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Although bovids have been studied for decades, debate still exists about their diets. To
address this problem, we examined bovid dietary ecology through analysis of stable carbon
isotopes. We analyzed tooth enamel, bone collagen, and hair from 312 individual bovids,
representing 27 species from southern Africa. Although dietary information from the lit-
erature is usually supported by this technique, our results and the literature are sometimes
highly divergent. For instance, our results indicate that Taurotragus oryx and Raphicerus
campestris eat less grass than is widely believed. Furthermore, contrary to most theoretical
expectations, our data indicate no relationship between body size and percentage of mono-
cots consumed by southern African Bovidae. Although many researchers have abandoned
the idea that bovid soft-tissue anatomy is strongly indicative of diet, we demonstrate a
strong relationship between the percentage of grassin a bovid's diet and several hard-tissue
craniodental indices.

Key words. Africa, bovid, Bovidae, carbon isotopes, diet, morphology

Bovids are among the most conspicuous  standing of both African neoecology and
mammals of modern African savannas. Al-  paleoecology. But despite decades of inves-
though this family has representatives in  tigation into the nutritional ecology of Af-
Eurasia and North America, most modern  rican bovids, there still exists considerable
species of bovids are African endemics  debate about the diets of many taxa (Gag-
(Spinage 1986). Bovids are not only an in- non and Chew 2000; Watson and Owen-
tegral part of modern African savanna eco-  gmjth 2000). Some of this confusion likely
systems but also represent the largest com- g jts from the relevant literature on bovid

ponent of the Africar) Pliocene fossil record ogy, which is vast and sometimes con-
(Gentry 1978; Harris 1991; Vrba 1974).

H bovid b q tradictory.
ence, bovias are cruct O our under- To address this problem, Gagnon and
* Correspondent: msponheimer @yahoo.com Chew (2000) undertook a critical literature
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review in an attempt to synthesize what is
known about diets of African bovids. Their
study represents an important step in un-
derstanding bovid trophic ecology but is
nonetheless limited by the lack of an objec-
tive way to judge reliability and universal-
ity of data they reviewed. They could only
assume that the more specific the data, the
more accurate they were. Furthermore, they
assumed that behavior of populations in
these studies was representative of the spe-
cies in toto. Here, we test the dietary infor-
mation Gagnon and Chew (2000) provided
about southern African bovids through
analysis of stable carbon isotopes. We also
compare these data with stable carbon iso-
tope results from East African bovids (Cer-
ling et al. 2003). Finally, we use these data
to explore relationships among bovid diets,
body size, and morphology.

Stable carbon isotope analysis has proven
a useful tool for investigating ecology of
modern and fossil taxa (Ambrose and
DeNiro 1986; Koch et al. 1995; Lee-Thorp
and van der Merwe 1987; Schoeninger et
al. 1999; Sponheimer and Lee-Thorp
1999a; Tieszen and Imbamba 1980; Vogel
1978). The foundation of this technique is
our knowledge of photosynthesis in plants.
In African savannas, grasses and sedges use
the C, photosynthetic pathway, whereas al-
most all trees, bushes, shrubs, and forbs use
the C; photosynthetic pathway (Sage et al.
1999; Vogel et a. 1978). C; plants discrim-
inate more strongly against the heavy 3C
isotope than do C, plants, resulting in C,
plants having lower ratios of *C:*2C than
C, plants (Bender, 1968; Deines 1980;
Smith and Epstein 1971; Vogel et a. 1978).
This carbon is then passed down to animals
that consume the vegetation, with some fur-
ther fractionation (Ambrose and Norr 1993;
Cerling and Harris 1999; Lee-Thorp et al.
1989; Tieszen and Fagre 1993; Vogel
1978). Thus, animals that eat grasses, such
as zebras (Equus burchelli), have much
higher tissue *C:*2C ratios than do brows-
ers, such as giraffes (Giraffa camelopar-
dalis). This makes carbon isotope analysis
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uniquely suited for testing hypotheses about
diets of grazing and browsing herbivoresin
tropical environments. This is not to say,
however, that carbon isotope data alone can
resolve all our questions about the diets of
African bovids. Indeed, carbon isotope
analysis has a number of weaknesses, one
of which isthat many substantially different
foods, such as leaves and fruits of dicots,
cannot be distinguished using carbon iso-
topes. Thus, carbon isotope analysisis more
or less limited to telling us the relative pro-
portions of C, grass and C; foliage and fruit
in bovid diets.

MATERIALS AND METHODS

We analyzed 312 bovids collected during the
last 30 years from Botswana, Malawi, Namibia,
South Africa, and Zimbabwe. Most of these
specimens originated in the South African prov-
inces of Mpumalanga, Free State, Northern
Province, Northwest Province, and Gauteng. Be-
cause specimens were collected sporadically
from several countries during a 30-year period,
they do not represent particular populations or
even a particular time period. Most stable carbon
isotope data were collected from tooth enamel,
which is the preferred material for such analyses
because it is resistant to fossilization processes
(Lee-Thorp and van der Merwe 1991; Rink and
Schwarcz 1995; Sponheimer and Lee-Thorp
1999b; Wang and Cerling 1994), making it us-
able in both modern and paleontological con-
texts. Specimens analyzed before 1996 were
prepared as described by Lee-Thorp (1989), but
subsequent analyses followed microsampling
procedures that decreased damage to specimens
by >100 times (Lee-Thorp et a. 1997). Carbon
isotope ratios produced using the 2 methods are
indistinguishable (Lee-Thorp et al. 1997). We
also included data from bone collagen and hair
because they have aso been shown to provide
accurate information about an animal’s diet
(Jones et al. 1981; Katzenberg and Krouse 1989;
Nakamura et al. 1982; O Connell and Hedges
1999; Schoeninger et al. 1999). All 3 tissues
produce highly comparable results (Cerling and
Harris 1999; Lee-Thorp et a. 1989). Collagen
and hair were analyzed as described by Sealy
(1986) and Jones et al. (1981). To facilitate anal-
ysis, these values were then converted to equiv-
alent enamel-apatite values as described by Cer-
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ling and Harris (1999) and Lee-Thorp et al.
(1989). Analysis of variance (ANOVA) of these
converted values for enamel, collagen, and hair
(of the one taxon for which all 3 are available)
reveals no significant differences (ANOVA, F =
1.24, d.f. = 31, P = 0.30). All 13C:%2C ratios are
expressed as d'3C values in parts per thousand
(%o0) relative to the Pee Dee Belemnite standard
(Table 1). The standard deviation of repeated
measurements for all materials and methods was
less than 0.2%o.

Gagnon and Chew (2000) expressed bovid di-
ets in terms of percentages of fruits, dicots, and
monocots consumed. Because fruits and dicots
have similar carbon isotope ratios, we have con-
verted their data into percentages of C; (fruits
and dicots) and C, (monocots) foods. Thus, if
Gagnon and Chew (2000) reported that an ani-
mal eats 10% fruits, 20% dicots, and 70% mono-
cots, we converted these to 30% C; and 70% C,
foods (Table 1). Furthermore, to make our data
more comparable with those of Gagnon and
Chew (2000), we used a dual-source mixing
model so we could express the isotope data in
percentages of C; and C, foods consumed (Table
1). It should be understood, however, that there
are several potential sources of error. Percent-
ages of C, foods we present are sensitive to the
d13C values of idealized C; (—13.5%0) and C,
(+1.5%0) consumers chosen. C; plants, in partic-
ular, can have significant variation, especially in
hyperarid areas or in closed-canopy forests (Cer-
ling et a. 2003; Ehleringer and Cooper 1988;
van der Merwe 1989). To limit this potential
bias, we have excluded data from forests and
hyperarid areas. Moreover, samples we analyzed
were collected during 3 decades, during which
time the burning of fossil fuels hasled to a small
depletion in atmospheric 8°C of <1%o (Friedli
et a. 1986; Keeling et a. 1995). We do not at-
tempt to correct for this depletion because we
do not have the exact dates of collection for all
specimens. Despite the variation introduced by
temporal and environmental factors, variation
within species is generally small, and clear dis-
tinctions are evident between groups eating pri-
marily C; and C, vegetation (Table 1). Nonethe-
less, because of the fossil-fuel effect, environ-
mental differences, and conversions of hair and
collagen to enamel apatite, a potential error of
up to 14% (2%o) has been introduced. Thus, we
only rgect information of Gagnon and Chew
(2000) about diets of individual species, if the
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difference between measured and predicted
(Gagnon and Chew 2000) percentage of C, grass
in the diet is 15% or greater.

REsuLTS

The most conspicuous result of this study
is the general concordance between bovid
diets as gleaned from the literature by Gag-
non and Chew (2000) and the carbon iso-
tope data (Table 1). Out of the 27 southern
African species that we analyzed, our re-
sults were consistent with expectations
from the literature in 22 cases (82%). We
were unable to test dietary information for
3 species (7%), all of which are reputed to
eat C; reeds, bulrushes, or sedges. In these
instances, we were only able to determine
amounts of C, monocots consumed and not
relative percentages of browse and graze. In
a few cases, however, our results clearly
conflicted with predicted diets (11%).

Discussion

Despite the broad concordance between
the bovid dietary ecology literature and our
results, there are a few important discrep-
ancies that need to be addressed. Carbon
isotope data show, for instance, that al-
though eland (Taurotragus oryx) might eat
some grass, the populations that we sam-
pled ate very little, probably about 10% of
their diets (Table 1). Gagnon and Chew
(2000), in contrast, report that 50% of the
eland’s diet is grass. There are a number of
possible explanations for this divergence.
Many studies of eland populations were
carried out in East Africa (Hofmann and
Stewart 1972; Lamprey 1963). It may be
that eland populations in East Africa con-
sume more graze than their southern Afri-
can counterparts. Indeed, Watson and
Owen-Smith (2000) report that an eland
population in South Africa consumes 94%
browse, much less than has been argued for
their East African conspecifics (Hofmann
and Stewart 1972; Lamprey 1963). Stable
carbon isotope analysis of East African
eland also suggests that they eat slightly
more grass than South African populations
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TaBLE 1.—Diets of 27 bovid species as determined by stable carbon isotope analysis. The measured
percentages of C, grass consumed in southern Africa and East Africa are also shown, as well the
predicted percentage of C, grass consumed based on data from Gagnon and Chew (2000). Blanks in
percent C, (eastern Africa column) indicates that there are no species in common between this study
and Cerling et al. (2003). Hypsodonty index (HI) data are from Janis (1988) and Reed (1996). Female
body mass data are from Smithers (1983) and Estes (1991).

Percent C,

Body mass
Mean 31°C Southern Eastern of female
Species (%o) D n Africa  Africa Predicted HI (kg)

Aepycerotinae

Aepyceros melampus —-5.8 29 25 51 54 45 4.9 40
Alcelaphini

Alcelaphus buselaphus 1.2 0.7 6 98 100 75 52 120

Connochaetes gnou 0.6 0.6 2 94 81 4.8 170

Connochaetes taurinus 0.0 18 13 90 100 88 49 180

Damaliscus lunatus 2.4 0.7 7 100 100 95 51 126

Damaliscus pygargus 0.5 15 3 94 20 4.8 61

Sgmocerus lichtensteinii 14 15 5 929 95 52 166
Antilopini

Antidorcas marsupialis -10.1 15 21 23 33 49 37
Bovini

Syncerus caffer -0.3 0.6 33 88 100 78 3.0 576
Cephalophini

Cephal ophus monticola -13.3 1.4 8 2 0 1 19 5

Cephalophus natalensis —-13.0 15 8 3 0 1 2.2 14

Sylvicapra grimmia -13.3 2.2 16 2 0 12 3.0 19
Hippotragini

Hippotragus equinus 0.1 1.2 22 91 100 85 4.3 260

Hippotragus niger 2.0 11 6 100 94 85 3.8 220

Oryx gazella -14 1.0 12 81 88 75 34 210
Neotragini

Ourebia ourebi -1.2 2.1 2 82 84 90 3.8 14

Raphicerus campestris -12.3 11 9 10 18 34 3.4 11
Reduncini

Kobus ellipsiprymnus 18 0.5 7 100 97 84 35 186

Kobus leche —-4.1 3.2 6 62 95 3.6 79

Kobus vardonii 0.9 18 3 96 93 61

Redunca arundinum 0.9 16 10 96 95 3.6 48

Redunca fulvorufula 14 12 6 99 94 95 3.8 29
Tragel aphini

Taurotragus oryx —-12.3 14 13 8 18 50 29 393

Tragelaphus angasii —-8.6 2.6 13 33 20 25 62

Tragelaphus scriptus -15.1 2.1 18 0 0 10 25 30

Tragelaphus spekii -84 35 5 34 0 68 29 54

Tragelaphus strepsiceros -13.0 12 33 4 4 15 23 170

(18%; Table 1; Cerling et al. 2003) but still
<50%. Thus, it islikely that few eland pop-
ulations consume up to 50% grass.
Similarly, our data show that steenbok
(Raphicerus campestris) in South Africa eat

only about 10% C, grass (Table 1), not 34%
grass as predicted by Gagnon and Chew
(2000). Other studies of steenbok in South
Africaalso suggest that they are nearly pure
browsers that specialize on forbs amidst the
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grass (Cohen 1976; du Toit 1993). Further-
more, Cerling et a. (2003) found that steen-
bok in East Africa eat only 18% grass.
Thus, it is likely that steenbok throughout
Africa eat fewer monocots than predicted
by Gagnon and Chew (2000).

The only other taxon over which stable
isotope data and the interpretations of Gag-
non and Chew (2000) are discordant is the
red hartebeest (Alcelaphus buselaphus).
Gagnon and Chew (2000) report that the
hartebeest is a 75% grazer, 25% browser.
Our results, however, show very little evi-
dence of C; browse in the red hartebeest’s
diet (Table 1). Isotopic data from East Af-
rica also indicate that A. buselaphus is an
exclusive grazer (Table 1).

In some cases, stable isotope data are re-
vealing even when they agree with the lit-
erature. For instance, Gagnon and Chew
(2000) report that impala (Aepyceros me-
lampus) eat 45% grass on average, which
fits well with carbon isotope data from
southern and East Africa (Table 1). Despite
this congruence, 8'°C values for impala are
more variable than those for any other bo-
vid we have sampled. Indeed, some indi-
viduals consumed >90% graze, whereas
others ate up to 80% browse. This probably
results from sex differences and differing
availabilities of C; browse and C, graze
throughout southern Africa. Although such
extreme variability was unusual, it nonethe-
less underscores the need to appreciate the
potential dietary variability of some taxa.

We analyzed 18 bovid taxathat were also
analyzed by Cerling et al. (2003; Table 1)
for their stable isotope study of East Afri-
can bovids. Of these 18 taxa, southern Af-
rican and East African data differed only
for the sitatunga (Tragelaphus spekii).
However, this discrepancy does not neces-
sarily indicate regional differences in con-
sumption of browse and graze because si-
tatunga are among the few speciesthat have
regular access to both C; and C, monocots
(Estes 1991; Kingdon 1997; Owen 1970).
Thus, there were no unequivoca intraspe-
cific differences in the percentages of
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browse and graze consumed in southern
and East Africa.

Diet, body mass, and morphology.—Nu-
merous studies suggest that body size plays
a key role in determining ruminant diets
(Bell 1971; Case 1979; Demment and Van
Soest 1985; Foose 1982; Hofmann 1973;
Jarman 1974; Owen-Smith 1988). This is
because gut size is directly proportional to
body size, whereas metabolic requirements
scale to body weight®’, suggesting that
small-bodied ruminants must maintain
higher-quality diets than do large ruminants
(Demment and Van Soest 1985). This pat-
tern was observed among modern bovids:
small-bodied taxa such as duiker and dik
dik were largely browsers (concentrate se-
lectors sensu Hofmann 1989), whereas larg-
er species such as buffalo and wildebeest
were grazers (Case 1979). Most recently,
Gagnon and Chew (2000) noted that the
percentage of monocots in bovid diets was
positively correlated with body size.

Carbon isotope data reveal no correlation
between body size and percentage of C,
foods (grass) in bovid diets (Fig. 1; r2 =
0.076; P = 0.164). The most important rea-
son that this relationship does not hold is
that browsers and concentrate selectors
(which eat C; vegetation) are found at all
body sizes. Tragelaphini, in particular, are
problematic because they have what are
generally considered to be higher-quality
diets than are expected for their body sizes.
However, this problem is based on the as-
sumption that browse is of higher quality
(high-protein, low-fiber) than graze. Much
available browse is highly lignified, how-
ever, which greatly reduces digestibility,
and browse has high levels of defensive
secondary compounds such as phenolics
and terpenes (Hanley et al. 1992). Studies
of digestibility of tree and shrub leaves
have shown that they are generally no more
digestible than grasses (Hanley et al. 1992;
Robbins et al. 1995). Some authors have
even argued that browse is, on average, less
digestible than graze (Gordon and lllius
1996; Illius 1997). Furthermore, dietary
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Fic. 1.—Percentage of C, grass consumed rel-
ative to body mass of female bovids from south-
ern Africa. The relationship was not statistically
significant (r2 = 0.076, P = 0.165). Symbols
indicate means for each species. Body weight
data are from Smithers (1983) and Estes (1991).

quality of many fruits has probably been
overestimated. Mueller et a. (1998) showed
that wild figs, a favorite food of duiker in
the Congo, are about 63% neutral detergent
fiber, which is similar to that found in many
grasses. Additionally, lignin comprises 33%
of the neutral detergent fiber component, a
much higher value than found in most
grasses. It is not surprising, therefore, that
duiker digested only 54% of wild fig dry
matter—a digestibility similar to that of
grasses for most ruminants (Foose 1982). In
addition, Hart (1985) discovered that many
fruits eaten by forest antelopes are very
high in fiber, high in digestion-reducing
phenolic compounds, and low in protein.
Hence, it appears that at present it is very
difficult to determine relative dietary values
of foods eaten by bovids. It may be that
some grazing diets are of a higher quality
than is generally supposed. This makes it
less surprising that there is no relationship
(in southern Africa at least) between per-
centage of monocots in bovid diets and
body size. Further study of bovid diets with
emphasis on deleterious or quality-reducing
compounds such as lignin and phenolics are
needed.

Hofmann (1973, 1989) indicated that
soft-tissue anatomy is highly correlated
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with diet. He argued that anatomy of
browsers leads to relatively brief retention
of digesta and, consequently, reduced fiber
digestibility compared with grazers. More
recent studies have shown, however, that
there is little, if any, difference in digestive
efficiency between browsers and grazers
(Gordon and Illius 1996; Illius 1997; Rob-
bins et al. 1995). Thus, the relationship be-
tween soft-tissue anatomy and diet has
proven equivocal. Numerous researchers
have aso argued that bovid hard-tissue
anatomy (especially craniodental) is strong-
ly correlated with diet (Janis 1988; Reed
1996; Spencer 1995; Sponheimer et al.
1999). Most notably, it has been observed
that percentage of grass in bovid diets is
positively correlated with degree of molar
hypsodonty (Janis 1988; Reed 1996). Car-
bon isotope data support this contention
(Table 1, Fig. 2; r2 = 0.461, P < 0.0001).
Moreover, other craniodental indices from
Reed (1996) are even more highly correlat-
ed with percentage of C, food eaten. For
example, relative length of the premolar
row is negatively correlated (r2 = 0.605, P
< 0.0001) and depth of the mandibleis pos-
itively correlated (r2 = 0.623, P < 0.0001)
with consumption of C, grass. The high
correlation between diet and craniodental
morphology is of significance for mamma-
lian paleontologists because morphology is
one of the few clues available as to the
ecology of extinct taxa (Kappelman et al.
1997; Reed 1996; Solounias and Dawson-
Saunders 1988; Spencer 1995). Neverthe-
less, the morphological signal bears a
strong phylogenetic component that can
complicate paleodietary reconstruction
(Sponheimer et al. 1999).

Suggestions for future research.—In this
study, we have tried to provide very broad
information about diets of southern African
bovids. However, by simply giving the av-
erage percentage of C, grass consumed by
each species, we actualy belie the com-
plexity of bovid diets. Within a given spe-
cies, we often had individuals that lived in
different countries at different times. This
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Fic. 2—Molar hypsodonty relative to con-
sumption of C, grass by bovids from southern
Africa. The relationship was highly significant
(r2 = 0.526, P < 0.0001). Molar hypsodonty is,
as shown by hypsodonty index, from Janis
(1988) and Reed (1996). Symbols indicate
means for each species.

may be ideal for making broad generaliza-
tions about a species’ diet but does little to
aid in understanding dietary variability
within populations. For instance, do males
and females have different diets and, if so,
are these differences linked to social struc-
ture and breeding behavior? Furthermore,
our sampling strategy limited our ability to
study interpopulational differences because
we rarely had more than 3 individuals from
any given population. Thus, we were un-
able to ask questions like ““Do impalas in
different areas have different diets that re-
flect the composition of local vegetation?’
To begin addressing these kinds of ques-
tions, we must begin to collect adequate
samples of known age and sex from mul-
tiple populations. Because stable isotope
analysis can be performed on feces or hair,
acquiring such samples should prove fairly
easy.

Recent advances in incremental sampling
procedures might also alow us to address
completely new kinds of questions. For in-
stance, samples taken from every few mil-
limeters along the growth trgjectory of a
tooth crown can reveal distinct carbon iso-
tope patterns, probably reflecting seasonal
changes in diet (Balasse et al. 1999). It
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might also be possible to sample along a
bovid tail hair to trace changes in an indi-
vidual’s diet over time. If coupled with ob-
servational data, it may be possible to tie
diet to socia dynamics. For instance, if a
male is known to leave a bachelor herd and
establish a harem, one could conceivably
obtain a sample of its tail hair to determine
whether this change in social status affected
its diet. This same technique might also
prove useful for improving our understand-
ing of seasonal dietary changes and dietary
responses to drought.

In conclusion, stable carbon isotope anal -
ysisis an underutilized technique for study-
ing mammalian nutritional ecology. Feces,
hair, and hard tissues can al be analyzed
for stable carbon isotopes, making it an
easy and widely applicable technique. Al-
though carbon isotopes cannot provide us
with the rich detail often found in obser-
vational studies, they are extremely effec-
tive at quantifying relative proportions of
graze and browse in an animal’s diet. Fur-
thermore, isotopic analysis can be used to
investigate diets of animals that have been
dead for hundreds, or even millions, of
years so long as hair or tooth enamel is pre-
served (Macko et al. 1999; Sponheimer et
al. 1999). Thus, analysis of carbon isotopes
can not only improve our understanding of
the ecology of modern bovid taxa, but
might also be used to trace the devel opment
of dietary ecology within these lineages
through time.

ACKNOWLEDGMENTS

We thank L. Berger, A. Chew, A. Esterhuy-
sen, H. Fourie, T. Huffman, J. Lanham, |. New-
ton, B. Rubidge, Y. Rahman, FE Thackeray, and
2 anonymous reviewers. This research was fund-
ed by the National Science Foundation (United
States), the Foundation for Research and Devel-
opment (South Africa), and the Packard Foun-
dation.

LITERATURE CITED

AMBROSE, S. H., AND M. J. DENIRo. 1986. Theisotopic
ecology of East African mammals. Oecologia 69:
395-406.



478 JOURNAL OF MAMMALOGY

AMBROSE, S. H., AND L. NORR. 1993. Experimental ev-
idence for the relationship of the carbon isotope ra-
tios of whole diet and dietary protein to those of
bone collagen and carbonate. Pp. 1-37 in Prehistoric
human bone: archaeology at the molecular level (J.
B. Lambert and G. Grupe, eds.). Springer-Verlag,
Berlin, Germany.

BaLAssg, M., H. BOCHERENS, AND A. MARIOTTI. 1999.
Intra-bone variability of collagen and apatite isoto-
pic composition used as evidence of a change of
diet. Journal of Archaeologica Science 26:593-598.

BELL, R. H. V. 1971. A grazing ecosystem in the Ser-
engeti. Scientific American 224:86-93.

BENDER, M. M. 1968. Mass spectrometric studies of
carbon-13 variations in corn and other grasses. Ra-
diocarbon 10:468-472.

Casg, T. J. 1979. Optimal body size and an animal’s
diet. Acta Biotheoretica 28:54—69.

CERLING, T. E., AND J. M. HARRIS. 1999. Carbon iso-
tope fractionation between diet and bioapatite in un-
gulate mammals and implications for ecological and
paleoecological studies. Oecologia 120:347—-363.

CERLING, T. E., J. M. HARRIS, AND B. H. Passey. 2003.
Diets of East African Bovidae based on stable iso-
tope analysis. Journal of Mammalogy 84:456—470.

CoHEN, M. 1976. The steenbok: a neglected species.
Custos 5:23-26.

DeINEs, P 1980. The isotopic composition of reduced
organic carbon. Pp. 329-406 in Handbook of envi-
ronmental isotope geochemistry (P Fritz and J. C.
Fontes, eds.). Elsevier, Amsterdam, The Nether-
lands.

DEMMENT, M. W.,, AND P J. VAN SoEesT. 1985. A nu-
tritional explanation for body-size patterns of rumi-
nant and non-ruminant herbivores. American Natu-
ralist 125:641-672.

Du Tort, J. T. 1993. The feeding ecology of a very
small ruminant, the steenbok (Raphicerus campes-
tris). African Journal of Ecology 31:35-48.

EHLERINGER, J. R., AND T. A. CooreRr. 1988. Correla-
tions between carbon isotope ratio and microhabitat
in desert plants. Oecologia 76:562-566.

Estes, R. D. 1991. The behavior guide to African
mammals. University of California Press, Berkeley.

Foose, T. 1982. Trophic strategies of ruminant versus
nonruminant ungulates. Ph.D. dissertation, Pritzger
School of Medicine, Chicago, Illinois.

FriEeDLI, H., H. LOTSCHER, H. OESCHGER, U. SIEGEN-
THALER, AND B. STAUFFER. 1986. Ice core record of
the 13C/*2C ratio of atmospheric CO, in the past two
centuries. Nature 324:237-238.

GAGNON, M., AND A. E. CHEw. 2000. Dietary prefer-
ences in extant African Bovidae. Journal of Mam-
malogy 81:490-511.

GENTRY, A. W. 1978. Bovidae. Pp. 540-572 in Evo-
lution of African mammals (V. Maglio and H. S. B.
Cooke, eds.). Harvard University Press, Cambridge,
M assachusetts.

GORDON, I. J., AND A. W. ILLIUs. 1996. The nutritional
ecology of African ruminants. a reinterpretation.
Journal of Animal Ecology 65:18-28.

HaNLEY, T. A., C. T. RoBBINS, A. E. HAGERMAN, AND
C. MCARTHUR. 1992. Predicting digestible protein
and digestible dry matter in tannin-containing for-
ages consumed by ruminants. Ecology 73:537-541.

Vol. 84, No. 2

HARRIS, J. M. 1991. Koobi Fora research project, vol.
3. The fossil ungulates: geology, fossil artiodactyls,
and paleoenvironments. Clarendon Press, Oxford,
United Kingdom.

HART, J. A. 1985. Comparative dietary ecology of a
community of frugivorous forest ungulates in Zaire
(ruminants, feeding habits, rainforest). Ph.D. disser-
tation, Michigan State University, East Lansing.

HorFvanN, R. R. 1973. The ruminant stomach. East
African Literature Bureau, Nairobi, Kenya.

HormANN, R. R. 1989. Evolutionary steps of ecophys-
iological adaptation and diversification of ruminants:
a comparative view of their digestive system. Oeco-
logia 78:443-457.

HorFMANN, R. R., AND D. R. M. STEWART. 1972. Grazer
or browser: a classification based on the stomach
structure and feeding habits of East African rumi-
nants. Mammalia 36:226—240.

ILLius, A. W. 1997. Physiological adaptation in savan-
na ungulates. Proceedings of the Nutrition Society
56:1041-1048.

Janis, C. M. 1988. An estimation of tooth volume and
hypsodonty indices in ungulate mammals and the
correlation of these factors with dietary preference.
Pp. 367387 in Teeth revisited, proceedings of the
VIlth international symposium on dental morphol-
ogy; 1986; Paris, France (D. E. Russell, J. Santoro,
and D. Sigogneau-Russell, eds.). Mémoires du Mu-
séum national d’Histoire naturelle 53:367-387.

JARMAN, P J. 1974. The socia organization of antelope
in relation to their ecology. Behaviour 48:215-267.

JoNEs, R. J., M. M. LubLow, J. H. TROUGHTON, AND
C. G. BLUNT. 1981. Changes in natural carbon iso-
tope ratio of the hair from steers fed diets of C4, C3
and C4 species in sequence. Search 12:85-87.

KAPPELMAN, J., T. PLUMMER, L. BisHor, A. DUNCAN,
AND S. APPLETON. 1997. Bovids as indicators of Plio-
Pleistocene paleoenvironments in East Africa. Jour-
nal of Human Evolution 32:229-256.

KATZENBERG, M. A., AND H. R. Krouse. 1989. Appli-
cation of stable isotope variation in human tissue to
problems in identification. Canadian Society of Fo-
rensic Science Journal 22:7-19.

KEELING, C. D., T. R WHORF, M. WAHLEN, AND J. VAN
DER PLicHT. 1995. Interannual extremes in the rate
or rise of atmospheric carbon dioxide since 1980.
Nature 375:666—670.

KINGDON, J. 1997. The Kingdon field guide to African
mammals. Academic Press, New York.

KocH, P L., J. HEISINGER, C. Moss, R. W. CARLSON,
M. L. FocEL, AND A. K. BEHRENSMEYER. 1995. 1so-
topic tracking of change in diet and habitat use in
African elephants. Science 267:1340-1343.

LampPrey, H. F 1963. Ecological separation of the
large mammal species in the Tarangire Game Re-
serve, Tanganyika. East African Wildlife Journa 1:
63-92.

LEE-THORP, J. A. 1989. Stable carbon isotopes in deep
time: the diets of fossil fauna and hominids. Ph.D.
dissertation, University of Cape Town, Cape Town,
South Africa

LEe-THORP, J. A., L. MANNING, AND M. SPONHEIMER.
1997. Exploring problems and opportunities offered
by down-scaling sample sizes for carbon isotope



May 2003

analyses of fossils. Bulletin de la Societe Geolo-
gique de France 168:767—773.

LEe-THORP, J. A., J. C. SEALY, AND N. J. VAN DER MER-
WE. 1989. Stable carbon isotope ratio differences be-
tween bone collagen and bone apatite, and their re-
lationship to diet. Journal of Archaeological Science
16:585-599.

LEe-THORP, J. A., AND N. J. VAN DER MERWE. 1987.
Carbon isotope analysis of fossil bone apatite. South
African Journal of Science 83:712—715.

LEe-THORP, J. A., AND N. J. VAN DER MERWE. 1991.
Aspects of the chemistry of modern and fossil bio-
logical apatites. Journal of Archaeological Science
18:343-354.

Macko, S. A., M. H. ENGEL, V. ANDRUSEVICH, G. Lu-
BEC, T. C. O’ CoNNELL, AND R. E. M. HEDGES. 1999.
Documenting the diet of ancient human populations
through stable isotope analysis of hair. Philosophical
Transactions of the Royal Society of London, B. Bi-
ological Sciences 354:65-76.

MUELLER, P J.,, J. A. HART, AND J. B. ROBERTSON.
1998. Food choice, digestion and body size among
African rainforest duikers fed natural fruit diets. Pro-
ceedings of the Comparative Nutrition Society 2:
145-149.

NAKAMURA, K., D. A. SCHOELLER, F J. WINKLER, AND
H. L. ScHmIDT. 1982. Geographical variations in the
carbon isotope content of the diet and hair of con-
temporary man. Biomedical Mass Spectrometry 9:
390-394.

O’ ConNNELL, T. C., AND R. E. M. HEDGES. 1999. |so-
topic comparison of hair and bone archaeological
analyses. Journal of Archaeological Science 26:661—
665.

OweN, R. E. A. 1970. Some observations on the sita-
tunga in Kenya. East African Wildlife Journa 8:
181-195.

OWEN-SMITH, R. N. 1988. Megaherbivores. Cambridge
University Press, Cambridge, United Kingdom.

REeeD, K. 1996. The paleoecology of Makapansgat and
other African Plio-Pleistocene hominid localities.
Ph.D. dissertation, State University of New York,
Stony Brook.

RiNk, W. J., AND H. P ScHwaRz. 1995. Tests for dia-
genesis in tooth enamel: ESR dating signals and car-
bonate contents. Journal of Archaeological Science
22:251-255.

RoBBINS, C. T., D. E. SPALINGER, AND W. VAN HOVEN.
1995. Adaptation of ruminants to browse and grass
diets: are anatomical-based browser-grazer interpre-
tations valid. Oecologia 103:208-213.

SacE, R. F, D. A. WEDIN, AND M. LI. 1999. The bio-
geography of C4 photosynthesis. Pp. 313-373 in C4
plant biology (R. F Sage and R. K. Monson, eds.).
Academic Press, New York.

SCHOENINGER, M. J., J. MOORE, AND J. M. SepT. 1999.
Subsistence strategies of two savanna chimpanzee
populations: the stable isotope evidence. American
Journal of Primatology 49:297-314.

SeaLy, J. C. 1986. Stable carbon isotopes and prehis-
toric diets in the south-western Cape Province,
South Africa Cambridge Monographs in African
Archaeology, Cambridge, United Kingdom.

SwviTH, B. N., AND S. EpsTEIN. 1971. Two categories of

SPONHEIMER ET AL.—SOUTHERN AFRICAN BOVID DIETS 479

13C/22C ratios for higher plants. Plant Physiology 47:
380-384.

SMITHERS, R. H. N. 1983. The mammals of the South-
ern African subregion. University of Pretoria, Pre-
toria, South Africa

SoLouNIAS, N., AND B. DAWSON-SAUNDERS. 1988. Di-
etary adaptations and palaeoecology of the late Mio-
cene ruminants from Pikermi and Samos in Greece.
Palaeogeography, Palaeoclimatology, Palaeoecol ogy
65:149-172.

SPENCER, L. M. 1995. Antelopes and grasslands: re-
constructing African hominid environments. Ph.D.
dissertation, State University of New York, Stony
Brook.

SPINAGE, C. A. 1986. The natural history of antelopes.
Croom Helm Publishers, Beckenham, United King-
dom.

SPONHEIMER, M., AND J. A. LEE-THORP. 1999a. | sotopic
evidence for the diet of an early hominid, Austral-
opithecus africanus. Science 283:368-370.

SPONHEIMER, M., AND J. A. LEE-THORP. 1999b. Alter-
ation of enamel carbonate environments during fos-
silization. Journal of Archaeological Science 26:
143-150.

SPONHEIMER, M., K. REED, AND J. A. LEE-THORP. 1999.
Combining isotopic and ecomorphological data to
refine bovid paleodietary reconstruction: a case
study from the Makapansgat Limeworks hominin lo-
cality. Journal of Human Evolution 36:705-718.

Tieszen, L. L., AND T. FAGRE. 1993. Effect of diet qual-
ity and composition on the isotopic composition of
respiratory CO,, bone collagen, bioapatite, and soft
tissues. Pp. 121-155 in Prehistoric human bone: ar-
chaeology at the molecular level (J. B. Lambert and
G. Grupe, eds.). Springer-Verlag, Berlin, Germany.

Tieszen, L. L., aNnD S. K. IMBABA. 1980. Photosyn-
thetic systems, carbon isotope discrimination, and
herbivore selectivity in Kenya. African Journa of
Ecology 18:237-242.

VAN DER MERWE, N. J. 1989. Natural variation in the
13C concentration and its effect on environmental re-
construction using 3C/*2C ratios in animal bones.
Pp. 105125 in The chemistry of prehistoric human
bone (T. D. Price, ed.). Cambridge University Press,
Cambridge, United Kingdom.

VoGEL, J. C. 1978. Isotopic assessment of the dietary
habits of ungulates. South African Journal of Sci-
ence 74:298-301.

VocEL, J. C., A. FuLs, AND R. P ELLIs. 1978. The
geographical distribution of kranz grasses in South
Africa. South African Journal of Science 74:209—
215.

VRBA, E. S. 1974. Chronological and ecological im-
plications of the fossil Bovidae at the Sterkfontein
australopithecine site. Nature 250:19-23.

WANG, Y., AND T. CERLING. 1994. A model of fossil
tooth and bone diagenesis: implications for paleodiet
reconstruction from stable isotopes. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology 107:281—
289.

WATSON, L. H., AND N. OWEN-SmITH. 2000. Diet com-
position and habitat selection of eland in semi-arid
shrubland. African Journal of Ecology 38:130-137.

Submitted 3 October 2001. Accepted 6 May 2002.
Associate Editor was Thomas J. O’ Shea.



