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The East African hominin Paranthropus boiseiwas characterized by
a suite of craniodental features that have been widely interpreted
as adaptations to a diet that consisted of hard objects that required
powerful peak masticatory loads. These morphological adapta-
tions represent the culmination of an evolutionary trend that
began in earlier taxa such as Australopithecus afarensis, and pre-
sumably facilitated utilization of open habitats in the Plio-Pleisto-
cene. Here, we use stable isotopes to show that P. boisei had a diet
that was dominated by C4 biomass such as grasses or sedges. Its
diet included more C4 biomass than any other hominin studied
to date, including its congener Paranthropus robustus from South
Africa. These results, coupled with recent evidence from dental
microwear, may indicate that the remarkable craniodental mor-
phology of this taxon represents an adaptation for processing
large quantities of low-quality vegetation rather than hard objects.

C4 photosynthesis ∣ C3 photosynthesis

The East African hominin Paranthropus boisei possessed large
and low-cusped postcanine dentition, large and thick mandib-

ular corpora, and powerful muscles of mastication, which are
generally believed to be adaptations for a diet of nuts, seeds,
and hard fruit (1–3). This notion emerged from interpretations
of P. boisei’s morphology, but gained indirect support from dental
microwear studies of its congener, Paranthropus robustus; these
concluded that wear on the molars of South African Paranthropus
was consistent with its having ingested and chewed small, hard
food items, if not as primary resources, then at least as fallback
foods (4–6). Although some have suggested that the craniodental
morphology of P. boisei is consistent with the consumption of
tough rather than hard foods (7, 8), this idea has been largely
eschewed by most workers. Thus, when a recent study using
dental microwear texture analysis revealed no evidence for the
consumption of hard foods by P. boisei (9), it challenged decades
of received wisdom, and underscored the need for independent
lines of paleodietary evidence.

Stable carbon isotope analysis has proven a powerful tool for
testing hypotheses about the diets of extinct herbivorous mam-
mals (10, 11). It is based on the idea that carbon isotope composi-
tions vary predictably between plant foods [e.g., plants using the
C3 photosynthetic pathway (most dicotyledonous plants including
trees, shrubs, forbs, herbs) and those using the C4 pathway (pre-
dominantly tropical grasses and sedges, which are monocotyledo-
nous plants)], and further that dietary carbon remains locked in
tooth enamel even after millions of years (10). Carbon isotope
studies of P. robustus from South Africa indicated that it con-
sumed some plants using C4 photosynthesis such as tropical
grasses or sedges, but were also consistent with most of its dietary
carbon (approximately 70%) having been derived from the C3

food items favored by extant chimpanzees (Pan troglodytes) such
as tree fruits (12, 13). In contrast, stable isotopes measurements
of two P. boisei specimens from Tanzania suggested a high
component of C4 biomass in its diet (14), which would make
its diet fundamentally distinct from all known modern or fossil

hominoid taxa. However, it is unclear whether the data for these
two individuals is characteristic of the species, or whether its diet
varied over time and space, as the variability in previously
analyzed hominin taxa is substantial (e.g., ref. 13).

We present stable isotope data for an additional 22 P. boisei
individuals from central and northern Kenya that range between
1.9 and 1.4 million years in age, and extend the spatial range
of the Tanzanian specimens by more than 700 km. These data
inform not only our understanding of the diet of P. boisei, but
given its occasional morphological similarities with other austra-
lopith taxa (e.g., Australopithecus afarensis, Australopithecus garhi,
Australopithecus africanus), potentially our understanding of the
role of diet in early hominin evolution.

Results
The δ13C values of P. boisei do not change over the half million
years for which samples were available (r2 ¼ 0.10). The average
δ13C value for these samples was −1.3� 0.9‰ (24 teeth from 22
individuals), with a maximum value of þ0.7‰ and a minimum
value of −3.4‰ (Table 1). Using estimates of þ2 and −12‰ for
a “pure-C4 grazing” or “pure-C3 browsing” diet (14), the δ13C
values for P. boisei correspond to a diet where C4 biomass com-
prises 77� 7%, with minimum and maximum values of 61 and
91%, respectively.

The carbon isotope composition of P. boisei is statistically
indistinguishable from that of coeval grass-consumers from the
region including Equidae (x ¼ −0.4‰, SD ¼ 0.9‰, n ¼ 18),
Suidae (x ¼ −0.2‰, SD ¼ 0.8‰, n ¼ 10), and Hippopotamidae
(x ¼ −1.3‰, SD ¼ 1.0‰, n ¼ 23) (P > 0.05, ANOVA, Games–
Howell), and highly different from C3 biomass-consuming Giraf-
fidae (x ¼ −12.5‰, SD ¼ 0.8‰, n ¼ 4, P < 0.0001). The δ13C
values of contemporaneous equids, giraffids, hippopotamids, and
suids are presented in Table S1. The diet of P. boisei differs sig-
nificantly from that of contemporaneous P. robustus (x ¼ −7.6‰,
SD ¼ 1.1‰, n ¼ 18) (Fig. 1) in South Africa and early Homo
throughout Africa (x ¼ −7.8‰, SD ¼ 1.5‰, n ¼ 6)
(P < 0.0001; data from refs. 13 and 14) (Fig. 2). The δ13C values
of P. boisei are also starkly different from those reported for
earlier taxa such as Ardipithecus ramidus (P < 0.0001) and Aus-
tralopithecus africanus (P < 0.0001) (data from refs. 13 and 15).
The data for other hominin species are presented in Table S2.

Discussion
C4 Diet of P. boisei. The carbon isotope composition of P. boisei is
fundamentally different from that of all known living and fossil
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hominoids, which vary from nearly pure C3 consumers like gor-
illas (16) and chimpanzees (17, 18) to variable C3 consumers like
A. africanus and P. robustus (12, 13). Indeed, the only known hap-

lorrhine primate with a similar carbon isotope composition is the
extinct grass-eating baboon Theropithecus oswaldi (x ¼ −2.3‰,
SD ¼ 1.5‰, n ¼ 12) (see Table S2 and references therein) from
the same general time period. Despite a once broad distribution,
the genus Theropithecus is now limited to a single species living in
the highlands of Ethiopia. These observations suggest that the
organisms with which P. boiseimost likely competed for resources
were not contemporaneous Homo, Papio (savanna baboons), or

Table 1. δ13C and δ18O of P. boisei from the Baringo Basin, Kenya (this study), the Turkana Basin, Kenya (this study) and
from Olduvai Gorge and Peninj, Tanzania (14)

Specimen δ13C δ18O Tooth Age range Median age Nominal % C4

Baringo Basin
KNM-CH-302 −1.3 −1.5 m-frag >1.42 1.42 76

Turkana Basin
KNM-ER-810 −3.4 −3.3 P3 1.77 1.77 61
KNM-ER-818 0.7 1.9 Lt M3 1.55–1.65 1.60 91
KNM-ER-1804 −1.2 −0.7 Lt M3 1.77 1.77 77
KNM-ER-3887 −1.6 −2.9 Rt M3 1.50–1.65 1.57 74
KNM-ER-6080 −2.2 −0.6 Rt M2 1.55–1.65 1.60 70
KNM-ER-13750 0.2 0.5 M-frag 1.87 1.87 87
KNM-ER-15940 −1.1 −0.6 Lt M3 1.77 1.77 78
KNM-WT-17396 −1.9 −3.1 Lt M3 1.65–1.79 1.72 72
KNM-WT-37100 −1.8 −1.5 M2 or M3 1.65–1.79 1.72 73
KNM-WT-37748 −2.1 Rt M3 1.65–1.79 1.72 71
KNM-ER-1171(C) −0.6 −1.9 Lt M1 1.56–1.60 1.58 81
KNM-ER-1469(A) −2.3 −0.1 Lt M3 1.87–1.90 1.89 69
KNM-ER-1479(A) −2.3 0.2 M3 1.87 1.87 69
KNM-ER-1806(C) −1.3 −2 Rt M3 1.85 1.85 76
KNM-ER-3737(B) −1.6 −2.5 Rt M1 1.56–1.60 1.58 74
KNM-ER-3952(F) −1.3 0.0 Lt M3 1.87 1.87 76
KNM-ER-729(A) 0.0 −0.7 Lt P4 1.49–1.55 1.52 86
KNM-ER-732(A) −0.1 −1.8 P4 1.56–1.60 1.58 85
KNM-ER-733(A) −1.5 −2.6 Rt M3 1.49–1.55 1.52 75
KNM-ER-733(D) −0.5 −2.2 Lt P4 1.49–1.55 1.52 82
KNM-ER-802(D) −0.1 −1.6 Lt M1 1.56–1.60 1.58 85
KNM-ER-802(G) −1.9 M3 1.56–1.60 1.58 72
KNM-ER-816(B) −1.9 −1.3 Rt P4 1.77 1.77 72

Olduvai
OH5 −1.2* — Lt M2 — 1.82 77

Peninj
NMT-W64-160 0.7* — Lt M2 — 1.62 81

Average −1.3 77
SD 0.9 7
Number† 24 24

*Data from ref. 14.
†Number of different individuals. KNM-ER-733 and KNM-ER-802 are represented by two teeth each from two different individuals. The
average value for each individual was used to compute the overall average and standard deviation.
The attribution of specimens to Paranthropus boisei is as follows: KNM-CH 302 (ref. 48); the “East Rudolf” fossils from the Koobi Fora
Formation (refs. 49 and 50 and references therein); and the “West Turkana” teeth from the Nachukui Formation (50, 51).
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Fig. 1. Cumulative frequencies of P. boisei from eastern Africa with contem-
poraneous P. robustus from southern Africa, and for T. oswaldi from both
eastern and southern Africa. Multiple analyses from single individuals have
been averaged.

Tsavo - modern
(corr. to 1750)

KBS - Okote

5

-5 5
-5

-15

0

-10 0

13C

18
O

Giraffes:
Giraffa

Hippos:
Hippopotamus

Equids:
Hipparion
& Equus

Suids:
Metridiochoerus
& Phacochoerus

Paranthropus
boisei

Paranthropus boisei

Fig. 2. δ13C and δ18O values of P. boisei from the Turkana Basin compared
with giraffes, suids, hippos, and equids from the KBS and Okote Members of
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region in Kenya.
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other frugivorous taxa, but probably C4 biomass consumers
including equids, suids, hippos, Theropithecus, and some bovids.

The vast majority of C4 biomass is grass, although there can be
large quantities of C4 sedges, especially in wetland environments
such as the Okavango Delta today (19). A much smaller percen-
tage of C4 dicots and crassulacean acid metabolism plants with
similar carbon isotope compositions exists, although the typically
low abundance of the former and low abundance and frequent
toxicity of the latter make them unlikely to be regular targets
for early hominins (20). Thus, it is almost certain that P. boisei
had a diet focused on grasses, sedges, or both.

It has recently been suggested that sedges were an important
hominin resource because they are often found in the riverine
woodlands favored by many savanna primates and because their
tubers are a potentially high energy resource for which tool-wield-
ing hominins would have had little competition (14, 21). Never-
theless, sedges often utilize C3 photosynthesis, are not widely
distributed in many habitats, and might have been of dubious
nutritional value without cooking (22, 23). Moreover, there is
no record of any large mammal feeding on sedges to such an
extent. Regardless, if P. boisei was a wetland sedge specialist, it
would suggest an extremely limited distribution in ancient land-
scapes with important implications for our understanding of early
hominin biology and biogeography.

Grasses, in contrast, are widely abundant and use the C4

photosynthetic pathway in most African savanna environments;
they are utilized extensively by taxonomically diverse mammals
including the primate Theropithecus. A reason for thinking that
grass blades were not consumed by P. boisei is that the low occlu-
sal relief of its cheek teeth is the opposite of what might be
expected for a consumer of leaves. Folivores tend to have great
occlusal relief, whereas flat teeth are usually found in hard-object
consumers among frugivorous primates (1). Nevertheless, the
dental microwear complexity profiles of P. boisei and Theropithe-
cus are similar, suggesting a diet with comparable mechanical
properties (24). Although the high anisotropy (directionality)
of Theropithecus molar microwear is very different from that of
P. boisei, it has been suggested that this results from different
constraints posed by their dentognathic morphology rather than
diet (24). In other words, it is possible that they were utilizing
similar foods but chewing them in different ways.

P. boisei cheek teeth display notable gradients of gross wear,
resulting in large, deeply excavated dentine exposures, and in
this regard, they are similar to other australopith species (e.g.,
A. afarensis and A. africanus) that also possess low tooth cusps
with thick enamel. Thus, like other australopiths, P. boisei
undoubtedly had a diet that consisted of foods with abrasive
qualities—the gross wear is as likely due to repetitive loading
of phytolith-rich tough foods as exogenous grit. Thus, either grass
or sedge consumption and/or exogenous grit might well have
contributed to P. boisei’s notable wear gradient.

Of perhaps greater moment than its potential specific simila-
rities, the microwear of P. boisei molars, which shows remarkable
uniformity over time from about 2.3 Ma to about <1.4 Ma
(9, 24), stands in stark contrast to the wear fabrics exhibited by
primate hard-object consumers. Indeed, there is no evidence
beyond the anecdotal [e.g., the broken left first permanent molar
crown in the KNM-ER 729 P. boisei mandible (8) and the obser-
vation that a couple of P. boisei molars show antemortem enamel
chipping (25)] that these food items were hard.

Paleoenvironment of P. boisei. Previous interpretations of the
environmental conditions of P. boisei are varied and include
closed wet habitats (26), scrub woodland to arid shrubland (27),
and semiarid savanna associated with woodlands and gallery
forest (28). The oxygen isotope composition of P. boisei and
contemporaneous mammal tooth enamel provides further infor-
mation about its water utilization and environment (29). Fig. 2

shows the δ18O and δ13C values for the water-dependent hippo-
potamus, the water-independent browserGiraffa, and two grazers
(equids and suids) from the Kay Behrensmeyer Site (KBS) and
Okote members (Table S1); it also shows the δ18O and δ13C values
for their modern counterparts in the Tsavo region in Kenya
(Table S3). These data suggest that P. boisei was very water
dependent based on its δ18O values, which are more negative
than those of coeval suids, equids, and giraffids. The similarity
in Δðδ18Ogiraffe-δ

18OhippoÞ suggests that the environment in the
Turkana Basin in KBS-Okote time had a water deficit (30) similar
to that in the Tsavo region today (mean annual temperature ¼
25 °C; mean annual precipitation ¼ 550 mm per year). Δ47
values from paleosols in the Turkana region indicate soil tem-
peratures between 30 and 37 °C, indicating high mean tempera-
tures and an open habitat in the Koobi Fora and Nachukui
regions where these fossils were found (31).

Overall, the stable isotope evidence from paleosols and tooth
enamel is compatible with semiarid savanna with riparian wood-
lands or with woodlands associated with lakes (32). Grasses or
sedges would have been highly available in such an environment.

South Africa vs. East Africa: P. robustus vs. P. boisei. Why the differ-
ence in carbon isotope composition between Paranthropus
in eastern and southern Africa? If these congeners had similar
biology then it could be argued that the difference represents
a generalist genus eating different things in disparate regional
environments. However, most herbivorous taxa do not show
evidence of diet change between the regions (compare ref. 33
with ref. 34), including Theropithecus (Table S2). Moreover, there
is little reason to believe that the potential environments of
P. boisei in East Africa were homogenous over time and space,
or that its habitat was so different from that of P. robustus that
the carbon isotope compositions of their diets did not overlap.
In fact, a variety of paleoenvironments have been reconstructed
for P. boisei that clearly overlap with those of P. robustus (27, 28).
Most studies, however, have emphasized open and well-watered
habitats for P. boisei [e.g., deltaic environments and/or edaphic
grasslands (26, 27, 35)]. P. boisei and P. robustus carbon isotope
values could also differ if both were principally sedge consumers
and there was a differential distribution of C3 and C4 sedges.
Indeed, there is some evidence that C4 sedges are more common
in East African habitats today (23).

Given current evidence, however, the simplest explanation is
adaptive divergence between the eastern and southern African
P.aranthropus populations, with the former focusing on grasses
or sedges and the southern population consuming a more tradi-
tional hominoid diet that included tree fleshy fruits, as well as
variable C4 resources. In short, P. robustus had an expanded diet-
ary repertoire relative to extant apes that included C4 resources,
whereas P. boisei had completely abandoned the presumed ances-
tral diet (C3-based foods) to focus on a resource abundant in
savanna and wetland environments.

Implications for Craniodental Adaptations. These results might also
have broader significance for our understanding of australoptith
craniodental adaptations. Earlier taxa such as A. anamensis
and A. afarensis exhibit, albeit in an incipient state, craniodental
features that have been surmised to indicate a diet that consisted
of hard objects (36–39) Traditional thinking has been that such
masticatory adaptations permitted hominins to colonize increas-
ingly seasonal and open environments (37). However, recent
dental microwear studies suggest that the mechanical properties
of A. afarensis (and A. anamensis) diets were nearly identical to
those of P. boisei (9, 24, 40–42). If this is so, could it be that the
australopith masticatory package represents an adaptation to C4

resources such as grasses or sedges? The similarity in dental
microwear fabrics among the eastern African australopiths, all of
which lack any evidence for hard-object food consumption (9, 24,
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40–42), is consistent with the notion that their craniodental mor-
phology could reflect “repetitive loading” rather than hard-object
consumption (7, 8, 43). If this is borne out, it would suggest our
understanding of early hominin ecology and biomechanics needs
rethinking, but must ultimately wait on stable isotope data from
earlier hominins.

Conclusions
Carbon isotope data show that P. boisei had a diet primarily of C4

resources, most likely grasses or sedges, over a wide range of time
(>0.5 Ma) and space (Turkana, Baringo, Natron, and Olduvai
regions). These data are irreconcilable with the idea of P. boisei
having eaten foods even broadly similar to those of African apes.
They are also inconsistent with the notion that P. boisei ate nuts or
hard fruits preponderantly, and also suggest that Paranthropus in
eastern Africa (P. boisei) and southern Africa (P. robustus) had
very different diets, a notion also supported by dental microwear
(6, 9). In sum, this study suggests that the prevailing ideas based
on morphological and biomechanical considerations are at least
partly in error, and that our understanding of the dietary basis
of masticatory differentiation within the hominin lineage may
require revision.

Methods
Samples were obtained from the National Museums of Kenya. Approxi-
mately 2 mg of powder was obtained using a high-speed rotary drill; P. boisei
enamel from broken tooth surfaces were sampled so that information con-
cerning morphology was not compromised. Powdered samples were treated
with 0.1 M buffered acetic acid for 30 min to remove secondary carbonates

(see Table S4). Samples were reacted with 105% phosphoric acid at 90 °C in
silver capsules and analyzed on an isotope ratio mass spectrometer following
cryogenic separation of CO2; results are reported using the standard per mil
(‰) notation with Vienna Pee Dee Belemnite as the standard for both oxygen
and carbon isotope measurements. Corrections for temperature-dependent
isotope fractionation in oxygen were made using modern and fossil internal
reference materials that had been reacted at 25 °C (44). For comparative
purposes, modern mammals have had their δ13C values adjusted to compen-
sate for recent changes in atomospheric δ13C values (45–47).

Treated and untreated fossil enamel from four samples were analyzed to
test for the presence of exogenous carbonate. Fossil enamel samples were
treated with 0.1 M buffered acetic acid for 30 min, rinsed four times with
ultrapure (Milli-Q) distilled water, and dried overnight at 60 °C. Treated
and untreated samples were analyzed back to back for δ13C and δ18O on
an isotope ratio mass spectrometer. Carrara carbonate standards were used
to convert voltages measured on the major mass Faraday cup (44) into CO2

yields (μmol∕mg). Two of four untreated samples, ER-810-UNT and ER-1806C-
UNT, had CO2 yields of 1.34 and 1.81 μmol∕mg, respectively, indicating the
presence of exogenous carbonate (Table S4). Their treated counterparts had
yields of 0.75 and 0.59 μmol∕mg, respectively, which fall within the range
for modern enamel samples. Carbon isotope values between treated and
untreated samples differed by up to 2.7‰ (Table S4). Based on the results
from the four pilot samples, all remaining samples were treated as described
above.
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Table S1. Fossil equids, giraffes, hippos, and suids from Kay Behrensmeyer Site (KBS) and Okote Members, Koobi Fora region, Kenya

Sample number Genus and species δ13C δ18O Tooth Member

Equidae
F5066 Equus sp. indet. −2.5 −3.8 m1 or m2 Okote
F5070 Equus sp. indet. −2.1 −1.9 Lp3 Okote
K92-4832 Hipparion sp. −2.1 −1.2 M3 Okote
KNM ER 1224 Equus sp. indet. −0.3 0.0 Lp2 KBS
KNM ER 1227 Equus cf. grevyi −0.7 1.6 P3 or P4 Okote
KNM ER 1250 Equus koobiforensis 0.7 4.0 RM3 KBS
KNM ER 1255 Equus koobiforensis −0.9 2.6 LM2 KBS
KNM ER 1259 Equus sp. indet. −0.1 1.8 RP3 KBS
KNM ER 1259 Equus sp. indet. −0.8 0.2 LP3 KBS
KNM ER 2064 Equus sp. indet. −0.1 2.0 RP3 or P4 KBS
KNM ER 2066 Equus grevyi? 0.7 1.6 M1 or M2 Okote
KNM ER 2642 Hipparion sp. −0.1 3.9 LM3 KBS
KNM ER 2642 Hipparion sp. −1.2 1.2 LM3 KBS
KNM ER 2668 Hipparion cf. aethiopicum 0.1 0.3 P2 Okote
KNM ER 2672 Equus cf. grevyi −1.1 2.8 M1 or M2 Okote
KNM ER 2680 Equus cf. grevyi 0.5 −1.0 P3 or P4 Okote
KNM ER 2684 Equus cf. grevyi −0.6 2.0 P3 or P4 Okote
KNM ER 4030 Equus sp. indet. 1.3 −1.2 M1 or M2 KBS
KNM ER 5359 Hipparion sp. −0.4 7.1 RM1 or M2 KBS

average −0.4 1.4
SD 0.9 2.2
number 18 18

Giraffidae
KNM ER 1492 Giraffa pygmaea −10.7 2.1 LM3 KBS
KNM ER 932 Giraffa stillei −12.1 3.8 M3 KBS
KNM ER 1495 Giraffa stillei −12.2 3.8 M3 KBS
KNM ER 664 Giraffa jumae −12.5 2.7 M3 Okote

average −11.9 3.1
SD 0.8 0.8
number 4 4

Hippopotamidae
KNM ER 2045 Hippopotamus aethiopicus −3.6 −5.7 Rm1 Okote
KNM ER 5502 Hippopotamus aethiopicus −2.7 1.2 m2 Okote
KNM ER 5512 Hippopotamus aethiopicus −1.3 −4.7 M3 Okote
KNM ER 5573 Hippopotamus aethiopicus −1.0 −2.1 m2 Okote
KNM ER 5576 Hippopotamus aethiopicus −1.5 −3.0 M3 KBS
KNM ER 638 Hippopotamus aethiopicus −0.3 −2.6 M3 KBS
KNM ER 671 Hippopotamus aethiopicus −1.9 −2.3 RM3 KBS
KNM ER 1396 Hippopotamus gorgops 0.1 −5.7 RC Okote
KNM ER 1409 Hippopotamus gorgops −1.6 −3.9 Lm Okote
KNM ER 1427 Hippopotamus gorgops −0.7 −2.7 M2 Okote
KNM ER 5509 Hippopotamus gorgops −3.0 −0.7 Rdp4 KBS
KNM ER 5510 Hippopotamus gorgops −0.2 −3.0 Lm2 KBS
KNM ER 5513 Hippopotamus gorgops −0.1 −1.8 m KBS
KNM ER 5543 Hippopotamus gorgops −1.4 −4.8 Rc Okote
KNM ER 637 Hippopotamus gorgops −1.1 −0.5 RM3 KBS
KNM ER 1422 Hippopotamus karumensis 0.0 −2.7 LM3 KBS
KNM ER 2186 Hippopotamus karumensis −1.8 −4.1 Rm3 KBS
KNM ER 5464 Hippopotamus karumensis −0.5 −3.8 LM3 KBS
KNM ER 5500 Hippopotamus karumensis −2.1 −3.5 RM3 Okote
KNM ER 5501 Hippopotamus karumensis −0.6 −5.0 LM3 Okote
KNM ER 5577 Hippopotamus karumensis −0.6 −2.6 M Okote
KNM ER 5648 Hippopotamus karumensis −2.7 −5.7 M KBS
F20004 Hippopotamus sp. −1.0 −4.2 p4 Okote

average −1.3 −3.2
SD 1.0 1.8
count 23 23

Suidae
KNM ER 3653 Metridiochoerus andrewsi 0.4 −0.5 Rm3 KBS
KNM ER 5240 Metridiochoerus hopwoodi 0.4 0.5 Rm3 KBS
KNM ER 3240 Metridiochoerus compactus 0.5 2.4 m3 Okote
KNM ER 3627 Metridiochoerus compactus 0.1 2.9 Rm3 Okote
KNM ER 2719 Metridiochoerus hopwoodi −0.2 1.4 m3 Okote
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Sample number Genus and species δ13C δ18O Tooth Member

F15779 Metridiochoerus sp. −0.2 −0.3 m3 Okote
F20008 Metridiochoerus sp. 0.2 −0.8 m3 Okote
F20009 Metridiochoerus sp. −2.2 −0.3 m3 Okote
F20018 Metridiochoerus sp. −0.5 −0.5 m3 Okote
F20221 Metridiochoerus sp. −0.7 −2.6 m2 Okote

average −0.2 0.2
SD 0.8 1.6
count 10 10

F20206 Theropithecus oswaldi −1.0 0.4 m2 Okote

Table S2. δ13C values for hominin and Theropithecus oswaldi fossils

Specimen number Taxon δ13C Tooth Site/area Member or age, Ma Ref.

ARA-VP-1 1818 Ardipithecus ramidus −10.7 Aramis ARA-VP-1 1
ARA-VP-1 3290 Ardipithecus ramidus −10.3 Aramis ARA-VP-1 1
ARA-VP-1 3291 Ardipithecus ramidus −11.2 Aramis ARA-VP-1 1
ARA-VP-1 700 Ardipithecus ramidus −8.5 Aramis ARA-VP-1 1
ARA-VP-6/1 500-90 Ardipithecus ramidus −10.2 Aramis ARA-VP-6 1
ARA-VP-6/1 500-113 Ardipithecus ramidus −10.2 Aramis ARA-VP-6 1
ARA-VP-6/1 500-115 Ardipithecus ramidus −10.8 Aramis ARA-VP-6 1
MLD 30 Australopithecus africanus −5.6 RM1 Makapansgat MAK3 2
MLD 41 Australopithecus africanus −11.3 M Makapansgat MAK3 2
MLD12 Australopithecus africanus −7.7 RM3 Makapansgat MAK3 2
MLD28 Australopithecus africanus −8.1 RM3 Makapansgat MAK3 2
STS 31 Australopithecus africanus −6.8 RM3 Sterkfontein ST4 3
STS 32 Australopithecus africanus −7.8 RM3 Sterkfontein ST4 3
STS 2218 Australopithecus africanus −5.9 M Sterkfontein ST4 3
STS 45 Australopithecus africanus −4.0 RM2 Sterkfontein ST4 3
STS 72 Australopithecus africanus −9.7 RM3 Sterkfontein ST4 3
STW 14 Australopithecus africanus −6.7 Lm1 Sterkfontein ST4 4
STW 211 Australopithecus africanus −7.3 M Sterkfontein ST4 4
STW 229 Australopithecus africanus −5.8 P Sterkfontein ST4 4
STW 252 Australopithecus africanus −7.4 RM1 Sterkfontein ST4 4
STW 276 Australopithecus africanus −8.0 Lm1 Sterkfontein ST4 4
STW 303 Australopithecus africanus −4.3 RM2 Sterkfontein ST4 4
STW 304 Australopithecus africanus −7.4 M Sterkfontein ST4 4
STW 309b (409) Australopithecus africanus −6.1 Lm1 Sterkfontein ST4 4
STW 315 Australopithecus africanus −5.7 Ldm2 Sterkfontein ST4 4
STW 73 Australopithecus africanus −8.8 RM2 Sterkfontein ST4 4
STW 207 Australopithecus africanus? −2.0 ? Sterkfontein ST4 4
STW 213i Australopithecus africanus? −1.8 Lm1 Sterkfontein ST4 4
STW 236 Australopithecus africanus? −3.7 P Sterkfontein ST4 4
SK 27 Homo sp. −8.2 LM3 Swartkans SK1 5
SK 80/847 Homo sp. −7.1 P Swartkans SK1 5
SK 2635 Homo sp. −9.2 P Swartkans SK1 5
OH62 Homo habilis −8.3 LM2 Olduvai 1.8 6
OH65 Homo habilis −5.2 LM3 Olduvai 1.8 6
OH7 Homo habilis −8.8 Lm2 Olduvai 1.75 6
SK 19 Paranthropus robustus −6.3 Rm3 Swartkrans SK1 3
SK 41 Paranthropus robustus −6.7 LM3 Swartkrans SK1 3
SK 57 Paranthropus robustus −6.5 LM3 Swartkrans SK1 3
SK 876 Paranthropus robustus −6.7 M Swartkrans SK1 5
SK 878 Paranthropus robustus −6.8 Rp3 Swartkrans SK1 7
SK 879 Paranthropus robustus −8.5 M Swartkrans SK1 7
SK 879 Paranthropus robustus −8.1 M Swartkrans SK1 7
SK1512 Paranthropus robustus −8.8 P Swartkrans SK1 7
SK 14000 Paranthropus robustus −5.9 LM3 Swartkrans SK1 3
SK 14132 Paranthropus robustus −6.9 RM3 Swartkrans SK1 3
SK 24605 Paranthropus robustus −7.3 RM3 Swartkrans SK1 8
SK 24606 Paranthropus robustus −6.1 RM2 Swartkrans SK1 8
SKW 6 Paranthropus robustus −7.0 LM3 Swartkrans SK1 3
SKW 3068 Paranthropus robustus −8.1 LM2 Swartkrans SK1 3
SKW 4768 Paranthropus robustus −7.4 LM2 Swartkrans SK1 3
SKW 6427 Paranthropus robustus −8.6 M Swartkrans SK1 8
SKX 5939 Paranthropus robustus −5.4 M Swartkrans SK1 8
SKX 333 Paranthropus robustus −10.0 Rm1 Swartkrans SK2 7
SKX 1312 Paranthropus robustus −8.1 LM1 Swartkrans SK2 7
SKX 5015 Paranthropus robustus −9.6 Lm3 Swartkrans SK1 7
SKX 35025 Paranthropus robustus −7.9 RM Swartkrans SK3 7
TM 1600 Paranthropus robustus −7.9 Lm2 Kromdraai KB3 3
KNM-CH-302 Paranthropus boisei −1.3 m-frag Baringo 1.42 this study
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Specimen number Taxon δ13C Tooth Site/area Member or age, Ma Ref.

KNM-ER-729A Paranthropus boisei 0.0 Lp4 Turkana 1.52 this study
KNM-ER-732A Paranthropus boisei −0.1 P4 Turkana 1.58 this study
KNM-ER-733A Paranthropus boisei −1.5 Rm3 Turkana 1.52 this study
KNM-ER-733D Paranthropus boisei −0.5 LP4 Turkana 1.52 this study
KNM-ER-802D Paranthropus boisei −0.1 Lm1 Turkana 1.58 this study
KNM-ER-802G Paranthropus boisei −1.9 m3 Turkana 1.59 this study
KNM-ER-810 Paranthropus boisei −3.4 p3 Turkana 1.77 this study
KNM-ER-816B Paranthropus boisei −1.9 RP4 Turkana 1.77 this study
KNM-ER-818 Paranthropus boisei 0.7 Lm3 Turkana 1.60 this study
KNM-ER-1171C Paranthropus boisei −0.6 Lm1 Turkana 1.58 this study
KNM-ER-13750 Paranthropus boisei 0.2 m-frag Turkana 1.87 this study
KNM-ER-1469A Paranthropus boisei −2.3 Lm3 Turkana 1.89 this study
KNM-ER-1479A Paranthropus boisei −2.3 m3 Turkana 1.87 this study
KNM-ER-15940 Paranthropus boisei −1.1 Lm3 Turkana 1.77 this study
KNM-ER-1804 Paranthropus boisei −1.2 LM3 Turkana 1.77 this study
KNM-ER-1806C Paranthropus boisei −1.3 Rm3 Turkana 1.85 this study
KNM-ER-3737B Paranthropus boisei −1.6 Rm1 Turkana 1.58 this study
KNM-ER-3887 Paranthropus boisei −1.6 RM3 Turkana 1.57 this study
KNM-ER-3952F Paranthropus boisei −1.3 LM3 Turkana 1.87 this study
KNM-ER-6080 Paranthropus boisei −2.2 Rm2 Turkana 1.60 this study
KNM-WT-17396 Paranthropus boisei −1.9 Lm3 Turkana 1.72 this study
KNM-WT-37100 Paranthropus boisei −1.8 m2 or m3 Turkana 1.72 this study
KNM-WT-37748 Paranthropus boisei −2.1 RM3 Turkana 1.72 this study
OH5 Paranthropus boisei −1.2 LM2 Olduvai 1.82 6
Peninj Paranthropus boisei −0.7 Lm2 Peninj 1.62 6
F20206 Theropithecus oswaldi −1.0 m2 Turkana Okote this study
SK 14162 Theropithecus oswaldi −3.7 M Swartkrans SK1 9
SK 2158 Theropithecus oswaldi −0.4 M Swartkrans SK1 9
SK 2181 Theropithecus oswaldi −2.6 M2 Swartkrans SK1 10
SK 403 Theropithecus oswaldi −5.3 M Swartkrans SK1 10
SK 411 Theropithecus oswaldi −4.0 M Swartkrans SK1 9
SK 491 Theropithecus oswaldi −1.6 M Swartkrans SK1 10
SK 495 Theropithecus oswaldi −2.8 M Swartkrans SK1 9
SK 507 Theropithecus oswaldi −0.3 M Swartkrans SK1 9
SK 581 Theropithecus oswaldi −2.4 M Swartkrans SK1 10
SK 597 Theropithecus oswaldi −1.3 M Swartkrans SK1 10
SKX 616 Theropithecus oswaldi −1.1 M Swartkrans SK2 10

1White TD, et al (2009) Macrovertebrate paleontology and the Pliocene habitat of Ardipithecus ramidus. Science 326:87–93.
2 Sponheimer M, Lee-Thorp JA (1999) Isotopic evidence for the diet of an early hominid, Australopithecus africanus. Science 283:368–370.
3 Sponheimer M, et al (2005). Hominins, sedges, and termites: New carbon isotope data from the Sterkfontein Valley and Kruger National Park. J Hum Evol 48:301–312.
4 van der Merwe NJ, Thackeray JF, Lee-Thorp JA, Luyt J (2003) The carbon isotope ecology and diet of Australopithecus africanus at Sterkfontein, South Africa. J Hum Evol 44:581–597.
5 Lee-Thorp JA, Thackeray JF, van der Merwe NJ (2000) The hunters and the hunted revisited. J Hum Evol 39:565–576.
6 van der Merwe NJ, Masao FT, Bamford MK (2008) Isotopic evidence for contrasting diets of early hominins Homo habilis and Australopithecus boisei of Tanzania. S Afr J Sci
104:153–155.

7 Lee-Thorp JA, van der Merwe NJ, Brain CK (1994) Diet of Australopithecus robustus at Swartkrans from stable carbon isotopic analysis. J Hum Evol 27:361–372.
8 Sponheimer M, et al (2006) Isotopic evidence for dietary variability in the early hominin Paranthropus robustus. Science 314:980–982.
9 Lee-Thorp JA, van der Merwe NJ, Brain CK. (1989) Isotopic evidence for dietary differences between two extinct baboon species from Swartkrans. J Hum Evol 18:183–189.

10 Codron D, et al. (2005) Utilization of savanna-based resources by Plio-Pleistocene baboons. S Afr J Sci 101:245–248.

Table S3. Modern samples from Tsavo National Park

Sample Species Year of death δ13C measured δ13C corrected to 1750* δ18O Tooth

Equidae
K00-Tsv-215 Equus burchelli 2000 0.7 2.0 0.3 M3
K00-Tsv-219 Equus burchelli 2000 0.2 1.5 1.7 M3
K98-Tsv-139 Equus burchelli 1970 0.5 1.2 6 M3
K98-Tsv-140 Equus burchelli 1970 0.8 1.5 3.5 M3
K98-Tsv-141 Equus burchelli 1970 0.1 0.8 5.9 M3
K98-Tsv-142 Equus burchelli 1970 0.2 0.9 3.8 P4
K99-139-Tsv Equus burchelli 1998 1.0 2.3 2.9 M3

average 1.4 3.4
SD 0.6 2.1
number 7 7

Giraffidae
K99-136-Tsv Giraffa camelopardalis 1999 −14.2 −12.9 3.3 M3
K00-Tsv-111 Giraffa camelopardalis 1970 −11.8 −11.0 5.5 p2
K00-Tsv-112 Giraffa camelopardalis 1970 −11.9 −11.2 3.7 p2
K00-Tsv-114 Giraffa camelopardalis 1970 −11.1 −10.4 5.3 p2
K00-Tsv-131 Giraffa camelopardalis 1970 −10.7 −10.0 3.9 p2
K00-Tsv-147 Giraffa camelopardalis 1970 −11.1 −10.4 3.9 p2
K08-TSV-209e Giraffa camelopardalis 2008 −14.1 −12.6 −0.2 M3

Cerling et al. www.pnas.org/cgi/doi/10.1073/pnas.1104627108 3 of 4

http://www.pnas.org/cgi/doi/10.1073/pnas.1104627108


Sample Species Year of death δ13C measured δ13C corrected to 1750* δ18O Tooth

ODW 6 Giraffa camelopardalis 1995 −12.1 −11.0 4.2 M3
average −11.2 3.7
SD 1.1 1.7
number 8 8

Hippopotamidae
K08-TSV-201-C-ave Hippopotamus amphibius 2007 −4.8 −3.4 −2.2 C
K08-TSV-208e Hippopotamus amphibius 2007 −2.9 −1.5 −3.8 C
K99-133-TSV Hippopotamus amphibius 1999 −2.6 −1.3 −3.1 M3
K99-133-TSV Hippopotamus amphibius 1999 −1.8 −0.6 −2.6 M2
K00-Tsv-200 Hippopotamus amphibius 1996 −5.9 −4.7 −1.8 m3
K00-TSV-226-M/3 Hippopotamus amphibius 1999 −2.8 −1.6 −3.0 m3

average −2.2 −2.8
SD 1.5 0.7
number 6 6

Suidae
K08-TSV-205-C-ave Phacochoerus africanus 2007 −0.8 0.6 1.4 C
K08-TSV-216e Phacochoerus africanus 2007 1.2 2.6 0.1 c
K98-Tsv-164 Phacochoerus africanus 1970 −0.7 0.1 2.7 M2
K98-Tsv-165 Phacochoerus africanus 1970 0.2 0.9 0.7 M3

average 1 1.2
SD 1.1 1.1
number 4 4

*δ13C values are corrected to 1750 due to changes in the isotope composition of the atmosphere (1–3).

1 Cerling TE, Harris JM (1999) Carbon isotope fractionation between diet and bioapatite in ungulate mammals and implications for ecological and paleoecological studies.
Oecologia 120:347–363.

2 Francey RJ, et al (1999) A 1000-year high precision record of δ13C in atmospheric CO2. Tellus 51:170–193.
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Table S4. Treated (TRT) vs. untreated (UNT) CO2 yields, and
isotope data for four Paranthropus boisei specimens

Specimen CO2 yield, μmol∕mg δ13C δ18O

ER-810-UNT 1.34 −2.4 −2.2
ER-810-TRT 0.75 −3.4 −3.3
ER-1806C-UNT 1.81 −4.0 −2.7
ER-1806C-TRT 0.59 −1.3 −2.0
ER-818-UNT 0.70 0.2 1.5
ER-818-TRT 0.59 0.7 1.9
ER-729-UNT 0.64 −0.2 −0.1
ER-729-TRT 0.44 0.0 −0.7

Enamel samples with yields in bold contain exogenous carbonate.
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