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A B S T R A C T

The radiation and extinction of East African vertebrate fauna have been linked to key climatic changes that
occurred around 2.8, 1.7, and 0.5Ma. This study tests whether vegetation and diet changes were linked to these
climatic fluctuations, focusing on the climatic event at 1.7Ma, by analyzing the stable isotope composition of
fossil herbivore teeth from the Olduvai Gorge's stratigraphic units Upper Bed I, Lower Bed II, and Upper Bed II,
which span ~1.83–1.33Ma, in order to detect shifts in herbivore diets from C3 to C4 plants in conjunction with
their drinking water isotope geochemistry. C4 grass expansion is known to be favored by drier conditions, and
this study tests whether herbivore diets permanently changed to being C4 dominant at this key time period.
Crocodile teeth are also tested to determine if they may be used as paleoclimatic indicators, since large cro-
codiles prey on terrestrial herbivores in wetland settings.

Vertebrate bioapatite carbon and oxygen isotope compositions are found to show similar trends as those of
pedogenic carbonates (carbonate nodules, or concretions), which reflect a drying environment that was chan-
ging from C3 woodland dominated habitats to mixed woodlands and grasslands from Bed I to Lower Bed II times.
While a return to more humid conditions in Upper Bed II might be expected to lead to a reversal to C3 plants,
herbivores in this study retained mostly the drought-resistant C4 plant diet. These results indicate that vegetation
and ecosystems passed through a threshold to C4 domination that did not revert to C3 despite partial reversals in
climate that occurred later. Crocodile teeth were not useful in tracking C4 plant expansion, but the oxygen
isotopes from modern crocodiles are able to show seasonal cycles from wet to dry seasons, and Bed I crocodiles
indicate a degree of annual seasonal changes during that time as well.

1. Introduction

The Olduvai Gorge site is located in northern Tanzania and lies on
the western flank of the Eastern Rift Valley that cuts through the
Serengeti Plains. It is rimmed by tall volcanic mountains to the east, the
Ngorongoro Highlands, which create a rain shadow over the plains, and
the rest of the Serengeti Plains lie to the west (Hay, 1976). The sedi-
mentary record of the gorge indicates oscillating climatic conditions,
with lake sediments alternating with soils, aeolian, and alluvial de-
posits. The rifting of the crust in East Africa has exposed sedimentary
deposits rich with vertebrate fossils, stone artifacts, and palaeoenvir-
onmental remains ranging from 2.03Ma to 15 ka (Hay, 1976; L.S.B.
Leakey, 1951, 1959, 1965; Leakey et al., 1964; Leakey and Harris,
1987; M.D. Leakey, 1971). At the Olduvai Gorge the sedimentary

deposits are divided, from bottom to top, into Beds I-IV, with subdivi-
sions of those beds termed Upper, Middle, or Lower, interspersed with
tuff layers (both Middle Bed II and Upper Bed II from Hay (1976) are
referred to here as Upper Bed II due to a lack of a clear distinction
between the subdivisions) (see Fig. 1). Bed I and Lower Bed II are
characterized by lake, lake margin, and alluvial fan deposits, and the
upper layers are predominantly aeolian and floodplain deposits (Hay,
1976). This study uses the Korongo (side valley) terminology from
Leakey (1971) for the site locations (FLK, HWKE, VEK, etc.). The po-
sitions of the sites in the stratigraphic section are illustrated in Fig. 1.

The purpose of this study is to analyze the carbon and oxygen iso-
topes of fossil fauna from three consecutive rock layers: Upper Bed I,
Lower Bed II and Upper Bed II (Fig. 1). Previous works on isotopes of
soil carbonates, marine core sediments, vegetation and faunal remains
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Fig. 1. A) Stratigraphy of the Olduvai Gorge, Tanzania. Samples from this study are from the sites listed in their corresponding stratigraphic units. Bed I and Lower
Bed II layers consist of lake sediments, whereas Upper Bed II consists of fluvial deposits (Hay, 1976). B) Map of the site locations within the Olduvai Gorge used in this
study. Based on Hay (1976); dates for Bed I including Tuff IF from Deino (2012), and all other dates from Hay (1976). This study uses the Korongo (side valley)
terminology from Leakey (1971) for the site locations (FLK, HWKE, VEK, etc.).
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Fig. 2. A) δ13C and B) δ18O values from tooth en-
amel, plotted against time from 0 to 1.85Ma.
Pedogenic carbonate isotope data from Cerling and
Hay (1986), and isotopes of fossil teeth from Bed I
from Van der Merwe (2013) are included. The means
represent averages of all fossil tooth isotope values,
including from Van der Merwe (2013) but excluding
the pedogenic carbonate concretions.
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have revealed three major climatic spikes towards drier environments
in East Africa at 2.8, 1.7, and 0.5Ma that lasted from 50 to 150 kyr and
are associated with the radiation and extinction of early hominins and
other species (Behrensmeyer, 2006; Cerling and Hay, 1986; Cerling
et al., 1988; DeMenocal, 1995; DeMenocal, 2004; DeMenocal, 2011;
Maslin and Christensen, 2007; Vrba, 1995). This study focuses on the
climatic shift in the Olduvai basin that occurred around 1.7Ma. The
event is observed within the Lemuta member, an aeolian marker bed
which lies unconformably on top of Lower Bed II and underlies Upper
Bed II (Fig. 1). The climatic fluctuation manifests as a shift towards arid
environments starting around 1.8–1.7Ma, when the sedimentary layers
deposited in the Olduvai Gorge changed from lake sediments to tuffs
reworked by river channels (Hay, 1976). There is also evidence for a
shift from closed to more open woodlands during this time period in
this region as a result of the climatic fluctuation. Kovarovic et al. (2013)
found different body size distributions between Lower Bed II and Upper
Bed II, with larger herbivores during Upper Bed II times; larger herbi-
vores are better suited for more open, and therefore drier, habitats.
Studies on phytoliths show that in the lowlands, vegetation changed
from closed woodlands and forests around paleolake Olduvai at
1.9–1.84Ma, to mixed C3 and C4 wooded grasslands at 1.84–1.8Ma
during Upper Bed I times, to C4 dominated wooded grasslands at
1.8–1.7Ma during Lower Bed II times, and to wooded grasslands at
1.6–1.5Ma during Upper Bed II times (Barboni, 2014). Here we attempt
to add evidence from isotope data from fossil herbivore and crocodile
teeth to detect environmental shifts during this time period.

Environmental changes have also been recorded in the sedimentary
and paleosol record by carbonate nodules, nodules of calcium carbo-
nate which tend to form in arid and semiarid regions. Oxygen isotopes
from pedogenic carbonates have signatures linked to meteoric water
and can provide a measure of aridity (Cerling, 1984; Cerling and Hay,
1986). The oxygen isotopes in carbonate nodules of the Olduvai Gorge
indicate that there were both gradual and abrupt changes in the pa-
leoclimate, with an overall trend of increasing aridity, the present day
being the driest it has been in Olduvai for the past 1.8Ma (Cerling and
Hay, 1986). The δ18O values of soil carbonate shows that the climate
became progressively drier from 1.8Ma to 1.7Ma, and then got wetter
after the episode of climatic change at 1.7Ma but remained slightly
drier than it had been before (Cerling and Hay, 1986) (See Fig. 2 for soil
carbonate δ13C and δ18O). The carbon isotope data from these carbo-
nate nodules show peaks in δ13C values that coincide with the peaks in
δ18O values. Cerling (1984) showed that there is a good correlation
between the δ13C values of pedogenic carbonates and the amount of C4

biomass, so not only did it become drier, but grasslands also expanded
during those times. Similar trends were shown in the isotopic compo-
sition of carbonate nodules from Koobi Fora, Kenya, which lies roughly
700 km north of the Olduvai Gorge (Cerling et al., 1988). The ages
assigned to the sedimentary layers at Koobi Fora are not as well in-
terspersed with dateable tuff layers as Olduvai, so the ages of those
sediments are not as well known, but the climatic events from Koobi
Fora likely coincide with those of the Olduvai Gorge. This may suggest
larger, regional level droughts rather than localized events. However,
pedogenic carbonate data may need to be accepted with caution.
Bennett et al. (2012) have shown that the δ13C and δ18O values of one
particular “cannonball” carbonate nodule vary throughout its thickness,
starting with low values at its center when it first started growing
during low lake level times and becoming more positive as the nodule
grew, ranging in values from −8.3‰ to −1.6‰ δ13C and from −6.7‰
to −4.3‰ δ18O within the same nodule, reflecting changes in hy-
drology rather than in vegetation type. Moreover, Blumenthal et al.
(2017) have shown that according to overall fossil herbivore δ18O va-
lues the climate did not get progressively more arid as the pedogenic
carbonates suggest. However, we use the oxygen and carbon isotope
data recorded by Cerling and Hay (1986) in this paper primarily to pin-
point the timing of the climatic event in question within the strati-
graphic sequence, and to compare their data to our own.

According to Maslin and Christensen (2007), climate change may
cause environmental shifts that are bifurcated, in which the forcing
required to go back to original conditions is greater than the forcing
required to go in the opposite direction after a certain climate threshold
has been crossed. We aim to address whether that may be the case in
East Africa at 1.7Ma, if despite a return to previous conditions the
environment shifted permanently as a result of the climatic event,
taking both fossil tooth carbonate and paleosol carbonate into con-
sideration. The goals of this study are 1) to determine the dietary re-
sponse of herbivores to a drying environment in Upper Bed I and Lower
Bed II, and then a return to more humid conditions in Upper Bed II,
based on tooth enamel carbon and oxygen stable isotope analyses of
their fossils; 2) to establish whether crocodile tooth carbonate may be
used as a paleoclimate indicator; and 3) to test for diagenesis in fossils
from Beds I and II in order to validate our results.

1.1. Stable carbon and oxygen isotopes of herbivores

Plants incorporate different carbon isotope compositions in their
tissues depending on their carbon assimilation strategy, and different
plant types are suited for different environmental conditions and cli-
mates (O'Leary, 1988). C4 plants, associated with grasslands, are more
suited for withstanding hotter and drier habitats, whereas C3 plants,
which compose most of woodland habitats, thrive at lower tempera-
tures and wetter environments (Tieszen et al., 1979). C4 photosynthetic
plants tend to have more positive δ13C values compared to C3 plants.
Modern C4 plants have a global mean of δ13C values of −12.5‰ and C3

plants have δ13C values that vary more widely between −24 and
−36‰, with a global mean of −26.5‰. Herbivores then incorporate
the isotopic compositions of the plants they eat into their bones and
teeth, and one can determine whether they ate plants derived from
woodlands or grasslands, since these isotopic signatures can be pre-
served in their fossils for millions of years (Thorp and Van Der Merwe,
1987; Lee-Thorp, 2008). The enrichment between plant carbon isotope
composition and tooth enamel apatite is +14.1‰, resulting in δ13C
values of −8‰ or less in dedicated C3 browsers, and −1 to +1‰ in
dedicated C4 grazers (Cerling and Harris, 1999). Due to the enrichment
in 12C of atmospheric CO2 as a result of burning of fossil fuels during the
last 200 years, the atmospheric δ13C has become more negative by
1.5‰. Tooth enamel sampled from modern animals must therefore be
corrected by adding 1.5‰ to their measured δ13C values (Marino and
McElroy, 1991).

Tooth enamel δ18O values, either from the phosphate or carbonate
of tooth enamel, can be measured to determine how precipitation levels
have changed through time. More negative δ18O values are associated
with higher precipitation levels and more positive δ18O values result
from greater evaporation rates (Stephan, 2000; Sharp and Cerling,
1998). Tooth enamel δ18O values have a fractionation factor of about
1.0086 between carbonate and phosphate, which amounts to an en-
richment of 8.7‰ in structural carbonate δ18O compared to phosphate
δ18O (Bryant et al., 1996; Cerling and Sharp, 1996). However, carbo-
nate δ18O is more likely to alter diagenetically than phosphate δ18O, so
an assessment of fossil tooth enamel alteration is necessary before
drawing any conclusions based on tooth enamel carbonate δ18O
(Sponheimer and Lee-Thorp, 1999). Moreover, the sensitivity of her-
bivore tooth δ18O to aridity is taxon dependent and related to diet and
physiology, resulting in δ18O values in some taxa to reflect climatic
conditions to a different degree than other taxa (Levin et al., 2006). We
therefore look at fossil tooth δ18O values together with pedogenic
carbonate δ18O values from Cerling and Hay (1986) to complement our
measurements.

1.2. Crocodile teeth as paleoclimate indicators

By obtaining multiple samples along the length of a single tooth, or
from multiple teeth of the same jaw, we can get information about the
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seasonality of the region the animal lived in, depending on what time of
the year the portion of tooth that is sampled had mineralized (e.g. Sharp
and Cerling, 1998; Abigail et al., 2014). A study on North American
equid teeth has shown isotopic fluctuations of 2 to 3‰ along the length
of the teeth in both δ13C and δ18O values that corresponded to expan-
sions and retractions of C4 grasslands and to alternating wet and dry
seasons respectively (Sharp and Cerling, 1998). A similar approach is
taken here on crocodile teeth from 1.85Ma (Upper Bed I) and present.
Crocodile teeth have a very thin layer of tooth enamel (100–200 μm),
but the hydroxyapatite content is comparable between the cementum,
dentin, and enamel layers (Enax et al., 2013). Teeth are continuously
shed throughout the crocodile's life, and are abundant in the fossil re-
cord in habitats where crocodiles lived. The teeth require about a year
to grow to their full lengths in adult crocodiles and are functional for
one year before their roots are resorbed and the teeth are then shed
(Edmunds, 1962), so most of the crocodile teeth found in the fossil
record are deciduous. Here we test whether the δ18O values of their
tooth carbonate preserve information about seasonality in both modern
and fossil specimens. Testing for diagenesis will complement the va-
lidity of the oxygen isotope values of the cementum and dentin, which
are more prone to diagenetic alteration than enamel.

Adult crocodiles eat land herbivores (Edmunds, 1962), so certain
aspects of their bone chemistry may reflect terrestrial environments
despite living in an aquatic habitat. We therefore also test whether
crocodile teeth preserve information about grassland expansion by
measuring their δ13C values, and whether they preserve an averaging of
the isotopic composition of their terrestrial prey.

1.3. Diagenesis testing

Carbonate is more susceptible to diagenetic alteration than phos-
phate in the mineral portion of the tooth, which especially compromises
δ18O values in tooth carbonate more than in phosphate (Sponheimer
and Lee-Thorp, 1999). Since we are analyzing tooth carbonate, from
which we also get our δ13C values, we evaluate the preservation of the
teeth in several way, based on Tütken and Vennemann (2011): we
check whether the δ13C values of teeth of herbivores whose diets are
known are consistent with their diets (e.g. at 2Ma in East Africa, equid
teeth should have δ13C values of approximately −1 to +1‰, and
giraffid teeth should have δ13C values of approximately −8‰ (Uno
et al., 2011)); whether there are slight differences in the δ13C and δ18O
values between different teeth of the same animal and that they hadn't
been homogenized; and whether the isotope values of teeth are dif-
ferent from the carbonate nodules found near or attached to them. If
diagenesis were to have happened, we could expect a homogenization
of isotope values.

2. Materials and methods

Six samples of fossil tooth enamel were obtained from crocodile
teeth that were excavated from the DK site. Twenty-seven Lower Bed II
samples of herbivore and crocodile teeth were obtained from sites
HWKE, Maiko Gully, HWKW, VEK, FLK, FLKN, JK, and TK, excavated
by the Olduvai Landscape Paleoanthropology Project (OLAPP,
Blumenschine et al., 2012) and the Olduvai Vertebrate Paleontology
Project (OVPP). Six Upper Bed II samples were obtained from the field
labs at the Olduvai Gorge collected previously by Mary Leakey from
sites SC and HWK (See Fig. 1 for the positions of sites within the stra-
tigraphic unit). For crocodiles, we targeted large teeth, since mature
crocodiles are more likely to prey on terrestrial animals (Radloff et al.,
2012). We avoided herbivore teeth that were either deciduous or worn
down to the roots, and we targeted molars and premolars, because they
were easier to identify at the species or genus level and erupted well
after the animal was weaned. This ensures that carbon and oxygen
isotope data may not be compromised by feeding on milk, since milk
has different isotope compositions than regular diets (Wright and

Schwarcz, 1998; Roberts et al., 1988). Since precise ages are not
available for all fossils, we used relative dating rather than absolute
dating to assign ages for samples from Lower Bed II and Upper Bed II in
the figures, and designated ages of 1.7Ma and 1.5Ma respectively,
although the ages may have actually ranged by up to 100 kyr.

The samples were extracted using a Dremel 8100 at low RPM with
diamond-tipped drill bits to obtain 1–4mg of powdered fossil tooth
enamel drilled from non-diagnostic parts of the teeth and along breaks
and fractures where the dentine-enamel boundary was clearer, and
which would also minimize any damage to the teeth. Prior to obtaining
sample material, the surface of each tooth was drilled off to avoid any
diagenetically altered material. Fossil teeth and drill bits were washed
with water and cleaned with a 98% ethanol solution, and drill bits were
cleaned after each fossil sampled. Modern samples were collected
within the past 45 years from the Serengeti grass plains.

2.1. Carbonate analysis

Tooth enamel from modern samples and from fossil samples were
loaded in increments of about 2.5 to 5mg into Exetainer vials, stored
overnight in a vacuum oven at 80 °C to remove any water. The headspace
was then purged with helium, and the samples were loaded into a Gas
Bench inlet to a Delta Plus XP isotope ratio mass spectrometer (IRMS).
Four to 6 drops of concentrated phosphoric acid were added to each
Exetainer using a manually operated syringe. The same procedure was
used for carbonate nodule samples, which were loaded in increments of
0.5mg. Carbon and oxygen isotope ratios are reported as δ values re-
lative to Vienna Pee Dee Belemnite (VPDB) using per mil notation (‰)
where δ13C= ((13C/12C)sample/(13C/12C)standard−1)×1000 and
δ18O= ((18O/16O)sample/(18O/16O)standard−1)×1000. We used the in-
ternational standard NBS 19 (Coplen et al., 2006), as well an internal
lithium carbonate standard, LC 1, whose δ13C value of −7.84 ± 0.07‰
VPDB was determined by comparison with both NBS 19 and the inter-
national standard L-SVEC (Coplen et al., 2006) using dual inlet techni-
ques.

An isotope study by Van der Merwe (2013), which pretreated the
samples using dilute sodium hypochloride followed by 0.1M acetic
acid, had sampled five of the same fossil teeth as this study. We com-
pared the five untreated samples from this set with the same pretreated
samples by Van der Merwe (2013) and found that they differed on
average by 1.06‰ δ13C and 1.63‰ δ18O, which we considered within
the range of natural variation of fossil tooth samples (see Supplemen-
tary Information, Table 2). We therefore did not pretreat the samples, in
order to minimize sample loss.

2.2. Diagenesis test

We measured the carbon and oxygen isotope values of equids and
giraffids from Bed II, whose diets are known for that time period and
are expected to have specific δ13C values; multiple teeth from the same
individual to make sure they retain individual natural variation in their
carbon and oxygen isotope values; and carbonate nodules found at-
tached to some of the fossil teeth, to verify that the isotope values of the
nodules are significantly different from those of the teeth.

2.3. Statistical analysis

We performed one-way ANOVA permutation tests to determine
whether the δ18O values are significantly different over time for each
time period. We likewise performed Mann-Whitney pairwise tests to
determine whether each of the different time periods are significantly
different from each other. The size of the modern sample is too small to
show significant differences from any of the older levels.
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3. Results

The carbon and oxygen isotope values produced by this study are
summarized in Table 1 (see Supplementary Information). Published
Upper Bed I isotopic data from Van der Merwe (2013) representing 27
herbivores and 5 crocodiles were combined with the new data set
generated in this study. The δ13C and δ18O values of the tooth carbonate
of all the samples used in this study together, coupled with data from
Cerling and Hay (1986) showing δ13C and δ18O values of soil carbonate,
and Van der Merwe (2013) are summarized in Fig. 2. There are peaks in
the δ13C and δ18O values of the soil carbonate of −0.6‰ and −1.8‰
respectively at ca 1.7Ma from the Lemuta member of Bed II that se-
parates Lower Bed II from Upper Bed II (from Cerling and Hay, 1986;
note that we did not include carbonate sediments from saline lakes that
had δ13C values that were altered by methane production of microbial
mats). ANOVA tests indicate significant shifts in δ18O values between
different time periods (P < 0.05) (see Supplementary Information for
detailed statistical analyses results).

To make the data more comprehensible, they are broken down by
taxa in Fig. 3. Bovids changed from an average of −1.02‰ δ13C in

Upper Bed I to 0.74‰ δ13C in Upper Bed II (excluding the giraffid),
while the oxygen isotope averages changed from −3.80‰ δ18O in
Upper Bed I to −3.28‰ δ18O in Lower Bed II (P=0.004), and changed
between Lower Bed II to Upper Bed II to −4.24‰ δ18O (P=0.038).
We computed all bovids together due to highly variable diets and high
taxonomic diversity in the past 10myr (Uno et al., 2011). The two suid
samples from Lower Bed II have isotopic values consistent with an ex-
clusively C4 diet (−0.97‰ and −0.75‰ δ13C), whereas of the two
suids in Upper Bed II, one had isotope values consistent with a C4 diet
(−1.56‰ δ13C) and the other had a ratio consistent with a mixed diet
closer to a C3 browser (−6.17‰ δ13C). The crocodiles retained very
similar δ13C and δ18O isotope values from 1.85Ma until present (see
Fig. 3). The equids from Lower Bed II and Upper Bed II all had isotopic
values consistent with an exclusively grazing diet (1.51‰, and
−0.71‰ δ13C respectively).

The modern crocodile teeth and those from Upper Bed I were drilled
in multiple points along their lengths, including the roots in the modern
samples. The two modern crocodile tooth samples show cyclical fluc-
tuations in the δ18O values, ranging from −1.9‰ to −5.2‰ in sample
T-30 (Fig. 4; see also Supplementary Information). The teeth from

Fig. 3. Isotope data broken down by taxa: A) δ13C and B) δ18O values of Bovidae and Giraffidae; C), D), and E) δ13C and δ18O values of Suidae, Equidae, and
crocodiles respectively. Tan boxes in the graphs represent the Lemuta member. The gray shaded areas represent exclusive C4 grazing (above), and exclusive C3

browsing (below). Between the two shaded areas are mixed diets. Pedogenic carbonate isotope data from Cerling and Hay (1986) are included, as well as results from
fossil teeth from Bed I from Van der Merwe (2013). The means represent averages of all fossil tooth isotope values, including from Van der Merwe (2013).
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Upper Bed I were deciduous and lacked roots, so they were drilled along
fewer points along their lengths. However, the fossil samples do show
different δ13C and δ18O values from the different times each portion of
the tooth was formed, most notably in sample T-25, for which the δ18O
values differ by 1.7‰ between the tip and the base of the crown.

To test for diagenesis in the tooth carbonate, taxa whose diets are
known, sediments and carbonate nodules that formed around the tooth
samples, and multiple teeth from the same individual, were compared
for consistency. The first test compares isotopic values from equids,
which are known to have been exclusive grazers since 9.6Ma, and
giraffids, which have always retained an exclusively browsing diet (Uno
et al., 2011). The carbon isotope values of the fossil teeth of these taxa
match the expectation for their respective diets, with −0.71‰ and
+1.51‰ for equids, and −8.75‰ for the giraffid (see Fig. 3). Un-
altered fossil samples are expected to differ isotopically from the sur-
rounding sediment (Tütken and Vennemann, 2011). The sediments
around sample T-33 have isotope values that differ from the tooth
sample by 4.81‰ δ13C and 9.75‰ δ18O. However, the accuracy of the
carbon isotope measurement in that sediment may have been com-
promised by an unexpectedly low carbonate concentration. The sedi-
ments around samples T-47 and T-49, which were not similarly com-
promised, differ from the tooth by 1.88‰ and 1.34‰ δ13C, and by
1.59‰ and 0.83‰ δ18O respectively. Finally, multiple teeth from the
same individual are expected to be homogenized isotopically if they are
affected by diagenesis (Tütken and Vennemann, 2011). Samples T-47 to
T-51 are teeth from the same mandible of Hippotragus gigas, and their
isotopes retain a variation of up to 1.3‰ δ13C and 3.15‰ δ18O.

4. Discussion

4.1. Response in herbivore diets to changes in climate

The isotope data of all the taxa together indicate that from 1.8Ma
(Bed I) to 1.7Ma (Lower Bed II) herbivores had a mixed C3/C4 diet and
were increasingly incorporating C4 plants into their diets until 1.7 Ma.
After 1.7Ma, in Upper Bed II, some suids reverted back to a C3

dominant diet once the climate became wetter again, while other her-
bivores retained a predominantly C4 plant diet in spite of the more
humid conditions. This may be because either 1) the vegetation re-
verted back to being C3 woodland dominant, but the animals had
evolved to prefer C4 grazing; 2) despite δ18O values of carbonate no-
dules and fossil tooth enamel indicating a climate as humid at
1.6–1.5Ma as at 1.8Ma, the vegetation had crossed a stability threshold
towards C4 grasses so that a reversal to a C3 dominant vegetation would
have required much higher precipitation levels than before the drought;
based on the faunal and vegetation data presented above, it would
appear that such a threshold had been crossed and that despite a return
to wetter conditions in Upper Bed II, the vegetation did not return to
that of a closed woodland habitat; or 3) the sample size for Upper Bed II
is not large enough to rule out any outliers (n=6).

This conclusion may be inconsistent with that of Blumenthal et al.
(2017) that stated that increases in C4 vegetation occurred in-
dependently of water deficit levels, because water deficit levels re-
mained roughly constant and close to 0 for the past 4myr. However,
our conclusion may potentially be consistent with their data, because
they report episodes of water deficit peaks between 1000 and
2000mm/year at 1.7Ma that coincided with a greater shift towards C4

grazing in their own data. Their data could therefore be alternatively
interpreted as C4 grassland expansion resulting from an increase in the
frequency of short-term climatic fluctuations towards arid environ-
ments.

4.2. Isotopic differences among taxa

The δ13C response to changing environmental conditions varies
from taxon to taxon, based on their lifestyles and preferred habitats. In
order to analyze changes in their overall environment and do a more
detailed study on their changing diets, the data are broken down by
taxa.

Prior to 1.7Ma bovids had the most mixed C3/C4 diets of the her-
bivores sampled in this study, and increasingly incorporated C4 grasses
into their diet from 1.8 to 1.7Ma as the climate got drier. Some bovids
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Fig. 4. Isotope data taken from different positions along the
length of crocodile teeth showing different climate condi-
tions between the times the different tooth portions were
formed. T-30 and T-31 are teeth with roots from the same
modern individual, drilled at multiple points along their
lengths, position 1 being at the tip of the tooth and 6 and 4
respectively towards the base of the tooth. The modern
crocodile samples show cyclical seasonality, where more
positive δ18O values are associated with dry seasons and
more negative ones with wet seasons. Samples T-2, T-4, T-25,
and T-26 are deciduous fossil teeth from Upper Bed I,
showing isotopic differences between the tip of the crown
and the base of the crown.
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retained a C4 dominant diet in spite of conditions becoming humid
again (see Fig. 3). However, it's worth noting that only two bovids were
sampled from Upper Bed II, compared to 20 from Lower Bed II, so a
representation of bovid diet in Upper Bed II might not be very accurate
from this study alone.

The two suids from Lower Bed II both had C4 dominated diets. Of
the two suid samples from Upper Bed II, one was isotopically consistent
with a diet of C4 plants and the other being a C3 browser, so the
landscape may have been a mosaic of woodlands and grasslands during
Upper Bed II times. This is not to say, however, that the landscape was
not a mosaic during Lower Bed II times (e.g. Sikes, 1994). Due to the
small number of suid samples, by themselves they provide only weak
evidence for the mixture of environments, especially since they are
naturally omnivorous animals.

Crocodile tooth isotope values, on the other hand, did not show any
trends of increasing or decreasing δ13C and δ18O values from 1.85Ma
until present, remaining within a range from −4.0 to −0.4‰ δ13C and
−7.7 to −2.9‰ δ18O (Fig. 3). The δ13C values suggest that they have
eaten mostly grazing herbivores throughout the time span, with little
variation. However, Radloff et al. (2012) showed that δ13C values from
keratin scutes (raised scales on the tail) sampled at different crocodile
growth stages records changes in diet from fishes to large herbivores.
Therefore, variation in δ13C values may reflect the balance between
fishes and land mammals in the crocodiles' diets rather than variations
within the diets of the large herbivores that they ate. The δ18O values
remained relatively the same throughout the record.

4.3. Seasonality recorded in crocodile teeth

The modern crocodile teeth in this study were sampled along their
lengths, including the roots, (Fig. 4). The δ18O values show cyclical
fluctuations, which may correspond to a wet and dry season (Sharp and
Cerling, 1998), and vary by as much as 3.5‰ between wet and dry
seasons, with a difference of as much as 2‰ between two drilled points
(see Fig. 4). In contrast, modern precipitation δ18O values of the region
range on average from about −0.5 to −3.5‰ in Dar es Salaam and
from about +1 to −3‰ δ18O in Addis Ababa between wet and dry
seasons (Levin et al., 2009). The tooth δ13C values do not show the
same cyclical changes, and rather than seasonality may instead be re-
flecting the change in diet from fishes to land animals as the crocodile
grew (Radloff et al., 2012).

Not enough points were drilled along the fossilized crocodile teeth
to see any cyclical fluctuations in the δ18O values because they lacked
roots, but sample T-25 varied by as much as 1.7‰ between the two
points along the crown of the tooth, like the modern samples do. This
may indicate a seasonal variation in precipitation throughout the year
as early as 1.85Ma, with alternating wet and dry seasons.

4.4. Diagenesis test

The amount of diagenesis that the fossils undergo indicate the re-
liability of their isotope data. Diagenesis may cause the tooth enamel
carbonate to dissolve and get replaced by soil carbonate, resulting in
different isotope values from the original fossil material, and causing
similarities between fossil and soil carbonate isotope values. For the
samples in this study, known dedicated grazers (equids) and dedicated
browsers (giraffids) from the same rock units have the expected δ13C
values for their diet of −1 to 1‰ δ13C and less than −8.1‰ δ13C
respectively. The fossil tooth enamel δ13C and δ18O values of sample T-
33 are different from the δ13C and δ18O values of the carbonate that the
fossils were embedded in, but that measurement may be fraught with
inaccuracy due to a low carbonate concentration in the sediment
sample. In samples T-47 and T-49 the measurements actually show
relatively similar δ13C and δ18O values between fossil and soil carbo-
nate. Finally, tooth carbonate retained the expected variation in isotope
values between teeth from the same individual and between samples of

the same tooth in samples T-47 to T-51. The within-individual varia-
tion, and the isotope values of grazers and browsers falling in the ex-
pected ranges, suggest that diagenesis has not altered and homogenized
the fossil tooth carbonate. The similarity between soil carbonate and
fossil tooth carbonate in the two samples may be merely coincidental,
given that the other diagenesis tests do not show any evidence of
homogenization.

5. Conclusions

C4 grasslands had been expanding from 1.8Ma to 1.7Ma. After
1.7Ma, in Upper Bed II, most herbivores in this study retained a pre-
dominantly C4 diet, with the exception of one suid, despite a return to
humid conditions. This may suggest that either herbivores retained a
preference for a C4 diet, or the environment itself had crossed a stability
threshold so that woodlands were unable to recover, leaving open
grasslands to dominate the landscape. There is evidence from the suid
fossil samples that the habitat was a mosaic of C3 woodlands and C4

grasslands. Overall, there seems to have been a permanent shift towards
an expansion of grassland ecosystems as a result of the drought at
1.7Ma, despite a return to humid conditions.

The crocodile tooth δ18O values indicate that there were seasonal
variations at 1.85Ma, with alternating annual wet and dry seasons, so
the crocodiles may have lived in a seasonally dry woodland habitat at
that time.
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