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Taxonomy and paleoecology of the Pleistocene Equidae from
Makuyuni, Northern Tanzania
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Abstract

The Pleistocene equid material found at Makuyuni, Tanzania, is diverse. Despite the poor preservation of the
specimens, there is measurement data evidence that the site features at least two species of Equus and at least one
species of hipparionine horse (genus Eurygnathohippus). Taxonomic comparisons suggest a horse fauna similar to
that seen in the Daka Member of the Bouri Formation in Ethiopia. Mesowear and microwear as well as stable carbon
and oxygen isotopes analyses indicate that all Makuyuni equids fed predominantly on C, grasses, but that browse
was an important component of their diet as well; as evidenced by microwear, the diet must also have been rich in
grit. Eurygnathohippus is marked by an overall more abrasive paleodiet than Equus. There is evidence that the pu-
tative larger species of Equus preferred a diet similar to the hipparionine horses, whereas the smaller form of Equus
preferred shorter and possibly less coarse grasses. Serial carbon and oxygen isotope sampling reveals climate shifts.
Some of the isotope data indicates that the smaller species of Equus might have migrated.
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Zusammenfassung

Das Pleistozidne Equiden-Material von Makuyuni, Tansania, ist divers. Trotz des schlechten Erhaltungszu-
standes der Exemplare deuten Messdaten darauf hin, dass die Fundstelle mindestens zwei Spezies der Gattung
Equus und eine Hipparion-Spezies (Gattung Eurygnathohippus) aufweist. Taxonomische Vergleichsstudien legen
eine Pferde-Fauna nahe, die der Fauna der Daka-Subformation der Bouri-Formation in Athiopien #hnelt. Meso-
wear- und Microwear-Analysen sowie stabile Kohlenstoff- und Sauerstoff-Isotopen-Untersuchungen zeigen, dass
alle Equiden von Makuyuni sich vorwiegend von C,-Grisern ernihrten, aber dass Blattnahrung ebenfalls ein wich-
tiger Nahrungsbestandteil war. Die Untersuchung von Microwear deutet dariiber hinaus darauf hin, dass die Nah-
rung reich an Staub war. Eurygnathohippus bevorzugte Nahrung, die insgesamt abrasiver als die von Equus war.
Die groBere der beiden Equus-Spezies nahm vermutlich Nahrung zu sich, die der der hipparionen Pferde &hnelte,
wihrend die kleinere Equus-Spezies kiirzeres und moglicherweise weniger raues Gras bevorzugte. Serielle Koh-
lenstoff- und Sauerstoff-Isotopen-Beprobung zeigt saisonale Klimaverdnderungen an. Ein Teil der Isotopen-Un-
tersuchungsergebnisse ldsst aulerdem vermuten, dass die kleinere Equus-Spezies jahreszeitlich bedingt gewan-
dert seien mag.
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1. Introduction

The Plio-Pleistocene sedimentary rocks of the Lake
Manyara region within the southern Gregory Rift, North-
ern Tanzania, have been known for their fossil vertebrate
content since the early 20" century works of JAGER (1913),
REck (1921), and Reck & KoHL-LArson (1936). Louis and
MaRry Leakgy subsequently discovered Pleistocene sed-
iments at the western tributary of the Makuyuni River,
which were then investigated e.g. by Kent (KenT 1941;
1942). The Makuyuni River and its tributaries, which drain
part of the area east of Lake Manyara, progressively cut
into Pleistocene sedimentary rocks due to recent erosion.
Recent exploration of the Lake Manyara region undertak-
en by BROMAGE, SCHRENK, K AISER, and SEIFFERT resulted in
the discovery of new fossil localities and excavation work
in the area around the village of Makuyuni between 1993
and 1995 (Kaiser et al. 1995; Kaiser 1997, 2000; K AISER et
al. 2010). The exposed sedimentary rocks have been shown
to contain abundant vertebrate fossil remains at several
outcrops. The equid material described herein was collect-
ed at MK4, a rich fossil locality at the southwestern limit of
the village Makuyuni (Fig. 1). The locality is known for its
rare skeletal and dental remains of Lower Paleolithic hom-
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Fig. 1. Geographical overview of the southern Gregory Rift and
the Lake Manyara region, northern Tanzania. The asterisk indi-
cates the location of the MK4 locality at Makuyuni (modified af-
ter KAISER et al. 2005).
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inids as well as their stone artifacts. The Makuyuni mam-
malian fauna furthermore includes the families Suidae,
Hippopotamidae, Bovidae, Rhinocerotidae, Elephantidae,
and Equidae (Kaiser et al. 2005, 2010). The Makuyuni
equid fauna interestingly comprises both late hipparions
(genus Eurygnathohippus) and horses of the genus Equus,
likely constituting one of the later occurrences of hippari-
onine horses (cf. e. g. GILBERT & BERNOR 2008). Both gen-
era are represented by dental and postcranial material (cf.
Kaiser et al. 2010); however, only the dental material was
available for this study.

In this paper, we report on our taxonomic assessment
of the equid fauna from Makuyuni and provide morpho-
logical descriptions of representative teeth for each tooth
position; the problem of potential stratigraphic mixing as
well as the time interval the equid material from Maku-
yuni likely represents are discussed in a separate section
of this study. We furthermore analyzed paleodietary pref-
erences evident in the equid dental material by perform-
ing macroscopic facet development (mesowear) analy-
sis (ForTELIUS & SoLounias 2000) and low magnification
stereoscopic microwear analysis (SOLOUNIAS & SEMPREBON
2002). Additional paleodietary information and insight
into the paleoeocolgy at Makuyuni was gained by sam-
pling selected teeth for stable carbon and oxygen isotopes.

Abbreviation
HCRP Hominid Corridor Research Project
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2. Materials and methods
2.1. Material

The available equid material from Makuyuni consists of
91 teeth. The teeth are part of a surface collection at MK4
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except for one lower molar belonging to Eurygnathohip-
pus, which was found during excavation work at the site but
whose identity appears to have been lost. Since the remain-
der of the equid material has not been excavated in-situ, it
is not entirely certain to what extent the collected speci-
mens belong to the same stratigraphic horizon or whether
mixing of several levels has occurred (Kaiser et al. 2010;
s. below). 49 teeth belong to the genus Equus, 27 are hip-
parion teeth, and the affiliation of 15 teeth (mostly incisors)
could not be determined. We provisionally allocate 23 of
the Equus teeth to a smaller species; the remaining 26 teeth
likely represent a larger Equus species (Fig. 2).

Equidae indet.

Fig. 2. Relative proportion of equid dental specimens separat-
ed by genus. Equus ssp.: n = 49; Eurygnathohippus sp.: n = 27,
Equidae indet.: n = 15.

2.2. Morphological description
and taxonomic assessment

The dental measurements taken for this study follow
BERNOR et al. (1997) and BErNOrR & HaRrris (2003), the
measurement scheme of which is in part modified from
EiseNnmMaNN (1988). We prepared bivariate plots for select-
ed measurements for all available tooth positions and con-
trasted the Makuyuni data points with data presented by
GiLBERT & BERNOR (2008) for a comparable fauna of sim-
ilar age of Equus and Eurygnathohippus from the Daka
Member of the Bouri Formation in Ethiopia. Morphologi-
cal description follows the pattern established by BErRNOR
(e. g. BErRNOR et al. 1996; GILBERT & BERNOR 2008).

2.3. Terminology

We use the terms “hipparion” and “hipparionine” to
refer to tridactyl horses with isolated protocones in their
maxillary premolars and molars. We recognize the follow-
ing genera of hipparionine horses: Neohipparion, Nannip-
pus, and Pseudhipparion (New World), Cormohipparion
(New World; related Old World forms are termed “Cor-
mohipparion”), Hippotherium, Hipparion, Cremohippari-
on, “Sivalhippus”, Eurygnathohippus (= Stylohipparion),
Plesiohipparion, Proboscidipparion (Old World). These
genera are discussed in e. g. MACFADDEN (1984), BERNOR et
al. (1996), BERNOR & ARMOUR-CHELU (1999a, b), BERNOR et
al. (2003), BErNor et al. (2005), GiLBERT & BERNOR (2008),
and BERNOR & HAILE-SELASSIE (2009).

2.4. Mesowear analysis

Mesowear analyses are preferably based on sec-
ond maxillary molars, which are selected in order to fa-
cilitate comparisons with data from other studies (e. g.,
ForTELIUS & Sorounias 2000; SoLOUNIAS & SEMPREBON
2002). The limited nature and poor preservation of the
sample of Makuyuni equids, however, required extending
the method to additional tooth positions. The use of max-
illary fourth premolars to third molars has been tested and
is now considered valid (KAIser & Sorounias 2003). We
therefore followed the protocol developed by ForTELIUS &
Sorounias (2000) and extended to tooth positions P4 to
M3 following KAIser & SoLounias (2003).

Mesowear describes the relatively prolonged type of
dental wear that is presumed to be cumulative over an indi-
vidual animal’s lifetime. This type of analysis is based on
tooth facet development due to the relative amounts of at-
tritive (tooth-on-tooth) and abrasive (food-on-tooth) wear
imposed on dental enamel during mastication. Mesowear
is assessed by examining and categorizing the shape of the
buccal apex (paracone) of the respective maxillary tooth
cusps in adult individuals with normal occlusion of the M1
and the M2. The method utilizes two variables: buccal api-
cal shape of the paracone (characterized as either sharp,
rounded, or blunt) and occlusal relief or the distance be-
tween paracone and metacone cusp apices and inter-cusp
valleys (characterized as either high or low). Sharp apices
on cusps (and hence high relief) are found when attrition
dominates over abrasion (such as when relatively soft and
less abrasive food items are processed). The attritive sig-
nal is masked when abrasive food items are masticated. In
this latter case, relatively rounded or even blunt cusps are
observed and relief is lower. A hierarchical cluster analy-
sis was done to show similarities between fossil equid taxa
and extant ungulates of known diet.
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2.5. Microwear analysis

The microwear analysis was performed following the
procedure developed by SoLounias & SEMPREBON (2002),
which utilizes stereomicroscopy. Since only two teeth
of Eurygnathohippus and a few teeth of Equus were not
abraded, results are preliminary. The second enamel band
of the paracone (or metacone, if necessary) of all upper
molars or the protoconid of lower molars was examined.
We studied microwear features of dental enamel using
a light stereomicroscope and 35x magnification follow-
ing the cleansing, molding, casting, and examination re-
gime developed by SorLounias & SEMPREBON (2002). The
average number of pits (rounded features) versus average
number of scratches (elongated features) per taxon were
assessed within a 0.4 mm square area and results com-
pared to a database constructed from extant ungulate taxa
(SoLounias & SEMPREBON 2002) to determine the dietary
categories of browser versus grazer versus mixed feeder.
It was also noted whether more than four large pits were
present or absent per microscope field (within the 0.4 mm
square area) and whether gouges were present. Scratch
textures were qualitatively scored as being either predom-
inantly fine, predominantly coarse, or a mixture of fine
and coarse types of textures per tooth surface. Because of
the limited material available to us for microwear analy-
sis, results are discussed qualitatively. There is microwear
data for only one specimen allocated to the larger species
of Equus we recognize; we can therefore only make obser-
vations on the microwear of Equus on a more general lev-
el, considering it one taxon.

2.6. Stable isotope analysis

We sampled tooth enamel carbonate from four Eury-
gnathohippus and four Equus cheek teeth, all from dif-
ferent individuals. Two of the Equus specimens belong
to the large species discussed below, the other two to the
small taxon. For the two Equus individuals allocated to
the small species, we sampled the teeth serially down their
length from occlusal surface to root, for a length of 57 mm
in HCRP-FC638 and 50 mm in HCRP-FC783. Samples
of pure enamel were removed from teeth using a Drem-
el high-speed rotary tool with a diamond-impregnated
bit. All samples were approximately 0.5-0.7 mg, and they
were washed with 3 % hydrogen peroxide for 15 minutes
and rinsed, followed by 0.IM acetic acid for 15 minutes
and rinsed. Samples were then placed in individual boro-
silicate reaction vessels and reacted at 77 °C + 1°C with
four drops of anhydrous phosphoric acid for a total of 17
minutes in a Finnigan MAT Kiel IV preparation device
coupled directly to the inlet of a Finnigan MAT 253 triple
collector isotope ratio mass spectrometer. Precision and

PALAEODIVERSITY 3, 2010

MANYARA BEDS

28—
m

“upper
member

7

“lower
member”

meters above base

nephelinitic
.) conglomerate

0 —
volcanic sequence

E vertebrate fossils
tuff

oncolitic marl
E limestone, marl
conglomerate
sandstone
siltstone

mudstone
N/ diatomite

Fig. 3. Generalized stratigraphic column of the Manyara Beds.
The stratigraphic position of MK4 is indicated (modified after
RING et al. 2005).



WOLF ET AL., PLEISTOCENE EQUIDAE FROM TANZANIA 253

accuracy of data are monitored through daily analysis of a
variety of powdered carbonate standards with at least four
standards reacted and analyzed daily. Measured precision
is maintained at better than 0.1 %o for both carbon and ox-
ygen isotope compositions.

Isotopic ratios are presented in the per mil (%o) notation
d13C (or 10) = (R o/ Rpps—1) % 1000
where R and R, are the ratios BC/2C (or *O/*0O) in
the sample and standard respectively, and the isotope ref-
erence standard is PDB.

3. Sedimentology, taphonomy, and chrono- and
biostratigraphy of the Makuyuni vertebrate localities

The Pleistocene Manyara Beds, which are exposed in
the Makuyuni area and yielded the equid material here
discussed, were recently described by RinG et al. (2005; cf.
KaIser et al. 2010). The approximately 30 m thick succes-
sion of sediments constitutes the most fossiliferous Pleis-
tocene deposits in the Manyara Basin and consists of two
subunits, informally referred to as the “lower member”
and “upper member” (RING et al. 2005). The approximate-
ly 18 m-thick “lower member” features greenish-grey, rel-
atively fine-grained marginal lacustrine deposits which
overlie volcanic agglomerate. The 12—15 m-thick “upper
member” is chiefly composed of reddish-brown alluvial
deposits (Fig. 3). The Manyara Beds section lies non-con-
formably above the deeply weathered volcanic basement,
but the lower-upper “member” contact is considered con-
formable. During the Pleistocene high stand the eastern
lake margin was more than 20 km east and 100 m higher
than at present, which explains that the lower-upper “mem-
ber” contact can be seen at Makuyuni Village, where it is
well-exposed (Fig. 4; cf. Ka1ser et al. 2010). The transition

‘ljpper Member

Lower Member

from “lower member” lacustrine to “upper member” al-
luvial deposition in the Makuyuni Beds represents a lake
margin regression that may reflect one or more process-
es, including a southward shift in rift faulting (RiNG et al.
2005), aridification or an increased rate of volcaniclastic
deposition on the eastern edge of the Manyara Basin.

Tuffs and tuffaceous/pumaceous strata are common
in the Manyara Beds section, but of approximately fifteen
volcaniclastic samples collected in 2008 only one con-
tains volcanic feldspar grains large enough to provide a
reliable radiometric date. *Ar-*°Ar analysis of that sam-
ple is currently underway at the Berkeley Geochronolo-
gy Center, and results are pending. The most likely source
of volcaniclastics in the Manyara Beds is Essimingor Vol-
cano, located approximately 18 km north of Makuyuni. It
is dominantly a pyroclastic volcano, and arguably the old-
est volcanic center in northern Tanzania (Dawson 2008).
However, stratigraphic and petrographic analysis shows
that most tuffaceous units in the Manyara Beds are stream
deposits, suggesting that Essimingor eruptions delivered
little or no volcanic ash to the Makuyuni region as airfall
during the Pleistocene (cf. KaIser et al. 2010. Despite the
presence of multiple tuffs in the section, stratigraphic cor-
relation across the region of exposure of the Manyara Beds
is challenging, as both fluvial channels and islands of crys-
talline basement rock punctuated the Pleistocene lake mar-
gin and disrupted depositional environments in this area.

Evaluating the faunal assemblage of 12 fossil sites
of the “lower member” of the Manyara Beds, RING et al.
(2005) conclude that these deposits most likely correspond
to the upper Bed II and the lower Bed III at Olduvai. RiNG
et al. (2005) likewise suggest that the “upper member” of
the Manyara Beds correlate with Olduvai Bed III based on
their study of nine fossil sites. We also believe that they
are correlative with the Daka deposits, Ethiopia (GILBERT
& BERNOR 2008).

Fig. 4. The Manyara Beds southwest of Makuyuni Village. The dashed line traces the contact between the lower and upper “mem-

bers” of the section.
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The MK4 locality occurs in the upper part of the lower
Manyara Beds “member”, approximately four meters be-
low the lower-upper “member” contact (Fig. 4; cf. KAISER
et al. 2010). The main fossiliferous horizon is a one meter-
thick moderately well cemented tuffaceous sandstone with
ubiquitous root mottles, burrows and carbonate nodules. It
grades from coarse grained and orange-colored at its base
to medium grained and greenish-grey at its top. Iron ox-
ide staining is common throughout. A grey, concretionary
fossiliferous sandstone forms the base of the excavated ho-
rizon. The sandy MK4 horizon is underlain and overlain
by bioturbated mudstones (Fig. 4). This upper portion of
the “lower member” represents sandy shoreline and mar-
ginal mudflat facies.

In general, the fossil and artifact assemblages in the
Manyara Beds show evidence of time-averaging, particu-

Fig.5. Photo of the lower portion of a trench (GT-9), located
south of and two to three meters below the MK4 locality. The
dashed line traces the irregular contact of a probable footprint
horizon. Similar irregular horizons occur at several stratigraph-
ic levels in the vicinity of MK4. Jacobs staff with ten centimeter
increments for scale.

Fig. 6. A recently-formed lag assemblage of bones and artifacts
in an active gully on the edge of the MK4 locality. — Coin in up-
per right is 3 cm in diameter.

larly in the “upper member”, in which assemblages have
high MNI (minimum number of individuals), low taxo-
nomic resolution, abundant rounded/polished skeletal ele-
ments, and bones with variable degrees of surface weath-
ering. At the MK4 stratigraphic level, low sedimentation
rates are implied by the predominance of fine-grained, in-
tensively bioturbated deposits. These strata likely repre-
sent condensed horizons on which objects collected over
numbers of years. Probable vertebrate footprint horizons
at several stratigraphic levels below and above MK4 (Fig.
5) suggest that trampling was a dominant surface tapho-
nomic process on such horizons during late “lower mem-
ber” time. As the MK4 locality is located on a deflation-
ary surface circumscribed and incised by active gullies, it
is clear that recent erosion has also contributed to mixing
and concentration of remains at the site, potentially from
the upper four meters of the “lower member” and the basal
portion of the “upper member” (Fig. 6).

4. Makuyuni equid taxonomy

The distinction between the genera Equus and Eury-
gnathohippus, respectively, in the Makuyuni equid cheek



WOLF ET AL., PLEISTOCENE EQUIDAE FROM TANZANIA

teeth sample is largely unambiguous. Only a number of
specimens, which are too fragmentary, could not be allo-
cated to either genus. Equus cheek teeth differ from hippa-
rionine specimens by having a protocone that is connected
to the protoloph, whereas the protocone is isolated in hip-
parion specimens. Makuyuni hipparions are furthermore
characterized by the presence of ectostylids in their per-
manent mandibular dentition, as is typical for late Afri-
can hipparions (cf. e. g. BERNOR & ARMOUR-CHELU 1999a,
b). The identification at genus level for the incisors was in
many cases not possible. We currently recognize two spe-
cies of Equus at Makuyuni (see the taxonomic remarks
below). A complete list of the specimens reflecting our
current understanding of their taxonomy and the measure-
ments taken can be found in the Appendix.

4.1. Equus sp.
4.1.1. Equus sp. large species

P2 — There is only one obvious (and possibly a sec-
ond, fragmentary) P2 in this sample that can be allocat-
ed to the large species of Equus. HCRP-FC805 (Fig. 7)
is a right P2 with a mesostyle height of 44.0 mm and in
a middle stage-of-wear. The morphology of P2 is as fol-
lows: the parastyle is elongate and rounded; the occlusal
surface of the mesostyle is square in its outline; the pro-
tocone is rounded with a strong, broad connection to the
protoloph; there is a small, circular enamel ring mesial to
the prefossette; the prefossette mesial wall is very simple
in its plication amplitude while the distal wall is moderate-
ly complex with very short, fine plis; the postfossette me-
sial wall is the most complex of all fossette borders, while
the postfossette distal wall has only a single pli; the hy-
poglyph is very shallowly incised; there is a short, sim-
ple pli caballin.

P3 —HCRP-FC553 (Fig. 8) is the only P3 we allocate to
the large species of Equus at Makuyuni. It is a right P3 not
preserved in its full height and with a square occlusal sur-
face. Morphological features are: a partially broken meso-
style that is labially expanded and rounded; the protocone
is triangular and slightly lingually indented, the connec-
tion with the protoloph labially being moderately broad
but short; the mesial and distal walls of pre- and postfos-
sette are simple, the mesial wall of the postfossette being
most complex with two short plis; the hypoglyph is shal-
lowly incised and V-shaped.

P4 — HCRP-FC526 (Fig. 9) is a left P4 with a meso-
style height of 69.5 mm and still in an early stage-of-wear.
The morphology of this unusually rectangular P4 is: the
occlusal portion of the mesostyle is broken; the proto-
cone is preserved only occlusally; it is a flattened, trian-
gular shape in its early wear, and is not complete further
down the crown’s length; the protocone has a weak, labial-
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ly directed connection to the protoloph; the prefossette has
moderate, short and fine plications of the mesial and distal
walls; the postfossette has simpler plications of both the
mesial and distal walls; the hypoglyph is deeply incised;
there is a moderately developed pli caballin.

There is another P4, HCRP-FC550, which is more typ-
ically square in occlusal outline than HCRP-FC526, but
rather poorly preserved.

M1 — HCRP-FC810 (Fig. 10) is one of five Mls. The
morphology of this left molar with emergent occlusal de-
tails and a mesostyle height of 74.3 mm is: overall, the
tooth has a “blocky” square appearance and is labio-lin-
gually deep; in occlusal outline the mesostyle has a narrow,
rounded appearance; the protocone is poorly preserved but
has a triangular outline and has a very narrow connection
to the protoloph; the prefossette mesial border is simple
with one or two poorly preserved plis while the distal bor-
der is complex with several short, thin plis; the postfossette
mesial border has one large pli and a number of short plis
while the distal border is simple; the hypoglyph is shallow-
ly incised; there is a well-developed pli caballin.

M2 — We have identified no M2s of this taxon in our
sample.

M3 —There are three maxillary third molars in the sam-
ple, HCRP-FC809 being the best preserved one (Fig. 11).
It is a right specimen with a mesostyle height of 40.7 mm.
Morphological characteristics are: the mesostyle is rela-
tively broad, U-shaped, and slightly angular; the proto-
cone is oblong and somewhat flattened and shows a wavy
outline; it is connected to the protoloph via a narrow stalk;
the borders of pre- and postfossette are simple except for
the distal border of the prefossette, which shows a number
of short plis; the hypoglyph is relatively deeply incised, U-
shaped, and bent lingually.

p2 — HCRP-FC851 (Fig. 12) is a right p2 with an anter-
ostylid height of ca. 24 mm. This specimen has the follow-
ing characteristics: a pointed anterostylid; the preflexid is
very small, mesiodistally short and has no plis; the post-
flexid is elongate with a “wavy” labial margin; the meta-
conid is small and rounded; the metastylid is large and ob-
long; the linguaflexid has a small V-shape; the ectoflexid
likewise has a small V-shape.

p3 — We have identified no p3s of this taxon in our
sample.

p4 — There are five p4s in the sample, the best pre-
served one being HCRP-FC821 (Fig. 13). This right spec-
imen has a crown height of 62.1 mm. Further character-
istics are: the preflexid is relatively long and has simple
margins with a characteristic, but short mesio-labial pro-
jection; the postflexid is elongate with its mesial portion
being somewhat wavy and arched lingually; metaconid
and metastylid are both broken occlusally, but one can
see that the former is oval while the latter is smaller and
more rounded; the linguaflexid is shallow and has a broad
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Figs. 7-15. Maxillary and mandibular cheek teeth allocated to the large species of Makuyuni Equus. — Maxillary teeth (Figs. 7-11):
a = labial/buccal view; b = occlusal view. Fig. 7. HCRP-FC805, right P2*. Fig. 8. HCRP-FC553. right P3*. Fig. 9. HCRP-FC526, left
P4. Fig. 10. HCRP-FC810, left MI1. Fig. 11. HCRP-FC809, right M3*. — Mandibular teeth (Figs. 12—15): a = occlusal view; b = labi-
al/buccal view. Fig. 12. HCRP-FC851, right p2*. Fig. 13. HCRP-FC821, right p4*. Fig. 14. HCRP-FC862, right m2*. Fig. 15. HCRP-
FC819, right m3*. — Left is mesial. Right specimens are mirrored (marked * above).

V-shape; the ectoflexid is deep, labially broad, but, at its

tip, narrow U-shaped; there is a small pli caballinid.
HCRP-FC551 is another p4 that, given its width, may

belong to the large species of Equus in this sample. The

tooth is unusually short, though, which results in a rather

square occlusal shape. It is possible that this tooth repre-

sents a further species of Equus in the Makuyuni sample.
ml — There is no m1 in this sample.

m2 — Of the three m2s in the sample, HCRP-FC862
is the best preserved (Fig. 14). The crown height of this
right tooth is 66.4 mm. Morphological characteristics are:
the preflexid is narrow and moderately long; it shows the
characteristic mesio-labial projection which here is very
narrow and pointed; the postflexid is comparatively short
and parallel to the lingual tooth border; the metaconid is
only moderate in size and round; the metastylid is slightly
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smaller and more angular; the linguaflexid is broad, mod-
erately deep, and angular-U-shaped; the ectoflexid is deep,
narrow and U-shaped and touches the linguaflexid.

m3 — All four Equus m3s from Makuyuni likely be-
long to the larger species present. HCRP-FC819 (Fig. 15)
is a well-preserved right specimen with a crown height
of 61.5 mm. Its morphological features are: a moderately
long preflexid with a distinct, triangular mesio-labial pro-
jection; the postflexid is short; the metaconid is slightly
oblong and rounded; the metastylid is smaller and trian-
gular in shape; the linguaflexid is broad, moderately deep,
and U-shaped; the ectoflexid is constantly broad and U-
shaped and touches the linguaflexid.

4.1.2. Equus sp. small species

P2 — There are no P2s that unambigously belong to
this taxon.

P3 — We recognize four maxillary third premolars that
are intermediate in size but can most likely be allocated
to the smaller species of Equus due to their lesser width
than seen in HCRP-FC553. One of the better preserved
teeth is HCRP-FC785 (Fig. 16). This left specimen has a
mesostyle height of 70.6 mm and is in early wear. Its oth-
er features are: the mesostyle is moderately broad but nar-
rowing labially and somewhat angular in occlusal view;
the protocone is indented lingually and therefore slightly
bean-shaped; it has a narrow, distally bent connection to
the protoloph; the mesial and distal walls of the pre- and
postfossettes are somewhat wavy but otherwise simple
with only one clear pli each; the hypoglyph is moderately
incised and has a wavy appearance; there is a well-devel-
oped pli caballin.

One tooth, HCRP-FC807 is somewhat less wide and
thus flatter, and more rectangular in occlusal outline than
the other specimens.

P4 — There is only one, right P4 in the sample (Fig. 17).
This specimen, HCRP-FC716, is remarkably small com-
pared to the P3s described above and has a square occlu-
sal surface. The mesostyle height is 46.0 mm; further mor-
phological features are: the mesostyle is labially broken
but lingually broad; the protocone is moderately long and
slightly concave lingually; it is connected to the protolo-
ph by a short, moderately broad stalk; the mesial wall of
the prefossette and the distal wall of the postfossette are
simple, whereas the distal wall of the pre- and the me-
sial wall of the postfossette are wavy with ca. five short
plis each; the hypoglyph is moderately incised and nar-
row and pointed.

M1 - Of the three M1s of this species, the right spec-
imen HCRP-FC664 (Fig. 18) is quite square in occlusal
view and has a mesostyle height of 60.0 mm. Further mor-
phological features are: the mesostyle in occlusal view is

moderately broad and rounded; the protocone is oblong
and slightly bean-shaped; its connection to the protoloph
is constricted; the mesial wall of the prefossette has a sin-
gle pli; the distal wall of the prefossette is the most com-
plex one with a number of moderately deep plis; the mesial
wall of the postfossette shows fewer but still moderate-
ly long plis, whereas the distal wall of the postfossette is
simple; the hypoglyph is narrow and pointed, bent towards
lingual, and moderately deep.

M2 — There are no maxillary second molars allocated
to this taxon in the sample.

M3 — There are six M3s of this species at Makuyu-
ni, the right specimen HCRP-FC606b (Fig. 19) being the
smallest one and reasonably preserved at the occlusal sur-
face; the mesostyle height cannot be given, however. Mor-
phological features are: a narrow and V-shaped mesostyle
pointing labially; the protocone is flat, oblong, and some-
what curved; its connection to the protoloph is very nar-
row and extends distally towards labial; the borders of pre-
and postfossette are simple, and only the distal border of
the prefossette and the mesial wall of the postfossette ex-
hibit a single short pli; the hypoglyph is broad, angular,
and moderately deep and bends far lingually.

p2; p3 — We recognize no p2s or p3s of this taxon in
the sample.

p4 — Only one of the teeth, HCRP-FC789 (Fig. 20),
might belong to the smaller species of Equus in the Maku-
yuni sample. This right specimen is poorly preserved,
however, so that the allocation remains questionable. Full
crown height cannot be given. Morphological features
are: the preflexid is fragmentary mesially but appears to
be moderately large, its mesio-labial projection being nar-
row and distinct; the postflexid is moderately elongate and
slightly bent lingually; metaconid and metastylid are bro-
ken but appear well rounded; the linguaflexid is moderate-
ly deep and V-shaped; the ectoflexid does not separate pre-
and postflexid and is narrow U-shaped at its tip; there is a
simple pli caballinid.

m1 — There are four m1s that we allocate to this species;
the best preserved specimen being the right tooth, HCRP-
FC561 (Fig. 21), which has a crown height of 59.5 mm. Its
morphological features are: the preflexid is moderately
long with a short but broad, labially extending projection;
the postflexid is only slightly longer and extends paral-
lel to the lingual border of the occlusal surface; the meta-
conid is rounded but somewhat oblong; the metastylid is
smaller and more angular; the linguaflexid is broad and
shallow V-shaped; the ectoflexid is deep, separating meta-
stylid and metaconid by touching the linguafiexid; there is
a small pli caballinid.

m2 — HCRP-FC578 (Fig. 22) is one of three mandib-
ular second molars. Its crown height measures 39.0 mm.
Morphological characteristics of this left m2 are: a rela-
tively small preflexid with a weak mesio-labial projection;
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Figs. 16—22. Maxillary and mandibular cheek teeth allocated to the small species of Makuyuni Equus. — Maxillary teeth (Figs. 16—
19): a = labial/buccal view; b = occlusal view. Fig. 16. HCRP-FC785, left P3. Fig. 17. HCRP-FC716, right P4*. Fig. 18. HCRP-FC664,
right M1*. Fig. 19. HCRP-FC606D, right M3*. — Mandibular teeth (Figs. 20-22): a = occlusal view; b = labial/buccal view. Fig. 20.
HCRP-FC789, right p4*. Fig. 21. HCRP-FC561, right m1*. Fig. 22. HCRP-FC578, left m2. — Left is mesial. Right specimens are mir-
rored (marked * above).

an even shorter postflexid; the metaconid is relatively
large, rounded, but slightly triangular in shape; the meta-
stylid is small and rectangular; the linguaflexid is shal-
low and V-shaped; the ectoflexid is deep and narrow U-
shaped, slightly pointing mesiolingually towards lingual
and contacting the linguaflexid; there is a wavy outline in-
dicating a pli caballinid.

m3 — There are no mandibular third molars in the sample.

4.1.3. Taxonomic remarks

The size dimensions of the teeth allocated to Equus ex-
ceed for many of the available tooth positions the range that
is to be expected for a single species, given that intraspe-
cific size variation for cheek teeth in equids is known to
be negligible (BErRNOR et al. 1997). This is particularly ev-
ident in the Equus M3s (Fig. 23c), for which differences in
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Fig.23. Selected bivariate plots of width/length measurements of maxillary and mandibular cheek teeth of Makuyuni Equus. —
a. Maxillary P4s. b. Maxillary Mls. ¢. Maxillary M3s. d. Mandibular m2s. — Black triangles = Makuyuni; black triangles with as-
terisk = approximate measurement; grey squares = Daka Member of the Bouri Formation; m1 = length at occlusal level; m3 = width
at occlusal level, taken across mesostyle-protocone; m8 = width of tooth across plane of metaconid and enamel band labial to proto-

conid. Measurements in mm.

length of more than 9 mm were observed (between HCRP-
FC811 and HCRP-FC606b), the P4s (Fig. 23a), and the m2s
(Fig. 23d), as can be seen in bivariate plots for width/length
measurements. It is therefore highly likely that, judged by
size differences alone, a minimum of two species of Equus
are represented in the material from Makuyuni. The def-
inition of the individual taxa based on the limited dental
material available alone is challenging and has to be seen
as preliminary at this point, as is the assumption that all
taxa occurred sympatrically at the same stratigraphic lev-
el. The sample size for each available tooth position is sta-
tistically insufficient to circumscribe and validate individ-
ual taxa using standard statistical analyses/tests; however,
our bivariate width/length plots yielded two distinct clus-
ters for the maxillary cheek teeth, especially for M1 (Fig.
23b) and M3 (Fig. 23c). We used this information to help
us to distinguish between provisional species where pos-
sible. Consistent morphological differences suitable to aid
in this process were usually not observed. However, it ap-
pears that maxillary P3s show a more rectangular mor-
phology in the smaller taxon, and a more square one in the
large species. It was also observed that pli caballins are
less well developed in maxillary cheek teeth of the small-
er taxon. Our description of representative cheek teeth for

each species was undertaken using well preserved speci-
mens close to the extremes in size, i. e. the smallest speci-
mens for the smaller species and vice versa.

There are also a number of rare teeth showing a morphol-
ogy dissimilar to the rest of the sample; we have preliminar-
ily allocated these teeth to one of the two species of Equus
present at Makuyuni, but recognize the possibility that these
specimens represent uncommon additional taxa. The re-
spective specimens (HCRP-FC807, a P3 here allocated to the
smaller species, and HCRP-FC551, a p4 preliminarily allo-
cated to the larger species) are described in our section on the
morphology of Makuyuni Equus cheek teeth above.

We compared the occlusal length/width measurements
of Makuyuni equids with those reported for horse teeth
from geographically and stratigraphically comparable
Pleistocene localities in the Daka Member of the Bouri
Formation in Ethiopia. Like Makuyuni, the Daka Mem-
ber features both Equus and late hipparionine horses in its
fossil record (GILBERT & BErNOR 2008), but in contrast to
Makuyuni, the Daka Member specimens are better pre-
served and also include postcranial skeletal material.

The distribution of plotted points for occlusal width/
length measurements of Equus (collectively described as
Equus sp.) from the Daka Member is similar to that of the
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Equus material from Makuyuni (Fig. 7 a—d). The Daka
data points usually occur within the whole range known
from Makuyuni, but most often cluster with the larger
Makuyuni Equus teeth and frequently reach even high-
er size dimensions than known from the largest Makuyu-
ni teeth; it is possible that the Daka Member features more
than one species of Equus as well. Judged by dental ma-
terial alone, the Equus faunas of both sites may be close-
ly related given their overall similarity in size and compa-
rable stratigraphic age and geographical closeness, but if
so, the larger species seen at Makuyuni might have been
more abundant in the Daka Member of the Bouri Forma-
tion than the smaller one.

The Makuyuni Equus material is representative of an
important but insufficiently understood phase of African
Equus evolution and distribution. Like the material from
the Daka Member of the Bouri Formation, the Makuyu-
ni sample is close in age to the first appearances of ass-
es (Olduvai Bed II; CHURCHER 1982) and zebras (0.7 Ma;
EiseNmMaNN & Bayrac 2000). We believe that the larger
Makuyuni specimens might be referable to Equus oldo-
wayensis, while the smaller ones may represent an early
representative of a modern African Equus lineage; it has
to be considered, however, that these species might not
have occurred sympatrically. GILBERT & BERNOR (2008) ar-
gue that the Daka Member Equus (believed to be a single
species) constitutes a horse at the base of the African ze-
bra radiation and might be more closely related to Equus
grevyi and E. burchelli than to E. zebra or E. quagga
mainly based on observations on astragalus and metacar-
pal III dimensions. In consideration of our observations
at Makuyuni, this might only apply to the smaller dental
specimens from the Daka Member.

4.2. Eurygnathohippus sp.

P2 — The only hipparion maxillary second premo-
lar, HCRP-FC554 (Fig. 24) is a worn right specimen with
a mesostyle height of 20.2 mm. The tooth is poorly pre-
served; morphological features are: the parastyle is bro-
ken; the mesostyle is broad and angular labially; the iso-
lated protocone is oblong and slightly bean-shaped; the
mesial wall of the prefossette is moderately complex; the
distal wall of the pre- and the mesial wall of the postfos-
sette are similarly complex with a number of short plis;
the distal wall of the postfossette is simple with apparently
only a single pli; the hypoglyph is poorly preserved; there
is a single, moderately long pli caballin.

P3 — There is no P3 in the sample.

P4 — HCRP-FC559 (Fig. 25) is the best preserved one
of three maxillary fourth premolars. The right specimen is
rather worn and has a mesostyle height of 33.4 mm. Mor-
phological features are: the mesostyle is narrow, projects
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far labially, and is angular U-shaped; the protocone is iso-
lated, relatively flat, and oblong; the walls of pre- and post-
fossette are complex in their plication pattern, which is
most evident at the distal wall of the prefossette with its
numerous rather long plis; the hypoglyph is moderately
deep incised and straight V-shaped; there are three well-
developed pli caballins.

M1 — There are two Mls; HCRP-FC528 (Fig. 26), a
left specimen, is described here. The tooth has a meso-
style height of 46.4 mm. Further characteristics are: the
mesostyle is narrow with a slightly angular U-shaped la-
bial aspect; the isolated protocone is short and flattened
to indented lingually; the mesial wall of the prefossette
is moderately complex; the distal wall of the pre- and the
mesial wall of the postfossette are more complex, both
having a number of plis which are much longer and better
developed at the mesial wall of the postfossette, however;
the distal wall of the postfossette is rather simple with only
a single, long obvious pli; the hypoglyph is very shallowly
incised; there is a single long pli caballin.

M2 — There are no hipparion M2s in the sample.

M3 — There are six maxillary third molars of Eury-
gnathohippus. HCRP-FC812 (Fig. 27) is a left specimen
with a mesostyle height of 32.5 mm. Its characteristics are:
the mesostyle is rather narrow, rounded and curves to-
wards mesial labially; the isolated protocone is oblong and
somewhat triangular; the borders of pre- and postfossettes
are simple with only one or two plis except for the distal
border of the prefossette which is more complex; the hy-
poglyph is moderately deeply incised, narrow distally, but
widened mesially, and it almost encircles the hypocone;
there is a long pli caballin.

p2; p3 — These positions are not represented in the
sample.

p4 — Of the four mandibular fourth premolars the left
specimen, HCRP-FC858 (Fig. 28) is relatively well pre-
served. Its crown height is 56.1 mm. Morphological fea-
tures are: the preflexid is moderately long with a slightly
wavy mesial aspect and a weakly developed mesio-labi-
al projection; the postflexid is oblong and narrow and ex-
tends parallel to the lingual border of the occlusal surface;
metaconid and metastylid are narrow towards the isthmus,
have angular outlines, and bend sharply lingually; the lin-
guaflexid is moderately deep, quite broad, and U-shaped;
the ectoflexid is shallow and V-shaped; there is a weakly
developed pli caballinid; the ectostylid is diamond-shaped
in occlusal outline and located far labially on the crown.

ml — The three unambiguous hipparion mls display
the greatest variability in size apparent in the sample from
Makuyuni and might, despite broad morphological similar-
ities, represent two different species of FEurygnathohippus.
HCRP-FC619 (Fig. 29) is a large, right specimen in good
preservation with a crown height of 53.6 mm. Morphologi-
cal features are: the preflexid is quite long and concave la-
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Figs.24-31. Maxillary and mandibular cheek teeth allocated to Makuyuni Eurygnathohippus. — Maxillary teeth (Figs. 23-26):
a = labial/buccal view; b = occlusal view. Fig. 24. HCRP-FC554, right P2*. Fig. 25. HCRP-FC559, right P4*. Fig.26. HCRP-FC528,
left M1. Fig. 27. HCRP-FC812, left M3. — Mandibular teeth (Figs. 27-30): a = occlusal view; b = labial/buccal view. Fig.28. HCRP-
FC858, left p4. Fig. 29. HCRP-FC619, right m1*. Fig.30. HCRP-FC814, right m2*. Fig.31. HCRP-FC620, left m3. — Left is mesial.

Right specimens are mirrored (marked * above).

bially, its mesio-labial projection not being well developed;
the postflexid is somewhat wavy and moderately long and
extends parallel to the lingual border; metaconid and meta-
stylid are irregular and angular in outline, the metaconid
being slightly larger than the metastylid; their broader ter-
minal portions turn markedly lingually; the linguaflexid is
broad and U-shaped and rather deep; the ectoflexid is too
shallow to separate pre- and postflexid, narrow to moderate-
ly broad, and U-shaped; there is one moderately developed
pli caballinid; the ectostylid is large and ovate shaped.

m2 — Of the two Eurygnathohippus m2s, HCRP-
FC814 (Fig. 30), although being damaged, exhibits the oc-
clusal characteristics best. It is a right specimen for which

the crown height cannot be given. Its preflexid and post-
flexid are moderately long; the mesio-labial projection on
the preflexid is inconspicuous; the postflexid is parallel to
the lingual border; metaconid and metastylid are about
the same size and triangular in shape, the metastylid be-
ing somewhat more oblong and pointed lingually; the lin-
guaflexid is very broad and U-shaped; the ectoflexid is
rounded but rather V-shaped and deep but does not entire-
ly reach the linguaflexid; the specimen shows a moderate-
ly developed pli caballinid; the ectostylid is moderately
large and diamond-shaped.

m3 — There are four mandibular third molars. HCRP-
FC620 (Fig. 31) is a moderately well preserved left speci-
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Tab. 1. Paleodietary variables for Makuyuni equid teeth. Abbreviations: N = number of specimens; Sharp = % of specimens per tax-
on with sharp cusp apices; Round = % of specimens per taxon with round cusp apices; Blunt = % of specimens per taxon with blunt
cusp apices; High Relief = % of specimens per taxon with high relief; P = average number of pits per taxon; S = average number
of scratches per taxon; LP = percentage of specimens with large pits per taxon; %F = percentage of specimens per taxon with fine
scratches; %C = percentage of specimens per taxon with coarse scratches; %M = percentage of specimens per taxon with mixed
scratches (fine and coarse); %G = percentage of individuals per taxon with gouges present.

Mesowear Microwear
Taxon N Sharp Round  Blunt ;Ieiﬁl‘f N P S %LP %F %C %M %G
Eurygnathohippus sp. 8 0 37.5 62.5 125 | 2 4425 1725 50 0 100 0 0
Equus — large species 7 14.29 42.86 42.86 0 1 54 13.5 100 0 100 0 0
Equus — small species | 9 0 7778 22.22 111 | 4 5225 15.25 75 0 100 0 0

men with a crown height of 30.8 mm. Its features are: the
preflexid is short; the postflexid is long and narrow; met-
aconid and metastylid are moderately large, the metaco-
nid is triangular in shape and the metastylid is squarer;
the linguaflexid is deep, broad, and angular U-shaped; the
ectoflexid is very deep and has a broad contact with the
linguaflexid; the ectostylid is oblong and extends distal-
ly towards labial.

4.2.1. Taxonomic remarks

The Eurygnathohippus material is more homogeneous
in size and morphology than observed for the specimens
of Equus. Even though there is a conspicuous variation in
size for some of the tooth positions (particularly the mls;
Fig. 32a), we consider this observed variability to still be
within the possible range of intraspecific variation. Since
no obvious statistical clustering is evident in any of the bi-
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variate length/width plots we prepared (e. g. for M3s; Fig.
32b), we therefore refrain from recognizing more than one
species of Eurygnathohippus.

The Daka Member sample of Eurygnathohippus cf.
cornelianus (GILBERT & BERNOR 2008) has width/length
measurements similar to those observed for the Maku-
yuni sample (Fig. 32a, b). In consideration of the close
chronological correlation and geographic proximity of the
Ethiopian site and the comparable morphology and meas-
urements, we believe that the Makuyuni hipparionine ma-
terial is best referable to Eu. cf. cornelianus.

The assumption of sympatrical cooccurrence of Equus
and Eurygnathohippus must remain preliminary for the
reasons stated above. The in-situ discovery of a single
tooth of Eurygnathohippus in the Manyara Beds sedi-
ments at MK4 as reported by KAIser et al. (2010), howev-
er, shows the presence of the hipparionine horses in upper
“lower member” time.
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Fig. 32. Selected bivariate plots of width/length measurements of maxillary and mandibular cheek teeth of Makuyuni Eurygnatho-
hippus. — a. Mandibular mls. b. Maxillary M3s. — Black triangles = Makuyuni; grey squares = Daka Member of the Bouri Forma-
tion; m1 = length at occlusal level; m3 = width at occlusal level, taken across mesostyle-protocone; m8 = width of tooth across plane
of metaconid and enamel band labial to protoconid; black triangle with asterisk = approximate measurement; black triangle with
cross = tooth position not certain. Measurement in mm.
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Fig.33. Cluster analysis comparing mesowear scores for the Makuyuni equids with data of extant ungulates with known diet. —
a. Makuyuni Equus treated as a single taxon. b. Makuyuni Equus grouped into a large species (sp. 1) and a small species (sp. 2).
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5. Paleodietary and paleoecological assessment
5.1. Mesowear analyses

Results of the mesowear analysis show that both of
the Makuyuni fossil equid taxa apparently had a relative-
ly high abrasion diet as evidenced by the high percentages
of rounded and blunt cusp tips as well as low occlusal re-
lief (Tab. 1). Eurygnathohippus generally displays coars-
er mesowear (blunter cusps) than the Equus species. When
fossil taxa are included in a cluster analysis using extant
ungulates of known diets (i.e., “typical” recent species
from ForTELIUS & Sorounias 2000), both Makuyuni equid
genera cluster with extant grazers (Fig. 33a). Viewed con-
servatively as only one taxon, Equus on the whole clus-
ters with extant grazers feeding on short grasses, Cerato-
therium simum and Damaliscus lunatus. When the data for
Equus is split into two groups (a large and a small species,
Fig. 33b), the larger species clusters close to Eurygnatho-
hippus within a group of extant grazers that are specialized
for feeding on coarse grass (Bison bison as well as Equus
grevyi and E. burchelli, the latter feeding on rough high-
er grasses). The small Equus species clusters with grazers
adapted to feeding on short coarse grasses (Ceratotherium
simum, which uses its flat wide mouth and prehensile lips
to crop shorter coarse grasses; Damaliscus lunatus, which
feeds on less coarse lower grasses). This suggests that the
putative larger species of Equus preferred a dietary niche
similar to the hipparions at Makuyuni.

5.2. Microwear analysis
Microwear features (e. g., pits and scratches) observed

on the occlusal surfaces of enamel are the result of single
occlusal events, and thus reflect diets over a much short-

Extant Leaf Browsing Key
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A
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g 40 Eurygglathohlp pus Extant Grazing
e Morphospace
==
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s O 1 1 1
0 20 30 40

Average Scratches

Fig. 34. Scratch/pit microwear plots of Makuyuni equids in com-
parison to grazing and browsing morphospaces of extant ungu-
lates with known diets. Equus is given as one taxon in consider-
ation of the low number of available samples.
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er duration than revealed by mesowear analysis, perhaps
days or even hours before the death of the animal.

The available specimens are variable in their micro-
wear, but mostly plot in between the extant grazing and
browsing scratch/pit morphospaces or in the marginal area
of the browsing morphospace. On average, the data points
fall into a zone generally occupied by modern mixed feed-
ing taxa that both browse and graze either seasonally or
regionally; this pattern is similar for both equid genera at
Makuyuni (Fig. 34, cf. Tab. 1). However, high numbers of
pits are seen in both Equus and Eurygnathohippus relative
to extant mixed feeders as well as grazers and most extant
browsers with the exception of those consuming “dirty”
browse (i. e., camels). This pattern is most likely indicative
of grit encroachment on enamel surfaces.

5.3. Carbon and oxygen isotopes analyses

Carbon and oxygen isotopes are informative for re-
constructing paleodiets and paleohabitats. Carbon iso-
topes distinguish between diets of graze (C, grasses and
sedges) and browse (C, plants such as trees and shrubs)
due to differences in photosynthetic pathways between C,
and C, plants (e. g. BEnper 1971; VoceL 1980). Addition-
ally, plants yield a wide range of carbon and oxygen iso-
topic values in response to differences in light and water
stress and can therefore be useful in distinguishing for-
est canopies, forest floors, woodlands, and open habitats
(cf. NELson 2007, and references therein). Oxygen isotopes
are also useful for reconstructing paleoclimates, for wa-
ter sources respond to seasonal fluctuations in precipita-
tion and temperature (e. g. LONGINELLI 1984; QUADE et al.
1995). Isotopic analyses of fossil tooth enamel reflect an
animal’s diet as well as where it fed. Additionally, serial
sampling of hypsodont teeth that take a year to grow can
provide evidence for the annual seasonal regime an ani-
mal experienced.

Carbon: Carbon isotopic values in four cheek teeth
of Equus and four teeth of Eurygnathohippus range from
—2.9 to 1.8 %o. This range suggests a diet dominated by
C, grasses, with the highest values suggesting a diet of
almost exclusive C, grasses. Mann-Whitney statistical
analyses indicate no differences between Eurygnathohip-
pus and Equus in carbon values, suggesting similar diets
(Fig. 35).

Serial sampling was performed on two teeth allocated
to the smaller species of Equus (HCRP-FC638 and HCRP-
FC783). Because hypsodont equid teeth can take a year or
more to develop, serial sampling can detect seasonal shifts
in the animal’s diet. Neither of the Equus teeth we sam-
pled demonstrates seasonal shifts in diet. For each tooth,
carbon values shift by no more than 0.5 %o throughout the
length of the tooth, indicating that C, graze was a major
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Fig. 35. Results of carbon/oxygen isotope analysis of Makuyuni
equid enamel carbonate.

component of their diet throughout much or all of the year
(Fig. 36).

Oxygen: Oxygen values of tooth enamel reflect not
only habitat differences but climatic shifts as well, both
seasonal and over geologic time. The 80 value for re-
gional precipitation is controlled by a number of geo-
graphic factors, such as proximity to oceans and moun-
tains, andaltitude, as well as climatic factors such as
ambient temperature and amount rainfall. In tropical re-
gions such as Tanzania, where rainfall varies but temper-
ature remains relatively constant, oxygen monthly values
reflect changes in the amount of rainfall. O (as part of the
H,O molecule) precipitates more readily than '°O; there-
fore, the more it rains, the less 3O is present in atmospher-
ic water, and the more depleted the precipitation becomes
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Fig. 36. Results of serial sampling for carbon isotopes showing
intra-tooth 8"*C variability for two Equus specimens.
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Fig.37. Results of serial sampling for oxygen isotopes showing
intra-tooth 8'*0 variability for two Equus specimens.

(DANSGAARD 1964). Of the two Equus teeth we sampled se-
rially (both of them allocated to the smaller species), one
(HCRP-FC638) demonstrates a shift in oxygen isotopes of
2.4 %o throughout the length of the tooth (Fig. 37). The
oxygen values at the occlusal surface are high and reflect
the dry season. Oxygen values then decrease toward the
root and reflect the onset of a wet season. However, anoth-
er Equus tooth we sampled (HCRP-FC783) shows only a
0.5 %o shift throughout the length of the tooth, indicative of
little to no change across the seasons. This individual may
have drunk from a buffered water source such as a lake,
or it may have migrated and thus dampened any season-
al shifts. Interestingly, the tooth with the least variation in
oxygen (HCRP-FC783) has higher carbon values than the
tooth with a seasonal oxygen shift (HCRP-FC638), aver-
aging 1.8 %o vs. 0.5 %o, suggesting that it relied more on
C, grasses (Fig. 36). Perhaps this individual migrated to
maintain a diet of exclusive or almost exclusive C, grass.
Future sampling of more individuals from more equid spe-
cies should allow us to expand our paleoclimatic and mi-
gratory interpretations, and might shed additional light on
the origins of migration in eastern Africa.

6. Summary and conclusions

The hominid locality of Makuyuni, Tanzania, fea-
tures dental material of both late hipparionine horses of
the genus Eurygnathohippus and the modern horse ge-
nus, Equus. Size differences in cheek teeth suggest that at
least two species of Equus occur at this site. Rare premo-
lars showing unusual morphological characteristics indi-
cate the possible presence of further, uncommon taxa of
Equus. The tooth sample of Eurygnathohippus is less var-
iable in size and qualitative morphological features and
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may belong to a single species. It has to be considered,
however, that condensation and stratigraphic mixing is
possible at Makuyuni to some extent, so that the repre-
sented species might not have occurred sympatrically. Fu-
ture stratigraphic and chronologic work should provide in-
sight into the amount of time potentially involved in the
fossil assemblage at Makuyuni.

Comparisons of the Makuyuni and the Daka Member
equid assemblages suggest great similarity in their tax-
onomic content and age. In view of the taxon identifica-
tion proposed for the Daka Member hipparion by GILBERT
& BErRNOR (2008), the hipparionine material at Makuyu-
ni is best referable to Eurygnathohippus cf. cornelianus.
The type specimen of Eu. cornelianus is from Cornelia-
Uitzoek, South Africa, recently dated by magnetostratig-
raphy to 0.99 Ma (JaMEs BrINk, personal communication
to R. L. BErNOR). The larger Makuyuni Equus specimens
may belong to E. oldowayensis. The smaller ones might
represent an early member of a modern African Equus lin-
eage. More complete material is needed to make more se-
cure designations.

A variety of paleodietary and ecological analyses
have been applied to the Makuyuni equid sample. Mes-
owear suggests a generally abrasive diet for both modern
and hipparionine horses: Makuyuni Eurygnathohippus
mesowear suggests a more abrasive diet than seen in the
Equus sample. The larger Equus species and Eu. cf. cor-
nelianus apparently grazed on relatively higher and rough-
er consistency grasses than the smaller species of Equus.
The microwear signal for both Equus and Eurygnatho-
hippus shows that browsing occurred at least occasional-
ly and would suggest a mixed-feeding behavior with grit
encroachment on food materials. When both mesowear
and microwear are considered, results indicate that both
Makuyuni equids apparently exploited a predominate-
ly abrasive grass-dominated diet with occasional browse
supplementing grazing with considerable grit encountered
in their dietary regime.

The analysis of stable carbon isotopes in enamel car-
bonates showed that both Equus and Eurygnathohippus
largely fed on C, grasses, the two taxa not showing a sta-
tistically significant difference in dietary preference. Seri-
al sampling for carbon isotopes of two Equus cheek teeth
did not reveal seasonal shifts in diet. Analysis of serial ox-
ygen samples, however, indicated seasonal shifts in one
specimen. The specimen showing less seasonality was in-
terestingly characterized by carbon isotope values sug-
gesting a higher reliance on C, grasses. The animal might
therefore have migrated in order to obtain its preferred diet
and thus avoided the effects of seasonality.
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Appendix. List of specimens available for this study and measurements taken according to the measurement scheme modified af-
ter EIsENMANN et al. (1988). Measurement numbers (m1, m2, m3, etc.) correspond to those given in BERNOR et al. (1997) and BErRNOR
& Harris (2003). Abbreviations: P = upper premolar; M = upper molar; I = upper incisor; p = lower premolar; m = lower molar;
rt = right; It = left.

Specimen No. | Taxon Element ml m2 m3 m4 m5 mé m7 | m8 | m9 | ml0 | mll
without no. Equidae indet. rt | p3 or p4 16.6 9.9 |14.1 15.2 45.1

without no. Equidae indet. incisor 2 (+3) | 17.9 |152 |13.4 36.7

without no. Equidae indet. incisor 3? 19.6? [19.2 |12.0

HCRP-FC614 | Equidae indet. incisor 17.5 | 152 |[13.5 143 [28.7

HCRP-FC534 | Equidae indet. incisor

HCRP-FC586 | Equidae indet. incisor 14.1 114 |132 |[124 |273

HCRP-FC584 | Equidae indet. incisor 15.1 [103? [13.0 |12.6 [33.5

HCRP-FC646 | Equidae indet. incisor 135 | 9.5 |105 |[145 |424

HCRP-FC824 | Equidae indet. incisor 122 | 9.1 6.5 73 242

HCRP-FC818 | Equidae indet. incisor 2127 |16.8 |12.5 |[13.1

HCRP-FC570? | Equidae indet. incisor

HCRP-FC597 | Equidae indet. canine

HCRP-FC532 | Equidae indet. It |[PorM 75.4 1

HCRP-FC563 | Equidae indet. rt | P4?

HCRP-FC529 | Equidae indet. M1? 68.0

HCRP-FC851 | Equus sp. large rt | p2 335 |31.3 [159 79 |16.0 |183 12.5 [ 16.1 |24.0?
HCRP-FC820 | Equus sp. large rt | p4 34.7 159 16.1

HCRP-FC821 | Equus sp. large rt | p4 321 32,0 (213 |[11.0 |l6.6 |19.1 (163 |17.0 |15.5 |62.1
HCRP-FC860 | Equus sp. large rt | p4 319 298 [179 |[11.3 |164 |[183 (173 |16.4 |15.6 |39.5?
HCRP-FC551 | Equus sp. large It |p4 26.0? (24.1 |14.7 7.5? 199 |17.1 [19.9 333
HCRP-FC576 | Equus sp. large rt | p4 17.4 15.5 13.8 | 13.0

HCRP-FC852 | Equus sp. large It | m2 29.7 1272 |16.1 84 [10.8 |17.8 14.0 | 13.8

HCRP-FC806 | Equus sp. large rt | m2 30.8 16.7 93 [10.8 [15.0 142 |12.8

HCRP-FC862 | Equus sp. large rt | m2 283 [274 |15.0 8.3 92 |18.0 |163 [152 [12.7 |66.4
HCRP-FC531 | Equus sp. large rt | m3 32.0 14.0 9.0 89 |13.8 [129 |[12.5 | 9.6 |50.4?
HCRP-FC819 | Equus sp. large rt | m3 32,6 339 [145 8.2 77 122 132 |[13.6 [125 |61.5
HCRP-FC859 | Equus sp. large rt | m3 3255 15.0 94 102 |12.1 [139 [109 | 83

HCRP-FC570 | Equus sp. large It |m3 14.2

HCRP-FC805 | Equus sp. large rt | P2 384 [36.5 257 (229 |44.0 1 3 3 1 7.6 6.5
HCRP-FC546 | Equus sp. large It |P2 29.8 0 0 0

HCRP-FC553 | Equus sp. large rt | P3 26.9 26.8 1 0 2 0 |11.2 5.1
HCRP-FC526 | Equus sp. large It | P4 30.5 21.9 69.5 1 7 3 1 [11.8 4.8
HCRP-FC550 | Equus sp. large It | P4 29.6 26.2 452 13.8
HCRP-FC557 | Equus sp. large rt [ M1

HCRP-FC810 | Equus sp. large It | M1 28.0 |[257 283 |[319 |743 1 3 1 0 [I1.5 5.6
HCRP-FC850 | Equus sp. large It | M1 27.0 (248 |27.1 |28.1 |32.7 0 1 0 |[I1.5 5.0
HCRP-FC641 | Equus sp. large rt (M1 282 |26.8 [73.6 6 1 1 6.2
HCRP-FC808 | Equus sp. large It | M1 273 255 [25.1 |25.7 |76.1 1 4? 3 0 [11.2 44
HCRP-FC809 | Equus sp. large rt | M3 29.5 129.6 (239 |[22.6 |40.7 0 2 0 0 |134 4.1
HCRP-FC811 | Equus sp. large It | M3 307 |284 (248 |25.1 202 0 4 0 0 [12.7 5.4
HCRP-FC547 | Equus sp. large rt | M3 284 258 |25.1 22.5? 0 0 0 0 |[11.4 4.8
HCRP-FC789 | Equus sp. small rt | p4 16.5 139 |[142 |158 13.4

HCRP-FC561 | Equus sp. small rt |ml 274 250 |143 8.5 9.1 |164 |147 |[133 [11.7 |59.5
HCRP-FC613D | Equus sp. small rt |ml 26.6 |[25.1 |143 8.2 77 143 |152 [139 [12.3 |39.4?
HCRP-FC548 | Equus sp. small It |ml 30.7 12.9 10.0
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Appendix (continued).
Specimen No. | Taxon Element ml m2 m3 m4 m5 mé m7 m8 | m9 | ml0 | mill
HCRP-FC710 | Equus sp. small rt | ml or m2 27.0 14.7 7.9 92 |15.9 13.9 [12.7
HCRP-FC671 | Equus sp. small rt | m2 27.1 14.8 7.6 82 129 [141 |149
HCRP-FC578 | Equus sp. small It | m2 252 238 |142 6.3 74 |145 |142 [145 [11.4 [39.0
HCRP-FC613B | Equus sp. small rt | m2 279 (263 |15.1 75 |11.1 |15.6 14.5 55.3?
HCRP-FC770 | Equus sp. small? rt | P2 50.5 1 7? 4 1
HCRP-FC807 | Equus sp. small It |P3 28.9 23.7? 1 3 5 1 8.9
HCRP-FC785 | Equus sp. small It [P3 273 |23.6 |25.0 70.6 1 2 1 1 9.2 5.1
HCRP-FC604 | Equus sp. small It |P3 257 |24.0 29.0 0 2 1 0
HCRP-FC783 | Equus sp. small rt | P3 29.0? (262 259 [256 |[66.2 1? 5? 12.4 52
HCRP-FC716 | Equus sp. small rt | P4 232 |20.6 |19.6? 46.0 1 5 2 1 [105 4.9
HCRP-FC701 | Equus sp. small rt | Ml 25.0 24.1 69.3 2 3 2 1 [111 4.4
HCRP-FC664 | Equus sp. small rt | Ml 24.1 (215 |242 |[241 |[60.0 1 6 3 0 [109 4.6
HCRP-FC638 | Equus sp. small It | M1 245 228 |254 [239 |71.8 1 5 2 1 [1L5 5.7
HCRP-FC792 | Equus sp. small rt | M3 242 250 |20.0 |[223 403 2 1 0 |[13.1 3.8
HCRP-FC861 | Equus sp. small rt | M3 254 |31.0 |[21.8 |234 |[514 1 5 3 0 |11.5 4.57
HCRP-FC669 | Equus sp. small rt | M3 246 222 202 (209 [50.5 12.2 4.8
HCRP-FC667 | Equus sp. small rt | M3 23.1 259 |21.2 |21.8 |49.1 4 2 1 [11.9 4.3
HCRP-FC691 | Equus sp. small rt | M3 233 18.7 1 3 1 4.6
HCRP-FC606b | Equus sp. small rt | M3 21.4 17.3 1 1 1 1 (108 3.5
HCRP-FC533 | Eurygnathohippus sp. |1t |12 213 |17.5 |11.7 12.0 [44.9
HCRP-FC858 | Eurygnathohippus sp. |1t |p4 253 (2297 |134 9.1 |13.0 |13.7 [147 |129 |10.5 |56.1
HCRP-FC552 | Eurygnathohippus sp. |1t | p4 25.8 1229 |[13.6 84 (129 |125 |[14.1 |125 |10.8 [46.1
HCRP-FC816 | Eurygnathohippus sp. |1t | p4 24.9 13.2 87 (129 169 [16.5?7 |13.3
HCRP-FC613C | Eurygnathohippus sp. |rt | p4 226 |224 |132 82 |11.5 [13.7? |11.9 |10.1
HCRP-FC856 | Eurygnathohippus sp. |rt | ml 20.8 13.4 7.2 9.8 |10.9? 11.5 [10.0
HCRP-FC619 | Eurygnathohippus sp. |rt | ml 26.5 (244 |15.1 [10.1 |13.7 |154 |[148 |[12.8 |12.2 |53.6
HCRP-FC857 | Eurygnathohippus sp. |rt | ml 227 |21.5 |14.6 75 |102 |11.0 |[11.4 |[10.5 | 89 |45.6?
HCRP-FC555 | Eurygnathohippus sp. |1t | m1? 252 |234 |149 82 |11.8 [12.1 [13.5 |11.7 |10.5 |42.4?
HCRP-FC813 | Eurygnathohippus sp. |rt | m2 24.6 13.7 127|124 |129 |[I11.5 | 99 [579
HCRP-FC814 | Eurygnathohippus sp. |rt | m2 22.8 14.3 73 113 13.2 | 12.1 |11.0
HCRP-FC620 | Eurygnathohippus sp. |1t | m3 27.4 14.5 6.0 |11.7 |[120 |11.2 |11.8 | 8.7 |30.8
HCRP-FC863 | Eurygnathohippus sp. |1t | m3 25.1 264 |[11.7 8.2 10.5 | 109 7.9
HCRP-FC549 | Eurygnathohippus sp. |rt | m3 263 (264 |11.6 8.0 |122 |[10.1 |[10.4 9.9 [10.1 [42.1
HCRP-FC613A | Eurygnathohippus sp. |1t | m3 13.4 7.8 |13.1 1.5 [11.2 | 9.2 |48.9?
HCRP-FC554 | Eurygnathohippus sp. |rt | P2 249 (233 |20.2 1 2 3 2 [10.0 5.8
HCRP-FC559 | Eurygnathohippus sp. |1t | P4 22.8 (22,6 |233 [244 (334 8 5 4 1108 4.0
HCRP-FC815 | Eurygnathohippus sp. |1t | P4 200 (194 ]20.6 |[20.7 |41.7 6 2 1 8.2 4.6
HCRP-FC853 | Eurygnathohippus sp. |1t | P4 23.1 |20.7 [20.0 |18.7? |53.5? 4 2 1 9.8 3.7
HCRP-FC854 | Eurygnathohippus sp. |rt | P4 213 |17.6 |219 |[21.8 |474 6 2 1 9.9 4.1
HCRP-FC528 | Eurygnathohippus sp. |1t | M1 202 [18.0 [199 |18.7 |464 5 3 1 6.5 3.8
HCRP-FC812 | Eurygnathohippus sp. |1t | M3 24.1 (242 |184 |[195 |325 1 4 2 1 (102 3.8
HCRP-FC525 | Eurygnathohippus sp. |rt | M3 19.7 |[19.8 |263 4 1 7.8 3.9
HCRP-FC607 | Eurygnathohippus sp. |rt | M3 205 [21.6 |185 [17.3 |[36.0 1 3 3 2 9.3 4.0
HCRP-FC817 | Eurygnathohippus sp. |rt | M3 225 |21.1 |193 39.7 1 5 1 2 8.3 33
HCRP-FC855 | Eurygnathohippus sp. |rt | M3 17?72 1227 |159??2[19.6 |69.9 10.32?
HCRP-FC564 | Eurygnathohippus sp. |1t | M3 21.0 |23.6 [20.2?7 |23.1 |[419 2 6 2 1 |10.0




