 1,
Ng 6 & 12

TM, MPT, LPT, SF, PG, EG, LAF, CMF, MST, 
LST, TSe

Occipital Bone Zkd 11 & 12 S 2, 4, 12 & 17, Sm 1 & 3, Ngawi, Ng 
1, 6, 7, 11 & 12

LA, OP, eight semilandmarksf

a Abbreviations refer to Table 6.2
b See Fig. 6.1 for an illustration of all neurocranial landmarks used set
c Nasion was taken at the broken inferior edge of the frontal bone but may be slightly superior to the actual frontonasal suture
d Six evenly spaced semilandmarks were resampled from the MFP curve and three each were resampled from the left and right SFT curves (see 
Fig. 6.7)
e See Fig. 6.9
f Eight semilandmarks were resampled from the MOP curve between lambda and opisthion (see Fig. 6.12)

between these lambda and opisthion, for a total of 12 
semilandmarks and landmarks.

Statistical Analysis

TpsSmall (Rohlf 2003) was used to test the correspondence 
between the datasets in Kendall’s shape space and the 
Euclidean space which is tangent to Kendall’s shape space at 
the mean configuration (Marcus et al. 2000). The very tight 
correlations (R2 = 0.99999 – 1.0) between the pairwise 
Procrustes distances (calculated in Kendall’s shape space) 
and the pairwise Euclidean distances for all landmark sets 
described in Table 6.4 permitted statistical analyses to be 
carried out in GPA space (sensu Slice 2001, 2005).

It was possible to address whether temporal / geographic 
variation or size variation had a greater influence on Asian  
H. erectus cranial shape. If anagenetic change, which is 
attributable to either gene flow or convergent selection pres-
sures in different regions, exerted the strongest influence on 
cranial morphology, then temporal variation will be most 
tightly correlated with cranial shape variation. If, however, 
local evolutionary forces such as genetic drift / isolation or 
adaptation to the local environment had a more significant 
impact on cranial morphology, then geography would explain 
more of the shape variation in Asian H. erectus. Finally, if 
some combination of sexual selection and species-specific 
allometric constraints are the primary determiners of cranial 

morphology, then cranial shape will be closely linked to size 
variation.

Regressions of the coordinates of the superimposed land-
marks on the two geographic groups (coded as dummy vari-
ables: Indonesia = 1 and China = 0), geological age measured 
as millions of years before present (ln-transformed, based on 
the midpoint of each band) and centroid size (ln-transformed) 
were performed. The total variance remaining in the sample 
after the shape variables were adjusted for each independent 
variable was calculated and presented as a proportion of the 
total variance of the sample. Regressions were performed for 
all landmark sets. The angles (and cosines of the angles) 
between the vectors of regression coefficients for each pair 
of the three independent variables [geography, log geologi-
cal age, and log centroid size] were reported in order to 
quantify the magnitude of correlation between each set of 
factors. The coordinates of the superimposed landmarks 
were regressed on the three independent factors separately 
(in three multiple regression analyses), which resulted in 
three vectors of regression (beta) coefficients, one for each 
factor. The larger the cosine value, the stronger the correla-
tion between the two factors. If landmarks were removed in 
order to accommodate individual specimens, new regres-
sions were performed and all results were reported.

Principal components analysis (PCA) was performed on 
each data set. PCA reduces the dimensionality of the data by 
rotating the GPA-aligned data (shape coordinates) so that the 
new axes (principal components) are orthogonal to one 
another and are ordered by the amount of variance explained. 
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PCA ordinations highlight patterns of shape covariation in 
the data. Only plots of the first two components were pre-
sented because higher order components were not statisti-
cally significantly correlated with geography, age, or size of 
the fossils.

Differences between geographic groups were tested over 
a larger number of PCs (accounting for at least 97% of the 
total variance) using multivariate analysis of variance 
(MANOVA). Principal component (PC) 1 and 2 scores were 
also regressed on geography, log geological age, and log 
centroid size. In order to also examine the interaction among 
the independent variables, the general linear model was used. 
The analysis results in both a probability associated with the 
F value for the overall model, as well as t-tests for the inde-
pendent variables. The probabilities associated with statisti-
cally significant interactions were also presented.

Visualization

Shape variation along each of the first two principal compo-
nents was illustrated at the positive and negative ends of the 
axes for each analysis (by adding/subtracting the eigenvectors 
of each component to/from the consensus configuration) 
scaled by the maximum and minimum values observed in the 
data set. In some cases comparisons were also made between 
the average shapes from each of three restricted temporogeo-
graphic groups: Zhoukoudian, early Indonesian (Sangiran), 
and late Indonesian (Ngandong, Sambungmacan, and Ngawi). 
This approach was deemed preferable to a comparison of the 
mean from each group to the grand mean for all Asian H. 
erectus fossils because the former method emphasized the 
small scale variations among temporogeographic groups.

Results

Neurocranium

Maximum Landmarks Analysis

The first neurocranial landmark set includes the greatest den-
sity of landmarks, but the fewest specimens (see Table 6.4), 
and is illustrated in Fig. 6.1. This landmark set captures the 
shape of the entire neurocranium. MANOVA on the scores 
from the first six PCs, which together account for 98% of the 
total shape variance in the sample, indicates significant group 
differences between the Chinese and Indonesian fossils 
(Table 6.5). The first component in the PCA separates the 
Indonesian fossils (which score low) from the two Zhoukoudian 
specimens (which score high) as seen in Fig. 6.2. This corre-

sponds well with the observation that geography accounted for 
the highest proportion of the total variance in cranial shape 
(Table 6.6). The first component is clearly related to differ-
ences between the Chinese and Indonesian fossils, while 75% 
of the variance in PC 2 scores was accounted for by differ-
ences in the size of the individual fossils (Table 6.7) with the 
larger specimens scoring higher than smaller ones. In all of the 
neurocranial analyses, the shape differences accounted for by 
geography and time overlap to a great extent as indicated by 
the high cosine values in Table 6.6.

As seen in Fig. 6.2, individuals with higher scores along 
PC 1 (i.e., Zhoukoudian) have more postero-superiorly posi-
tioned inion, more inferiorly positioned opisthion, longer but 
less outwardly expanded midline frontal squamae, narrower 
occipital and frontal bones, greater width across the basal 
temporal bone, and the lateral ends of the supraorbital torus 
are less down-turned. Also illustrated in Fig. 6.2 are the 
shape differences associated with an increase in size toward 
the positive end of PC 2. High scoring individuals have lon-
ger neurocrania due to greater expansion of the anterior fron-
tal bone, a lower temporal squama, and a more posteriorly 
located inion and lambda. The basal temporal structures are 
more medially positioned but auriculare is more laterally 
projecting relative to porion, and the sphenosquamosal suture 
is more anteriorly located. The frontal bone also differed in 
being slightly narrower with a more superiorly positioned 
frontotemporale.

The differences between the Chinese and Javanese aver-
ages correspond closely to those described for PC 1 above 

Fig. 6.1 Illustration of all landmarks used in three neurocranial analy-
ses. This particular set of landmarks corresponds to those used in the 
maximum landmarks analysis whereas both the maximum Indonesian 
and maximum Chinese analyses used slightly different subsets of these 
landmarks. The lines connecting the landmarks are for visualization 
purposes only and do not represent actual data. Again, the wireframes 
used in the maximum Indonesian and maximum Chinese analyses dif-
fer slightly from the one shown here for the maximum landmark set. 
Landmarks OP and EG cannot be seen in this view but their position is 
estimated. Landmark definitions and abbreviations can be found in 
Table 6.2
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(Fig. 6.3). Relative to the younger Indonesian fossils, the 
Zhoukoudian specimens are wider across the basal temporal 
bone structures, but narrower at all points along the vault 
(FT, AP, MTS, PN, and AS) (Fig. 6.3b, c). This pattern cor-
responds to the narrow frontal and occipital dimensions 
relative to the midvault in Zhoukoudian as noted by previ-
ous researchers (Antón 2002; Kidder and Durband 2004; 

Durband 2006). However, the greater width across auriculare 
is not indicative of greater width across the mid-vault in general; 
rather, the suprameatal crest appears to be more laterally pro-
jecting in the Chinese specimens (Fig. 6.3a, b). Similarly, 
despite the greater constriction at frontotemporale, the 
Chinese fossils are actually wider across anterior pterion 
compared to S 17. S 17 does not differ very much from the 

Table 6.5 MANOVA test of group differences between Zhoukoudian and Indonesian samples on the first n principal components that explain 
³97% of the total variance in the neurocranial shape analyses

Analysis
PCs scores used 
for MANOVA

% of total variance 
explained by PCs

Wilks’ Lambda  
F value

Probability 
associated with  
F value

Significant difference in group 
means on PCs

Maximum Landmarks 1–6 97.7% 1399.56 0.0205* PC 1
Maximum Indonesian 1–8 98.8% 73.20 0.0902 –
Maximum 

Zhoukoudian
1–7 97.6% 39.06 0.0252* PC 1

*Indicates significant result at p < 0.05
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Zkd 12

Zkd 11
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-0.02-0.04 0.02 0.04

PC 1
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Fig. 6.2 PCs 1 and 2 of the maximum landmark data set. The shape 
changes seen from the negative to the positive ends of the first two 
components illustrated below in right lateral and superior views are 

also described in the text. The wireframe corresponds with that shown 
in Fig. 6.1. For this and subsequent PCA graphs, the proportion of vari-
ance captured by each component is listed in Tables 6.7 and 6.10
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younger Indonesian fossils, but does have a lower cranial 
profile in the midline, a taller mid-temporal squama, and a 
narrower frontal squama (see Fig. 6.3e, f).

Maximum Indonesians Analysis

By excluding several of the midline frontal bone landmarks 
and SON from the analysis, it was possible to include addi-
tional specimens from Java, specifically Sm 1 and S 2 (see 
Table 6.4), thus increasing the representation of older and 
smaller individuals in the analysis.

A MANOVA test for differences between these two 
regional groups for scores on the first eight PCs together was 
not significant (see Table 6.5), and geographic origin of fos-
sils accounts for less of the total shape variance than in the 

previous maximum landmarks analysis (see Table 6.6). There 
is no clear Chinese–Indonesian division in regards to cranial 
shape on the first four PCs. On PCs 1, 2, and 4, both of the 
Zhoukoudian fossils scored higher than the majority of the 
Javanese specimens, but the two geographic groups 
 overlapped one another on all PCs. S 2 in particular does not 
group with its closest geographic neighbors on PC 1  
(see Fig. 6.4). There is a complex relationship between age, 
size, geography, and PC 1 scores, including statistically sig-
nificant interaction between the geochronological age and 
size of each fossil (Table 6.7). Among the older fossils from 
Sangiran and Zhoukoudian, the larger specimens have lower 
scores, whereas the smaller specimens of the younger group 
(Ngandong, Sambungmacan, and Ngawi) score even lower. 
On PC 1, S 2 and the Zhoukoudian fossils differ from the 
other, lower scoring, Indonesian fossils, in having a narrower 
frontal bone with greater constriction across frontotempo-
rale, a lower cranial vault with a more posteriorly projecting 
inion, and a shorter parietomastoid suture (see Fig. 6.4).

The absence of landmarks from the central portion of the 
frontal squama may have contributed to the lack of separa-
tion between Indonesian and Zhoukoudian samples in this 
analysis as this region did vary consistently between the two 
geographic groups. However, S 2 also differed from S 17 and 
the other fossils from Java in several other features of 
 neurocrania shape (as described above), and it is certainly 
possible that it exhibited further variations in frontal bone 
morphology.

Maximum Zhoukoudian Analysis

When OP and TS are excluded from the maximum landmark 
set, two additional Zhoukoudian fossils, Zkd 3 and 5, can be 
examined. This introduces some additional time depth to the 
sample as Zkd 3 and 5 represent the oldest and youngest 
specimens, respectively (see Table 6.3). These are also the 
largest (Zkd 5) and smallest (Zkd 3) of the Zhoukoudian 
specimens (see Table 6.1).

The inclusion of these additional fossils results in a strong 
Zhoukoudian–Indonesian dichotomy along the first compo-
nent (Fig. 6.5). Geographic differences account for 40% of the 
total variance in neurocranial shape (Table 6.6), with most of 
these differences concentrated on the first  component 
(Table 6.5). There is a relationship between size and PC 2 
scores, which is modified by geography. Specifically, larger 
Indonesian fossils score lower on PC 2 while the opposite pat-
tern holds true within the Chinese sample (i.e., smaller fossils 
score lower on PC 2). This indicates a different relationship 
between size and shape within the two geographic regions.

Most of the shape differences seen along PC 1, which 
separate the two geographic groups, are similar to those 
described in the maximum landmarks analysis along the 
first component. Fossils with higher scores along PC 2 

a b

c d

e f

Fig. 6.3 Comparison of the average shapes of the Zhoukoudian, early 
Indonesian and late Indonesian groups. The shape differences are illus-
trated in left lateral and superior views between (a, b) Zhoukoudian 
(black) and S 17 (gray), (c, d) Zhoukoudian (black) and the younger 
Indonesian fossils (gray), and (e, f) S 17 (black) and the younger 
Indonesian fossils (gray)
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Table 6.6 Neurocranial analyses: proportion of total variance explained by geography, log geological age, and log centroid size

Maximum Landmarks Maximum Indonesian Maximum Zhoukoudian Indonesians Only

Factor Variance % of Total Variance % of Total Variance % of Total Variance % of Total
Total 0.00307 100.0 0.00347 100.0 0.00324 100.0 0.00338 100
Geography 0.00227 25.9 0.00287 17.1 0.00131 40.4 N/A N/A
Log geological age 0.00237 22.6 0.00265 23.6 0.00086 26.5 0.00251 25.6
Log centroid size 0.00242 21.1 0.00296 14.6 0.00032 9.9 0.00275 18.6
Geog. & ln(geol. age) 0.00171 44.4 0.00220 36.6 0.00167 51.5 N/A N/A
Geog. & ln(cent. size) 0.00165 46.0 0.00238 31.2 0.00162 49.8 N/A N/A
ln(geol. age) & ln(cent. 

size)
0.00173 43.6 0.00223 35.7 0.00118 36.4 0.00194 42.5

Geog., ln(cent. size)  
& ln(geol. age)

0.00110 64.2 0.00176 49.4 0.00197 60.7 N/A N/A

Angle/cosine of angle 
between Geography 
& ln(geol. age)

52.04°/0.62 52.21°/0.61 30.65°/0.86 N/Aa

Angle/cosine of angle 
between Geography 
& ln(cent. size)

72.17°/0.31 63.47°/0.45 74.34°/0.27 N/Aa

Angle/cosine of angle 
between ln(geol. 
age) & ln(cent. size)

86.72°/0.06 58.42°/0.52 82.49°/0.13 63.08°/0.45

Larger cosine values indicate stronger correlations
aThere were no geographic differences in the Indonesians only analysis, so this was not considered as a separate variable in this analysis
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Fig. 6.4 PCs 1 and 2 of the maximum Indonesian data set. The 
shape changes along the first two components are illustrated below in 
right lateral and superior views. The exclusion of numerous land-

marks from the anterior frontal bone resulted in its somewhat trun-
cated appearance in the wireframe illustrations. See Fig. 6.2 for 
symbol legend
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have relatively shorter and (slightly) taller cranial vaults 
(due to less posterior projection at inion and less expan-
sion at glabella) and wider frontal squamae with more 
inferiorly positioned frontotemporale. Also, there is greater 
antero-posterior distance between the entoglenoid process 
and the tympanomastoid junction, both of which are more 
laterally positioned.

Indonesians Only Analysis

This analysis utilized the same landmark set as the maximum 
Indonesian data set described above (see Table 6.4), but 
included only the Indonesian specimens in order to address 
questions specific to the southeast Asian H. erectus fossil 
record. Geochronological age accounted for the greatest pro-
portion of the total shape variance in this sample, explaining 
about a quarter of shape differences (Table 6.6). Size 

0.06

0.03

-0.03

-0.03-0.06 0.03 0.06 0.09

-0.06

Ng 11

Ng 6

S 17

Sm 3

Ngawi
Zkd 12

Zkd 11 Zkd 3

Zkd 5

PC 1

PC 2

Ng 12

Fig. 6.5 PCs 1 and 2 of the maximum Chinese data set. The shape 
changes along the first two components are illustrated below in right 
lateral and superior views. The absence of opisthion and the temporos-

phenoid suture landmarks from this analysis result in the “floating” 
landmarks on the temporal base (EG, TM, PO, and AU). See Fig. 6.2 
for symbol legend

Table 6.7 Neurocranial analyses: results of PCA and multiple regression of PC scores on geography, log geological age, and log centroid size

Analysis PC % of Variance

Overall Model ANOVA Parameter estimates (Pr > |t|)

R2 Pr (R2) > F Geography ln (geol. age) ln(centsize) Interaction

Maximum 
Landmarks

1 27.7% 0.84 0.0013 0.0013 N/S N/S N/S
2 23.9% 0.75 0.0055 N/S N/S 0.0055 N/S

Maximum 
Indonesian

1 33.2% 0.92 0.0065 0.0398 0.0071 0.0093 (size & age) 0.0073
2 18.3% - N/S N/S N/S N/S N/S

Maximum 
Zhoukoudian

1 45.3% 0.86 0.0001 0.0001 N/S N/S N/S
2 15.3% 0.71 0.0461 0.0323 N/S 0.0129 (geog. & size) 

0.0324
Indonesians  

Only
1 37.6% 0.87 0.0307 N/Aa 0.0214 0.0403 (size & age) 0.0218
2 19.6% 0.62 0.0196 N/Aa N/S 0.0196 N/S

aThere was only one geographic group in the Indonesians only analysis, therefore geography was not included as a separate variable in the 
analysis
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explained slightly less of the total variance (19%), and there 
was some overlap in the shape variance explained by these 
two factors (cosine = 0.45).

There was a complex relationship between age and size of 
the fossil on PC 1 (Table 6.7), where, in the older age group 
(i.e., Sangiran), the larger S 17 specimen scored lower than S 
2, but in the younger age group the pattern was the opposite 
(the larger specimens scored higher). Overall, the most vari-
able aspects of neurocranial shape within this sample of 
Indonesian H. erectus separates S 2 from the other speci-
mens, as seen in Fig. 6.6. Those specimens which scored 
lower on PC 1 (Sm 1, 3, and Ngawi) had much wider frontal 
bones, less projecting occipital bones, longer parietomastoid 
sutures, and more posteriorly positioned frontotemporale.

On the second component, which is influenced by overall 
size of the fossils (Table 6.7), the Ngandong specimens 
scored lower than any of the other Indonesian fossils. The 
negative end of PC 2 is associated with more medially located 
temporal base structures and more height at bregma. The 
temporosphenoid suture is more superiorly positioned while 
frontotemporale is more supero-posteriorly positioned, and 
anterior pterion is located more anteriorly.

Frontal Bone Analysis

The frontal bone landmarks and semilandmarks from the 
MFP and SFT curves are illustrated in Fig. 6.7. There is no 

overlap between the two geographic groups on the first com-
ponent. Although there is not a significant group (Java vs. 
Zhoukoudian) difference on PCs 1–7 (accounting for 98% of 
total variance) (Table 6.8), geography accounts for the great-
est proportion of shape variance in this sample (see Table 6.9), 
and PC 1 is strongly influenced by the geographic origin of 
the fossils (see Table 6.10). The high cosine of the angle 
between the vectors of correlation coefficients for both geog-
raphy and log centroid size of 0.85 indicates that these  factors 
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Fig. 6.6 PCs 1 and 2 of the Indonesians only data set. The shape changes along the first two components are illustrated below in right lateral and 
superior views. See Fig. 6.2 for symbol legend

Fig. 6.7 Landmarks (labeled) and semilandmarks used in the frontal 
bone analysis, illustrated on Sm 1. The semilandmarks are from the 
MFP and SFT curves. See Table 6.2 for landmark and curve 
abbreviations
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accounted for much of the same shape change (see Table 6.9). 
Most of the variation in PC 2 scores is explained by the geo-
chronological age of the specimens (see Table 6.10), but S 17 
is the only specimen older than 1 Ma in the analysis. It is not 
clear whether this specimen is broadly representative of older 
Asian H. erectus.

There is a fairly tight grouping of the younger fossils from 
Indonesia in the upper right quadrant of the PC plot in 
Fig. 6.8. The Zhoukoudian fossils also form a fairly cohesive 
group on PCs 1 and 2, particularly Zkd 3, 5, and 11. The 

general temporal trend seen on PC 2 is not followed within 
the Zhoukoudian sample.

Specimens at the negative end of PC 1 (Zhoukoudian) 
have a stronger frontal tuberosity, a marked and anteriorly 
positioned post-toral sulcus on the midline, more antero-infe-
riorly positioned frontotemporale, and the supraorbital torus 
is straighter in anterior view (less arched). Several of these 
traits were described previously by Weidenreich (1943, 1951), 
Santa Luca (1980) and Antón (2002). These fossils also did 
not have strong development of the lateral “corners” of the 

Table 6.8 MANOVA test of group differences between Zhoukoudian and Indonesian samples on the first n principal components that explain 
³97% of the total variance in the regional analyses

Analysis
PC scores used for 
MANOVA

% of total variance 
explained by PCs

Wilks’ Lambda  
F value

Probability 
associated with  
F value

Significant difference in group means 
on PCs

Frontal Bone 1–7 98.5% 39.34 0.1222 –
Temporal Base 1–7 98.1% 4.72 0.3407 –
Occipital Bone 1–6 97.0% 1.95 0.1873 –

Table 6.9 Regional analyses: proportion of total variance explained by geography, log geological age, and log centroid size

Factor
Frontal Bone Temporal Base Occipital Bone
Variance % of Total Variance % of Total Variance % of Total

Total 0.00544 100.0 0.03204 100.0 0.00565 100.0
Geography 0.00355 34.8 0.02447 23.6 0.00493 12.8
Log geological age 0.00433 20.4 0.02692 16.0 0.00513 9.2
Log centroid size 0.00428 21.4 0.02823 11.9 0.00442 21.8
Geog. & ln(geol. age) 0.00253 53.5 0.01965 38.7 0.00446 21.1
Geog. & ln(cent. size) 0.00304 44.2 0.02183 31.8 0.00383 32.3
ln(geol. age) & ln(cent. size) 0.00321 41.0 0.02394 25.3 0.00393 30.6
Geog., ln(cent. size) & ln(geol. age) 0.00198 63.6 0.01755 45.2 0.00345 38.9
Angle / cosine of angle between  

Geography & ln(geol. age)
54.19°/0.59 72.39°/0.30 65.82°/0.41

Angle / cosine of angle between  
Geography & ln(cent. size)

32.29°/0.85 130.27°/−0.65a 121.24°/−0.52a

Angle / cosine of angle between  
ln(geol. age) & ln(cent. size)

68.17°/0.37 126.61°/−0.60 74.81°/0.26

aTo obtain the vector of regression coefficients, geography was coded as a dummy variable with the Indonesian specimens coded as “1” and the 
Chinese specimens coded as “0”. Therefore an angle greater than 90° (or a negative cosine) implies that changes in shape from Chinese to 
Indonesian follow the opposite pattern to those observed for increasing size (or decreasing age) to the extent that they account for similar patterns 
of shape variation

Table 6.10 Regional analyses: results of PCA and multiple regression of PC 1 and PC 2 scores on geography, log geological age, and log 
centroid size

Analysis PC % of Variance

Overall Model ANOVA Parameter estimates (Pr > |t|)

R2 Pr (R2) > F Geography ln (geol. age) ln(centsize) Interaction

Frontal Bone 1 42.4% 0.75 0.0027 0.0027 N/S N/S N/S
2 20.7% 0.77 0.0019 N/S 0.0019 N/S N/S

Temporal Base 1 30.0% 0.55 0.0231 0.0231 N/S N/S N/S
2 25.5% - N/S N/S N/S N/S N/S

Occipital Bone 1 48.4% 0.42 0.0090 N/S N/S 0.0090 N/S
2 17.2% 0.42 0.0093 0.0093 N/S N/S N/S
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supraorbital torus, which has been described in the Ngandong 
(frontal trigone: Weidenreich 1951) and Sambungmacan 
(angular trigone: Wolpoff 1999) specimens. Lower scoring 
(thus older) fossils on PC 2 have taller and more arched 
supraorbital tori that are more anteriorly projecting at glabella 
and frontotemporale is located more anteriorly.

The differences among the mean temporogeographic 
samples are illustrated in Fig. 6.9. Both the older and 
younger Indonesian fossils share certain features not found 
in the Chinese fossils, which generally correspond to the 
differences described above (e.g., the absence of a midline 
post-toral sulcus). However, S 17 is also different from both 
the Zhoukoudian and recent Indonesian averages in having 
a much taller and more anteriorly projecting supraorbital 
torus with a greatly expanded glabellar region.

Temporal Base Analysis

A more detailed analysis of the temporal base morphology 
was also undertaken (Table 6.4 and Fig. 6.10). Geographic 
differences explain the greatest proportion of variation in 
the shape of the temporal base (24%), followed by differ-
ences in age (16%) (Table 6.9). Although there is not a sig-
nificant difference between the Indonesian and Zhoukoudian 
groups on the first seven components, which together 
accounted for 98% of the total shape variance (Table 6.8), 
the Zhoukoudian fossils do have significantly higher scores 
on PC 1 (Table 6.10).
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Fig. 6.8 PCs 1 and 2 of the frontal bone data set. The shape changes along the first two components are illustrated below in right lateral and 
anterior views. See Fig. 6.2 for symbol legend
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Fig. 6.9 Comparison of the average frontal bone shape in the 
Zhoukoudian, older Indonesian (i.e., Sangiran), and younger Indonesian 
(i.e., Ngandong, Sambungmacan, and Ngawi) samples. The shapes are 
illustrated in right lateral and anterior views between (a, b) Zhoukoudian 
(black) and older Indonesian (gray), (c, d) Zhoukoudian (black) and 
younger Indonesian (gray), and (e, f) older Indonesian (black) and 
younger Indonesian (gray)
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The Zhoukoudian specimens have mandibular fossae  
that are both narrower (medio-laterally) and longer (antero-
posteriorly) and the lateral aspect of the fossa is more supe-

riorly located (Fig. 6.11). The antero-posteriorly long 
mandibular fossa was also noted by Picq (1990). In addition, 
the stylomastoid foramen is more medially positioned, the 
anterior face of the tympanic tube is longer, and the petro-
tympanic crest is less inferiorly projecting. Higher scoring 
individuals on PC 2 have a less postero-laterally angled 
petrotympanic crest, the medial end of the squamotympanic 
fissure is more anteriorly located, and the mandibular fossa is 
slightly wider. Also, both the lateral end of the squamotym-
panic fissure and the postglenoid process are more inferiorly 
positioned, and the petrotympanic crest is more supero-later-
ally oriented.

This analysis is not directly comparable to the analysis 
of 3D temporal bone shape in H. erectus conducted by 
Terhune et al. (2007) due to more focused landmark sam-
pling here (vs. the entire temporal bone) and differences in 
sample composition. That said, Terhune et al. also found a 
certain degree of separation between the Zhoukoudian and 
recent Javanese H. erectus, but with greater overlap 
between the two groups. Several observations regarding 
morphological differences between the two groups also 
appear to correspond between the two studies, such as the 
more laterally positioned postglenoid process, the more 
anteriorly angled tympanic process (in lateral view), and 
the greater distance between the center of the mandibular 

Fig. 6.10 The temporal base landmarks illustrated on the base of S 4. 
See Table 6.4 for details about the temporal base analysis and Table 6.2 
for landmark abbreviations
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Fig. 6.11 PCs 1 and 2 of the temporal base data set. The shape changes along the first two components are illustrated below in inferior and right 
lateral views on the right temporal bone. See Fig. 6.2 for symbol legend
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fossa and the postglenoid process in the majority of 
Indonesian H. erectus. The greater breadth of the TMJ 
noted here for the Javanese  specimens was not apparent in 
their analysis, which may be  attributable to different land-
mark choice as they did not record the lateral extent of the 
mandibular fossa.

Occipital Bone Analysis

The occipital bone landmark/semilandmark set is described 
in Table 6.4 and illustrated in Fig. 6.12. Despite a statistically 
significant relationship between PC 2 scores and geography, 
the geographic signal in the occipital bone shape is weak 
overall (Tables 6.8 and 6.9), and there is overlap between the 
specimens from Zhoukoudian and Java on all principal com-
ponents. Size of the occipital bone explains the greatest pro-
portion variance in shape (Table 6.9) and strongly influenced 
the position of specimens along PC 1 (Fig. 6.13 and 
Table 6.10). The occipital torus is slightly more superiorly 
positioned in higher scoring (i.e., larger) specimens, so that 
the nuchal plane is longer than the occipital plane. The 
occipital angle is also more open in these fossils and asterion 
is more postero-superiorly located.

Those specimens at the positive end of PC 2 (the majority 
of the Indonesian fossils) are relatively wider across asterion 

and have a more inferiorly positioned opisthocranion.  
In addition, the occipital plane is longer and less rounded 
than that seen in the lower scoring fossils.

Fig. 6.12 Occipital landmarks (labeled) and semilandmarks. The 
four landmarks (LA, OP, and AS, left and right) as well as the eight 
evenly spaced (resampled) semilandmarks from the MOP curve are 
shown on Ng 7. The last few semilandmarks and OP are not visible in 
lateral view but are estimated here. The lines between the points are for 
visualization purposes only. See Table 6.2 for landmark and curve 
abbreviations
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Fig. 6.13 PCs 1 and 2 of the occipital bone data set. The shape changes along the first and second components are illustrated below in right lateral 
and posterior views. See Fig. 6.2 for symbol legend
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Discussion:

This study explored temporal, geographic, and size-related 
patterns of intraspecific variation within Asian H. erectus 
using the shape of both the overall neurocranium as well 
as several more restricted cranial regions (i.e., the frontal, 
temporal base, and occipital). Overall, geography 
accounted for the greatest proportion of variation in 
 cranial shape, but geography, age, and size each explained 
a similar proportion of the total variance (between 21% 
and 26%). Although Rightmire (1990) suggested that 
there was not a consistent geographic pattern of cranial 
morphology within H. erectus, the findings of this study 
supported regional differentiation as an important aspect 
of morphological variability in Asian H. erectus (c.f. 
Weidenreich 1951; Picq 1990; Wolpoff 1999; Antón 
2002), albeit with some overlap between early Indonesian 
(specifically S 2) and Zhoukoudian individuals (Liu et al. 
2005; but see Antón 2002, 2007).

Generally, the differences in cranial shape between 
Indonesian and Zhoukoudian fossils are also consistent with 
previous descriptions (particularly Weidenreich 1943, 1951; 
Rightmire 1990; Picq 1990; Frayer et al. 1993; Wolpoff 
1999; Antón 2002, 2003; Kidder and Durband 2004; Durband 
2006). Specifically, the relatively narrower frontal and occip-
ital bones relative to biauriculare breadth of the Zhoukoudian 
specimens corresponds to previous descriptions by 
Weidenreich (1943), Antón (2002) and Kidder and Durband 
(2004). Likewise, the more pronounced frontal tuberosity of 
the Zhoukoudian fossils, the lack of a midline post-toral sul-
cus and more posteriorly positioned frontotemporale in 
Indonesian H. erectus are well-documented elsewhere 
(Weidenreich 1943, 1951; Wolpoff 1999; Antón 2002). Both 
Weidenreich (1951) and Picq (1990) noted the antero-poste-
riorly wide mandibular fossa of the Zhoukoudian fossils, 
while the more vertical occipital squama in the Indonesian 
fossils was described by Santa Luca (1980). More subtle dif-
ferences reported within the recent Indonesian sample are 
not as well documented and will be discussed in more detail 
below.

Geographic Patterns of Variation

In agreement with previous studies, the Zhoukoudian 
specimens present a fairly homogenous cranial shape, 
grouping together in all analyses. The results obtained 
here, however, suggest that there was not a single 
Indonesian cranial Bauplan, instead demonstrating that 
S 2 is quite distinct from other Indonesian hominins in 
terms of relative frontal bone breadth at anterior pterion, 

constriction across frontotemporale, and the projection 
of the occipital bone at inion. The imperfect distinction 
between the Zhoukoudian and Sangiran fossils suggest 
that there was less genetic isolation in the Early 
Pleistocene or, that the Sangiran fossils resemble the 
common ancestor of both the Zhoukoudian and later 
Indonesian populations of H. erectus. On the other hand, 
the clear separation between the Zhoukoudian and later 
Indonesian fossils could reflect genetic isolation of 
northern China and island Southeast Asia in the Middle 
or Late Pleistocene (Antón 2002, 2007). Any interpreta-
tion must be viewed with caution, however, due to the 
relatively small sample sizes, and the possibility that 
other fossils from China may not fit the Zhoukoudian 
pattern (see below).

The finding that there was not a consistent cranial shape 
in Java across time contradicted some earlier studies, partic-
ularly that of Antón (2002) and Antón et al. (2002). However, 
Liu et al. (2005) reported a similar result, finding that S 2, 
Sangiran IX (Tjg-1993.05; Arif 2005) and Trinil overlapped 
the Zhoukoudian / Nanjing H. erectus range of variation, 
although they did not focus on this finding in their report. 
While metric approaches have generally emphasized how 
distinct the Zhoukoudian (and Nanjing) H. erectus were from 
Indonesian H. erectus, these same studies have also found 
that an expanded Chinese sample is more heterogeneous 
(Kidder and Durband 2000, 2004; Antón 2002; Antón et al. 
2002; Durband et al. 2005; Liu et al. 2005). In particular, the 
eastern Chinese specimen from Hexian shares closer metric 
affinities with Indonesian fossils than with Zhoukoudian and 
Nanjing (Dong 1989 cited in Brown 2001). Although speci-
mens from the two geographic groups were not always dis-
tinct in their cranial shape, it is still possible that non-metric 
features, such as the presence of a supramastoid sulcus and 
the position of the squamotympanic fissure, may distinguish 
between Javanese and northern Chinese H. erectus (Antón 
2002). These observations of heterogeneity in both the 
Chinese and Indonesian samples suggest that Zhoukoudian 
may not be typical of all Chinese H. erectus (Antón 2002), 
nor is any single specimen representative of all Indonesian 
H. erectus.

Size-Related and Temporal Variation

It is difficult to comment on the presence of a clear tempo-
ral pattern within the Asian H. erectus sample due to issues 
of sampling and dating of individual specimens. This study 
did not uncover a pattern of overarching anagenetic change 
in the Asian H. erectus neurocranium. While this result 
may have been affected by decisions regarding which time 
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band to assign particular fossils, there is general agree-
ment that the Zhoukoudian fossils are intermediate in age 
between Sangiran and Ngandong/Sambungmacan/Ngawi. 
However, the Zhoukoudian fossils were not morphologi-
cally intermediate between these two sets of Indonesian 
fossils. Even if the Sambungmacan specimens were older 
than the Zhoukoudian sample, there would not be a clear 
temporal pattern. The only statistically significant 
 correlation was between age and frontal bone shape (PC 2 
in Fig. 6.8), but this correlation was strongly influenced by 
the position of S 17, the only fossil older than 1 Ma. 
Although Santa Luca (1980) suggested that both the mini-
mum frontal breadth and the depth of the supraorbital sul-
cus became reduced over time in Asian H. erectus, these 
traits appeared to vary more according to geography than 
time in this study. However, neither S 2 nor Trinil, which 
were both included in the Santa Luca (1980) study, were 
complete enough to analyze here. Until additional, older, 
specimens can be included in this analysis, the evidence 
for anagenetic change in the frontal bone remains ambigu-
ous. The sequence of evolutionary changes in the occipital 
bone outlined by Santa Luca (1980), which included a 
lengthening and verticalization of the upper scale and a 
shortening of the lower scale, was also not clear in this 
analysis. However, this study did confirm that S 4 and 12 
have longer nuchal planes compared to most Ngandong 
specimens, although this pattern was neither restricted to 
the Sangiran fossils (a similar pattern was observed in Ng 
1 and Sm 3), nor was it ubiquitous in the early Javanese 
fossils as S 2 was very distinct in its shape from the other 
Sangiran specimens.

Although size influenced the shape of the neurocra-
nium in general and the occipital bone in particular, there 
was generally not a strongly allometric pattern present 
within Asian H. erectus because the effect of size on neu-
rocranial shape was always mediated by either the geo-
chronological age or the geographic origin of the fossils. 
The shape of the occipital bone was related to overall size 
of this bone, but if this pattern is indicative of a general 
allometric trend within Asian H. erectus, it did not emerge 
until after 1 Ma. Although the size of the occipital bone 
did account for the greatest proportion of variation in 
occipital bone shape, several fossils did not fit this pat-
tern. In particular, S 2 scored much lower than predicted 
for its small size.

The relationship between size and shape in the occipital 
bone may also have been related to sexual variation in the 
Zhoukoudian and later Indonesian populations, but not in the 
Sangiran sample. Presumed female specimens (Ng 1, Sm 1, 
Zkd 3 and 11; Weidenreich 1943, 1951; Santa Luca 1980; 
Wolpoff 1999; Delson et al. 2001) generally scored higher 
on PC 1 than male specimens within their respective groups. 
The most obvious exception to this trend was Ng 7, another 

supposed female, who scored among the other Ngandong 
fossils (which are either male or of unknown sex). However, 
within the Sangiran sample, the only widely accepted female 
(S 2) scored much lower than the considerably more robust S 
4 and S 17. If this pattern truly captures male–female differ-
ences in occipital bone shape, then patterns of sexual varia-
tion varied over time.

Variation Within Javanese Homo erectus

Despite smaller sample sizes, the older Javanese fossils 
from the Sangiran dome were quite variable, a finding con-
sistent with previous studies (Antón 2002, 2003; Kaifu 
et al. 2008). The younger Indonesian fossils from Ngandong, 
Sambungmacan, and Ngawi consistently plotted together at 
one end of the first component (c.f. Fig. 6.2), indicating that 
they all shared certain similarities in cranial shape. This 
pattern is mostly likely related to either genetic drift in the 
later populations or sampling from more restricted time 
intervals (and therefore more limited gene pools) in the 
both the northern Chinese and later Indonesian samples 
(Antón 2002). Genetic isolation has also been implicated in 
the evolution of H. floresiensis from H. erectus on the more 
easterly located island of Flores (Brown et al. 2004; 
Morwood et al. 2004, 2005). While the Flores cranium does 
generally resemble H. erectus, it is not particularly similar 
to the later Indonesian populations (Baab et al. 2007; Baab 
and McNulty 2009). However, the greater variability 
observed in early Javanese specimens leaves open the pos-
sibility of a Javanese ancestry for this small-bodied and 
small-brained taxon.

Kaifu et al. (2005) attributed mandibulo-dental variation 
within the early Indonesian sample to multiple migrations to 
the region or to marked anagenetic changes within the 
Indonesian H. erectus lineage. The focus of the Kaifu et al. 
(2005) study was on differences between the older Sangiran 
fossils that were recovered from or below the Grenzbank 
zone (the lowest layer of the Bapang Formation) and those 
fossils that derived from the Bapang Formation above the 
Grenzbank layer. According to their stratigraphic categoriza-
tion of individual Sangiran dome fossils, the only specimen 
in this study that is definitely older is S 4. Although most 
workers consider S 2 to derive from Bapang Formation sedi-
ments above the Grenzbank zone (e.g., Itihara et al. 1985, 
1994; Larick et al. 2001), the fluorine content of S 2 is more 
consistent with a Grenzbank derivation (Matsu’ura 1982). 
Regardless of whether S 2 is older or younger than S 17 
(which is in turn older than S 12), there is not a clear tempo-
ral pattern within the Sangiran sample in any of the analyses, 
and S 4 (the only specimen > 1.5 Ma) does not appear to be 
an outlier within this sample. However, older Indonesian 
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specimens such as S 27 and 31 were not included in this 
analysis due to issues of preservation, and previous descrip-
tions suggest that they, along with S 4 and several mandibu-
lar fragments (e.g., S 5, 6a, 8, 22 and Meganthropus D), 
present a more robust morphology than later Sangiran fossils 
(Tyler 1991, 2001; Tyler et al. 1995; Antón 2003). Therefore, 
the lack of temporal change documented in this study should 
be viewed with caution until a greater sampling of crania 
from the earlier time periods is possible.

Relationships Among Javanese Homo erectus

In contrast to some previous analyses (e.g., Frayer et al. 
1993; Wolpoff 1999; Baba et al. 2003; Kaifu et al. 2008), the 
results of this study do not provide strong support for a linear 
progression in neurocranial shape from Sangiran to Ngandong 
via Sambungmacan/Ngawi. Rather, this study found greater 
support for a Ngandong/Sambungmacan/Ngawi group  
(Jacob 1975, 1978, 1981; Sartono 1990; Delson et al. 2001; 
Widianto and Zeitoun 2003). The Sambungmacan/Ngawi 
group is often at least as distinct from the Sangiran fossils as 
are the Ngandong specimens in their neurocranial shape. 
Moreover, the Sambungmacan/Ngawi specimens are never 
intermediate between Sangiran and Ngandong along PC 1, 
which captures the most variable aspects of cranial shape. 
However, some aspects of the Sambungmacan/Ngawi 
 neurocranial shape are intermediate between S 17 and 
Ngandong along PC 2 in the Indonesian only analysis (e.g., 
cranial height, cranial base breadth, and the length of the 
parietomastoid suture; see Fig. 6.6), but this may be related 
to the size of these specimens (see Table 6.7).

Although Sm 1 and Sm 3 were not found at the same local-
ity (Delson et al. 2001), and their genetic relatedness has been 
questioned (Schwartz and Tattersall 2003), the overall simi-
larity of their neurocranial shapes may support a close popu-
lational relationship. Moreover, Ngawi shared greater 
affinities with these specimens than with the Ngandong fos-
sils, possibly highlighting two slightly different morphs on 
Java from approximately the same time period (Swisher et al. 
1996). The Sambungmacan/Ngawi specimens are distinct 
from both S 17 and Ngandong in regards to their vault length, 
breadth of the frontal squama, and projection of glabella (see 
Figs. 6.4–6.6), although this may be influenced by the smaller 
size of the Sambungmacan/Ngawi specimens.

Evidence for Separate Lineages in Java > 1 Ma

There was no clear evidence for multiple long-lived lineages 
within Java. The greater resemblance of S 17 (compared to S 

2) to the Ngandong specimens in its overall neurocranial 
shape (see Fig. 6.4), may have been influenced by the much 
larger size of S 17 as it did not particularly resemble Ngandong 
in the more restricted regions of the neurocranium. This pat-
tern highlights the influence of both geological age and size 
on cranial form in the Indonesian fossils. Kaifu et al. (2008, 
this volume) also emphasized certain similarities between S 
17 and the Ngandong fossils, but did not attribute these resem-
blances to allometric trends within this taxon.

The evidence is more ambiguous regarding a hypothesized 
relationship between S 4 on one hand and later Indonesian  
H. erectus on the other. Jacob (1975, 1978) hypothesized a 
separate S 4 (“Pithecanthropus modjokertensis”) – Ngandong 
(“P. soloensis”) lineage due to similarities in the base and 
occipital bone. Although S 4 does plot near Ng 1 in the 
occipital bone analysis, it does not group with the majority of 
Ngandong fossils (see Fig. 6.13). In the temporal bone anal-
ysis, S 4 plots slightly closer to Ngandong and Sambungmacan 
specimens than to S 2 and S 17 on the first two components 
(see Fig. 6.11). Neither of these results is particularly con-
vincing evidence for a separate lineage encompassing S 4 
and Ngandong/Sm 1.

Conclusions

Quantification of intraspecific variation has bearing not only 
on taxonomy but on past events in the evolutionary history of 
H. erectus. The results of the analyses reported here con-
firmed that Asian H. erectus exhibited variation in terms of 
overall neurocranial shape as well as frontal, temporal base, 
and occipital shape. Much of this variation was correlated 
with geographic, temporal, and size-related differences 
among members of H. erectus, as observed by many previ-
ous workers (e.g., Weidenreich 1943, 1951; Le Gros Clark 
1964; Jacob 1975; Santa Luca 1980; Rightmire 1990; 
Wolpoff 1999; Antón 2002, 2003; Antón et al. 2002; Kidder 
and Durband 2004; Liu et al. 2005), while inter-individual 
differences also accounted for some of the observed shape 
variation. The use of geometric morphometrics was an 
improvement over past studies, because 3D landmark data 
preserve the original geometric relationships among the 
landmarks and shape differences could be clearly 
visualized.

The most morphologically distinct sets of specimens are 
those from Zhoukoudian, Ngandong, and Sambungmacan/
Ngawi, groups which likely correspond to both geographi-
cally and temporally circumscribed populations. The greater 
separation between Zhoukoudian and the younger Javanese 
fossils further confirms the influence of microevolutionary 
forces (genetic drift, local adaptation) in shaping cranial mor-
phology within Asian H. erectus. Although the later samples 
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of Indonesian fossils from Ngandong, Sambungmacan, and 
Ngawi were fairly coherent with respect to cranial shape, this 
analysis did uncover subtle differences between Ngandong 
and Sambungmacan/Ngawi. There was no clear temporal pat-
tern within more morphologically variable Sangiran fossils, 
leaving open the possibility that the greater variation was the 
result of multiple migrations to Java in the terminal Pliocene 
or early Pleistocene (Kaifu et al. 2005). This supports the idea 
that the Sangiran fossils should not be treated as a single pop-
ulation. Some of the earlier Indonesian fossils from the 
Sangiran dome resembled the later hominins from Java, in 
agreement with previous comparative analyses (Jacob 1975, 
1978; Sartono 1975). There was not, however, strong support 
for separate, long-lived lineages within Javanese H. erectus. It 
seems more likely that certain combinations of traits seen in 
the variable Sangiran group were concentrated in later popu-
lations of H. erectus (Antón 2002).

The Zhoukoudian fossils formed a very homogenous 
group in terms of their cranial shape. Yet, the Indonesian fos-
sils did not group together as consistently and sometimes 
overlapped the Zhoukoudian range. Although not addressed 
here, previous analyses have also highlighted greater varia-
tion in a more broadly sampled northern Chinese sample 
(Antón 2002; Kidder and Durband 2004; Durband et al. 
2005). A complex pattern of migration, gene flow, and 
 isolation likely characterized the evolutionary history of  
H. erectus within Asia.
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