
generally mixed feeders. This demonstrates 

Isotopic Evidence for the Diet 
of an Early Hominid, 

A ustralopithecus africanus 
Matt Sponheimer and Julia A. Lee-Thorp 

Current consensus holds that the 3-million-year-old hominid Australopithecus 
africanus subsisted on fruits and leaves, much as the modern chimpanzee does. 
Stable carbon isotope analysis of A. africanus from Makapansgat Limeworks, 
South Africa, demonstrates that this early hominid ate not only fruits and leaves 
but also large quantities of carbon-13-enriched foods such as grasses and 
sedges or animals that ate these plants, or both. The results suggest that early 
hominids regularly exploited relatively open environments such as woodlands 
or grasslands for food. They may also suggest that hominids consumed high- 
quality animal foods before the development of stone tools and the origin of 
the genus Homo. 

Little is known about the diets of hominids 
that predate the genus Ho1710, because they 
did not leave archaeological traces such as 
"kitclien middens" and stone tools. Conse- 
quently, researchers have made dietary infer- 
ences based on craniode~ital niorphology (1- 
4), gross dental wear (1, 2, j), arid dental 
rnicrowear (6, 7). Some researchers have 
stressed the importance of animal foods in the 
diets of these homi~iids (1, 8,  9): others have 
suggested that they were primarily adapted 
for the consumption of plant foods such as 
grass seeds and roots (3, 4). The current 
consensus, however, is that these early ho~ni- 
riids ate fleshy fruits and leaves (6, 7; 10, 11). 
This agrees wrth evidence that they occupied 
relatively heavily wooded habitats, not open 
savannas (12-16). In contrast; there is evi- 
dence suggesting that tlie later horninids 
(-2.5 million years ago) Ho171o and P N ~ N I Z -  
thi.opzrs inhabited more open enviroliments 
(13, 16) and were om~iivorous (17-20). Here 
we provide direct isotopic evidence of the 
diet of an early horninid, the 3-million-year- 
old A~wti.alopithecus ujiicanzrs frorn Maka- 
pansgat Lirneworks in Korthern Province, 
South Africa (13, 16, 21) 

Prevrous studres have shown that the ratio 
of "C to I2C in tooth enamel can be used to 
provide dietaly information about extinct fau- 
na (19, 22) The foundation of this approach 
is our knowledge of photosynthesis in plants. 
Trees, bushes, shmbs, and forbs (C? plants) 
discri~iiinate more markedly agalnst the 
hea\ry I3C isotope during fixation of CO, 
than do tropical grasses and sedges (C, 
plants). As a result, C3 plants liave SI3C 

values of -22 per rnil (%o) to -30%0, with an 
average of about -26.5%0 (23), whereas C, 
plants have SI3C values of -10 to -14%0; with 
an average of about -12.5%0 (24; 25). Ani- 
mals incorporate their food's carbon into 
their tooth enamel with some additional frac- 
tionation (26). Hence. the relatrve propor- 
tions of C, and C, vegetation in an anirnal's 
diet can be determined by analyzing its tooth 
enamel with stable isotope Inass spectrorne- 
try Animals that eat C, vegetation (including 
fruits, leaves, and the roots of trees, bushes, 
and forbs) have SI3C values between about 
-10 and -16%0; animals that eat C, tropical 
grasses (including blades, seeds; and roots) 
liave SI3C values between 2 and -2%0; and 
rnixed feeders that eat both fall somewhere in 
between these tu70 extremes Carnivores have 
tooth enarnel SI3C values similar to those of 
their prey (26). 

We sampled molar tooth enarnel from 4 of 
the 14 A ufiicnnzw individuals (MLD 12. 
MLD 28, MLD 30. and MLD 41) that have 
been unearthed at Makapansgat. We also an- 
alyzed the enamel of associated 3-million- 
year-old fauna (65 individuals frorn 19 mam- 
malian taxa) in order to place A. afiicaiz~u 
within a broader ecological context (Table 1) 
(27). Makapansgat's C, consumers (grazing 
taxa) include the equid Hippai.ion Iybiczrin; 
tlie suid h'otochoer~rs capensis; and the bo- 
vids Pai~riztllar~itrs bi-aini, Pai.17z~llai.izts sp. 
nov., and Redw~ca &?.ti. The C3 consumers 
(browsers and bro~~~serifrugivores) include 
the giraffid Girc!fu j~rinae; the rliinocerotid 
Diceios bicor.nis; the chalicothere Ancylotll- 
ei.iunz hei~izigi; and the bovids Ti~agelaplzus 
sp. aff. aizgasi, T piicei, Or,eoti.ag~rs cf. oyeo- 
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- 
(28). despite the fact that their extant kill are 

the danger of assuming that fossil taxa had 
the sarne diets as their closest extant relatives. 

Analysis of variance shows that the SI3C 
values for A. njricrrrz~rs are significantly dif- 
ferent from the values f ~ r  grazers, broxvsers, 
and rnixed feeders frorn Makapansgat ( P  < 
0.01) (Table 1). The only taxon from ~vhicli 
they are not significantly different is the car- 
~iivore Hyaena irzrrliupaizi. Three of the four 
horninid specimens (MLD 12; MLD 28, and 
MLD 30) fall outside tlie range of C3 (fruit, 
herb, or leaf) feeders at Makapansgat. MLD 
30 is so enriched in 13C (-5.6%0) that it falls 
closer to the mean of the grazers than of the 
browsers. The SI3C values for these speci- 
mens are inconsistent with a diet of fruits and 
leaves (C, plants). One specimen (MLD 41), 
however, does fall within the range of C, 
eaters. These data show that (i) A. c4Picanzrs 
had a highly variable diet (its range of Sl3C 
values is greater than 18 of the 19 other taxa 
analyzed), and (ii) the majority of the Maka- 
pansgat horninids habitually obtained dietary 
carbon frorn C, plants such as grasses and 
sedges or from anrmals tliat ate C, foods, or 
both. 

Modern South African cercopithecids that 
range into open woodland and grassland 
(Ceicopithec~w uetlziops and Papio cjsno- 
cephrrlus ~rrsinus) can becorne similarly en- 
riched in I3C, though they usually have near- 
ly 100% C3 diets (Table 1). Ecological stud- 
ies of Prrpio have shown tliat grasses can be a 
dominant component of its diet, particularly 
in areas with little tree cover and during the 
dry season (9; 29). Field studies suggest that 
the only modem primates that consistently 
consurne as much or Inore C, foods than A. 
rlfi'icnnus are Theropitlzecus gehda (9, 30); 
Er?thr.ocebus pufns (31), and P. hanzadryas 
(321, all of which inhabit areas with few trees. 
In contrast, the majority of the Makapansgat 
horninids consumed sorne~here  between 25 
and 50% C, foods despite a relatively high 
density of trees in tlie ancient Makapansgat 
Valley (12, 13, 16).  

This raises the following question: Why 
did the Makapansgat liominids exploit C, 
resources to such an extent, despite an abun- 
dance of C, resources as well as evidence tliat 
they may have been well adapted for foraging 
in trees (33, 34)? C3 feeders are abundant at 
Makapansgat (16), so it is possible that A. 
c!j?icanus rninirnized competition by foraging 
for C, grasses and sedges, particularly during 
the dry season when a large portion of avail- 
able nutrition is found in their roots (which 
cannot be readily accessed by most animals). 
An equally plausible explanation is that A. 
rlfi'icaizzts had a preference for high-quality 
animal foods, which included C, plant-eating 
insects such as Ti.ineivitei,iizes tiiizer-voides or 
the young of grazing niamrnals like R. clai-ti, 
or both. There is limited evidence to 
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help us decide whether one or both of these 
alternatives is correct. Researchers compar- 
ing the dental microwear of A. afiican~u and 
modern primates did not conclude that these 
hominids ate grasses (6, 7), but these studies 
included no grass-eating modern primates. A 
comparison of the dental microwear of A. 
ajiicanzu and lnodern Papio populations 
from open environments, whose diet is 25 to 
50% grasses (9), xvould be ideal, but no such 
study has been undertaken. Recent research 
demonstrates, however, that the percentage of 
pitting versus scratching on the molars of 
lnodern T. gelada (-10%) (3j) is different 
from the perpntage previously reported for 
A. aj?icantls (-30%) (7). Tlzeropithecus 
gelada consumes grass blades; seeds, and 
roots nearly exclusively (9, 30); making it a 
less than ideal analog for a hominid eating 25 
to 50% grass foods. Xonetheless; the large 
difference in microwear features between 
Theropithecus and A,  afiicanus suggests that 
we must seriously consider the possibility 
that these horninids were "C-enriched be- 

pansgat hominids is greater (5.7%0; as com- 
pared to 3.2%0). This is surprising because 
P. robustus lived in an area with more 
abundant C, grasses (13; 16)  and, concom- 
itantly, animals that ate C, grasses. This 
similarity in SI3C values; combined with 
the fact that the craniodental specialization 
of P. robtcstus may be in an incipient state 
in A. ajpicaizus (2, 36); might mean that 
these species ate similar food items but that 
the further specialized P. robustus ate them 
Inore efficiently. Thus, P. robustus may 
have included a higher proportion of tough, 
fibrous foods in its diet (6 ,  7) and may have 
orally processed foods (such as Sclero- 
carya nuts) that A. cl)icantls could only access 
with hammerstones (like chimpanzees use to- 
day) (37). Presently there is no evidence that A. 
afiicanus used tools, although it is not unrea- 
sonable to assume that they could have used 
tools in the same manner as chimpanzees do 
today. Despite this, it is suggestive that the last 
appearance date of Aus@alopitllecus and the 
first appearance date of Paranthropus are close 

ity, however, that dietary quality improved 
(through the consumption of anirnal foods) 
before the developrnent of Hotno (41) and 
stone tools (42) about 2.5 rnillion years ago. 
Moreover, trace element (SrICa) (43) and 
stable carbon isotope analyses (44) do not 
seem to indicate that early Homo from Swart- 
krans consumed more anirnal foods than did 
A. afiicaizus. Therefore, the primary dietary 
difference between A. clfricanus and Homo 
rnay not have been the quality of their food 
but their manner of procuring it. One key 
difference rnay have been that stone tools 
allowed Homo to disarticulate bones and ex- 
ploit bone marrow from large carcasses (ob- 
tained through hunting or scavenging) that A. 
afiicaizus could not (1 7, 18. 4 4 .  
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Ozone Isotope Enrichment: 
Isotopomer-Specif ic Rate 

Coefficients 
K. Mauersberger,* B. Erbacher, D. Krankowsky, J. Ciinther, 

R. Nickel 

Six rate coefficients of relative ozone formation contradict the role of molecular 
symmetry in the process that results in the enrichment of heavy ozone iso- 
topomers. The results show that collisions between light atoms, such as 160, 

and heavy molecules, such as 3402 and 3602, have a rate coefficient advantage 
of about 25 and 50 percent, respectively, over collisions involving heavy atoms 
and light molecules. These results suggest that the observed isotope effect for 
each isotopomer may be caused by the preponderance of a single reaction 
channel and not through molecular symmetry selection. 

A problem in molecular and atmospheric 
physics has puzzled scientists for almost two 
decades: the unusually high enrichment In 
most of the heavy isotopomers of ozone (1 ). 
This isotope effect has been observed in tro- 
pospheric (2) and stratospheric (3) ozone and 
has been studied in detail in numerous labo- 
ratory experlinents (4) Despite the progress 
that has been made during the past 10 years, 
a convincing physical explanation of the pro- 
cess that results in enriclu~~ent is still missing. 
Ozone is perhaps the   no st important trace 
gas in the atmosphere, and its isotope effect is 
not only an unresolved problem in n~olecular 
phys~cs but 1s also of importance for atino- 
sp l~er~c  cl~emistiy ( 5 ) .  

Laboratory product~on of ozone in amlo- 
spheric oxygen (6) pennits the detenllination of 
isotopomers and 'OO,, where I7O is 
substituted in the second molecule and 1 8 0  is 
substituted in the third molecule of these isoto- 
pomers After the d~scovery of an almost equal 
eixiclment (7) in the hvo h e a y  ozone mole- 
cules. wh~ch cannot be understood as a conveil- 
t~onal  soto ope effect, a symmetry-selective pro- 

Max-Planck-lnstitut fur Kernphysik, Division o f  A tmo-  
spheric Physics, P.O. Box 103 980, D-69029 Heidel- 
berg, Germany. 

*To w h o m  correspondence should be addressed 

cess in the foilnation reaction was suggested 
(8).  For ozone species "903 and '003, about 
one-third of all n~olecules are symmetric (for 
example, 1G0180160), and two-thirds are 
asymnletric (for example, 1601G0'80);  it was 
proposed (8 )  that the asymmetric reaction 
intermediate in the 0 + 0, collision has a 
longer lifetime than the symmetric reaction 
interlnediate, which results in an efficient 
quenching to ground state ozone [a proposal 
that was not confirmed by experiments (4)]. 

.%I apparent role of symmetry was found 
again when the distribution of all ozone isoto- 
ponlers was measured (Fig. 1). A slight deple- 
tion of heavy symmetric molecules '701'01'0 
and 180180180 was obsei~red, whereas the 
highest enhancement (- 18%) was measured in 
the isotopic combination 160"0'80, which is 
an isotopomer with a mass of 51 atomic mass 
units (aunu) and is composed exclusively of 
asymmetric molecules. All other isotope frac- 
tionations are about one-third less. Because of 
this, -4ndersoa et 01. (9) proposed a mechanism 
in which, during the ozone formation process, 
symmeby-selective relaxation from low-lying 
electronic inetastable states to the ground state 
occurs. Metastable states have indeed been 
found (lo), but a connection to the isotope 
effect has not been made to date. 

Gellene (11) recently modeled the isotope 
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fractionatio~l shown in Fig. 1 based 011 nuclear 
symmetry. In his approach, symmetry restric- 
tions arise for homoiluclear diatomic; (for ex- 
ample, 100IGO and 180180)  involved in the 0 
+ 0, collision because a fraction of their rota- 
tional states ( f  parity) correlate with those of 
the corresponding ozone molecule. In contrast, 
in the case of heteronuclear oxygen molecules 
(for example, 1G0180) ,  a11 of their rotational 
states (e and f parity) correlate with those of the 
resulting ozone molecule. Gellene's theory can 
reproduce the general features of the emich- 
ment pattern quite well. A number of other 
attempts have been made (12) to find an expla- 
nation for the isotope anomaly; none were able 
to account for the experimental results (4). 

The role of molecular symmetry was 
questioned by Anderson et a1 (13), who pre- 
sented rate coefficients of four selected ozone 
formation channels. Whereas three channels 

had similar rates of foinlation, which were 
consistent with a value of -6 X lop3" cm6 
s-', the fourth reaction channel 

resulted in a rate coefficient that was 50% 
higher than the other three; M represents a 
third-body molecule. The difference in the rate 
coefficients of reactions 2 and 4 was unexpect- 
ed. As seen in Fig. 1, molecules with masses of 
50 and 52 amu that were substituted with "0 
show similar isotope enrichments of - 13.0 and 
14.4%, respectively (14). Reactions 2 and 4 
produce mainly asymmetric molecules (with 
the colliding atom becoming the end member of 
the ozone molecule) (15). Thus, the difference 
in the rate coefficients of reactions 2 and 4 does 
not support an important role of symmeny in 
the  soto ope enrichment process A s~milar con- 
clusion was reached by Sehested et a1 (16), 
who performed rate coefficient studies for the 
'60- 's0 system on dual-channel processes, us- 
ing CO, and Ar as third-body molecules, but 
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