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Responses of African bovids to Pliocene climatic change

René Bobe and Gerald G. Eck

Abstract.—The record of fossil mammals from the Shungura Formation, lower Omo Valley of south-
ern Ethiopia, represents one of the largest and most carefully controlled samples for deciphering
the responses of land faunas to global-scale climatic change. We use the abundant and continuous
fossil record of the family Bovidae to analyze the effects of a late Pliocene climatic shift toward
increased aridity in Africa beginning at 2.8 Ma and intensifying at about 2.4 Ma. A database con-
sisting of 4233 specimen-based records collected under well-defined procedures is used to define
patterns through time in bovid abundances while also controlling for taphonomic and other po-
tential biases. Univariate and multidimensional (correspondence analysis) methods are used to
study changes in bovid abundances through time. Our results indicate that bovids experienced an
increase in species richness and a rapid episode of change in taxonomic abundances at 2.8 * 0.1
Ma (between Members B and C), and that this shift was followed by gradual and prolonged changes
in abundance between 2.8 and 2.0 Ma (between Member C and upper Member G). An analysis of
skeletal-element abundances through the Shungura sequence shows that only moderate changes
in taphonomic conditions occurred between 3.0 and 2.1 Ma, when the lower Omo Valley was dom-
inated by a large, meandering river, but that significant changes in the mode of preservation ac-
companied the onset of lacustrine depositional environments at 2.1 Ma (between lower and upper
Member G). A juxtaposition of taxonomic with taphonomic patterns shows that the shift in taxo-
nomic abundances at 2.8 Ma occurred in the absence of significant changes in taphonomic condi-
tions. The main changes in bovid relative abundances and diversity appear to have been driven by
broad environmental and climatic changes in Africa. As environmental indicators, bovids show a
transition in the Omo at about 2.8 Ma from closed and wet environments in Member B to closed
but dry environments in Member C. This drying trend intensified in Members D, E, and E, between
about 2.5 and 2.3 Ma. In lower Member G, between 2.3 and 2.1 Ma, there was an increase in bovid
abundance and diversity, which may be a result of greater environmental heterogeneity. The pat-
tern of environmental change depicted by Shungura bovids is consistent with independently de-
rived evidence of Omo paleoenvironments (from paleosols, paleoflora, and micromammals), and
with regional and global evidence of climatic changes, especially acute between 2.8 and 2.3 Ma,
that caused the initiation of glacial cycles in the north and drier climate in the tropics of Africa.
Even though the Omo bovids showed distinct responses to large-scale climatic and environmental
change, the Omo bovid community also had important attributes of long-term stability: two spe-
cies, Aepyceros shungurae and Tragelaphus nakuae, dominated the community for nearly one million
years. This study highlights the importance of carefully controlled collection procedures of fossil
vertebrates and provides an important demonstration of the potential complexity in mode and rate
of responses of land faunas to climatic change.

René Bobe. Evolution of Terrestrial Ecosystems Program, Department of Paleobiology, NHB MRC 121,
Smithsonian Institution, Washington, D.C. 20560. E-mail: Bobe.Rene@nmnh.si.edu

Gerald G. Eck.  Department of Anthropology, Box 353100, University of Washington, Seattle, Washington
98195. E-mail: ggeck@u.washington.edu

Accepted: 5 December 2000

Introduction

The Pliocene is considered an epoch of cli-
matic contrasts, a time of transition between
the relatively warm Miocene and the ice ages
of the Pleistocene (Burckle 1995), but the ef-
fects of this climatic transition on African
mammals remain poorly understood. So far,
the evidence from the African continent has
produced a complex, sometimes contradictory
picture of late Pliocene faunal change. An
analysis of fossil mammals from the Turkana
Basin of East Africa suggests that East African

© 2001 The Paleontological Society. All rights reserved.

faunas may have undergone gradual turnover
from about 3 Ma (million years) to 2 Ma (Beh-
rensmeyer et al. 1997). Other studies suggest
that major faunal changes in East Africa oc-
curred at about 2 Ma (Harris et al. 1988; Feibel
et al. 1991). A different view is held by Vrba
(1985a, 1988), who has argued that rapid glob-
al climatic change resulted in a turnover pulse
of evolution in many groups of African mam-
mals about 2.5 Ma, a pulse that included major
speciation events in human evolution. The
most recent version of the turnover pulse hy-

0094-8373/01/2703-0001/$1.00
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pothesis with respect to African Bovidae
broadens the evolutionary pulse to the inter-
val between 2.8 and 2.5 Ma (Vrba 1995). It
seems clear that East African environments
became increasingly arid, open, and seasonal
after 2 Ma (Cooke 1978, 1985; Feibel et al. 1991;
Cerling 1992; Bonnefille 1995), but there is still
much disagreement about the nature and tim-
ing of faunal responses to late Pliocene cli-
matic change in Africa.

Indirect evidence of African climate comes
from extensive and continuous deep-ocean re-
cords containing calcareous foraminifera and
terrigenous sediments. Oxygen isotopes in-
dicate that the early Pliocene was the warmest
period of the last 5 million years, but temper-
atures gradually declined after 3.5 Ma. In high
latitudes, cooler and drier conditions intensi-
fied between 2.5 and 2.3 Ma (Shackleton et al.
1984; Kennett 1995). The marine record of ter-
rigenous sediments suggests that African Pli-
ocene and Pleistocene climate alternated be-
tween wet and dry conditions, but these alter-
nations were punctuated by periods of in-
creased aridity at 2.8, 1.7, and 1.0 Ma
(deMenocal 1995). Prior to 2.8 Ma, the marine
record shows that African climate varied at
periodicities of 19,000 and 23,000 yr; after 2.8
Ma the variation shifted to 41,000-yr cycles,
and after 1.0 Ma to 100,000-yr cycles (de-
Menocal 1995; deMenocal and Bloemendal
1995).

The marine record provides a general cli-
matic background against which to study the
evolution of terrestrial faunas, but it does not
provide direct evidence about actual environ-
ments in Africa, nor does it tell us how terres-
trial faunas responded to climatic changes.
Correlations between global climate and evo-
lutionary events on the African continent re-
main speculative, partly because of limitations
in defining the exact timing of such events im-
posed by sampling, radiometric age determi-
nations, and biostratigraphy.

An appropriate record to test hypotheses
linking Pliocene climatic change to evolution-
ary responses in African mammals must ful-
fill several requirements. First, the record
should be a continuous sequence of fossils
spanning the period of interest. Second, sam-
ples need to be large enough to permit quan-

titative analysis. Third, specimens should be
tightly controlled stratigraphically and chro-
nologically. Finally, depositional, taphonomic,
and sampling factors should be well under-
stood and controlled. In Africa, the Shungura
Formation, in the lower Omo Valley of south-
ern Ethiopia (Figs. 1, 2), comes closest to ful-
filling these requirements. As Vrba (1988: p.
411) has noted in regard to the turnover pulse
idea, ““the most useful data set for testing this
hypothesis is currently that from the Shun-
gura Formation, Ethiopia.”

The Shungura Formation

The fossiliferous deposits of the Shungura
Formation provide a rich, continuous, and
well-dated sequence of fossil mammals span-
ning the Plio-Pleistocene. The first large-scale
survey of Plio-Pleistocene deposits in the low-
er Omo Valley was carried out by Arambourg
(1947), but most of the record from the Shun-
gura Formation is the result of extensive geo-
logical and paleontological work carried out
in the 1960s and 1970s by an international
team of scientists constituting the Omo Re-
search Expedition. Under the direction of
Clark Howell, leader of the American contin-
gent of the expedition, and Yves Coppens,
leader of the French contingent, the Omo Re-
search Expedition produced a large collection
of fossil mammals, described and analyzed by
numerous researchers (e.g., Beden 1976, 1987;
Cooke 1976; Coppens and Howell 1976; Cor-
yndon 1976; Eck 1976; Eck et al. 1987; Eisen-
mann 1976, 1985; Gentry 1976, 1985; Grattard
et al. 1976, Guérin 1976, 1985; Howell and
Coppens 1976; Howell and Petter 1976; Wes-
selman 1984; Hooijer and Churcher 1985;
Suwa et al. 1996).

The Geological Setting.—The Plio-Pleistocene
deposits of the lower Omo Valley are divided
into three geological formations: the Shun-
gura, Usno, and Mursi Formations (Fig. 1).
The richest and most continuous record of
Omo mammals derives from the Shungura
Formation, which consists of 766 m of deposits
divided into 12 members (Figs. 2, 3A). The
lowermost sediments constitute the Basal
Member. The other members are named Mem-
ber A to Member L, based on widespread vol-
canic tuffs that underlie each member: Mem-
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FIGURE 1. Map of the Turkana Basin, including Lake Turkana in Kenya and the lower Omo Valley in Ethiopia. Plio-

Pleistocene formations discussed in the text are shown.

ber A is underlain by Tuff A, Member B by
Tuff B, and so on through Member L. There is
neither a member nor tuff /I’ in the sequence.
Each member is composed of several litholog-
ic units, or submembers. Units are numbered
above each major tuff from the bottom to the
top of each member. Thus, for example, the
second unit above Tuff A is called Unit A-2.
Sedimentary units in the Shungura Formation
vary in thickness from 2 m to 20 m but average
about 7 m. Member A has 4 units, Member B
has 12, Member C has 9, Members D, E, and F
have 5 each, Member G has 29, Members H
and J have 7 each, Member K has 4, and Mem-

ber L has 9 units (de Heinzelin and Haesaerts
1983).

Five major phases of deposition have been
identified in the Shungura Formation (Fig.
3B). The first phase is lacustrine and occurs
only in the first unit of the Basal Member
(Haesaerts et al. 1983). The second phase of
deposition is fluvial and occurs between the
second unit of the Basal Member and Unit G-
13, although Units G-11 to G-13 show a tran-
sition toward deltaic fringe conditions. The
third depositional phase, from Units G-14 to
G-27, is lacustrine and includes littoral and la-
goonal deposits. The fourth phase shows flu-
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FiouRre 2.

vial conditions from G-28 to L-6, although
Units G-28 to H-7 are deltaic in character. Flu-
vial deposits beginning in Member K are dis-
tinct from carlier ones in the greater impor-
tance of eolian and colluvial deposition, with
evidence of ephemeral streams. The last
phase, from 1.-7 to L.-9, is lacustrine (Haesaerts
et al. 1983). Because of the fundamental dif-
ferences in depositional conditions between
lower Member G (fluvial environments up to
Unit G-13) and upper Member G (lacustrine
conditions in Units G-14 to G-27), in this study
lower Member G and upper Member G are
treated as separate members.

Although depositional conditions were rel-
atively constant—essentially fluvial—from
just above the base of the Shungura Formation
to Unit G-13, there is some variation in the na-
ture of these fluvial deposits (Fig. 3B). First,
there is large-scale channeling in unit B-10
and in Member D (de Heinzelin et al. 1976).
Massive channeling signals the presence of a
large river eroding into older sediments and
possibly mixing fossils from different strata.
Second, there is a replacement of the large me-

Photograph of the Shungura Formation exposures (photo by K. Behrensmeyer).

andering river by a braided river in Unit F-1
and in Units G-3 to G-5 (de Heinzelin et al.
1976).

The Shungura fluvial deposits are charac-
terized by a series of repetitive sedimentary
cycles, and each cycle is defined as a formal
unit. These cycles are typically composed of
coarse sands at the bottom followed by finer
silts and clays at the top. The coarse sands at
the bottom of a unit represent sediments ac-
cumulated in the channel and point bars of a
river, that is, in relatively high-energy envi-
ronments. Most of the Shungura mammals
derive from these coarse sands. Fossils from
these coarse sands tend to be channel lag de-
posits dominated by isolated teeth (Dechant
Boaz 1994). Medium and fine sands accumu-
lated on the point bars of a river, while the fin-
er silts and clays accumulated as levee and
floodplain deposits in relatively low-energy
environments, These repetitive sedimentary
cycles are interpreted as superposed channels
and floodplains of a large meandering river
(de Heinzelin and Haesaerts 1983). The repet-
itive lithologic units show extensive lateral
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continuity, indicating that the Plio-Pleistocene
Omo river was depositing its load on a flood-
plain of very low gradient. The basin was sub-
siding at a rate nearly equal to the rate of de-
position. Thus, the river could migrate back
and forth across the floodplain without com-
pletely removing previously deposited sedi-
ments. Deposition of the Shungura Formation
took place with little evidence of intraforma-
tional tectonics: visible deformations of the
lower Omo Valley deposits postdate the Shun-
gura Formation (Brown and de Heinzelin
1983).

The span of sedimentary units and the na-
ture of the fluvial deposits themselves place
limits on the level of temporal and spatial res-
olution attainable in the Shungura Formation.
Bones entering a river system are typically
transported some distance and then deposited
in areas of accretion such as point bars. The
transport of skeletal elements that enter the
fluvial channel depends on the shape and den-
sity of the bones and the velocity of flow. As
large meandering rivers migrate through the
floodplain, previously buried bones may be
exposed and transported along with the new-
er elements until reburial (Behrensmeyer
1982, 1988). The majority of fossil mammals
from the Shungura Formation were collected
from fluvial deposits consisting of small-peb-
ble gravels and cross-bedded sands. The most
common elements found in these deposits
were isolated teeth. Such specimens are likely
to have experienced fluvial transport and re-
working under relatively high-energy condi-
tions (de Heinzelin et al. 1976). Also, tributary
streams from habitats that occupied a periph-
eral position in the basin may have contrib-
uted specimens to the Omo sample. Conse-
quently, fossil assemblages from fluvial de-
posits may not be meaningful in terms of very
short timescales or very localized environ-
mental conditions, yet they may damp out
short-term fluctuations to reveal long-term
trends.

The chronological and stratigraphic frame-
work of the lower Omo Valley was developed
in the context of the Omo Group deposits (Fig.
1). In addition to the Shungura, Usno, and
Mursi Formations of Ethiopia, the Omo Group
includes the Koobi Fora and Nachukui For-

mations in the Turkana Basin of Kenya (de
Heinzelin 1983; Brown 1994, 1995). Large-
scale correlations have been established be-
tween the Turkana Basin formations and other
East African sites, and between these and ma-
rine deposits off the coast of Africa (Brown
1995).

Chronological control of the Shungura For-
mation is provided by the following radio-
metric and paleomagnetic age determinations
(Table 1, Fig. 3A). The Gilbert-Gauss Chron
boundary, dated to 3.59 Ma (Shackleton 1995),
occurs in Tuff A (de Heinzelin and Haesaerts
1983). Tuff B is part of a widely distributed
ash layer, represented by Tuff U-10 in the
Usno Formation, the Tulu Bor Tuff in the Koo-
bi Fora and Nachukui Formations, and the Sidi
Hakoma Tuff in the Hadar Formation in
northern Ethiopia (Brown 1982). On the basis
of its correlation with the Sidi Hakoma Tuff at
Hadar, Tuff B is dated to 3.40 + 0.03 Ma (Wal-
ter and Aronson 1993). Unit B-3 records the
younger limit of the Mammoth Subchron (Fei-
bel et al. 1989), which is dated to 3.23 Ma
(Shackleton 1995). Tuff B-10, found near the
top of Member B, has a K/Ar date of 2.95 +
0.05 Ma (Feibel et al. 1989). Tuff C is dated by
interpolation to about 2.85 Ma. Tuff C-4 is cor-
relative to the Ingumwai Tuff at Koobi Fora,
with an estimated age of 2.74 Ma. The Gauss-
Matuyama Chron boundary occurs near the
top of Member C, in Unit C-9 (Feibel et al.
1989). This paleomagnetic boundary is dated
at 2.60 Ma (Shackleton 1995). Tuff D has a K/
Ar date of 2.52 *+ 0.05 Ma (Brown et al. 1985).
The estimated age for the base of Member E is
2.40 Ma. Tuff F has a K/ Ar date of 2.36 = 0.05
Ma, and Tuff G has a K/Ar date of 2.33 * 0.03
Ma (Brown 1994). The onset of lacustrine con-
ditions in Unit G-14 dates to about 2.11 Ma
(Brown 1995). Tuff H is estimated to be 1.90
Ma. In Member H, Tuffs H-2 and H-4 correlate
with Koobi Fora’s KBS and Malbe Tuffs, ra-
diometrically dated to 1.88 * 0.02 and 1.86 =
0.02 Ma, respectively. The base of the Olduvai
Subchron occurs in Unit G-27 and the top oc-
curs in Unit H-7 (Feibel et al. 1989), an interval
dating from 1.95 to 1.77 Ma (Shackleton 1995).
The estimated age of Tuff J is 1.74 Ma, and
Tuff J-4 has a K/Ar date of 1.65 * 0.03 Ma.
Tuff K has an estimated age of 1.53 Ma. Tuff
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FiGURE3. Chronology, stratigraphy, and palecenvironmental reconstructions of the Shungura Formation. Different
lines of paleoenvironmental evidence are juxtaposed for comparison. A, Chronology and schematic stratigraphic
section of the Shungura Formation. See text for references. B, Depositional environments and paleosols from Hae-
saerts et al. 1983. C, Paleobotanical evidence from Bonnefille and Dechamps 1983. D, Micromammals from Wes-
selman 1984. E, Taphonomic patterns based on Figure 13 of this study. F, Taxonomic patterns based on Figure 19
of this study. G, Shungura environments based on bovid abundances (see text for discussion).
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FIGure 3. Continued.

L has a K/Ar date of 1.39 + 0.01 Ma. Sedi- from about 3.6 to 1.0 Ma, but the majority of
ments at the top of the Shungura Formation fossils derive from sediments dating from
are estimated to be about 1 Ma (Feibel et al. about 3 to 2 Ma, a critical period in the evo-
1989). Thus, the Shungura Formation extends  lution of various groups of African mammals.
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FIGURE 4. Rate of sedimentation in the Shungura For-
mation. Dates for member boundaries as in Figure 3.
Thickness of Shungura members derived from de Hein-
zelin 1983.

The reconstruction of past environments,
especially in relation to human evolution, has
been one of the central goals of the Omo Re-
search Expedition (Howell 1968, 1978; Howell
et al. 1987; Coppens 1975, 1978, 1994). The fol-
lowing sections provide a brief synthesis of
the most relevant paleoenvironmental frame-
work, based on studies of paleosols (de Hein-
zelin et al. 1976; Haesaerts et al. 1983), paleo-
botanical remains (Bonnefille and Dechamps
1983), and micromammals (Wesselman 1984).

Paleosols.—Paleosol development is a func-
tion of climate and time, and the latter reflects
land-surface stability. In an aggrading fluvial
setting, soils under constant climatic condi-
tions may be more or less developed depend-
ing on changes in rates of sediment accumu-
lation. Therefore, if paleosol evidence is to be
used in inferring climate, it is important to
factor out possible effects of changing aggra-
dation rates. Well-developed and highly illu-
viated soils reflecting high precipitation and
equable climatic conditions occur in Members
A and B (Fig. 3B), while soils in C-3 to C-7 are
less evolved and less illuviated, suggesting re-
duced precipitation (de Heinzelin et al. 1976;
Haesaerts et al. 1983). Lack of significant
change in aggradation rates across Members
A, B, and C (Fig. 4) supports climate as the
major cause of this shift in pedogenesis. Mem-
ber D has only a few incipient soils; E-1 soils
show pedogenic structure but no illuviation,
and Member G also has only weak soil devel-

opment. Fully developed soils in K-1 and K-2
show no illuviation and indicate dry condi-
tions (de Heinzelin et al. 1976). Although ag-
gradation rates across all of these members are
changing, the overall pattern is consistent
with more arid climatic conditions from C-3
upward, in contrast with wetter conditions in
Members A and B.

Vegetation and Paleobotanical Remains.—The
major types of East African vegetation dis-
cussed here are defined as follows. Forests are
characterized by columnar trees often reach-
ing 50 m in height with crowns forming a con-
tinuous and complex structure. Moist forests
are characterized by evergreen trees and epi-
phytes, while seasonally drier forests may be
dominated by deciduous trees with few epi-
phytes (Lind and Morrison 1974). Moist ever-
green forests in Africa receive as much as 2500
mm of rain per annum, with minor fluctua-
tions in temperature and humidity through-
out the year. Dry semideciduous forests re-
ceive from 1200 to 1600 mm of rain annually
(White 1983). Woodlands are characterized by
trees reaching up to 20 m in height with
crowns forming a discontinuous canopy that
covers at least 40% of the land surface; grasses
dominate the woodland floor. In woodlands
annual rainfall ranges from 500 to 1200 mm
(Lind and Morrison 1974). Bushland is de-
fined as a habitat in which bushes, multiple-
stemmed plants intermediate between shrubs
and trees, cover at least 40% of the land sur-
face. Bushland typically occurs in areas where
yearly precipitation ranges from 250 to 500
mm (White 1983). Wooded or bushed grass-
lands consist of areas where the tree or bush
canopy covers from 10% to 40% of the land
surface. Grasslands are dominated by grasses
with scattered trees and shrubs covering up to
10% of the surface area. In East Africa, two
distinct types of grasslands are recognized:
derived and edaphic. Derived or secondary
grasslands are maintained by regular burning
or grazing and are characterized by very sea-
sonal rainfall ranging from about 250 to 500
mm per year. Edaphic or primary grasslands
occur in areas of waterlogged soils. In some
permanent swamps the bulrush Typha may be
dominant (White 1983). The term savanna is
loosely defined to include areas where sec-
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ondary grasslands are predominant. Deserts
and semideserts occur in arid regions with
sparse plant cover in which annual precipita-
tion is usually less than 250 mm (White 1983).

The modern lower Omo Valley has a semi-
arid tropical climate. The vegetation is part of
an Acacia savanna belt, but habitats range
from closed forest communities sustained by
the Omo River near its banks to seasonally
dry grasslands in the plains away from the
river (Carr 1976). Although past environments
in the lower Omo Valley were probably quite
different from modern ones (see below), it is
likely that a mosaic of forests, woodlands, and
grasslands in varying proportions character-
ized the region for much of the Plio-Pleisto-
cene.

The paleobotanical record of the Shungura
Formation is sparse and discontinuous but
yields valuable data on the past vegetation of
the lower Omo Valley (Fig. 3C). Fossil pollen
provides information about both the taxonom-
ic composition of past plant communities and
the relative abundance of arboreal versus non-
arboreal vegetation (Bonnefille 1994). High
percentages of arboreal pollen indicate rela-
tively closed woodlands or forests, while high
percentages of grass pollen indicate more
open environments. Some nonarboreal taxa
such as Typha indicate wet environments,
while taxa from the Chenopodiaceae and
Amaranthaceae groups (abbreviated C/A) are
indicative of arid conditions (Bonnefille 1995).
The relative abundance of various pollen taxa
in the sample is not, however, necessarily pro-
portional to the representation of taxa in the
original plant community. Pollen production,
distribution, and depositional environments
play a role in producing final pollen represen-
tation (Bonnefille 1995).

The earliest significant palynological sam-
ple from the Shungura Formation derives
from Member B (Fig. 3C): a coprolite from
Unit B-10 has 28% arboreal, 43% grass, 10%
Typha, and 6% C/ A pollen (Bonnefille and De-
champs 1983). A coprolite from Member C-7
shows a decrease in arboreal pollen to 21%
and an increase in grass pollen to 47%, while
Typha and C/A pollen percentages remain
virtually unchanged. A sample from Unit C-9
shows a further decrease in arboreal pollen to

13%, and an increase in grass pollen to 60%,
indicating a shift to more open conditions.
Bonnefille and Dechamps (1983) view the pol-
len spectra from B-10 and C-7 as similar, but
they note that the C-9 spectrum may reflectan
incipient change in climatic conditions. A shift
to more open and seasonally arid conditions
is evident in a sample from E-4, which shows
a decrease in arboreal taxa to 3% and an in-
crease in grass pollen to 72%, a decrease in Ty-
pha to 1%, and an increase in C/A pollen to
16%. The last significant pollen sample comes
from Tuff G, where arboreal pollen remains
low, at 6%, but gyrass pollen decreases to 51%,
Typha increases to 17%, and C/A pollen de-
creases to 3% (Bonnefille and Dechamps
1983). The Tuff G sample shows a prevalence
of open habitats with marshy areas.

In addition to pollen, the Shungura se-
quence has yielded several samples of macro-
botanical remains such as fruits and fossil
wood (Fig. 3C). The earliest samples of ma-
crobotanical remains in the Omo derive from
Unit A-1, where the dominant species of fossil
wood is Garcinia huilensis. This species is
thought to indicate the prevalence of extensive
gallery forests in the lower Omo Valley. Fossil
fruit of Antrocaryon in Unit A-1 is indicative of
humid tropical rain forests. Antrocaryon is a
genus that today occurs primarily in dense
and humid West and Central African forests
(Bonnefille and Letouzey 1976). Thus, the
sample from Unit A-1 indicates the presence
of extensive riverine forests in the lower Omo
Valley, with possible biogeographical connec-
tions to the West and Central African rain for-
ests. Fossil fruit of Antrocaryon has also been
found in Unit U-12 of the Usno Formation, cor-
relative with Shungura Unit B-2, and the pa-
leoenvironmental implications for U-12 are
similar to those for Member A (Bonnefille and
Letouzey 1976; Bonnefille and Dechamps
1983). Fossil wood samples from Members B,
C, and D are rare, but Member D has wood of
Platysepalum chevalieri, which is associated
with closed riverine forests, and of Psorosper-
mum febrifugum, associated with savanna.
Member F fossil wood samples show a signif-
icant environmental changes in the lower
Omo Valley: the dominant taxa are Catophrac-
tes, Vitex, Ochna, and Rhus, plant taxa associ-
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ated with very dry savanna, but the persis-
tence of gallery forests is indicated by samples
of Ficus and Garcinia. Wood samples from G-
2 to G-13 include Rothmannia, Albizia, Bridelia,
Celtis, and Ficus capensis, which indicate hu-
mid and marshy gallery forests, while Com-
bretum, Kigelia, and Ozoroa are indicative of
more open savanna. Upper Member G, Unit
G-29, has a large collection of fossil wood,
with taxa that point to a rich and complex mo-
saic of habitats. Gallery forests persist in up-
per Member G, as attested by the presence of
Garcinia and Ficus, but taxa such as Acacia, Bra-
chylaena, and Combretum, which indicate dry
savanna with scattered clumps of trees, are
more abundant. Furthermore, a number of
taxa, including Zizyphus and Commiphora,
which occur in very dry habitats, make their
first appearance in upper Member G (Bonne-
fille and Dechamps 1983). The. fossil wood
sample from Members J, K, and L is small, but
there are specimens of Steganotaenioxylon, a
taxon characteristic of arid habitats. This taxon
indicates that the environments during the
time of deposition of Members J to L were sig-
nificantly more arid than in earlier times (De-
champs and Maes 1985). Thus, the paleobo-
tanical record provides evidence that during
most of the Plio-Pleistocene, the lower Omo
Valley was characterized by a mosaic of habi-
tats, including forests, woodlands, and grass-
lands, but that the proportions of the different
habitats changed considerably through time.
Micromammals.—The Omo micromammals
come mostly from excavated localities (Jaeger
and Wesselman 1976; Wesselman 1984). The
earliest significant assemblage of micromam-
mals derives from B-10 (Fig. 3D). The assem-
blage includes murids, sciurids, shrews, bats,
and galagos with strong affinities to species
restricted to the closed forests of West and
Central Africa. Some of these taxa indicate not
only the presence of dense riverine forest
along the Omo river but also a potential bio-
geographic connection between the Omo Val-
ley and the equatorial forests of Central Africa
(Wesselman 1984, 1995). Micromammals in
Member C indicate major environmental
changes in the Omo Valley. A micromammal
assemblage from Unit C-8 has only one taxon
considered to be primarily a forest form.

There are a few species associated with savan-
na woodlands and wet savanna grasslands,
while two species are indicative of dry savan-
na grassland (Wesselman 1984). Micromam-
mal assemblages from Tuff F and Unit F1
show a sharp increase in species indicative of
xeric environments—dry savanna woodlands
and grasslands (Fig. 3D). An assemblage from
Unit G-3 has no species indicative of mesic or
forested conditions (Wesselman 1984). Thus,
the Omo micromammals point to mesic con-
ditions during Member ‘B times, with exten-
sive forests dominating the landscape. The mi-
cromammals from Member C indicate drier,
but still closed environments. The samples
from Members F and G represent a shift to
more arid and open savannas.

Remaining Problems.—The evidence from
paleosols, paleobotanical remains, and micro-
mammals provides a broad picture of envi-
ronmental changes in the late Pliocene lower
Omo Valley (Fig. 3). Although it is clear that a
mosaic of forests, woodlands, and grasslands
occurred in the lower Omo Valley throughout
most of the Plio-Pleistocene, the importance of
these different types of habitat changed con-
siderably through time. The different lines of
evidence reviewed thus far agree in their rep-
resentation of paleoenvironments in Members
A and B as heavily forested, with a prevalence
of mesic conditions. Furthermore, the forests
of Members A and B may have been extensive
enough to maintain biogeographical connec-
tions with the humid forests of Central and
West Africa. There is also agreement in the
representation of environments in Members E
and F as considerably drier and more open
than those in Members A and B. However, the
timing of this environmental shift to more-
open habitats is not well resolved. Samples of
paleosols, paleobotanical remains, and micro-
mammals are sparse and discontinuous. Pa-
leosols show a shift to more-arid conditions in
Unit C-3, but this shift is not apparent in the
palynological sample from Unit C-7. If an en-
vironmental shift occurred in lower Member
C, as suggested by paleosols, there are no
samples of fossil wood or micromammals in
lower units of Member C to test this possibil-
ity. The nature of environments in lower Mem-
ber G also remains problematic. The only pal-
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ynological sample from Member G indicates
an abundance of marshy habitats amidst
grasslands, in agreement with the marshy-for-
est and open-savanna interpretation derived
from fossil wood. Micromammals, however,
indicate only dry and open savanna for lower
Member G. Micromammal assemblages may
represent highly localized conditions, while
pollen samples are likely to be heavily biased
toward wind-pollinated species and therefore
are likely to represent taxa from a wide range
of habitats (Bonnefille 1995). In fact, the Omo
pollen spectra regularly contain montane for-
est taxa, whereas montane species are con-
spicuously absent from the Omo samples of
fossil wood (Bonnefille and Dechamps 1983).

Thus, paleosols, paleobotanical remains,
and micromammals show a broad shift to-
ward more open and arid environmental con-
ditions in the lower Omo Valley, a shift that is
consistent with the evidence of oxygen iso-
topes from marine foraminifera. Nevertheless,
the timing of this environmental shift in the
Omo remains in doubt; the evidence of paleo-
sols, paleobotanical remains, and micromam-
mals is not continuous enough to elucidate the
exact timing and rate of these changes. The
Shungura Formation record of larger mam-
mals, especially that of the Bovidae, is abun-
dant and continuous, and thus presents us
with a suitable database to study the nature
and timing of environmental and faunal
changes in the lower Omo Valley.

Materials and Methods
Collection Methods

The documentation of faunal change re-
quires representative and comparable samples
from the units of analysis. Recognizing this
need, one of the authors (GGE) began a pro-
gram of systematic collection of specimens
from the American sector of the ““type area”
of the Shungura Formation (map Sectors 1
through 16 of de Heinzelin 1983) late in the
1968 field season. Eck and his survey crew fol-
lowed this program throughout the 1969,
1970, 1971, and early part of the 1972 field sea-
sons. During the daily search, Eck and his
crew collected a restricted set of fossil speci-
mens from those available on the surface. The

set comprised all mammalian crania and
mandibles or major fragments thereof, all
mammalian jaw fragments and complete iso-
lated teeth, all bovid horn cores or basal frag-
ments, all mammalian astragali, and all ru-
minant metapodials or their distal ends. Be-
cause of special interests expressed by mem-
bers of the expedition, all specimens of
Primates and Carnivora were collected even if
very fragmentary. Beginning in the south, in
Sectors 15 and 16, and working northward,
the survey crew searched small areas that
were defined by easily recognized geographic
features. They attempted to search the entire
surface of an area with approximately equal
intensity. As specimens were found, they were
assigned to localities and the geographic po-
sitions of the localities were plotted on high-
resolution aerial photographs (scale approxi-
mately 1:8000). At the end of each day, the area
of search was also plotted on the aerial pho-
tographs and the next day’s search was un-
dertaken in a new area contiguous to those
completed previously. In this manner, Eck and
his crew searched essentially all of the well-
exposed surfaces of Shungura Sectors 1
through 16.

Search discipline was relatively easy to
maintain because the Shungura Formation is
remarkably fossiliferous and thus search re-
wards were relatively constant. Interesting,
important, and exciting specimens were dis-
covered essentially every day. In addition,
most sediment types, with the clear exception
of the lacustrine sediments of middle Member
G, produced fossils. Thus it was very difficult
to predict where fossils might or might not be
found and it usually ““paid” to search every-
where with equal intensity. Stratigraphic bias
in collection intensity was low because Eck
and his crew usually worked in areas whose
stratigraphic structure had not yet been de-
termined. Geological crews led by Jean de
Heinzelin and Paul Haesaerts determined the
stratigraphic position of most of the localities
a year or two after they were discovered, by
using the positions of localities marked on the
aerial photographs (see de Heinzelin 1983).
The exceptions to these statements are the Bas-
al Member and Members A and B, which have
very limited exposures and thus were very in-
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FIGURE 5. Abundance of Shungura Formation mammalijan families based on the analytic database, which consists

of 10,876 specimens in 19 families.

tensely searched in hopes of recovering the
largest possible sample.

We thus feel that, given this collection rou-
tine, important stratigraphic or depositional
collection biases were not introduced into the
mammalian sample of the American contin-
gent (with the exceptions noted above) and
that the sample is reasonably representative of
the fossils occurring on the surface in this
area. It is interesting to note here that, near the
end of his work establishing the stratigraphic
position of the localities, Haesaerts (personal
communication 1972) reported that his crews
only rarely found specimens belonging to the
search set described above, even though sev-
eral members of his crew were assigned the
task of looking for them. Haesaerts’s obser-
vation suggests to us that Eck and his crew
had already collected nearly all specimens be-
longing to the search set.

The Shungura Database

The paleontological record of the Shungura
Formation compiled by the American contin-

gent of the Omo Research Expedition is kept
as a computerized database with 22,335 spec-
imen records. A typical record includes the
specimen number, skeletal element, taxon, lo-
cality number, sector, and stratigraphic level.
Various sorting procedures then allowed us to
develop an “analytic database’” that includes
only those types of specimens whose collec-
tion was consistent with the procedures de-
tailed in the preceding section. Other collect-
ed specimens were eliminated from the anal-
ysis. The types of specimens eliminated from
the analysis are described below:

1. Specimens from sectors other than 1
through 16 were not systematically collect-
ed and thus were removed from the anal-
ysis. Other specimens removed include
those derived from unknown members or
from localities that span multiple members.

. Postcranial elements other than those col-
lected systematically were removed from
the analysis, as were all records of verte-
brates other than mammals (crocodiles,
turtles, fish, birds).
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TABLE 2. Abundance of Shungura Formation families of mammals (number of specimens in analytic database).

Member

B C D E F G(L) G(U) H Total

Bovidae 276 658 245 424 492 2099 34 5 4233
Cercopithecidae 237 1086 254 239 374 589 14 1 2804
Hippopotamidae 63 466 113 193 122 392 10 1 1360
Suidae 146 188 100 152 115 406 5 1 1113
Elephantidae 55 64 59 61 53 94 386
Giraffidae 34 110 33 48 29 119 373
Deinotheriidae 22 39 18 10 34 78 1 202
Equidae 24 30 11 14 26 65 2 172
- Hominidae 5 22 16 11 17 17 1 89
Felidae 4 25 3 4 5 9 2 52
Rhinocerotidae 6 3 5 7 7 9 37
Hyaenidae 4 1 1 8 14
Hystricidae 2 2 3 5 12
Viverridae 3 5 2 1 1 12
Mustelidae 2 3 3 8
Camelidae 2 1 1 4
Procaviidae 1 1 2
Chalicotheriidae 1 1 2
Stegodontidae 1 1
Total 883 2706 861 - 1178 1278 3893 69 8 10876

3. Most of the Omo specimens were recovered
from surface collections, but excavations
were carried out in several localities. The
purpose of excavation was the recovery of
hominid remains rather than a represen-
tative sample of the member, and not all
Shungura members were excavated. There-
fore, samples found in excavations and
those from surface collections are not com-
parable with respect to collection proce-
dures, and members with excavated local-
ities are not comparable to those without.
Thus, all records from excavated localities
were removed from the analysis.

. Most Shungura specimens are isolated
teeth, each probably representing a single
individual animal. In some cases, however,
specimens were found in a context that in-
dicated that a single individual was repre-
sented by more than one specimen (the
bones were in close proximity, and they
had similar coloration and degree of wear).
Multiple specimens likely to belong to a
single individual were noted as such in the
database. Only the most complete or diag-
nostic skeletal part from the various fossil
fragments of a single individual was left in
the analytic database to represent that in-
dividual.

This procedure results in the Shungura an-
alytic database, in which each record is likely
to represent one individual mammal collected
from the surface in localities of known strati-
graphic provenience. The analytic version of
the Shungura faunal database has 10,876 spec-
imens of mammals (Fig. 5) (see Bobe 1997), of
which 4233 are bovids (Table 2). This study fo-
cuses on the most abundant of Shungura For-
mation families: the Bovidae, which consti-
tutes almost 40% of the mammalian fauna.
The 4233 specimens of bovids in the analytic
database compose the basic data set used to
generate the analyses, tables, and figures in
this study. Table 3 and the Appendix provide
a list and a frequency count of all bovids in the
Shungura analytic database following the sys-
tematic framework of Gentry (1985), who de-
scribed and identified the specimens. A few
taxonomic modifications are based on the
work of Harris (1991). Table 4 presents each
taxon as a proportion of all bovids per mem-
ber; this table then provides the relative abun-
dance of bovid taxa across Shungura mem-
bers.

Analytical Methods

The variables under study are displayed in
a data matrix, such as Table 3, where columns
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TaBLE3. Shungura bovid taxa across members (number of specimens in analytic database). Tribes in capital letters

indicate the total number of specimens in that tribe.

Member

B C D E F G(L) G(U) H Total
Tragelaphini sp. 5 11 1 2 3 9 0 0 31
Tragelaphus sp. 0 1 2 2 2 4 0 0 11
T. nakuae 22 163 62 106 38 214 0 0 605
cf. T. gaudryi 2 0 0 0 0 0 0 0 2
T. gaudryi 0 2 1 7 44 147 2 0 203
T. strepsiceros 0 0 0 0 0 1 0 0 1
T. pricei 0 1 0 0 0 0 0 0 1
TRAGELAPHINI 29 178 66 117 87 375 2 0 854
Bovini sp. 19 56 15 12 12 26 1 1 142
Syncerus sp. 3 9 0 1 0 5 1 0 19
S. acoelotus 1 4 0 0 0 1 0 0 6
Pelorovis sp. 1 4 0 0 3 6 0 0 14
BOVINI 24 73 15 13 15 38 2 1 181
Reduncini sp. 49 52 21 32 32 346 7 2 541
Redunca sp. 1 2 0 1 1 0 0 0 5
Kobus sp. 0 0 0 0 0 2 0 0 2
K. oricornus 8 0 0 0 0 0 0 0 8
K. ancystrocera 3 7 0 2 0 29 0 0 41
K. kob 2 1 1 0 0 1 0 0 5
K. sigmoidalis 0 0 7 19 16 204 1 0 247
K. ellipsiprymnus 0 0 0 0 0 1 0 0 1
Menelikia lyrocera 0 1 0 2 20 101 6 1 131
M. leakeyi 0 11 1 0 0 0 0 0 12
REDUNCINI 63 74 30 56 69 684 14 3 993
Hippotragini sp. 0 1 0 1 0 2 0 0 4
Hippotragus gigas 0 1 0 0 0 0 0 0 1
Oryx 0 1 0 0 0 0 0 0 1
HIPPOTRAGINI 0 3 0 1 0 2 0 0 6
Aepyceros shungurae 48 94 56 91 141 461 2 0 893
AEPYCEROTINI 48 94 56 91 141 461 2 0 893
Alcelaphini sp. 5 4 6 9 25 47 1 0 97
Damalops 1 0 0 0 0 0 0 0 1
Parmularius sp. 0 1 0 0 0 2 0 0 3
P altidens 0 0 0 0 0 1 0 0 1
Megalotragus sp. 0 0 0 0 0 1 0 0 1
ALCELAPHINI 6 5 6 9 25 51 1 0 103
Antidorcas 0 1 0 0 1 1 0 0 3
A. recki 1 0 0 0 3 1 0 0 5
Gazella sp. Q 0 1 0 0 0 0 0 1
G. praethomsomi 0 0 0 0 1 2 0 0 3
Antilope subtorta 0 2 0 0 0 0 0 0 2
ANTILOPINI 1 3 1 0 5 4 0 0 14
Neotragini sp. 0 0 0 1 1 1 0 0 3
Raphicerus 0 0 0 1 0 1 0 0 2
NEOTRAGINI 0 0 0 2 1 2 0 0 5
OVIBOVINI 0 0 1 0 0 0 0 0 1
Bovidae sp. 105 228 70 135 149 482 13 1 1183
BOVIDAE (total) 276 658 245 424 492 2099 34 5 4233

represent geological strata (members) and
rows represent different taxa (species, genera,
and tribes). This data matrix can be studied
across columns and across rows. The column
categories are independent samples, but the
row categories are considered to be dependent
on one another, because the abundance, pres-
ence, or absence of any given taxon could the-

oretically influence similar parameters in oth-
er taxa (Ludwig and Reynolds 1988). In this
study the emphasis is first on the character-
istics of geological members (columns), and
then on the taxa (rows). Subsequently, the ap-
proach is multidimensional: with the use of
correspondence analysis columns and rows
are considered simultaneously.
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TaBLE 4. Shungura bovid taxa as a proportion of the total number of bovids per member. Taxa with abundance

<0.005 appear as 0.00.

Member

B C D E F G(L) G(U) H Total
Tragelaphini sp. 0.02 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Tragelaphus sp. 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
T. nakuae 0.08 0.25 0.25 0.25 0.08 0.10 0.00 0.00 0.14
cf. T. gaudryi 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T gaudryi 0.00 0.00 0.00 0.02 0.09 0.07 0.06 0.00 0.05
T. strepsiceros 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T. pricei 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TRAGELAPHINI 0.11 0.27 0.27 0.28 0.18 0.18 0.06 0.00 0.20
Bovini sp. 0.07 0.09 0.06 0.03 0.02 0.01 0.03 0.20 0.03
Syncerus sp. 0.01 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00
S. acoelotus 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pelorovis sp. 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
BOVINI 0.09 0.11 0.06 0.03 0.03 0.02 0.06 0.20 0.04
Reduncini sp. 0.18 0.08 0.09 0.08 0.07 0.16 0.21 0.40 0.13
Redunca sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kobus sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K. oricornus 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K. ancystrocera 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01
K. kob 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K. sigmoidalis 0.00 0.00 0.03 0.04 0.03 0.10 0.03 0.00 0.06
K. ellipsiprymnus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Menelikia Iyrocera 0.00 0.00 0.00 0.00 0.04 0.05 0.18 0.20 0.03
M. leakeyi 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
REDUNCINI 0.23 0.11 0.12 0.13 0.14 0.33 0.41 0.60 0.23
Hippotragini sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hippotragus gigas 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oryx 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HIPPOTRAGINI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aepyceros shungurae 0.17 0.14 0.23 0.21 0.29 0.22 0.06 0.00 0.21
AEPYCEROTINI 0.17 0.14 0.23 0.21 0.29 0.22 0.06 0.00 0.21
Alcelaphini sp. 0.02 0.01 0.02 0.02 0.05 0.02 0.03 0.00 0.02
Damalops 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Parmularius sp. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P altidens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Megalotragus sp. 0.00 0.00 0.00 0.00 0