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Drimolen Main Quarry (DMQ) is a palaeocave in the Gauteng 
Province exposures of the Malmani Dolomite, approxi-
mately 40 km north-west of Johannesburg in South Africa1–3 

(Fig. 1). DNH 155 was recovered from in situ partially decalcified, 
clast-supported breccia derived from 3.24 to 3.56 m below, 198.360 
south, and 214.117 west of the site datum in the basal part of the 
central talus cone of DMQ dating to between approximately 2.04 
and 1.95 million years ago3 (Ma; Fig. 1). The specimen was found 
approximately 2.4–2.8 m below a thin speleothem (Walls of Jericho 
flowstone) that has been dated by uranium–lead to approximately 
1.96 ± 11 Ma3,4 and formed within a magnetic reversal at the base 
of the Olduvai Subchron at approximately 1.95 Ma3 (Fig. 1d). 
DNH 155 was found 1.6–2.0 m below the base of this reversal and 
1.6–2.0 m above a uranium series electron spin resonance date of 
2.04 ± 0.24 Ma3, indicating an age of approximately 2 Ma (Fig. 1d). 
A recently described3 less complete male cranium, DNH 152, was 
recovered in situ from a lateral stratigraphic equivalent of the same 
talus cone at −3.15 m and is thus of a comparable age3. DNH 7 was 
recovered in 19941 from a large decalcifying breccia block that also 
probably derives from the same part of the talus cone but has col-
lapsed and so is no longer in situ3. DNH 155 (Fig. 2 and Extended 
Data Fig. 1) and DNH 7 preserve a suite of primitive and derived 
traits collectively compatible with an allocation to Paranthropus 
robustus. (We note that Y. Rak and W. Kimbel are independently 
describing and reconstructing DNH 7.) These include: large post-
canine teeth; small incisors and canines; an anteriorly shallow pal-
ate; a maxillary trigon; a maxillary fossula; a zygomaticomaxillary 
fossa; infraorbital foramina positioned low on the face; broad and 
somewhat flattened anterior pillars that are solid internally; a deep 

temporomandibular joint; a small postglenoid process fused to a 
vertical tympanic plate; a large circular external auditory meatus; 
and pneumatized temporal squamae. DNH 155 further resembles  
P. robustus in traits not preserved in DNH 7, including a thick palate 
that overlaps the clivus and a smooth nasal cavity entrance. DNH 
152 preserves much less morphology but resembles either or both 
specimens with respect to the traits that can be observed. DNH 7 
has previously been allocated to P. robustus1 and that assignment has 
never been questioned.

Results
Despite their similarities, DNH 155, DNH 7 and (when the relevant 
morphology is preserved) DNH 152 differ in substantial ways from 
P. robustus specimens from the Swartkrans Member 1 Hanging 
Remnant and Kromdraai B (the species is also found at Cooper’s D, 
Sterkfontein Member 5B, Gondolin and other units at Swartkrans but 
most fossils from these deposits are fragmentary) (Supplementary 
Table 1 and Supplementary Fig. 1). Robust australopiths from the 
Swartkrans Member 1 Hanging Remnant have at times been referred 
to Paranthropus crassidens5–7 but this taxonomy is not conventional 
and the Swartkrans Member 1 Hanging Remnant and Kromdraai 
B samples have generally been considered conspecific after exhaus-
tive analysis of their dentitions8,9. Some of the differences between 
the DMQ robust australopiths and those from other sites pertain 
to feeding biomechanics (Supplementary Information); insofar as 
mechanical performance may be the target of selection (see, for 
example, ref. 10), they may reflect subtle differences in feeding adap-
tations. Adult male P. robustus from Swartkrans Member 1 Hanging 
Remnant have an anteriorly positioned sagittal crest arising on 
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the frontal bone11, presumably reflecting extreme hypertrophica-
tion of the anterior fibres of the temporalis. In contrast, DNH 155 
and DNH 152 exhibit crests that arise somewhat more posteriorly. 
DNH 7 and DNH 155 also exhibit more posteriorly positioned 
zygomatic roots relative to the tooth row than robust australopiths 
from the Swartkrans Member 1 Hanging Remnant and Kromdraai B 
(Extended Data Fig. 2). Root position coarsely approximates masse-
ter muscle leverage12–14, so evidence from the sagittal crest and zygo-
matic root suggests that P. robustus from DMQ was less efficient at 
producing bite force than P. robustus from other sites. Moreover, the 
palate of DNH 155 protrudes anterior to sellion to a greater degree 
than in any other P. robustus specimen12,15 (Supplementary Table 2), 
positioning the teeth farther away from the articular eminence and 
further decreasing bite force efficiency. Indeed, the leverage of the 
masseter muscle is quantitatively less in DNH 155 during bites on 
the M3 than in any measured P. robustus or Paranthropus boisei spec-
imen (Supplementary Information and Supplementary Table 2); the 
masseter of P. robustus specimen SK 48 would have been nearly 50% 
more efficient at creating bite force at the M3 than that of DNH 155. 
Finally, the zygomatic root is antero-posteriorly thin in DNH 7 and 

DNH 155. In contrast, the root expands posteriorly to encompass 
most of the maxilla in other adult P. robustus (Extended Data Fig. 3) 
and may be more efficient at dissipating shear stresses as the maxilla 
experiences a superiorly directed bite force just medial to an inferi-
orly directed masseter force, particularly when the zygomatic root is 
positioned especially far anteriorly (Supplementary Information and 
Supplementary Figs. 2 and 3).

Further differences between the DMQ robust australopiths and 
P. robustus from other sites lack obvious functional roles and may 
represent selectively neutral distinctions between populations. 
DNH 7 and DNH 155 have more sagittally oriented petrous bones 
than any other Paranthropus specimens (Supplementary Table 3). 
They also lack a zygomaticomaxillary step (Extended Data Fig. 4)  
and differ from all other adult P. robustus in having rounded 
rather than squared supraorbital corners with sloping rather than 
horizontal superior orbital margins, a trait also seen in DNH 152 
(Extended Data Fig. 5). Although the configuration of the orbital 
margin has been claimed to have biomechanical significance in rela-
tion to feeding12, modelling experiments do not support that view 
(Supplementary Information and Supplementary Fig. 4).
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Fig. 1 | Geographical and stratigraphic context of DNH 155. a, Location of Drimolen within the Gauteng Province exposure of the Malmani Dolomite 
(designated in this figure as the Gauteng Malmani and outlined in white) near Johannesburg, South Africa. Paranthropus-bearing sites are highlighted 
in red and the contemporary Australopithecus-bearing site of Malapa in blue. a.s.l, above sea level. b, Vertical view of the location of DNH 155 during 
excavation (S.B. and A.L. excavating) in breccia south of and below the base of the Marcel Pinnacle on the western side of DMQ. c, Location of the DNH 
155 cranium within a pocket of decalcified sediments within an in situ remnant of the central talus cone breccia (fossil discoverer S. Good pictured) that 
connects between the western dolomite wall of the cave, the Marcel Pinnacle and the top of the Jangi Buttress. The green arrow in b indicates the angle 
from which the photo was taken. d, Longitudinal (east–west) profile of the Marcel Pinnacle southern face, showing the internal structure of the talus cone 
and projected (indicated by the single asterisk) locations (depth from datum in metres) of palaeomagnetic data and radiometric dates from the Walls 
of Jericho Pinnacle on the northern side of the Marcel Pinnacle. The red arrow in b indicates the angle from which the photo was taken. e, The DNH 155 
cranium during excavation and just before removal of its attachment to the breccia is shown, with the depth below the datum in metres.
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Cluster analysis of factor scores derived from a principal com-
ponent analysis (PCA) based on 19 size-adjusted linear dimensions 
confirm that DNH 7 and DNH 155 are metrically similar to each 
other and distinct within a Paranthropus cluster (Extended Data 
Fig. 6). Note that the cluster analysis explains 100% of the variance 
in the measurements and thus outweighs patterning from any one 
or pair of principal components.

Endocranial volume in DNH 155 can be estimated with a high 
degree of confidence (Supplementary Fig. 5) using geometric mor-
phometric methods16–18. Multiple estimates yielded endocranial vol-
umes centred around 450 ml with narrow confidence limits. DNH 
155 is thus at the lower end of variation in P. robustus, which ranges 
conservatively from 465 to 530 ml (ref. 19). Preserved portions of the 
endocranial cavities of DNH 7 and DNH 152 appear to be qualita-
tively similar in size to that of DNH 155.

DNH 155 differs from DNH 7 in ways probably representing sex-
ual dimorphism and is interpreted to be male. In addition to being 
absolutely larger in size, it exhibits strong anteromedial incursion 
of the superior temporal lines, a sagittal crest and a zygomatic that 
protrudes anterior to the nasal cavity margin (Extended Data Fig. 7).

As described above, robust australopiths from DMQ preserve 
a suite of primitive and derived character states unlike those seen 
in other robust taxa. When the DMQ robust australopith sample 
is treated as an independent taxon in both Bayesian and maximum 
parsimony phylogenetic analyses (Fig. 3a, Supplementary Fig. 6 and 

Supplementary Information), it is positioned as the basal member 
of the Paranthropus clade. Notably, Paranthropus aethiopicus is 
positioned as the sister taxon of P. boisei, implying the existence of 
an eastern African robust clade. The position of the DMQ taxon is 
counterintuitive insofar as this sample post-dates P. aethiopicus by 
hundreds of thousands of years. To evaluate the effect of chronol-
ogy on the phylogenetic relationships among robust australopiths, 
a tip-dated Bayesian analysis was performed on the Paranthropus 
clade. By incorporating stratigraphic information directly into our 
estimation of evolutionary relationships among the robust aus-
tralopiths, we recover a moderately supported tree that suggests  
distinctly divergent eastern and southern African robust clades  
(Fig. 3b). A common finding of all analyses is that the last com-
mon ancestor of Paranthropus probably predates P. aethiopicus 
and that the known eastern and southern African robust australo-
piths may have diverged early in the history of the robust clade. 
There is no compelling evidence from these results suggesting that 
Australopithecus africanus is the direct ancestor of P. robustus20–24.

The traits distinguishing robust australopiths at DMQ from 
those at other sites are drawn from several distinct functional 
and developmental modules of the cranium and vary indepen-
dently in robust australopiths (Supplementary Table 1), so the 
differences cannot be dismissed as a correlated change in a single 
character complex. Rather, they appear to represent some level of 
meaningful differentiation among palaeopopulations. Critically, it 
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Fig. 2 | Specimen DNH 155. a–d, Specimen photographed in frontal (a), left lateral (b), superior (c) and oblique (d) views. Scale bar, 10 mm. The specimen 
is so fragile that it is difficult to position precisely in standard views. Accordingly, additional views in the form of surface scans are presented in Extended 
Data Fig. 1.
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is unlikely that these samples could have been drawn from popu-
lations sharing common statistical parameters (Supplementary 
Information). Moreover, geography cannot explain the differences 
among South African robust australopiths since DMQ is separated 
from Swartkrans Member 1 Hanging Remnant and Kromdraai B by 
less than 6.3 km (Fig. 1), a distance comparable to the home range 
of a single chimpanzee community consisting of only a few dozen 
individuals25. Remaining plausible explanations include temporally 
patterned variation within a single species or variation between 
two species. Temporally patterned variation is plausible because 
DMQ broadly predates Swartkrans Member 1 Hanging Remnant, 
which is probably close in age to a 1.8-Ma capping speleothem26,27. 
Kromdraai B has not been subject to radiometric dating so its age is 
less certain. A preliminary assessment suggested an age of approxi-
mately 1.78 Ma for Member 2 and less than 1.78 Ma for the Member 
3 hominin-bearing deposits27. Subsequent work has called into 
question the relationships of palaeomagnetic samples to particular 
Members28, the sequencing of which has recently been revised29. 
Although we cannot at present rule out the possibility that there was 
some brief overlap in time during which sediments were accumulat-
ing in all of the caves, it is nonetheless reasonable to consider the 
DMQ fossil sample to broadly predate those of Swartkrans Member 
1 Hanging Remnant and Kromdraai B. Note that temporally  
patterned variation is not necessarily the same phenomenon as a 

trend; the mean value of a species might oscillate over time with-
out producing a trend, yet the differences between populations at 
any two given times would nonetheless be real. Thus, we are not 
suggesting that the differences between the DMQ and Swartkrans 
Member 1 Hanging Remnant assemblages are necessarily part of 
a long-term trend that predates and/or postdates these deposits. 
Rather, we simply note that the two samples are morphologically 
distinct and are not contemporaneous on the landscape.

Regardless of the relative ages of the caves, current taxonomic 
practice in palaeoanthropology would justify the recognition  
of the DMQ robust australopiths as a distinct species. As a matter 
of practice, most new hominin species are defined almost exclu-
sively by morphological diagnosability (see, for example, refs. 30–36) 
and the DMQ sample is diagnosably distinct from the Swartkrans 
Member 1 Hanging Remnant and Kromdraai B samples (and all 
other hominin taxa). Yet, it has long been understood that spe-
cies are parts of lineages37–39, which are sequences of metapopu-
lations linked by ancestry and descent. However, a species is not 
simply a lineage because a lineage transcends species boundar-
ies. For example, the human lineage includes Homo erectus and, 
probably, Australopithecus afarensis. Thus, a species is a portion 
of a lineage, namely, a metapopulation lineage segment extending  
from initial divergence to eventual extinction, whose evolutionary  
history is independent of other such lineage segments38,39. This 
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definition suggests that multiple species should be delimited only 
when the null hypothesis of a single lineage segment can be falsified. 
Morphological diagnosability alone is insufficient to falsify this null 
hypothesis when fossil assemblages have non-overlapping temporal 
ranges because it is expected that morphological change may occur 
within a single lineage segment (Supplementary Information and 
Supplementary Fig. 7). Given the non-overlapping temporal ranges 
of the DMQ and the other robust australopith sites, we cannot falsify 
the hypothesis that the DMQ robust sample represents an early part 
of the P. robustus lineage segment and we adopt this as a conserva-
tive interpretation of the evidence (Supplementary Information). 
We suggest that palaeoanthropology has become uncritically reli-
ant on diagnosability when delimiting species and that as a result 
hominin taxonomy is in danger of becoming typological. Indeed, 
the influence of diagnosability on palaeoanthropological thinking 
is so strong that even when plausible evidence is presented of evo-
lutionary change within a single putative lineage segment (see, for 
example, refs. 40,41), it remains conventional (although not univer-
sal) to attribute the early and late assemblages of fossils to different 
species (for example, Australopithecus anamensis and Au. afarensis;  
P. aethiopicus and P. boisei).

Discussion
Given the likelihood that DNH 155 is a male, one can test a hypoth-
esis (Supplementary Information) regarding sexual dimorphism, 
ontogeny and social organization in P. robustus11,42. That hypothesis 
was based on the premise that the small size of DNH 7 could be used 
as a guide to help discriminate males from females at Swartkrans 
Member 1 Hanging Remnant and Kromdraai B. It was deter-
mined11 that 14 of 17 fossils preserving maxillofacial morphology 
at Swartkrans Member 1 Hanging Remnant were males, a finding 
that was deemed unlikely to have occurred from random sampling. 
Among those males, the largest individuals (based on a metrical 
index of facial dimensions) were also judged to be ontogenetically 
the oldest based on the degree of tooth wear. These findings led to 
the hypothesis that P. robustus exhibited bimaturism where males 
exhibited prolonged periods of growth producing extreme levels of 
sexual dimorphism, presumably as an adaptation to a social organi-
zation (for example, single-male multi-female groups) where there 
was high male–male competition11. Such an organization and asso-
ciated social structures (for example, dominance hierarchy, differ-
ences in male and female dispersal patterns) would have led to high 
predation rates in smaller non-dominant males, hence the higher 
representation of males in carnivore-accumulated fossil assem-
blages11 of which Swartkrans Member 1 Hanging Remnant was 
inferred to have been43. It has further been proposed that dental size 
differences between the DMQ and Swartkrans Member 1 Hanging 
Remnant samples are consistent with this hypothesis insofar as the 
dental dimensions of most teeth are significantly larger in the latter 
than in the former42, potentially corroborating the differential rep-
resentation of males and females at the two sites.

The above hypothesis is not supported by the discovery of DNH 
155. The facial index previously used to sort P. robustus maxil-
lae into size categories11 shows that DNH 155 is smaller than all 
measured presumed males from Swartkrans Member 1 Hanging 
Remnant (see Methods). Yet, molar wear in DNH 155 is as great 
or greater than that of any relevant Swartkrans Member 1 Hanging 
Remnant specimen per the criteria outlined in Lockwood et al.11. 
Thus, bimaturism cannot explain the relatively small size of DNH 
155, thereby implying that facial size is systematically larger in the 
Swartkrans Member 1 Hanging Remnant population. Moreover, 
dental dimensions of the maxillary teeth of DNH 155 fall within 
or near the range of other robust australopith teeth from DMQ42 
(Extended Data Fig. 8) and corroborate the distinctively small size 
of the DMQ sample, irrespective of sex. As a result, a comparison 
of DNH 7 and DNH 155 is more likely to provide a meaningful 

assessment of palaeopopulation-level sexual dimorphism than 
a comparison between DNH 7 and any Swartkrans Member 1 
Hanging Remnant male. A palaeopopulation distinction between 
the DMQ and Swartkrans Member 1 Hanging Remnant samples is 
further strengthened by the presence of morphological differences 
not obviously related to dimorphism (Supplementary Table 1). 
Consequently, sex assignments at Swartkrans Member 1 Hanging 
Remnant based on an assessment of female size calibrated using 
DNH 7 should be reconsidered, particularly regarding specimens 
of intermediate size that had previously been considered male11. 
Rather, it seems probable that at least some of these specimens 
represent females of that population, as originally proposed6. 
Uncertainty regarding the sex of these specimens weakens the 
posited association in males between size and age (as inferred by 
tooth wear) and arguably removes the basis for inferring bimatur-
ism in this species. Dimorphism is undoubtedly present in robust 
australopiths from both DMQ and Swartkrans Member 1 Hanging 
Remnant, but perhaps not to such a degree as previously surmised11. 
Thus, the presence of a small, ontogenetically old male at the DMQ 
removes the need to construct complicated nested hypotheses pos-
iting bimaturism and taphonomic bias related to social behaviour 
to explain differences between the DMQ and Swartkrans Member 1 
Hanging Remnant samples. A simpler explanation is that there has 
been a phyletic increase in facial and postcanine size within P. robus-
tus, assuming that the DMQ and Swartkrans Member 1 Hanging 
Remnant assemblages are representative samples of the species.

It has long been understood that a transition took place in 
southern African fauna (including hominins) between the time 
periods represented by Sterkfontein Member 4 (2.61–2.07 Ma44) 
and Swartkrans Member 1 Hanging Remnant, and that this change 
occurred as the environment shifted from being more mesic to more 
xeric45. Recent advances in chronology3,4 place DMQ squarely in the 
middle of this transitional period and provide further evidence for 
the potential role of climate change and/or instability in driving 
hominin evolution. Regional records indicate a significant climatic 
shift occurring around 2.2 Ma46. Local environmental records indi-
cate a shift to drier conditions after 2.6 Ma but with more rapidly 
fluctuating wetter and drier episodes between approximately 2.2 Ma 
and approximately 2.0 Ma4,47. Trace element analysis indicates that 
Au. africanus from Sterkfontein Member 4 was under dietary stress 
that may be related to such ecological instability48. DMQ sedi-
ments3 immediately follow Sterkfontein Member 4 at the start of 
another dry period4 and preserve the first and last appearance dates 
of several extinct mammals3 as well as the first appearance dates of  
P. robustus and H. erectus. Contemporaneous sediments at Malapa49 
preserve the only occurrence of Australopithecus sediba and the last 
appearance date of Australopithecus. Finally, Swartkrans Member 1 
Hanging Remnant occurs perhaps 100–200 ka later26 and lacks some 
fauna that went extinct in the intervening time3. Thus, P. robustus at 
DMQ appears at the onset of a comparatively dry period that extends 
into Swartkrans Member 1 Hanging Remnant within a context of 
broader faunal turnover after landscape-scale ecological instability. 
These ecological conditions provide the background for morpho-
logical change in the P. robustus lineage segment. Those changes 
are modest in scale but occur over a short time span. While genetic 
drift cannot be ruled out as a contributory causal agent, we hypoth-
esize that at least those morphological changes that are functionally 
related to the performance of the feeding apparatus (Supplementary 
Information) are dietary adaptations. Specifically, we infer (but  
cannot prove) that they resulted from ecologically driven directional 
or, perhaps, variability50 selection favouring increased efficiency 
at producing and withstanding higher bite forces. This probably 
expanded the P. robustus dietary niche to include more foods that are 
mechanically challenging to process, allowing increased ecological 
generalization51–53. In principle, such a selection hypothesis could be 
tested using quantitative genetics (see, for example, ref. 54), although 
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this approach is complicated by an inability to directly measure the 
variance/covariance structure of extinct hominin populations. The 
discovery of fossil assemblages intermediate in age between DMQ 
and Swartkrans Member 1 Hanging Remnant would also allow a 
test of this selection hypothesis by documenting the correlation (or 
lack thereof) of very-small-scale morphological and environmental 
changes. Importantly, however, not all of the differences between 
the DMQ and Swartkrans Member 1 Hanging Remnant robust aus-
tralopiths can definitively be explained by selection because traits 
lacking obvious performance benefits may be selectively neutral 
(or, in any case, the selective benefits of those traits are unknown). 
Other evolutionary processes, including genetic drift, may be 
responsible for those differences. Finally, fossil evidence suggests 
that some of the morphological differences between the DMQ and 
Swartkrans Member 1 Hanging Remnant P. robustus samples may 
have occurred through heterochrony; there is one subadult cranium 
from the Swartkrans Member 1 Hanging Remnant (specimen SK 52) 
that preserves facial morphology differing from that of Swartkrans 
Member 1 Hanging Remnant adults but resembling DMQ adults 
in certain traits (Supplementary Information and Supplementary 
Fig. 8). This suggests that modifications in the timing and/or rate 
of growth may have produced a peramorphic adult morphology in 
post-DMQ P. robustus populations and that these changes mani-
fest themselves late in ontogeny between second molar emergence 
and adulthood. Peramorphosis could also explain the differences in 
facial size between the DMQ and later robust australopiths. More 
fossil evidence is needed to test this hypothesis.

Microevolution refers, in its broadest sense, to change within 
species (see, for example, ref. 55). Tight chronological and geo-
graphical control combined with an enhanced understanding of 
palaeoenvironments and faunal communities provide us with an 
unparalleled window into the microevolutionary history of P. robus-
tus. Although we cannot claim to see changes in allele frequencies 
over time, and although putative anagenetic change has been dem-
onstrated in other early hominin lineages40,41,56, the record of no 
other early hominin species preserves evidence on such a fine scale 
of microevolutionary change in morphology between phyletically 
linked palaeopopulations.

Methods
Estimation of endocranial volume (ECV). Based on surface scans of the original 
fossil acquired through the use of an Artec Space Spider scanner, we extracted 
the preserved endocranial surface of DNH 155 and generated a partial virtual 
endocast by smoothly filling in missing regions. We used a symmetric template 
of an endocranial landmark configur tion57,58 (935 landmarks and sliding 
semi-landmarks; Supplementary Fig. 5) and defi ed which landmarks and sliding 
semi-landmarks were preserved and which were missing. Semi-landmarks 
were slid to the symmetric template configur tion to gain point-to-point 
correspondence between individuals using the bending energy of the thin-plate 
spline algorithm as a minimization criterion. Endocranial landmarks and 
semi-landmarks were also captured for an extant reference sample including 52 
chimpanzees, 56 gorillas and 43 orangutans.

On the basis of the extant reference sample, a multiple linear regression model17 
was established to estimate ECV from the endocranial form of the preserved regions 
of DNH 155 as captured from the landmarks. The ECV of DNH 155 was predicted 
to be 451 ml with a single prediction interval from 425 to 475 ml. Additionally, the 
missing portions of DNH 155’s endocranial surface were reconstructed based on 
thin-plate spline warping of the extant reference sample and the reconstruction 
ECVs were measured. The average or most common value and the range of 
estimates based on different reference individuals can be interpreted as the most 
probable value and estimation uncertainty, respectively16,17. ECV estimates ranged 
from 441 to 460 ml. The average ECV of multiple DNH 155 reconstructions was 
450 ml. The average ECV was similar when only based on each of the species of the 
reference sample separately (for the chimpanzee reference sample: 449 ml; for the 
gorilla reference sample: 452 ml; for the orangutan reference sample: 447 ml).

Simulating that the same regions as in DNH 155 were missing in each of 
the reference individuals and using the same methodology to estimate their 
ECV allowed comparison of the estimated and actual ECV and therefore 
an interpretation of how the choice of the reference sample influences the 
estimates16,17. This analysis (Supplementary Fig. 5) showed that for both multiple 
regression and multiple thin-plate spline reconstructions, the actual and 

predicted ECVs were highly correlated without a taxon-dependent bias towards 
overestimation or underestimation so that DNH 155’s ECV could be estimated 
reliably. Furthermore, our results show that ECV estimates based on thin-plate 
spline reconstructions are consistent with regression-based estimates.

Principal component and cluster analyses. Nineteen measurements59 were 
included in the analysis that could be measured in the best preserved P. robustus 
specimens, namely, DNH 7, DNH 155 and SK 48 (alveolar height, superior facial 
breadth, biorbital breadth, outer alveolar breadth, anterior interorbital breadth, 
orbital breadth, orbital height, minimum malar height, malar thickness, width 
of the temporal gutter, superior facial height, nasal height, rhinion-nasospinale, 
minimum frontal breadth, maxilloalveolar length, palate breadth, internal 
alveolar breadth at the M3, P3 interalveolar breadth, P4 interalveolar breadth). 
Comparative data for chimpanzees were collected digitally from surface scans of 
a mixed subspecies sample (Pan troglodytes schweinfurthii curated at the Royal 
Museum of Central Africa and Pan troglodytes troglodytes curated at the Cleveland 
Museum of Natural History); data for fossil specimens other than DNH 155 
and DNH 7 were taken from a published source59. The geometric mean of all 19 
variables was calculated for each individual using Microsoft Excel’s ‘Geomean’ 
function. Scale-adjusted shape indices60 were then calculated for each of these 19 
linear dimensions by dividing the original value by the geometric mean for that 
individual (Supplementary Materials).

A PCA was then performed on the shape indices in PAST v.3.1261 and 19 
principal components explaining 100% of the variation were extracted. The 
resultant principal component scores of the 19 principal components (Extended 
Data Fig. 6) were then used to perform a hierarchical cluster analysis using the 
paired group algorithm (unweighted pair group method with arithmetic mean 
(UPGMA)) and Euclidean distances. Note that PCA is not being used as a data 
reduction technique but rather to ensure that the variables in the UPGMA are 
statistically independent from one another and that the UPGMA accounts for 
the relative variation in each variable rather than simply the absolute variation62. 
Thus, the fact that DNH 7 is more similar to SK 48 than to DNH 155 on principal 
component 1 (explaining 34.5% of the total variance) does not outweigh the fact 
that DNH 7 and DNH 155 cluster together when considering all 19 principal 
components (explaining 100% of the variance).

Facial size. A prior assessment of sexual dimorphism in P. robustus relied heavily 
on a facial size index that represented an average of 12 linear dimensions11. Those 
measurements include: orbito-alveolar height; orbito-jugal height; foraminal 
height; alveolar height; bimaxillary breadth; interforaminal breadth; nasal aperture 
breadth; snout breadth; anterior maxilla-alveolar breadth; maxilla-alveolar 
breadth; palatal breadth; and post-canine maxilla-alveolar breadth. All of these 
measurements can be taken (in millimetres) on DNH 155 (orbito-alveolar 
height = 59; orbito-jugal height = 61; foraminal height = 36; alveolar height = 30; 
bimaxillary breadth = 93; interforaminal breadth = 51; nasal aperture breadth = 29; 
snout breadth = 56; anterior maxilla-alveolar breadth = 43; maxilla-alveolar 
breadth = 65; palatal breadth = 34; post-canine maxilla-alveolar breadth = 40). The 
average facial size value for DNH 155 is therefore 49.8 mm. This value is smaller 
than that recorded in any specimen from Swartkrans11.

Metrical assessment of permanent maxillary dentition. Although all maxillary 
teeth are preserved in DNH 155, the tooth crowns are heavily worn and, in some 
cases, damaged such that standard dental metrics cannot be obtained for all teeth. 
In particular, interproximal wear is considerable on the post-canine teeth, so the 
mesiodistal (MD) dimension of the better-preserved antimere was estimated 
according to established methods63. MD and buccolingual (BL) dimensions in 
millimetres of the right (R) and left (L) maxillary teeth are as follows: RI1 MD = 7.3, 
BL = 7.8; RI2 MD = 5.6, BL = 6.8; RC MD = 7.2, BL = 9.8; RP3 MD = 8.9 (9.8 
estimated), BL = 13.2; RM1 MD = 10.9 (12.1 estimated), BL = 14.7; RM3 MD = 12.7 
(14.4 estimated), BL = 15.3; LI1 MD = 7.3, BL = 7.7; LI2 MD = 5.6, BL = 6.8; LC 
MD = 7.2, BL = 9.6; LP4 MD = 9.5 (10.3 estimated), BL = 13.5; LM2 MD = 12.4 (13.8 
estimated), BL = 14.7; LM3 MD = 12.8, BL = 15.0.

A series of two-tailed Mann–Whitney U-tests were performed for the purposes of 
assessing size differences between the DMQ and Swartkrans P. robustus assemblages. 
The DMQ sample included DNH 155 (estimated values) as well as all previously 
published permanent maxillary P. robustus teeth from the DMQ1,3,42 (Supplementary 
Table 4). Metrical data were drawn from these publications or, in the case of DNH 
155, measured by the authors. The Swartkrans sample consisted of previously 
published permanent maxillary P. robustus teeth9,64–69, including six isolated teeth 
measured by the authors (Supplementary Table 4). The Kromdraai B P. robustus 
specimens were not included in this analysis because the sample size was too small.

The Mann–Whitney U-tests were run in IBM SPSS Statistics v.25 (IBM 
Corporation) with the significance set at P < 0.05. The DMQ sample was 
significantly smaller than the Swartkrans sample with respect to both BL breadth 
and MD length for the P3, P4, M2 and M3 as well as the M1 with respect to MD 
length (Extended Data Fig. 8 and Supplementary Table 5). The MD length of 
the I1 and I2 was also notably smaller at the DMQ than at Swartkrans, but not 
significantly so. These results update prior findings42 that excluded DNH 7 and, 
naturally, could not have included DNH 155 or DNH 1523.
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Phylogenetic analysis. Character states for P. robustus from DMQ were added to 
an existing character matrix employed in a recent phylogenetic analysis of early 
hominins70. Character states for Au. anamensis derived from the recent description 
of the MRD-VP-1/1 cranium were also added71, although modifications to the 
underlying character state definitions proposed therein were not adopted. In 
addition to the 15 fossil hominin operational taxonomic units, 5 extant hominoid 
species (Homo sapiens, Pan troglodytes, Gorilla gorilla, Pongo pygmaeus, Hylobates) 
were included as ingroup taxa in the phylogenetic analysis. Colobus and Papio were 
constrained as outgroup taxa.

This updated character matrix has been digitally archived and is available at 
http://morphobank.org/permalink/?P3477. A Bayesian inference analysis was 
conducted using MRBAYES v.3.2.672. The standard model for Bayesian inference 
of phenotypic data (Markov k-state variable model with gamma-distributed rate 
variation) was used to account for the ascertainment bias of parsimony-informative 
morphological characters. The Markov chain Monte Carlo (MCMC) was run 
for 1 million generations using 4 chains (3 heated and 1 cold chain). Parameters 
were sampled every 1,000 generations. The first 30% of samples were discarded as 
burn-in. MCMC convergence was assessed using effective sample size values and 
the average s.d. of split frequencies, with convergence to stationary assumed for 
effective sample size values >200 and split frequencies below 0.01.

Following the standard Bayesian inference analysis, a Bayesian tip-dating 
approach was used to incorporate stratigraphic information into our estimation 
of relationships within the Paranthropus clade. Ingroup taxa for this analysis were 
limited to P. aethiopicus, P. boisei, P. robustus from Drimolen and P. robustus from 
other sites. An outgroup taxon was constructed for this analysis using the inferred 
ancestral states for the last common ancestor of the Homo + Paranthropus clade. As 
in the analysis described above, a Markov k-state variable prior was used to model 
morphological character evolution73. A fossilized birth–death (FBD) process was 
used as a prior on branch lengths74–77. By setting the sample strategy parameter ‘rho’ 
as equal to 1 in the FBD process, the analysis was run without sampled ancestors 
(that is, tip-dated). Following previous fossil tip-dating studies, the relaxed 
morphological clock assumed an independent gamma rate model77–80. Fossilization 
and speciation rate priors for the FBD process and the independent gamma rate 
model were defined using vague distributions (that is, uninformative priors). 
Priors on fossil occurrence dates were assigned uniform distributions to represent 
the maximally reported stratigraphic ranges (Supplementary Information). The 
MCMC was run for 3 million generations using 4 chains. Parameters were sampled 
every 5,000 generations. The first 30% of samples were discarded as burn-in. 
Convergence was assessed using the same procedures as those described above for 
the standard Bayesian inference analysis.

The complete 21 taxon character matrix was also analysed with maximum 
parsimony using PAUP* v.481. A heuristic tree search was conducted by performing 
1,000 replicates of Wagner trees using random addition sequences. This was 
followed by tree bisection and reconnection branch swapping. Ten trees were held 
per replicate. The character support of the most parsimonious reconstruction was 
calculated in PAUP* using character resampling techniques82. These bootstrap 
support values were calculated in an analysis of 10,000 replicates.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data are available in the Methods, Supplementary Information and at 
MorphoBank (http://morphobank.org/permalink/?P3477). Specimen DNH 
155 is curated by the Evolutionary Studies Institute of the University of the 
Witwatersrand. Requests for permission to examine DNH 155 should be directed 
to their hominin access committee and are subject to regulations of the South 
African Heritage Resources Agency.
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Extended Data Fig. 1 | Surface scans of DNH 155. Specimen positioned in a, posterior, b, basal, and c, right lateral views. Scale bar = 10mm.
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Extended Data Fig. 2 | Position of the zygomatic root. Right lateral views of P. robustus specimens a, DNH 7, c, SK 48, e, SK 52, f, SKW11, and g, SK 12. Left 
lateral views of b, DNH 155, and d, TM 1517. Vertical red lines pass through P4/M1 on each specimen. The anterior aspect of the root is positioned at this 
line in a and b but anterior to the line in c–g. Scale bar = 10mm.
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Extended Data Fig. 3 | Thickness of the zygomatic root. Paranthropus robustus specimens shown slightly offset from palatal view in order to visualize the 
lateral wall of the maxilla. a, DNH 7. b, DNH 155. c, SK 12. d, TM 1517. e, SK 48. All specimens are scaled to the same P4 – M2 length. Red and yellow lines 
represent the anterior- and posterior-most aspects of the zygomatic root on the maxilla. The root is proportionally thinnest in DNH 7 and DNH 155.
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Extended Data Fig. 4 | Zygomaticomaxillary step. Oblique views of P. robustus specimens a, DNH 155, b, DNH 7, c, SK 46, d, SK 12, e, SK 52, f, TM 1517, 
and g, SK 48. Arrows indicate change of contour between the surfaces of the zygomatic bone and maxillary trigon. Shading indicates that the change in 
contour is abrupt and coincident with the zygomaticomaxillary suture in c–g, In a and b the change in contour is gentle (brackets) and positioned above 
the suture such that the suture lies within the trigon as opposed to being its superolateral margin. Scale bar = 10mm.
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Extended Data Fig. 5 | Supraorbital corner. Frontal views of P. robustus specimens a, DNH 152, b, DNH 7, c, DNH 155, d, SK 46, and e, SK 48. Arrows 
indicate a squared supraorbital corner associated with a roughly horizontal supraorbital torus in d and e. In a and b the homologous region of the orbital 
margin is rounded, and in c the corner is not squared and the supraorbital torus is inclined. Note that specimen SK 46 is badly distorted, but the torus and 
corner are locally undistorted. Images not to the same scale.
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Extended Data Fig. 6 | Principal component and cluster analysis. Principal component analysis of 19 scale-adjusted craniofacial dimensions 
(Supplementary Data) were performed on chimpanzees (green) and fossil hominins (P. robustus = red, P. boisei = orange, Au. africanus = blue, early Homo 
= black) in order to convert the morphometric data into statistically independent variables to be used as input for cluster analysis. a, Plot of PC1 vs. PC2. 
b, PC3 vs. PC 4. PC 1 accounts for 34.5% of the total variance, PC2 for 28.5%, PC3 for 8.5%, and PC4 for 7.6%. PC1 and PC4 reflect interactions between 
facial height and minimum frontal breadth, albeit in inverse ways (PC1 loadings: Scale-adjusted Superior Facial Height = -0.51, Scale-Adjusted Nasal 
Height = -0.43, Scale-Adjusted Minimum Frontal Breadth = 0.44; PC4 loadings: Scale-adjusted Superior Facial Height = 0.41, Scale-Adjusted Minimum 
Frontal Breadth = 0.49). PC2 reflects palate shape (PC2 loadings: Scale-adjusted Outer Alveolar Breadth = -0.41, Scale-adjusted Interalveolar Distance  
at P3 = 0.43). PC3 reflects alveolar shape (PC3 loadings: Scale-adjusted Alveolar Height = 0.39, Scale-adjusted Maxilloalveolar length = 0.41).  
c, Dendrogram of UPGMA of the 19 sets of component scores (accounting for 100% of the total variance) showing that DNH 155 clusters with DNH 7 
within P. robustus and Paranthropus clusters.

Nature Ecology & Evolution | www.nature.com/natecolevol

http://www.nature.com/natecolevol


ArticlesNature Ecology & Evolution ArticlesNature Ecology & Evolution

Extended Data Fig. 7 | Sexual dimorphism in P. robustus from DMQ. Frontal (top row), lateral (middle row) and superior-oblique (bottom row) views of a, 
c, e, DNH 7 and b, d, f, DNH 155. Note that the face of DNH 7 is detached from the specimen’s neurocranium and neurocranial distortion makes it difficult 
to join the two pieces. The placement of the face on the neurocranium in lateral and oblique views is heuristic and no morphological assessments reported 
here are dependent on these cranial parts being properly aligned. Moreover, the lateral view of DNH 7 is a reflected image of the specimen’s right side. 
DNH 155 is absolutely larger than DNH 7, it exhibits a sagittal crest (red arrows) and strong anteromedial incursion of the superior temporal lines (yellow 
arrows), and a zygomatic body that projects anterior to the nasal aperture (green arrow). DNH 7 is smaller, it lacks a sagittal crest, has only moderate 
anteromedial incursion of the superior temporal lines, and its zygomatic body does not project anterior to the nasal aperture. Scale bar = 10mm. Oblique 
views not to scale.
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Extended Data Fig. 8 | Postcanine tooth size. Buccolingual breadth vs. mesiodistal length of P. robustus postcanine teeth at Drimolen and Swartkrans.  
a, P3. b, P4. c, M1. d, M2. e, M3. Values for specimen DNH 155 are corrected for interproximal wear.
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