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ABSTRACT

The sedimentary deposits of the Hadar Formation at Dikika and the Maaini
Formation at Galili preserve a wealth of paleoenvironmental andghatatic records
spanning the last 5.29 Ma. Stable carbon and oxygen isotopic compositiverbiobre
tooth enamel were analyzed for more than 600 specimens of 15 miiftaxa from 10
stratigraphic intervals. The application of carbon and oxygen isotbpes aims
principally at reconstructing shifts in the relative abundance pfgi@sses, and its
implications for climate indicators including temperature, arjdiyd seasonality. The
full range of8"%C.namei Values throughout the Plio-Pleistocene signifies a wide range of
foraging strategies by the fauna, which in turn reflectsribeaic of vegetation at Dikika
and Galili. Estimates of ecosystem carbon isotope composﬁi‘ﬁﬁe(osystem which is
given by averagé *Cenamel Of €ach large vertebrate taxon weighted by the respective
faunal abundance and the estimated daily biomass consumption) i® @sseg shifts in

the ecosystem-scale proportion of @nd G vegetation. In the Plio-Pleistocene, the
general paleoenvironmental conditions varied from wooded grasslamds&glagds with

the total amount of £grass cover on the landscape varying between 35% and 91%.
Likewise, the paleohabitat reconstructions indicate the presgingeassland, wooded
grassland, woodland habitats throughout the Pliocene and in Middleo&dsistbut the

relative proportion of the habitats has changed substantially imin tAlthough this

iX



result agrees with the general trend towards more open grassieadhe Late Miocene,

a rebound of closed habitats anglr€sources from closed canopy woodlands or forests is
evident in the middle Pliocene between 3.42 Ma and 3.24 Ma. These chartges in
proportion of habitats could have affected the distribution and avayabfilipreferred
food resources and has an implication on the interaction of the lanwonathe

paleolandscape and competition for resources.

§'®0enamervalues also show a wide range of variation within each satiiz member
and through time. Temporal variation@fOenameivalues within a given taxon, as well as
differences among sympatric taxa, document different aspédtse environment and
climate, including changes in drinking water source, seasonatitypariods of strong
evaporation. Estimated ®Ometeoric waerbased on the mosfO-depleted hippo tooth
enamel, displays values of -1.94%. (VSMOW) and -5.24%. (VSMOW) in the Middl
Pleistocene of Asbole and middle Pliocene of Galili, respectivelynajor shift in the
isotopic composition of water at ~ 3.0 Ma was accompanied by a 6.0%asecfrom
middle Pliocene to the present. While a +3.8%o shift from earlyitiwle Pliocene was
documented. The isotopic composition of meteoric water between 4.61d14.28 Ma
was most*®0-enriched compared to the rest of the Pliocene estimates. kiewam
increase in the estimaté&’Onetcoric wateValues was documented in the Awash Valley and
elsewhere in East Africa, which indicate a regional climdtange since the early
Pliocene. An increase in the aridity, which is expressed as amraral water deficiti..,
the difference between potential evapotranspiration and mean annual precipgadien)

evident since the early Pliocene. These changes during theridiot the region may in



part be attributed to a regional decrease in the amount of preoipiéaid changes in the

moisture source superimposed on global climate changes.
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CHAPTER ONE

INTRODUCTION

The Plio-Pleistocene sedimentary deposits at Dikika and Galiihe Afar region of
Ethiopia preserve a wealth of geological and paleontologicatdewhich could provide
paleoenvironmental and paleoclimatic information relevant to hominin éwolut
particularly for Australopithecussp. andArdipithecus ramidusThe middle Pliocene
sediments of the Hadar Formation at Dikika and the early to mRittleene sediments
of the Mount Galili Formation at Galili provide an opportunity to explahe
paleoenvironmental and paleoclimatic changes in the region from dpattial and
temporal perspectives. Although there is general consensus in thal aegional
environmental and climate change throughout the Neogene, sitesesiironmental
and climate reconstructions at hominin sites show consideralidiiy. Thus, there is
a need to augment data from different archives at individual aitésmake a regional
comparison, and further compare local records to the documented nodjak dimatic

events and assess if there is any link or lack thereof.

The use of carbon and oxygen stable isotopic composition of maammabth enamel
has been proven as a successful tool in the study of paleoenvironmental anthpatieocl

reconstruction of both hominin and non-hominin species in eastern and Soigd Af

1



(Lee-Thorp, 1989; Bocherens et al., 1996; Kohn et al., 1996; Kingston, 1999a;
Sponheimer et al., 1999 Cerling et al., 2003a; Levin et al., 2008; Whék, é2009;
Bedaso et al.,, 2010). However, compared to the other Miocene and Pliocsihe fos
localities elsewhere in Africa, previous stable isotope studiesaaimalian tooth enamel

from the Awash Valley have been sparse (Figure 1.1).

This Ph.D. dissertation focuses on the reconstruction of paleoenvironnmamdal
paleoclimatic conditions using carbon and oxygen isotopic composition ofvbierbi
tooth enamel. Tooth enamel samples were collected from ChororaD(21Ma), Galili
(>5.29—>3.6 Ma), Dikika (>3.8-3.24 Ma) and Asbole (0.8-0.64 Ma). The tooth enamel
isotope data presented here provides an opportunity to widen the terpdrspatial
scale beyond a single sedimentary basin, and assess dalgelateral variation of

vegetation and habitat structure on the landscapes where early hominins lived.

1.1. Scope of the study

Dikika and Galili are multi-disciplinary paleanthropological projectsegelty aimed at
understanding various aspects of paleobiology of early hominins as well asithealc
evolution. While this dissertation is especially concerned with recatistnuof the
paleoenvironments of human evolution, and addresses the following hypotheses and

objectives.



1.1.1 Hypothesis
1. The Plio-Pleistocene environmental and climatic condition in the Awadley

were variable both with time and space, superimposed on the géresal
towards more open vegetation and drier climatic conditions.

2. In the study area, Plio-Pleistocene climate change wasndby both global and
local factors such as: rearrangement of continental land sjaspening and
closing of seaways, and local topographic change associatedRittNvalley

formation.

1.1.2 Objectives
1. To reconstruct the dietary adaptation of the mammalian fauna sesksashanges

with time through the Pliocene and Pleistocene

2. To reconstruct the relative proportion of; Gnd G vegetation on the
paleolandscape as reconstructed from ecosystem carbon isostipi@ate of
larger mammals

3. To reconstruct the habitat structure on the paleolandscape in eatfyragdhic
members in the middle Pliocene between 5.3 and 3.24 Ma and Middle¢dakst
between 0.8 Ma and 0.64 Ma pertaining early hominin species

4. To estimate the oxygen isotopic composition of meteoric water in the study area

5. To reconstruct the variation in the aridity by calculatingwiager deficit based on
calibration of the modern fauna and meteorological data.

6. To develop a new method to estimate the paleotemprature usinfraratao-

occurring hippopotami and crocodiles



1.2. Structure of Dissertation
The dissertation is composed of six chapters. The first chapter outlingsni@l goal of

the study. The second chapter “Paleoenvironmental reconstructioe éisbole fauna
(Busidima Formation, Afar, Ethiopia) using stable isotopes” wasighdd inGeobios
(Bedaso et al., 2010), where carbon and isotopic data of tooth enameah&dviddle
Pleistocene, between 0.8 Ma and 0.64 Ma were presented. The thirdr,cHaietary

and paleoenvironmental reconstruction using stable isotopes of herbivdrest@ohel
from middle Pliocene Dikika, Ethiopia: Implication for Australopitheafsrensis habitat
and food resources” has been submitted toJthenal of Human EvolutioiBedaso et

al., in review), where carbon and isotopic data of tooth enamel frermiddle Pliocene,
>3.8 Ma—-3.24 Ma is presented. The fourth chapter, “Carbon and oxygen isotopic
signature of tooth enamel as a proxy for the Pliocene paleoenviroanepialeoclimate
from Mount Galili Formation, Ethiopia” is ready to be submittedPtdaeogeography,
Palaeoclimatology, Palaeoecologyhere the data presented encompass the interval
between 5.3 Ma and >3.6 Ma. Chapter five presents a synthesis okdiumat
paleoclimatic changes through time and discusses the pogaditas (global and
regional) that control the climatic condition of the region in Rtie-Pleistocene. While
chapter six synthesizes the regional environmental changes bodintemporal and
spatial perspectives, and discusses the types of habitat peeskrdhanges in their
relative proportion through time. Chapter five and six are plhmnode submitted to the
journals Global and Planetary ChangadAmerican Journal of Physical Anthropology,

respectively, later this year.
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Figure 1.1 Stratigraphic sections exposed in eastern and Ceftreh hominid
localities. Green-filled sections have stable isotopic fata herbivore tooth
enamel. Unfilled sections lack enamel data. The red-filleticses in Ethiopia
are contributed by this study. These stable isotopic analysestbf enamel
cover ten intervalsi.e., Chorora Formation, 11-10.5 Ma, Lasdanan Member,
5.29-4.38 Ma, Satkawhini beds ~4.6—>4.38 Ma, Dhidinley Member, 4.38-3.92
Ma, Shabele Laag Member, 3.92—>3.6 Ma, base of Basal Member, >3.8—~3.6
Ma, upper Basal Member, ~3.6—3.42 Ma, Sidi Hakoma Member, 3.43-3.24 Ma,
lower Busidima Formation, 2.6—-1.3 Ma, and Asbole fauna zone, 0.8-0.64 Ma).
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CHAPTER TWO
PALEOENVIRONMENTAL RECONSTRUCTION OF THE ASBOLE
FAUNA USING STABLE ISOTOPES, BUSIDIMA FORMATION,

AFAR, ETHIOPIA

2.1. Introduction

Measurements of natural variations in stable isotope ratios les@me vital tools in
fields as diverse as geochemistry, hydrology, ecology, and antbgypdihe application
of stable isotopes to paleoceanography and marine paleoclimatdlagy been
spectacularly successful, revealing both long-term trends imnenatimate and the
response of the oceans to short-term orbital forcing and sudden évebte et al.,
1984, Zachos et al., 1993). Isotopic reconstruction of conditions on land is fictétdi
however, because terrestrial ecosystems and climates eyiaiier spatial and temporal
heterogeneity and the isotope systems applied in these sedtiagnore complex. Even
so, over the past decade, there has been a surge in studiesiregntahpaleoclimates
and paleoenvironments, spurred by the increased need to understaggptrese of the

more variable land ecosystems to past climate changeSwart et al., 1993).

Analyses of stable isotopes of carbon and oxygen extracted froils feege contributed
substantially to our understanding and ability to reconstruct paleoamental and

paleoclimatic parameters in the Neogene of tropical Afndaich is characterized by
7



mixed G and G vegetation (Lee-Thorp, 1989; Morgan et al., 1994; Bocherens et al.,
1996; Kohn et al., 1996; Cerling et al., 1997a,b; Kingston, 1999a,b; Sponheimer et al.,
1999; Sponheimer and Lee-Thorp, 1999a,c; Zazzo et al., 2000). These approaehes ha
been critical in documenting ecological shifts, elucidating haméwetary adaptations,
constraining vegetation types in past ecosystems, charaogehiabitat heterogeneity in
space and time, revealing dietary niche partitioning in féssiestrial communities, and
correlating climatic perturbations and oscillations in terrgsgcosystems (Kingston &
Harrison, 2007). The present study uses stable isotopes of mammaliarehamel to
assess the paleoclimate conditions and understand the distributiofecérditypes of
vegetation between 0.8-0.64 Ma at Asbole in the Awash Valley of Ethigpiite which

has a direct relevance to the understanding of the paleoenvironncentaixts of

Pleistocene hominins in the Horn of Africa (Geraads et al., 2004; Wynn et al., 2008).

2.2 Controls on the isotopic composition of tooth enamel

Stable carbon and oxygen isotopic analysis of tooth enamel has bakimslest as a
valuable tool for reconstructing terrestrial paleoenvironments (Kb@88; Kohn and
Cerling, 2002, Kingston & Harrison et. al., 2007, Bocherens et al., 1996, Fdand&al
et al., 2002; Cerling et al., 2003b; Schoeninger et al., 2003, Boissaig 2005). Tooth
enamel is an ideal substrate for preserving stable isotopiataigs because it is almost
entirely inorganic and has very low porosity (>96% inorganic compdnenteight and

< 1% organic material; Wang and Cerling, 1994). The inorganienmai phase of tooth
enamel is hydroxyapatite (@POy)s(OH),), a relatively stable mineral in surface

weathering environments. As such, tooth enamel is less suscdptitlagenesis than
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bone or dentine because of its lower organic content, higher density|amayedt
crystalline size (Ayliffe et al., 1994; Bryant et al., 1994). Enafoems by accretion
without remodeling and mineralization is complete prior to tooth erupti&e.enamel,
dentin grows by accretion with little remodeling (Lowenstam & Weiner, 1989) eMery
because of its resistance to diagenetic alteration, enantleé¢ imost suitable fossilized
material of vertebrates for paleoenvironmental study using sisdiiepes (Wang and

Cerling, 1994).

2.2.1 Carbon Isotope
The interpretation of carbon isotopic composition of tooth enamel igl lnesdifferences

in carbon isotope fractionation between plants that use the two majasphibietic
pathways (g@and G), and the consumption o;@nd G vegetation by mammalian fauna
(Smith & Epstein, 1971). Thes@athway is most common, occurring in the vast majority
of trees and shrubs, as well as those herbs and grasses widim@aelatively moisti .,
non-evaporative) growing seasons. flants haves'*C values (mear-27%o, range -22
to -35%0) that are much lower than those of atmospherig (€3.7%.; O’Leary, 1988).
C,4 photosynthesis is less common and occurs in grasses and someasellgerbs, but
only those that grow under sufficiently dry and/or ware €vaporative) growing season
climates in which this energy-intensive pathway is able to gatompetitive advantage
over the G pathway. G plants haves**C values (mear-13%o, range -19 to -9%o) that
are more similar to those of the atmosphere (O’Leary, 1988).Tdmsuiacean acid
metabolism (CAM) pathway is least common, occurring in suotyl&nts adapted to

arid climates. CAM plants fix COby both pathways, separating their use of each



pathway during high and low light conditions, and thus exhibit a rangé*efvalues

intermediate between those of &d G plants (Ehleringer & Monson, 1993).

Dietary differences are recorded in developing tissues ofarsoch as teeth with a
relatively constant fractionation factor (Cerling and Harris, 1999)asx most £plants
are tropical grasses, (Koch 1998) suggest stable carbon isotope valuagadily

distinguish grazing from browsing mammals.

2.2.2. Oxygen Isotope
The oxygen isotopic composition of mammalian tooth enamel is a danct the

isotopic composition of oxygen that enters and exits the body (Kohn, 1B@genic
phosphate (hydroxyapatite) is precipitated in equilibrium with bedyer, which is
mostly comprised of ingested water (Longinelli, 1984; Luz et al§4)19Because
mammals larger than 1 kg have a constant body temperature A@ah@droxyapatite is
precipitated in these species at a constant temperature, whoelrs dbr the oxygen
isotopic signature of the ingested material to be recorded withmutetfects of
temperature dependent fractionation. The body’'s main oxygen sourcasrexgpheric
O, liquid water and oxygen bound in food, of which only the latter twolikedy to
cause differences in oxygen isotope values among sympatric Uakke atmospheric
O, the oxygen isotope composition of food and liquid water are highly varaidehus
likely to explain any differences found in the oxygen isotope compasitof animals
within a local ecosystem. Liquid water enters the body througlkidg and as free water

in food. In most cases, liquid water in plant roots and stematgpisally similar to

10



available drinking water, but leaf water can be relativelyicked in H'®0 due to
preferential evapotranspiration of the lightes' molecule (Sternberg, 1989). Thus,
animals that derive most of their water from plant leaves (aa@iraffa or Litocraniug
ingest water enriched fO compared to animals that drink regularly (sucEsusand

Phacochoerus

2.3 Geological context of the Asbole Fauna

Late Pliocene and early Pleistocene deposits at Asbole beldmg Busidima Formation
which is dominated by fluvial sedimentation in an asymmetricdl beaben (the
Busidima half-graben; Wynn et al., 2008). The sediments of the Busiarmation
thicken towards the border fault at the western margin (Figuyraslis typical of half-
graben rift basins throughout the East African and other continghtlstems (Ebinger,
2002). As described in Alemseged & Geraads (2000) and Geraads 2004), (the
“Asbole fauna” is bracketed between two widespread and mappaligraphic markers
(i.e., the “top conglomerate” bed (~0.8 Ma) and the Bironita Tuff (M&% The Bironita
Tuff is correlated to a tuff from Bodo, Dawitoli, and Hargufiaaaref the Middle Awash
which has previously been dated at 0t82.03 Ma (Clark et al., 1994). The age boundary
of the “top conglomerate” is defined by the uppermost of a searfesnappable
conglomerates estimated at 0.8 Ma (Geraads et al., 2004). Itutdhysvge only analyzed
Middle Pleistocene mammalian fossil specimens from the intdére@leen these two
markers. The majority of the fossils from Asbole derive frolmse proximity to a

prominent paleochannel that can be mapped throughout the region (Figure 2.1).
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Figure 2.1 Location map of the Dikika Research Project (DRE) showing the main
modern drainages, and Asbole Paleochannel, a prominent ephemeral
paleochannel mappable through the deposits, and illustrating the ttustil
enamel sampling locations in relation to the paleochannel outcrop.
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2.4 Methods

We analyzed the isotopic composition of a total of 80 samplegr@il) from 15
different mammalian taxa collected in December 2006 and previddsskasonsi.g.
museum collections housed in the National Museum of Ethiopia). Bulk ésameles
were taken by drilling down the tooth along the growth axis @ith.5 mm drill bit,
cleaning the drill bit between sampling and care was takawvdm dentine, cementum
and matrix in the sample powder. About 20 mg of powder enamel watext from

each tooth.

The powder produced was pretreated with 3% hydrogen peroxide followadlbiyl
acetic acid-calcium acetate buffer to remove organic mattd secondary carbonates,
and thoroughly rinsed with distilled water (following standard pdoces for the
treatment of tooth enamel of Lee-Thorp and Van der Merwe 1987; Quadel&92;
Koch 1998). Approximately 5-7 mg of the treated powder was readted.08% HPO,

in He flushed exetainer vials at 25°C for 24 hrs to produce thg @@lyte gas for
analyses 06'*C ands'®0. Isotope ratios were measured on a Thermo Fisher Scientific
(Finnigan) Delta V 3 keV Isotope Ratio Mass Spectrometer esults are reported using

the standard per mil notation where:

5°C or 60 = (Rsamp'e - 1) *1000

RStan dard
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R sample@nd Rgandardare the'*C/*°C ratios in the sample and standard, respectivety,
8C and the'®0/*°0 ratios in the sample and standard, respectivielys*20. The
reference standard is the international referemadesVPDB, which was normalized

using replicate samples of IAEA reference matei$-18 and NBS-19.

In order to calculate th&"°C of the total large vertebrate diet in the ecamystwe
calculated a weighted average of tB€Cename Value, weighted using the relative

abundance of each taxon multiplied by an estimhtheodaily food intake of respective

species:
—13
5-13C _ Z(XtaxaQ)5 Cenameltaxa +A -
Ecosystem z ( X taxaQ) enamet-diet
Where X,,,. is relative faunal abundance expressed as admcii’C,,, ¢ wa IS the

average value for each taxon in per mil (%0) a@¥l i§ the average daily food intake in
kg/day of taxa, and\, . .= -14%. is an offset between diet and enaftdC (Kohn
and Cerling 2002). The daily food intakes of mdsthe taxa were estimated based on
the calibration of food consumption of African maaimto mean body size (Delany and
Happold 1979). Dietary intake and body mass daten fGazella granti, Gazella
thomsoni, Aepyceros melampus, Connochaetes tau@yngerus caffer, Hippopotamus
amphibius and Loxodonta africanfiom Delany and Happold (1979) were used to

calibrate a regression line to estimate dietargkiatof all other taxa in this study based

on average body mass.
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We calculated the percentage of estimated C4 bimmathe animal diet for each taxon
based on a linear mixing model between pusea@ G biomass with values of -13%o

and +1%o, respectively).

For oxygen isotopic composition, we calculated ¢neichment factore] between two

groups of taxa (evaporation sensitive and insemegias:

foen :(RE%%E. —1)*1000

We used this variable to estimate aridity, whichjusintified as water deficit (WD), equal
to the difference between Mean Annual ThornthwBiéential Evapotranspiration (PET)
and Mean Annual Precipitation (MAP). For modermparable climates in Ethiopia, we

estimated WD using data from the Ethiopian Natidviateorological Agency.

2.5 Carbon isotope, results and interpretation

8"Cenameivalues of the Asbole fossils range between -11.43d%. and thus span the
entire range of pure £and G consumers (Table 13*Cenamelvalues of tooth enamel
from the Asbole faunal zone indicate that some ifierbs, such aghlorocebusand
giraffids, consumed dominantlys@lants, while most bovid tribes of Bovidae (Boyini
Reduncini, Alcelaphini, Hippotragini)consumed & grasses, and other tribes,
Tragelaphini and Antilopini showed mixed/C, feeding strategies. Other herbivores
(hippopotamids, rhinocerotids, equids, suids, Psolaea andTheropithecuks relied
heavily on G grasses while a few large Rodentia sampled exhibied G/C, feeding
strategies (Figure 2.2 and 2.3; Table 2.1). Thaltesfrom each major taxonomic

category are discussed in detail below.
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2.5.1 Rhinocerotidae
The only rhinoceros identified in the “Asbole faurmone” is Diceros cf. bicornis

(Geraads et al., 2004 Ceratotheriummay also be present, but definite evidence ik stil
lacking, because distinction of the two living Afin genera is difficult based on
fragmentary remains (Geraads et al., 200%Cenamevalue of the singld®iceros from

the Asbole fauna zone is -5.5%o (n=1).

Table 2.1 Stable isotope analysé5’¢ and§'®0) of fossil tooth enamel and modern
samples collected from Asbole during 2006 and grédd seasons.

DRP No | Sample no ID Family Tribe oc | 80
ASB 340 | Zk-EN 34 | Connochaetes Bovidae Alcelaphini** | 0.4 | -0.5
ASB 283 | Zk-EN 27 Damaliscus Bovidae Alcelaphini** 0.9 1.2
ASB 262 | Zk-EN 19 Megalotragus Bovidae Alcelaphini** 25 | -0.1
ASB 341 | Zk-EN 36 | Gazella granti Bovidae Antilopini** -5.7 | -0.8
ASB 264 | Zk-EN 20 | Gazella(other) Bovidae Antilopini** 4.7 | 4.6
ASB 248 | Zk-EN 16 | Gazella(other) Bovidae Antilopini** 7.7 | 4.2
ASB 139 | Zk-EN 5 Gazella(other) Bovidae Antilopini** -55 | 5.2
ASB 116 | Zk-EN 51 | Gazella granti Bovidae Antilopini** -3.3 | 3.2
ASB 220 | Zk-EN 52 | Gazella Bovidae Antilopini** -8.0 | 31

Zk-EN 53 | Gazella Bovidae Antilopini** -6.4 | -2.0
ASB 184 | Zk-EN 54 | Gazella Bovidae Antilopini** -4.2 | 2.3
ASB 259 | Zk-EN 18 Bovini Bovidae Bovini 0.7 0.3
ASB 236 | Zk-EN 14 Bovini Bovidae Bovini 1.8 -2.2
ASB 226 | Zk-EN 13 Bovini Bovidae Bovini -2.3 0.1
ASB 206 | Zk-EN 12 | Bovini Bovidae Bovini 2.5 2.2
ASB 194 | Zk-EN 10 | Bovini Bovidae Bovini -09 | 0.1
ASB 178 | Zk-EN 7 Bovini Bovidae Bovini 0.9 1.7
ASB 134 | Zk-EN 4 Pelorovis Bovidae Bovini -0.1 5.8
ASB 370 | Zk-EN 42 | Pelorovis Bovidae Bovini 0.8 0.1

Zk-EN 61 Bovini Bovidae Bovini 2.7 3.2
ASB 96 | Zk-EN 62 | Bovini Bovidae Bovini 1.2 1.3
ASB ZK-EN 63 | Bovini Bovidae Bovini 3.3 0.4
ASB 26 | Zk-EN 64 Bovini Bovidae Bovini 0.0 0.3
ASB 305 | Zk-EN 31 | Chlorocebus Cercopithecidae | Cercopithecini| -8.9 | -0.6
ASB 192 | Zk-EN 9 Hippotragini Bovidae Hippotragini 1.1 3.8

Zk-EN 65 Hippotragini Bovidae Hippotragini 0.1 0.8
ASB 388 | Zk-EN 44 Kobus Bovidae Reduncini* 2.3 1.7
ASB 381 | Zk-EN 43 | Kobus Bovidae Reduncini* 1.9 2.1
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DRP No | Sample no ID Family Tribe oc | 80
ASB 360 | Zk-EN 41 Kobus Bovidae Reduncini* -3.0 | -2.0
ASB 357 | Zk-EN 1 Kobus Bovidae Reduncini* 1.2 0.6
ASB 331 | Zk-EN 33 Kobus Bovidae Reduncini* 0.3 0.6
ASB 299 | Zk-EN 29 Kobus Bovidae Reduncini* 0.2 0.1
ASB 273 | Zk-EN 23 Kobus Bovidae Reduncini* 1.1 1.8
ASB 186 | Zk-EN 8 Reduncini Bovidae Reduncini* 0.3 0.3
ASB 124 | Zk-EN 2 Reduncini Bovidae Reduncini* -5.7 | 3.7
ASB 6 Zk-EN 66 Kobus Bovidae Reduncini* 1.8 1.2
ASB 132 | Zk-EN 67 Kobus Bovidae Reduncini* -2.6 2.5
ASB 182 | Zk-EN 68 Kobus Bovidae Reduncini* 3.1 1.4

Zk-EN 69 Kobus Bovidae Reduncini* -0.2 2.0
Theropithecus

ASB 390 | Zk-EN 45 | oswaldi Cercopithicidae | Papionini -0.1 | -0.4

ASB 130 | Zk-EN 3 Taurotragus Bovidae Tragelaphini**| -6.5 | 1.5

ASB 356 | Zk-EN 38 | Taurotragus Bovidae Tragelaphini** | -11.4| 4.7

ASB 280 | Zk-EN 26 | Taurotragus Bovidae Tragelaphini**| -3.7 | 3.7

ASB 414 | Zk-EN 47 Elephas Elephantidae* -1.4 | -1.3

ASB 255 | Zk-EN 17 | Hippopotamus Hippopotamidae* -1.0 | -05
ASB 155 | Zk-EN 70 Hippopotamus Hippopotamidae* -1.5 | -3.6
ASB 9 Zk-EN 71 Hippopotamus Hippopotamidae* -1.4 | -6.3
ASB 279 | Zk-EN 25 Hystrix Rodentia -1.6 | -0.2
ASB 269 | Zk-EN 22 Hystrix Rodentia -8.0 | -0.9
ASB 392 | Zk-EN 46 Phacochoerus Suidae* -04 | 1.2
ASB 322 | Zk-EN 32 Kolpochoerus majus| Suidae* -0.3 | -0.5
ASB 268 | Zk-EN 21 Kolpochoerus majus| Suidae* 0.2 0.9
ASB 242 | ZkK-EN 55 | Giraffa Giraffidae** -85 | 1.3
ASB 224 | ZkK-EN 56 | Giraffa Giraffidae** -89 | 84
ASB 176 | Zk-EN 57 | Equus Equidae* 1.2 1.2
ASB 355 | Zk-EN 39 Equus Equidae* 0.4 2.9
ASB 342 | Zk-EN 37 Equus Equidae** 1.1 3.4
ASB 177 | Zk-EN 58 Equus Equidae* 1.0 0.6
ASB 178 | Zk-EN 59 Equus Equidae* -0.6 | -0.4
ASB 179 | Zk-EN 60 Equus Equidae* 1.0 1.3
ASB 165 | Zk-EN 6 Diceros Rhinocerotidae* 55| -1.0
ASB 110 | Zk-EN 72 Elephas Elephantidae* -0.4 | -0.4

Notes: Samples used in the calculationgfzeshown in Table 3 are indicated here:

* Evaporation Insensitive (El) spices, ** EvapoaatiSensitive (ES) species.
The isotopic data suggest that the dietary stratéghis Diceros was that of a mixed
feeder with both €and G components, with approximately 53% @rass consumed in

its diet (Table 2.2). Previous studies on isotamalysis of modern rhinocerotid teeth
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clearly reflect dietary partitioning (Lee-Thorp,8% Bocherens et al., 1996; Cerling and
Harris, 1999; Cerling et al., 2003b; Kingston andrdison, 2007) withCeratotherium
simumyielding §**Cenamel Values consistent with a variable to obligate gtazing diet
averaging about 0.0%o. ari2iceros bicornis(black rhino) with a €browsing diet with a
mean of about —10.5%Kingston and Harrison, 2007). Our analysis of th@o tooth
enamel from the Asbole faunal zone is consistetit Biceroscf. bicornis. The"*Cenamel
values ofD. bicornis from arid habitats such as Amboseli National Paud typically
more’*C-enriched than average (Bocherens et al., 199§yesting that Asbole was near
the arid end of the habitat preferencelteros although this is based on a single

specimen from Asbole.

2.5.2 Elephantidae
The fossil Elephantidae from Asbole consists orflyEtephas(Geraads et al., 2004).

8"Cenameivalues of the only two Elephantidae analyzed aesa0.8%o0 (N=2)6"*Cenamel
values of Elephantidae from the Asbole fauna zodeate that the diets of these large-
bodied herbivores were dominated hydgtass i(e. 87% of the total diet were,@rasses,
Table 2.2). These results and others suggestingblargrazing to intermediate foraging
isotopic strategies of late Miocene and Pliocerssifcelephantids (Zazzo et al., 2000)
contrast with thé™CenamelOf extant AfricanLoxodonta which indicate a diet generally
dominated by gbiomass (Cerling et al., 1999). Hypotheses toarphis discrepancy
include reduction of € grasslands at the terminal Pliocene resulting noreased
competition from other grazing taxa or incorrecylpgenetic assumptions linking fossil

grazing lineages with modern browsing elephantslif@eet al., 1999).
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2.5.3 Equidae
The fossil Equidae from Asbole are representedhay genusEquusand because of

limited fossil finds, further specific identificat is not possible (Geraads et al., 2004).
8" Cenamel Values of theEquusfrom the Asbole Fauna averages 0.8+0.5%. (n=6). The
isotopic data suggest that the dietary stratedidseoEquids grazed primarily orn, @rass
(i.e., 98% of the total diet, Table 2.2). These resulésansistent with isotopic data of
equid enamel, younger than about 7 Ma in tropiodl sub-tropical Africa, including all
modern samples, which yiedd°Cenamevalues in the range of —2%o to +3%o, indicating C
dominated to exclusive ,Cgrass diets (Morgan et al., 1994; Bocherens et1806;

Cerling et al., 1997b; Cerling et al., 2003a, md&ton and Harrison 2007).

2.5.4 Suidae
In addition to their key role in biochronology, pigare frequently utilized as

paleoecological indicators. The fossil Suidae froksbole are represented by
Metridiochoerus modestuand Kolpochoerus majugthe most common species in
Asbole; Geraads et al., 2008}°Cenameivalues of the Suidae average -0.2+0.9 %o (n=3).
The suid specimens analyzed consist of two uppdamhof Kolpochoerus majusind
one lower third molar ofetridiochoerus sp3**Cenameivalues from both species indicate
exclusively G grazersi(e., 92% G, grasses, Table 2.2). By contrast, extant suids fro
eastern Africa display the full spectrum of herl@®*Cenameivalues M. modestusad a
diet based on grasses, as its close relative ththoga but it is surprising to find similar
dietary signals irk. majusthat had much lower crowned teeth (although highan in

Potamochoeruor Sug and M3s that are not more elongated than thostheofearly
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members ofK. limnetes suggesting that increase in molar height andtterage not

required for grazing (Harris & Cerling, 2002).

A Hippopotamidae
# teeth -10 5 0

T T T T
Hippopotamus cf. amphibius | 3 q[l| |

-10 5 0
§'*C (vpPDB) enamel

B Giraffidae
# teeth -10 -5 0

T
Giraffa cf. camelopardalis| 2 -

C Rhinocerotidae
# teeth -10 -5 1]

T T
Diceros cf. bicornis | 1 )

D Elephantidae

# teeth -10 -5 0

Elephus recki 2 I I I ® .I
| I S T N

-10 -5 0

E Suidae
# teeth -10 -5 0
Kolpochoerous majus | 2 [ T ]
Phacochoerous modestus | 1 ®
L 1 L 1
10 -5 0
3'*C (vPDB) enamel
F Equidae
# teeth -10 -5 0
T T T T
Equus 3 |
-10 -5 0

§'3C (vpDB) enamel

Figure 2.2 Box plots 0*Cenameivalues (%) large mammal teeth from the Asbole &aun
The edges of the box represent quartile valueshdneontal line indicates the
range and the median values are represented bitieal/éne with in the box.
8"Cenamelvalues for taxa represented by three or fewer kmmare plotted as
individual circles for each analysis.
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2.5.5 Giraffidae
The fossil Giraffidae from Asbole are representg@ivaffa cf. camelopardaligGeraads

et al., 2004)5"Cenameivalues of the Giraffidae averages -8.7+0.3%o (nFRe isotopic
data from bothGiraffa specimens indicate diets dominated hypants with 31% ¢
component, consistent with isotopic data from atidern and fossiGiraffa (Cerling &
Harris, 1999; Kingston & Harrison, 2007; Cerling &k, 2008) showing that the
specialized selective feeding strategy of the fgrafas already established in the
Pliocene. Harris & Cerling (1998) report that IMéecene and early Pliocene sivatheres
from East Africa have exclusive browsing isotopgnstures, but they become grazers in
the late Pliocene. Similarly, a carbon isotopicnaigre of —1.2%0 was reported for an
enamel fragment attributed to &ivatheriunrecovered from the Pliocene GWM-5 block
(~4.3-3.7 Ma) at Gona (Semaw et al., 2005), ingiged foraging strategy dominated by

C,4 grazing in the early to middle Pliocene.

2.5.6 Hippopotamidae
Hippos are quite rare in Asbole, and are repredebyeHippopotamuscf. amphibius

which is indistinguishable from the livind. amphibius but no diagnostic feature allows
a specific identification (Geraads et al., 2004)e Bveragé'*Cenamevalue of the Asbole
hippos is -1.3+0.6%o0 (n= 3). The isotopic data iatkcdiets dominated by,@lants {.e.,

83 % C4 grasses). Reconstruction of fossil hippetsdihas often been based on
observations of cranio-dental morphology (Boissetieal., 2005). However, the degree
of hypsodonty is a weak variable in hippos and oaroe used to distinguish dietary

adaptations (Solounias et al., 1988; MacFaddenl.et1899). Stable carbon isotope
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analyses of tooth enamel, on the other hand, peovidre reliable information on fossil
hippo diet. So far, data have been provided by {doret al., 1994; Bocherens et al.,
1996; Kingston, 1999; Zazzo et al., 2000; Franz+@dal et al., 2002; Cerling et al.,
2003b; Schoeninger et al., 2003, Boisserie et2@D5), concluding that th&>Cenameiis
rather variable in the modern form (-10.9 to +1%l ghat this range of value was almost
the same since the Late Miocene (Boisserie eR@05). Our isotopic data suggest that
the dietary strategies of the Hippopotamidae atohesivere grazing and fed primarily on
C4 grass (i.e., here all the three data points itdicgazing on ¢ grasses), likely
reflecting the aridity of Asbole and the resultimgdominance of C4 vegetation. On the
other hand, both &£&dominated (Levin et al., 2008) and mixegd @ diets have also been

reported in different parts of Africag.g., Toros-Menalla, Chad, Boisserie et. al., 2005).

2.5.7 Bovidae
African bovids are a diverse group of mammals likkatin habitats ranging from tropical

rainforest to deserts (Cerling et al., 2003). Etiohary pattern of this family has been
linked specially to environmental change and faunatover during the Miocene and
Plio-Pleistocene (Vrba, 1985, 1995; Bobe and E€Q12 Alemseged, 2003; Kingston

and Harrison 2007).

As in most African paleontological sites, bovide #ne most abundant mammalian taxa
in the Asbole faunal assemblage, comprising 52 ¥hefanalyzed sample. The samples
from Asbole include representatives of the tribeag€laphini, Bovini, Hippotragini,

Alcelaphini, Reduncini, and Antilopini (Figure 2.3)
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Tragelaphini from Asbole are represented by theugdmurotragusand Tragelaphus
scriptus (Geraads et al., 2004) but all specimens analyr@ are probably from
Taurotragus Their 8 *Cenamel Values average -7.2+3.9%. (n=3). These isotopi@ dat
suggest thataurotragusat Asbole was adapted to a wide range of diets avgéuggested
preference for browsing, but at least with sigmifit C, component in the diet (41%,C
grasses). Isotopic analyses of enamel and hortirk@faextant tragelaphines from South
and East Africa indicate diets dominated by brogsire. Tragelaphus imberbignd
Tragelaphus strepsiserpsalthough there is evidence for mixed/ @ in Taurotragus
oryx (Lee- Thorp, 1989; Cerling et al., 2003a; Sponteeiet al., 2003d), and this is in

agreement with our results of the Asbole Tragelaiphi

#teeth 20 15 10 -5 0 5 10

Alcelaphini| 3 - ‘.

Antilopini| 8 HTH

Bovini [12 |_[|:|_|

Hippotragini| 2 o0
Reduncini |3 —AH
Tragelaphini |3 o o O

20 15 -10 -5 0 5 10
13
6 °C (VPDB)anamel

Figure 2.3 Box plot 0613Cenamel values (%o0) of bovid teeth from Asbolentaplotted
in the same manner as Figure 2.2.
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Bovini are represented at Asbole by an incomplktd sf the genuBos(Geraads et al.,
2004), but it is likely that some, if not most,tbé teeth sampled here are from a buffalo,
either Syncerus caffeor a long-horned form close Relorovis §**Cenamevalues of the
samples analyzed have an averaf€cname value of 0.9 +1.8%.. (n=12). The isotopic
data suggests that the dietary strategies of Bowie generally grazing and fed

primarily on G grassice., 99% G grass).

Alcelaphini from Asbole are represented by €bnnochaetesp. andDamaliscus niro
(Geraads et al., 2004) although they are not comnitwe tribe Alcelaphini today
includes wildebeest, topi, hirola and kongoni,aaé variable to obligate grazers (Gagnon
and Chew, 2000), inhabiting open woodland or edaphd secondary grasslands (Estes,
1991).8"Cenameivalues of the three samples from Asbole avera@el1 %o (n=3). Our
isotopic data suggest that the dietary stratedigbeoAlcelaphini were grazing and fed
exclusively on G grass ite. 100% G grass), like their modern relatives (Cerling et al
2003c; Sponheimer et al., 2003) although Kingstod Blarrison (2007) indicate that
early lineages or individual taxa of small-sizedetdphines may not have been as

committed to specialized grazing niches as theleno-day counterparts.

The fossil Reduncini from Asbole are representedKbipus kob(the most common
species in Asbole) ariReduncasp. (Geraads et al., 2004) but molars of thesdespace
almost of the same size and could not be identtigdw tribal level 5 *Cenameivalues of
the samples analyzed have an average of 0.1 £2(5%%3). These isotopic data suggest

that the dietary strategies of the Reduncini wezaegally G grazers, i(e. 93% G
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grasses) as do most modern reduncines (Levin €08B). One of our samples has a
8Cenameivalue of -5.7 %o, suggesting the presence ¢pl@nts in its diet, but we note
that one species &edunca reduncéBohor reedbuck) sampled from the Bale Mountains
in Ethiopia had & *Cenameivalue of -7.1%o, suggesting that some reduncindess arid

environments may consume @getation (Levin et al., 2008).

Hippotragini are represented in Asbole solely by genusOryx (Geraads et al., 2004).
8"Cenamelvalues of the samples analyzed have an avera@ebaf0.7%.. (n=2). These
isotopic data suggests that the dietary stratexfiésippotragini were generally grazing
and fed primarily on ggrass, like modern representatives of this trikimgston &

Harrison, 2007).

Antilopini from Asbole are represented Bazellacf. thomsoniand Gazellaaff. granti
(Geraads et al., 2004 *Cenameivalues of the samples analyzed here, have angevefa
-5.7£1.7%0 (n=8), but individual specimens could ro® identified to species. The
isotopic data suggest that Antilopines were adapteé wide range of diets more
preferably browsing with significant arid-adapteg @getation and/or some, Giomass
(i.,e. 52% G, grasses). Modern gazelles, dibatag, and gerarhdbit desert, grassland,
savanna and open woodland biomes (Gentry, 199@)have diets ranging from variable
grazers dominated by C4 grass for Thomson's gai&llhomsonito greater emphasis
on browsing G. grant), while the gerenuki{tocranius waller) is an essentially pure;C
browser. Studies of fossils from Eastern and Sonth&frica (Lee-Thorp, 1989;

Sponheimer et al., 1999; Gagnon and Chew, 2000inGest al., 2003c) have indicated a
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similar range of some of the Antilopine diets. Sonael mixed feeding strategies with
emphasis on browsing €., Grant's gazelle), others had a variable isotojicasure, but
one dominated by Cgrass i(e., Thomson's gazelle) while others h&dCenamei values

corresponding to a diet of essentially pugdb®wse i.e., gerenuk).

Table 2.2 Daily food consumption and C4 proporiiothe diet of Asbole Fauna used in
the calculation 08™*Cecosystem

Fauna Fauna Average C4 Weight of Average Food
Abundance | &13Cenamel | proportion | animal (kg) consumption
% (%0) in the diet (kg/day)
(%)

Elephantidae 1 -1.4 82.9 3500-65P0 41.6
Rhinocerotidae 4 -0.89 86/5 800-14p0 14
Equidae 2 0.71 97.9 270-4Q0 4.6
Suidae 17 -0.19 91.b 45-100 2.3
Hippopotamidae 3 -1.32 8314 510-32D0 1y.7
Giraffidae 0.3 -8.71 30.6 1180-1930 19.6
Theropithecus 4 -0.9 86.4 13-21 0.51
Colubus 125 -9.6 24.3 5.0-14.0 0.56
Papio 1.7 -7.6 38.6 13-21 0.6b
Chlorocebus 1.7 -8.93 29 4.0-8.0 0.0
Alcelaphini 2.6 1.28 102 140-260 2|9
Tragelaphini 3.6 -7.21 41.4 30-80 1.1
Reduncini 28.6 0.0% 93.p 43-65 11
Hippotragini 1.04 0.57 96.9 400-500 g.0
Bovini 10.9 0.87 99.07 250-850 8
Antilopini 5.2 -5.68 52.3 38-67 1.1

Note: Average weight of animals (kg) and averagedfaonsumption (kg/day of
Elephantidae, Hippopotamus amphibus, Syncerus caffer, GazellantgraGazella
thomsonj Aepyceros melampuand Connochaetes taurinus) are from Delany and
Happold (1979). These data are used to calibragdgationship between body mass and
average food consumption used for the rest ofaka. t

2.6 Paleoenvironmental interpretations based on faunal abundance

The faunal composition of the Asbole fauna, in afditself allows drawing some

paleoecological inferences. Figure 2.4 shows thative abundances of the various
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mammalian families, based upon all identifiablecapens, collected and uncollected (n
= 642). Although comparable quantitative data aélylacking in Eastern Africa, two
significant points stand out about the Asbole fauha scarcity of hippos and the high
proportion of cercopithecids represented by fivecggs, with colobines as the dominant
primate group. The abundance of arboreal primaeasniindicator of high tree cover
(Reed, 1997), and this is especially true at Ashdiere the primates mostly consist of
colobines, an arboreal group specialized in ledhgdalmost 2/3 of the total primates
are colobines; Frost & Alemseged, 2007). The logqfiency of hippos contrasts with
their abundance in most other eastern African beate fossil sites; it can perhaps be
explained by the absence of perennial streamses large enough for these animals.
The relative abundance of the various bovid triflegure 2.5) is often used as a
paleoecological indicator (Vrba, 1980), as it isyweformative. Here, the very high
proportion of reduncines (mostKobug very likely points towards the dominance of a
seasonally inundated open environment, such asoddlain or even swamp that would
also suit the bovines which are also quite commioncontrast, indicators of drier
grasslands in uplands, such as alcelaphines arndpams, are rare. We may also note
the low frequency of tragelaphines and the absehtiee impala; this might suggest poor
representation of a suitable ecotone between farestgrassland, but is consistent with
the interpretation of narrow gallery forest or wedcenvironment with a sharp boundary

to a widespread open environment.

The other mammals provide less clear ecologicatatins, but support the previous

ones. Among rhinos, the browser or mixed-feedareros is more common than the
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grazer Ceratotherium Although there was certainly a size bias in tldection of
rodents, the commoifhryonomysis a mesic-adapted genus found in swamps and othe
moist habitats, and similar conditions may suitatiger taxaTachyoryctesOtomys and
Arvicanthis Although they are rare and not very good ecoklgindicators, the

carnivores at Asbole do not contradict these imé&tgpions.

2.7 Faunal-abundance-weighte@*Cecosystenvalue

In general, our carbon isotopic results shows tGatgrasses were a significant
components of the total diet of the Asbole faund, tb better account for the average
carbon isotopic value of the ecosystem we calcalateighted averag?é?’cecosystemvalue
using the averagé'®Cenamel Of €ach taxon weighted by faunal abundance and the
estimated daily food intake of each large verteb(ab0 kg) taxon (Table 2). This value
approximates thé*°C value of the total vegetation present in an estesy, or at least
that consumed by large vertebrates. Using the idatable 2, the%le’Cecosystemvalue for
the Asbole faunal zone was -14.7%., which undersctre near-absolute dominance of
C,4 vegetation in the region sampled by the totaldavgrtebrate fauna (Gregetation
ranges from -19 to -9%. with a mean of -13%.). Usthgse end member isotopic
compositions of vegetation, the proportion of ¥&getation at Asbole is estimated as
12%. Sensitivity tests were done to check the effecthe calculated"*Cecosystemvalue

by categorically including/excluding primates, whiare comparatively abundant but
consume little biomass in comparison to large edtes, including primates in this
analysis shows little effect (i.e. -0.3%o changesﬁeicecosyste,)., which contributes an

additional 2% to the estimated @egetation cover.
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Figure 2.4 Relative abundances of the mammalianliemmfrom the Asbole fauna,

excluding rodents and carnivores.
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Figure 2.5 Relative abundances of the bovid trit@s Asbole.
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The faunal abundance weighted averatj’é:ecosystemvalues in this study remains to be
calibrated with the modern analogs and studiesiager progress.To better calibrate the
data and obtain a representation of all the spexiemnge of environments should be

considered.

2.8 Oxygen isotopic composition of tooth enamel

2.8.1 Observe®*®0qpame values

The wide range 08'®0 values of tooth enamel from the Asbole fauna3(6.+8.4%o)
indicates significant variation in the oxygen ig@aomposition of animal water sources,
food, and thermophysiological adaptatioagy(,Kohn et al., 1996; Sponheimer and Lee-
Thorp, 1999b). Given the theoretical constraints ¥fOename We can distinguish
“obligate drinkers” that get water from river okés, and thus track'®0 of meteoric
water most faithfully €.9, Reduncini, Equusand suids) from other "non-obligate
drinkers” that obtain most of their water from leavn which'®0 is enriched compared
to the local meteoric watele g, Giraffa). Still others are aquatic, in whiclO is
significantly depleted in relation to other herb® €.g, Hippopotamus Levin et al.,
2006).5"%0cnamevalues of the Asbole fossils range between -6d346h4%. (Figure 2.6)
reflecting all drinking habits of animals from nobligate drinkers ife., Giraffa,
Antilopini and Tragelaphini) through intermediatése. Hippotragini and Bovini) to
obligate drinkersi(e., Reduncini, Alcelaphini, hippopotamids, rhinocetst elephantids
and to less extent equids, and suids). The rang&©f.amevalues also differs between
taxa, which ma be explained by the degree of ataptaf the animal, specialization of

different taxa in different ecotone or differenaeseasonal migrations. The largest range
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of 8" 0enamevithin individual taxon occurs in Bovini, AntilopimndGiraffa (8.0, n= 12),
7.2 (n=8) and 7.2%. (n=2) respectively), while thstrof the fauna shows lower ranges of
8" 0cnameivalues between 0.7-5.8 (n between 1 and 13)ysirix, Elephas Chlorocebus,
Theropithecusand Diceros are represented by a single value). The narrogerari the
50 of the Asbole rodentia would indicate its potehtio provide localized

paleoenvironmental signals at a finer scale thhardines of evidence (Reed, 2007)

—— Bovidae o
wY ¥ Alcelaphini
A A A A M /\ Antilopini
a0 O O Bovini
® ® @ Hippotragini
O KRS O < Reduncini
HE N

[ W Tragelaphini

Elephantidae
® Elephus recki

Equidae
@@ @ ® Equus

Giraffidae
@ @ @ Giraffa cf. camelopardalis

Hippopotamidae
©. ® ® ® Hippopotamus cf. amphibius

Rhinocerotidae

@ Diceros cf. bicornis

A A Suidae

@ /\ Kolpochoerous majus
® Phacochoerous modestus

§'%0 (vPDB) enamel

Figure 2.65"®0cname0f herbivores teeth from Asbole fauna.
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2.8.2 Estimating paleo-aridity usingd*®Oenamel
We applied the novel method of Levin et al. (200®)estimate the paleo-aridity at

Asbole based on interpretation of #1€0.mamevalues of evaporation sensitive (ES) and
evaporation insensitive (El) taxa. El taxa are ¢htisat are obligate drinkers, and thus
track the&'®O value of local meteoric water as their main seus€ oxygen in body
water. Meanwhile ES taxa are the non-obligate @rislkvhose main source of oxygen is
from the evaporativelj?O-enriched water in leaves. Becausedti® value of leaf water
increases by evaporation and this increase is piopal to aridity, the oxygen isotopic
enrichment between ES and El taxas@) also increases with aridity, and is an
independent of the isotopic composition of localtenec water, making it an ideal
paleoaridity index in terrestrial environments. Wadeficit (WD) values are used to
characterize environmental aridity, which is theffedlence between potential
evapotranspiration (PET) and the mean annual ptattgn (MAP). Figure 2.7 shows the
calibration data set from Levin et al. (2006) #§.g to water deficit from a range of
climates in East Africa. Based on this calibrati@nd our estimate of theesg
determined from the Asbole fauna, the mean annuzterwdeficit of the Middle
Pleistocene at Asbole is calculated to be 1470 fiifms the paleoclimatic condition of
Asbole is similar to that near the most arid endnimers of the modern calibration data
set: Olorgesaile (Magadi station; 1341 mm) andTim&kana Basin (Lodwar station; 1588
mm). We also calculated WD for climate stations rnéabole in Ethiopia for

comparative modern analogs (Table 2.3).
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Figure 2.7 Relationship between aridity (measued/ater deficit, WD) and the oxygen
isotopic enrichment between evaporation sensitizS) (and evaporation
insensitive (El) taxasts.g), based on the calibration data in Levin et 200@.
From this data set, we chose only the clearly ifledt taxa for the ES
(Syncerus caffer, Oryx beisa, Giraffa camelopardd@sdoqua kirkii, Gazella
granti) and El Loxodonta africana, Hippopotamus amphibius, Equustielli,
Aepyceros melampus, Potamochoerus larvatus, Didgoosnis, Phacochoerus
africanus, Papio anubjscategories. Each point represents a locatioth wi
climate determined from East African MeteorologiBapartment data. Based
on the suggestion of minimum sample size requioatly locations from this
calibration data set with > 10 combined ES and d&hpes are used in the
regression, which is weighted to the total numidfeE® and EI samples from
each location. The size of the circle surroundiaghepoint is proportional to
the total number of samples from that location,levthie error bars represent the
average of the standard deviations for ES and mbpks from each location.
The regression slope here (0.00439/mm) corresparalsto the suggested
value based on the pooled or common slope of iddali regressions from
Levin et al., (2006; 0.00501/mm).
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Table 2.3 Calculated Water Deficit (WD) from theyliliands and lowlands of the Rift
Valley of Ethiopia, compared to the estimated vdbarethe Middle Pleistocene
at Asbole based afgs.gr

Location MAP PET WD Elevation
(m)

Based on modern climate data
Desse 123( 721 -509 2510
Bati 916 960 44 1502
Ziway 740 930 191 1643
Gewane 417 1906 1435 618
Dubti 195 3143 2948 503
Fossil locality based onegg
Asbole 1470

Note: MAP- Mean annual precipitation, PET- potdre\apotranspiration, WD-Water
deficit. (where WD= PET-MAP). Meteorological dathGewane, Bati, Dubti, Ziway and
Desse are adopted from the Ethiopian National Metegical Agency.

WD values from Gewane, Bati, Dubti, Ziway and Dessdicate a wide variation in

environmental aridity between Ethiopian Rift Valléyghland and the lowlands. Of these

data, the paleo-water deficit for Asbole is mostikir to the nearby Gewane station,

which might indicating little change in aridity this part of the Ethiopian Rift since the

Middle Pleistocene. This interpretation is also guped by the dominance of arid-

adapted Gvegetation evident from thg>Cecosystemvalue discussed above.
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2.9 Conclusions

Isotopic analyses of mammalian herbivore taxa ftoen“Asbole faunal zone” (0.8 - 0.64
Ma) including multiple samples of 15 taxa represent9 different families, were
sampled to analyze dietary adaptations and recmtdtie range of paleoenvironmental
conditions in which the fauna lived. The Asbolebrar isotopic data indicate a wide
range of foraging strategies, across the entiretsapa of pure ¢to G-dominated diet,

mixed G/C, diet and G-dominated diet.

The stable oxygen isotope data signifies that nodsthe species are evaporation
insensitive which track the meteoric water faithfulwhile a few species such as
(Giraffa, Antilopini and Tragelaphini) are evaporation sewves and track the isotopic

composition of vegetation consumed. Our estimat¢hefoxygen isotopic enrichment
between these two groupg<.g) determined from representative samples of theokssb

fauna is 3.7%.. This value provides an estimatenefrhean annual water deficit of the
Middle Pleistocene at Asbole to be 1470 mm, whgkimilar to the present day water

deficit at the climate station of Gewane in an atithate.

Although no hominin remains have been found at Aeslhbus far, the presence of
abundant MSA archeological remains at Asbole (Akgesl and Geraads, 2000) shows
that hominins were present in the area betweemid60.8 Ma. The very diverse nature
of mammalian species at the site is rather uniquet r@ot common for the Middle
Pleistoceneif. five primate species are encountered and overathates are very

abundant, while hippos are much less abundantahearany similarly-aged sites). Based
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on previous study, Alemseged and Geraads (200@estep that overall, the ecological
implications of the bovid assemblage recalls mames Pliocene sites than Pleistocene

ones.

Based on carbon isotopic analysis of the largeebeate fauna, combined with faunal
abundance and dietary intake data, we interpretothexall environment at Asbole
between 0.64 and 0.8 Ma to be an arighd@minated open vegetation region, with an
abundance of forest dwelling primates indicating pinesence of isolated gallery forests
flanking tributary streams~(2 % G biomass). So, with these combined methodologies,
we can elucidate a more detailed character of tinesaic” of environments. By
combining the stable isotopes, which emphasizevitiespread open and xeric condition,
with faunal abundance data, which indicated thesgaree of wooded environment as
gallery forests along the main river (Geraads ¢t24l04), we are able to obtain a more
detailed picture than with a single proxy alone.r&lstable isotopic studies, specifically
of the diverse primate fauna from Asbole, will be hext platform to better quantify the

abundance and specific nature of the gallery faegironments.

It is generally accepted that environmental condgiin East Africa became more open
and xeric through time in the Plio-Pleistocenehweiboler and drier conditions in the late
Early Pleistocene (Coppens, 1975, Vrba, 1985, H8B1995). The stable carbon and
oxygen isotope data presented here, in the coofegimilarly analyzed African Plio-

Pleistocene sites, lends support to this hypoth&sisvious work at Asbole based on

faunal abundance combined with the current studyahstrate that though major trends
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in environmental changes could be true, regiondllacal environmental variations were
equally important. A good example is the abundamains of water loving (reduncini)
and forest dwelling (colobines) species at the NéidRleistocene site of Asbole compared
to Andale in the Middle Awash Region, located rant from Asbole and with the same
geological age, documents a similar fauna, but wéty different proportions (Kalb et
al., 1982). For example, among the bovids at tikés Reduncini is not the most common
as this tribe is over taken by Tragelaphini, prdpahowing some local environmental
distinction among the two proximal sites. These difigs caution against
oversimplification of Pleistocene environmentalaestructions, based on single proxies

at isolated localities.
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CHAPTER THREE
DIETARY AND PALEOENVIRONMENTAL RECONSTRUCTION
USING STABLE ISOTOPES OF HERBIVORE TOOTH ENAMEL
FROM MIDDLE PLIOCENE DIKIKA, ETHIOPIA: IMPLICATION
FOR AUSTRALOPITHECUS AFARENSIS HABITAT AND FOOD

RESOURCES
3.1 Introduction

Exploring the paleoenvironmental and paleoclimatinditions as well as available food
resources and habitats of early hominins has be&ryaissue in answering major
guestions pertaining to the origin, evolution, aextinction of hominin species in
addition to understanding their morphological amdhdvioral adaptations (Dart, 1925;
Robinson, 1954; Vrba, 1985; Reed, 1997; Alemsegew &Bobe, 2009).
Paleoenvironmental reconstruction of hominin foksthlities in Africa has been based
on paleosol carbonatee.)., Levin et al., 2004; Aronson et al., 2008), taxoiom
uniformitarianism €.g., Vrba, 1980) faunal abundance.d., Reed, 1997, 2008),
ecomorphology€.g.,Plummer et al., 2008), and palynologic analysig.(Bonnefille et
al., 2004). The use of carbon and oxygen stabtepes of mammalian tooth enamel has
proven a successful tool in the study of paleodyetand habitat reconstruction of both

hominin and non-hominin species (Lee-Thorp, 198&H&rens et al., 1996; Kohn et al.,
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1996; Kingston, 1999; Sponheimer et al., 1999; daazal., 2000; Cerling et al., 2003a;
Levin et al., 2008; White et al., 2009; Bedaso let2010). However, compared to the
other Pliocene fossil localities in Africa, previstable isotope studies of mammalian

tooth enamel from the Awash Valley of Ethiopia haeen sparse.

This study uses stable isotopes of carbon and oxfrgen tooth enamel to reconstruct
dietary adaptations of herbivorous ungulates, ass@fts in the relative abundance af C
grasses, reconstruct the oxygen isotopic compasitfaneteoric water and interpret the
environmental context, habitat structure, and dicnaonditions between 4-3 Ma at
Dikika Ethiopia. It has direct relevance to the erstanding of the paleoenvironmental
context and available food resources of the onlgwkmmiddle Pliocene hominin in the

region:Australopithecus afarensis

3.2 Background

The Dikika Research Project (DRP) area is perhass known for the juvenile early
hominin skeleton “Selam,”’A. afarensi} and the earliest evidence of stone-tool-assisted
consumption of ungulates by hominins (Alemsegeal.e2005; Alemseged et al., 2006;
Wynn et al., 2006; Geraads, 2005; McPherron, ¢28l0). Dikika is surrounded by the
Hadar, Middle Awash, Gona and Ledi-Geraru paleagiichl research areas in the Afar
Depression (Figure 3.1). The area represents on¢hefkey paleontological and

paleoanthropological sites in East Africa and thejget seeks to address key
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evolutionary questions pertaining to various asp@ttearly hominins paleobiology as

well as their cultural evolution over the past4d/a.

Busidima Unconformity
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Figure 3.1 Location map of the Dikika Research &iopreaa, A map showing fossil
sites which beaAustralopithecus afarensi€l-Hadar, 3-Maka, 6-Turkana 7-
Koobi Fora and 8-Laetoli) and other sites with jpghe#d tooth enamel isotope
data (2-Gona, 4-Aramis and 5-Chorobg)Detailed map showing the eastern
portion of DRP areai.g. fossil localities representing the Hadar Formation
marker beds and geological structures) and adjdosail sites (Hadar, Gona
and Ledi-Geraruy, Generalized composite stratigraphic column of Haelar
Formation showing age of sampling intervals usetthig study.
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Fluvial and lacustrine sediments exposed in the RRRA date from the Pliocene to the
Middle Pleistocene (Wynn et al., 2008). Middle Biecene sediments are exposed on the
west side of the Awash River at Asbole (AlemsegedGé&raads, 2000; Frost &
Alemseged, 2007), whereas Pliocene sediments aradfon the east at Dikika
(Alemseged et al., 2005; Wynn et al., 2008). Theriral between 4-3 Ma has yielded
diverse faunal assemblages that include over 6€lespef large mammals as well as the
remains of reptiles, fish, birds, amphibians, n&dk) ostracods and plants (see Wynn et
al., 2006). Eight hominin-bearing localities hawzb found at Dikika (see Alemseged et
al., 2005, Alemseged et al., 2006, also a pelvis several mandibular and maxillary

fragments have been discovered from other unpuddistcalities).

3.3 Geological context

The DRP area is approximately 500 km northeast adfli®\ Ababa within an active
tectonic setting that is commonly referred to aes ttiiple junction between the Nubian,
Somalian and Arabian Plates (Beyene and Abdels&860%; Figure 3.1). The composite
stratigraphy of the DRP area encompasses what Iaasically been assigned to the
Hadar Formation (Basal, Sidi Hakoma, Denen Dorakedia Hadar Members), as well
as disconformably overlying sediments of the BusaliFormation (Wynn et al., 2008;
Quade et al., 2008). The sequence begins with sisalBdember of the Hadar Formation
(below the Sidi Hakoma Tuff (SHT) 3.42 + 0.03 Ma}jich was deposited on a dissected
and deeply weathered surface of the uppermostdfave Dahla Series Basalt (8—4 Ma;
Taieb et al., 1976). The Basal Member has a tbiekimess of 80 m, which is divided

here into the Base of Basal Member (BBM) and thegddpBasal member (UBM)
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separated by a diatomite layer ~40 m below the SHiE. SHT is overlain by the Sidi
Hakoma Member (between SHT & Triple Tuffs (TT—428+ 0.018 Ma), Denen Dora
Member (between TT—4 and Kada Hadar Tuff (KHT) 3t20.01 Ma), and Kada Hadar
Member (above KHT and below the unconformity, 2.9-4#a; Campisano and Feibel,
2008). Sediments of the Hadar Formation indicatpaated transgression and regression
of the Hadar Lake and are deposited in deltaicvidluand lacustrine depositional

environments (Wynn et al., 2008).

3.4 Methods

3.4.1 Sample collection
Fossil tooth enamel was primarily sampled from Bpens collected during 2009 and

2010 field seasons and supplemented by previouslhected fossils housed in the
National Museum of Ethiopia in Addis Ababa. Almadlk of the fossils materials are
surface collections from different stratigraphiovdis. The age of the fossils was
determined in the field using the exposed strapigi@section. We analyzed a total of
210 samplesig., 140, 17, and 53 from the Sidi Hakoma (SHM), UpBasal (UBM),

and Base of the Basal (BBM) members, respectiviedyh 15 different mammalian taxa

(Table 3.1).

The surface of each tooth was cleaned of adhergdjment and secondary or
nonstructural carbonate. Then a bulk enamel samgdetaken by drilling down the tooth
along the growth axis with a 0.5 mm diamond-impeggd drill bit, cleaning the drill bit

between sampling. Care was taken to avoid dentementum and/or matrix in the
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sample powder. To avoid juvenile dietary signals teeth formed in the early
developmental stage, in most cases, molars, pliyerthe M3, were sampled.

Approximately 15-20 mg of powdered enamel was etethfrom each tooth.

3.4.2 Sample treatment and isotopic analysis
The powder produced was pretreated with 3%JHollowed by a 1 M acetic acid-

calcium acetate buffer to remove organic matter @edondary carbonates, and
thoroughly rinsed with deionized water followingustlard procedures for the treatment
of tooth enamel of Lee-Thorp and Van der Merwe Q32d Koch (1998). 5—-7 mg of
the pretreated powder was reacted with 1039BQ4 at 25°C in He-flushed exetainer
vials for 24 hrs to produce GQ@or analyses of carbon and oxygen isotopic contiposi
Isotope ratios were measured on a Thermo Fishen®a (Finnigan) Delta V 3 keV
Isotope Ratio Mass Spectrometer and results arertegp using the standard per mil

notation:

)

5"C or 6*°0= (Rsamp'e -1 ) *1000%o0

I:eStandard

where Rampie@nd Rindari@re theC/*°C ratios in the sample and standard, respectively,
for $'°C and the'®0/*°0 ratios in the sample and standard, respectivetys'0. The
reference standard is the international referemade SVPDB, which was normalized
using replicate analyses of IAEA reference materBS-18 and NBS-19. The average

within-run standard deviations for ba*C ands*®0 were <0.1%o.
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The isotopic enrichment between two materials ABRrslreported as:

el
Re

Statistical analyses on the isotope data were pee® using SAS 9.2. All tests of
hypothesis were two tailed and significanae) (for statistics was set &05. For pair
wise comparison the Wilcoxon Rank Sum test, whechlso referred as Mann-Whitney

U test, was used.

3.5 Interpretation of carbon and oxygen isotopes

The 8**C values of most £plants range between about -25% and -29%. and gevera
approximately -26%.. However, the total observedyeain 5*°C values for @ plants is
from about -22%. to -35%.. These variations among [ants are attributed to
environmental factors including canopy density,higntensity, water availability,
nutrient levels, temperature and partial pressdreC©,, which produce predictable
variations ind'*C values (Ehleringer & Monson, 1993, Koch, 1998).pants have an
averaged™C value of -13%o with a range between -19%o to -9%p.pants show little
environmental variability i5**C values due to their efficient method of carbosation
under low CQ concentration (Marino & McElroy, 1991). Field stesl of large
herbivores from different habitats estimate theraye™*C-enrichment between diet and
tooth enamel §giet-tooth enamdi at ~14%o (Cerling and Harris, 1999). Following [Gey et
al. (2003c), we uséCenamel Values to classify the herbivores into three aates:
browsers &Cenamel < -8%0), mixed feeders (-2%o $Cenamel > -8%0) and grazers

(6"Cenamei> -2%0) (Figure 3.2 and 3.3).
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The oxygen isotopic composition of mammalian toatlamel is directly related to that of
body water, which in turn reflects that of drinkingiter and from other, largely dietary
sources. These source effects are further modifjethe physiology of the animal, diet,
and climatic conditions (Longinelli, 1984; Luz dt,d984, Kohn, 1996). As mammals
larger than 1 kg have a constant body temperateiae 87 °C, enamel hydroxyapatite
(Cap (PQy)s(OH),) is precipitated in these species at a virtuafipstant temperature.
This allows the oxygen isotopic signature of thgested material to be recorded without
the effect of temperature dependence of the fraation factor or of changes in external
temperatures (Longinelli and Nuti, 1973). Thus, lemge mammals, there is a constant
80-enrichment betweei'®0 of body water (bw) and that of the P®action of

bioapatite €pospw= ~18%0, Luz and Kolodny, 1985) and between the, RGd CQ
fraction of bioapatite dcos.pos = ~8%o, Bryant et al., 1996). This implies const&ia-

enrichment between the G@action of bioapatite and body water, which canuised to
calculate thes*®0 meteoric water, and thus serve as proxyst8® meteoric water and

for reconstructing pale-moisture sources.

3.6 Results

3.6.1 Carbon isotopic composition by taxa
8" Cenamervalues of the Dikika fossils between 4-3 Ma rangetsveen -11.5 and +0.3%o

in the base of the Basal Member (BBM; > 3.8—< 3#&)M14.0 and +0.8 %o in the Upper
Basal Member (UBM; < 3.6 — 3.42 Ma), -14.3 and 93.Inh the Sidi Hakoma Member

(SHM; 3.42-3.24 Ma) and -1.8 and +2.4%o in the Debera Member (DDM; 3.24-3.20
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Ma). Thus, the values span the entirg-@G range of dietary adaptation in all units,

except DDM, but this may reflect the relatively fepecimens analyzed (Table 3.1).

The 8"Cenamevalues of some of the mammals indicate a consismgumption of pure
C,4 vegetation between 4-3 Ma, while purgdietary preferences are represented only in
the UBM and SHM. Generally the dietary adaptatiérihe species considered in this
study did not show major change through the epirgod (4—3 Ma), but there are slight
changes in adaptation and the range of incorporaticC, vegetation and total range of
8"Cenamel I €ach member (Table 3.1). Most of the taxa iticlg Alcelaphini,
Reduncini, Notochoerus Equidae and Elephantidae consumed predominangly C
vegetation, while Deinotheriidae and Giraffidae sietently consumed predominantly C
vegetation. The rest of the taxa (Bovini, HippoinagTragelaphini, Kolpochoerus

Nyanzachoeruand Hippopotamidae) had mixed/C, feeding strategies.

3.6.1.1 Proboscidea

The fossil Proboscidea from Dikika include elepidmtfrom BBM, UBM, SHM, and
Deinotheriumfrom UBM and SHM. Most of the proboscidean teetinf the BBM are
very fragmentary and collected for isotope analgsid are difficult to identify to a more
precise taxonomic level, but fossils collected froiK-1 are attributed tdelephascf.
recki brumptiand E. cf. ekorensis(see Wynn et al., 2006). TH&Cenamevalue of
elephantids averages -2.2 + 1.6 %o (n=16), -0.329. (n=2) and -2.1 + 1.1 %n=10)

from BBM, UBM and SHM respectively. Thé"Cenamel value of relatively rare
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deinotheres averages -14.1%. (n=1) from UBM and1-}#20.4 %o (n=2) from the SHM

(Table 3.1, Figure 3.2A).

Table 3.1 Stable isotope analysi$>C and §*°0) of fossil tooth enamel collected from
Hadar Formation at Dikika.

Sample number | Family Taxon Stratigraphy | 8" *Cenamé | 8**Ocnamel
ZK-EN 355 Bovidae Aepycerotini SHM -6.56 -6.21
ZK-EN-D291 Bovidae Aepycerotini SHM -2.21 -4.%2
ZK-EN-D294 Bovidae Aepycerotini SHM -5.40 0.14
ZK-EN-D300 Bovidae Aepycerotini SHM -2.0p -5.29
ZK-EN-D272 Bovidae Aepycerotini SHM -1.36 -4.46
ZK-EN-D275 Bovidae Aepycerotini SHM -3.38 -1.61
ZK-EN-D18 Bovidae Alcelaphini SHM -3.38 3.27
ZK-EN-D36 Bovidae Alcelaphini SHM -1.99 5.03
ZK-EN-D37 Bovidae Alcelaphini SHM 0.73 1.44
ZK-EN-D44 Bovidae Alcelaphini SHM 0.08 -6.07
ZK-EN-D55 Bovidae Alcelaphini SHM 1.76 2.49
ZK-EN-D57 Bovidae Alcelaphini SHM 1.15 2.90
ZK-EN 327 Bovidae Alcelaphini SHM -5.2p 2.23
ZK-EN 333 Bovidae Alcelaphini SHM -0.18 -0.32
ZK-EN-D279 Bovidae Alcelaphini SHM 1.8p 3.37
ZK-EN-D283 Bovidae Alcelaphini SHM -2.79 4.64
ZK-EN-D284 Bovidae Alcelaphini SHM -0.89 0.57
ZK-EN-D286 Bovidae Alcelaphini SHM 2.01 -6.85
ZK-EN-D296 Bovidae Alcelaphini SHM 0.0 3.74
ZK-EN-D293 Bovidae Alcelaphini SHM -0.54 3.718
ZK-EN-D295 Bovidae Alcelaphini SHM 1.48 2.93
ZK-EN-D298 Bovidae Alcelaphini SHM -0.18 2.65
ZK-EN-D304 Bovidae Alcelaphini SHM 3.06 2.15
ZK-EN-D306 Bovidae Alcelaphini SHM 1.04 3.53
ZK-EN-D269 Bovidae Alcelaphini SHM -1.19 -6.05
ZK-EN-D273 Bovidae Alcelaphini SHM 1.40 3.91
ZK-EN-D17 Bovidae Bovini SHM -8.41 -5.78
ZK-EN-D281 Bovidae Bovini SHM -5.12 -6.09
ZK-EN-D73 Bovidae Bovini SHM -0.64 0.1D
ZK-EN-D74 Bovidae Bovini SHM -1.4G -1.79
DIK 8-2 Bovidae Bovini SHM -1.06 -3.48
ZK-EN-D59 Bovidae Bovini SHM -5.34 -6.00
ZK-EN 353 Bovidae Bovini SHM -5.38 -1.96
ZK-EN-D276 Bovidae Bovini SHM -2.94 -6.44
ZK-EN-D277 Bovidae Bovini SHM -5.69 -0.91
6

ZK-EN-D289 Bovidae Bovini SHM -2.73 -5.7
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Sample number | Family Taxon Stratigraphy | 8" *Cenamé | 8**Ocnamel
ZK-EN-D297 Bovidae Bovini SHM -2.83 0.6p
ZK-EN-D301 Bovidae Bovini SHM -5.39 -5.49
ZK-EN-D302 Bovidae Bovini SHM -2.59 -7.46
ZK-EN-D303-1 Bovidae Bovini SHM -0.338 -5.34
ZK-EN-D303 Bovidae Bovini SHM -4.08 -4.14
ZK-EN-D305 Bovidae Bovini SHM -2.74 -6.2[7
ZK-EN-D307 Bovidae Bovini SHM -4.02 -4.9p
ZK-EN-D271 Bovidae Bovini SHM -0.34 -6.7D
ZK-EN-D274 Bovidae Bovini SHM -5.02 -7.56
ZK-EN 320 Bovidae Bovini SHM -2.30 -0.6p
ZK-EN-D278 Bovidae Hippotragini SHM -7.2b 3.59
ZK-EN-D280 Bovidae Hippotragini SHM -3.68 0.83
ZK-EN-D56 Bovidae Hippotragini SHM -7.48 -5.57
ZK-EN 350 Bovidae Reduncini SHM 1.03 -1.32
DIK 22-1 Bovidae Tragelaphini SHM -3.78 -3.10
DIK 22-4 Bovidae Tragelaphini SHM -6.0R -2.26
ZK-EN-D35 Bovidae Tragelaphini SHM -5.79 0.03
ZK-EN-D66 Bovidae Tragelaphini SHM -5.04 -6.55
ZK-EN 337 Bovidae Tragelaphini SHM -6.37 -0.29
DIK 22-3 Bovidae Tragelaphini SHM -7.63 -3.89
ZK-EN 357 Bovidae Tragelaphini SHM -0.30 4.57
ZK-EN-D1 Elephantidae SHM -3.79 -2.36
ZK-EN-D2 Elephantidae SHM -2.99 -6.86
ZK-EN-D26 Elephantidae SHM -2.16 -6.01
ZK-EN-D27 Elephantidae SHM -2.48 -1.13
ZK-EN-D28 Elephantidae SHM -2.19 -5.16
ZK-EN-D3 Elephantidae SHM -0.9b -5.64
ZK-EN-D102 Elephantidae SHM -2.13 -1.45
ZK-EN-D4 Elephantidae SHM -1.43 -3.26
ZK-EN-D5 Elephantidae SHM -2.65 -5.15
ZK-EN-D54 Elephantidae SHM -0.09 -1.89
ZK-EN-D285 Equidae SHM -5.08 -0.89
ZK-EN-D270 Equidae SHM -1.34 -0.31
DIK 1-7 Equidae SHM -2.65% -2.16
ZK-EN-D32 Equidae SHM -1.58 0.93
ZK-EN-D33 Equidae SHM -2.41 -0.99
ZK-EN-D48 Equidae SHM -2.61 -4.15
ZK-EN-D9 Equidae SHM -2.11 -7.48
Dik 11-1 Equidae SHM -4.18 -5.39
ZK-EN 317 Equidae SHM -2.00 -6.81
ZK-EN 318 Equidae SHM -1.70 -6.83
ZK-EN-D332 Equidae SHM -3.12 -1.97
ZK-EN 334 Equidae SHM -1.28 0.49
ZK-EN 380 Equidae SHM -4.08 -6.56
ZK-EN-D308 Equidae SHM -0.39 1.88
ZK-EN-D309 Equidae SHM -2.08 -6.39
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Sample number | Family Taxon Stratigraphy | 8" *Cenamé | 8**Ocnamel
ZK-EN-D310 Equidae SHM -2.86 -6.32
ZK-EN-D311 Equidae SHM -1.76 -6.28
ZK-EN-D312 Equidae SHM -0.46 -7.60
ZK-EN-D313 Equidae SHM -1.4Y -5.84
ZK-EN-D314 Equidae SHM -1.69 -0.50
ZK-EN-D316 Equidae SHM -1.41 -6.53
ZK-EN-D314A Equidae SHM 0.68 0.77
ZK-EN-D314B Equidae SHM 0.64 0.62
ZK-EN-D314C Equidae SHM 0.6[7 1.0
ZK-EN-D314D Equidae SHM 0.32 1.03
ZK-EN-D314E Equidae SHM 0.2D 1.58
ZK-EN-D314F Equidae SHM 0.0y 1.49
ZK-EN-D314G Equidae SHM -0.18 1.50
ZK-EN-D314H Equidae SHM -0.39 1.77
ZK-EN-D314I Equidae SHM -0.69 1.55
ZK-EN-D314J Equidae SHM -1.4p 0.17
ZK-EN-D330 Equidae SHM -4.29 -3.08
ZK-EN-D78 Giraffidae SHM -10.81 -4.39
ZK-EN-D79 Giraffidae SHM -9.44 -5.19
ZK-EN 321 Giraffidae SHM -13.19 -3.63
ZK-EN 322 Giraffidae SHM -9.05% -0.78
ZK-EN-D321A Giraffidae SHM -13.44 -1.3¢7
ZK-EN-D321B Giraffidae SHM -14.30 -1.80p
ZK-EN-D321C Giraffidae SHM -12.7Y -2.36
ZK-EN-D321D Giraffidae SHM -14.23 -1.40
ZK-EN-D31 Hippopotamidae SHM -10.32 -9.92
ZK-EN-D6 Hippopotamidae SHM -5.23 -8.27
ZK-EN-D7 Hippopotamidae SHM -0.79 -5.64
ZK-EN-D8 Hippopotamidae SHM -2.06 -7.20
ZK-EN-D84 Hippopotamidae SHM -6.14 1.69
ZK-EN-D262 Hippopotamidae SHM -7.81 -7.78
ZK-EN-D264 Hippopotamidae SHM -7.93 -9.82
ZK-EN-D265 Hippopotamidae SHM -0.06 -8.74
ZK-EN-D266 Hippopotamidae SHM -2.59 -7.55
ZK-EN-D267 Hippopotamidae SHM -3.93 -8.20
ZK-EN-D268 Hippopotamidae SHM -3.94 -7.53
ZK-EN-D101 Deinotheriidae SHM -12.3P2 -3.42
ZK-EN 352 Deinotheriidae SHM -12.46 -3.85
ZK-EN-D51 Deinotheriidae SHM -11.81 -2.19
ZK-EN-D105 Rhinocerotidae SHM -4.63 -0.86
ZK-EN-D107 Rhinocerotidae SHM -3.40 -2.89
ZK-EN-D108 Rhinocerotidae SHM -4.13 -3.29
ZK-EN-D331 Rhinocerotidae SHM -5.34 -5.60
ZK-EN-D263 Suidae Kolpochoerus | SHM -4.07 -7.85
DIK 1-8 Suidae Kolpochoerus | SHM -3.94 3.77]
ZK-EN-D261 Suidae Kolpochoerus | SHM -4.39 -6.59




Sample number | Family Taxon Stratigraphy | 8" *Cenamb | 8"®Ocnamel
ZK-EN-D258 Suidae Kolpochoerus | SHM -6.25 -7.45
ZK-EN-D91 Suidae Kolpochoerus | SHM -4.04 -7.63
ZK-EN-D10 Suidae Notochoerus | SHM -0.83 -6.00
ZK-EN-D11 Suidae Notochoerus | SHM -3.48 -4.49
ZK-EN-D12 Suidae Notochoerus | SHM -0.89 -6.07
ZK-EN-D14 Suidae Notochoerus | SHM -1.19 -6.01
ZK-EN-D41 Suidae Notochoerus | SHM -2.52 -5.36
ZK-EN-D255 Suidae Notochoerus | SHM -1.33 -6.57
ZK-EN-D257 Suidae Notochoerus | SHM -7.14 -6.58
ZK-EN-D260 Suidae Notochoerus | SHM -0.87 -6.07
ZK-EN-D282 Suidae Notochoerus | SHM -3.19 -1.49
ZK-EN-D256 Suidae Nyanzachoerus SHM -1.60 -0.66
ZK-EN-D19 Bovidae Aepycerotini UBM -3.0Y 1.25
ZK-EN-D20 Bovidae Alcelaphini UBM -3.93 -1.36
ZK-EN-D336 Bovidae Alcelaphini UBM 0.79 -1.53
ZK-EN-D21 Bovidae Bovini UBM -5.25 -1.44
ZK-EN-D45 Bovidae Tragelaphini UBM -10.93 -1.68
ZK-EN-D25 Elephantidae UBM 0.14 -0.71
ZK-EN-D29 Elephantidae UBM 0.3B 0.08
ZK-EN 328 Equidae UBM 0.20 -1.77
ZK-EN-D30 Hippopotamidae UBM -5.7p -7.39
ZK-EN-D100 Deinotheriidae UBM -14.08 -5.05
ZK-EN 323 Rhinocerotidae UBM -4.75 -0.21
ZK-EN-D15 Suidae Kolpochoerus | UBM -3.99 -7.06
ZK-EN-D22 Suidae Kolpochoerus | UBM -4.60 -4.95
ZK-EN-D23 Suidae Kolpochoerus | UBM -1.53 -4.94
ZK-EN-D24 Suidae Kolpochoerus | UBM -2.50 -3.42
ZK-EN-D16 Suidae Notochoerus | UBM -0.28 -4.07
ZK-EN-D42 Suidae Notochoerus | UBM -1.11 -4.49
ZK-EN 362 Bovidae Aepyceraotini BBM -2.2b -3.55
ZK-EN 363 Bovidae Aepyceraotini BBM -2.5p -4.04
ZK-EN 364 Bovidae Aepycerotini BBM -3.8p -4.43
ZK-EN 365 Bovidae Aepycerotini BBM -0.5p -3.16
ZK-EN-D290 Bovidae Alcelaphini BBM -2.49 -0.08
ZK-EN 354 Bovidae Bovini BBM -5.5( -4.8p
ZK-EN 346 Bovidae Bovini BBM -2.7( -4.84
ZK-EN-D234 Elephantidae BBM -1.0p -0.59
ZK-EN-D237 Elephantidae BBM -3.7b -5.82
ZK-EN-D241 Elephantidae BBM -2.59 -1.45
ZK-EN-D242 Elephantidae BBM -3.3[7 -4.82
ZK-EN-D243 Elephantidae BBM -1.59 -5.11
ZK-EN-D206 Elephantidae BBM -2.17 -5.60
ZK-EN-D209 Elephantidae BBM -1.50 -1.69
ZK-EN-D213 Elephantidae BBM -0.57 -5.99
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Sample number | Family Taxon Stratigraphy | 8" *Cenamd | 6% Ocnamel
ZK-EN-D214 Elephantidae BBM -2.9p -4.29
ZK-EN-D223 Elephantidae BBM -0.8B -5.60
ZK-EN-D228 Elephantidae BBM -3.3p -4.77
ZK-EN-D230 Elephantidae BBM -2.74 -5.33
ZK-EN-D232 Elephantidae BBM -0.81 -1.68
ZK-EN-D233 Elephantidae BBM -0.1B -4.97
ZK-EN-D204 Elephantidae BBM -0.5B -4.83
ZK-EN-D224A Equidae BBM -0.63 -6.15
ZK-EN-D224B Equidae BBM -0.63 -6.6[1
ZK-EN-D224C Equidae BBM -1.24 -6.23
ZK-EN-D224D Equidae BBM -1.42 -5.6B8
ZK-EN-D224 Equidae BBM -2.07 -6.0L
ZK-EN-D224E Equidae BBM -1.75 -5.57
ZK-EN-D224F Equidae BBM -2.04 -5.55
ZK-EN-D224G Equidae BBM -2.15 -5.91
ZK-EN-D224H Equidae BBM -2.40 -6.28
ZK-EN-D224l Equidae BBM -2.39 -6.29
ZK-EN-D224] Equidae BBM -2.77 -6.62
ZK-EN-D224K Equidae BBM -2.7( -6.81
ZK-EN 351 Equidae BBM -1.67 0.44
ZK-EN-D224-1 Equidae BBM -11.50 -7.04
ZK-EN 361 Giraffidae/Sivatherium BBM -9.08 1.14
ZK-EN-D240 Hippopotamidae BBM -7.25 -7.05
ZK-EN-D212 Hippopotamidae BBM -3.56 -7.89
ZK-EN-D215 Hippopotamidae BBM -2.41 -7.30
ZK-EN-D221 Hippopotamidae BBM -0.9p -4.84
ZK-EN-D226 Hippopotamidae BBM -0.30 -7.59
ZK-EN-D227 Hippopotamidae BBM -5.00 -7.16
ZK-EN 349 Rhinocerotidae Ceratotherium | BBM -2.50 -6.16
ZK-EN-D235 Rhinocerotidae Ceratotherium | BBM 0.30 -1.29
ZK-EN 358 Suidae Kolpochoerus | BBM -6.31 0.37
ZK-EN 360 Suidae Notochoerus | BBM -2.41 -1.06
ZK-EN 366 Suidae Notochoerus | BBM -8.59 -1.54
ZK-EN-D239 Suidae Notochoerus | BBM -1.68 -4.52
ZK-EN-D239-1 Suidae Notochoerus | BBM -1.62 -4.10
ZK-EN 359 Suidae Nyanzachoerus BBM -5.47 -5.40
ZK-EN-D259 Suidae Nyanzachoerus BBM -2.97 -1.94
ZK-EN-D203 Suidae Nyanzachoerus BBM -4.68 -4.39
ZK-EN-D205 Suidae Nyanzachoerus BBM -3.12 -5.87

The §"Cenameivalues of Elephantidae from both the SHM and BBMidate that their

diet was dominated by sCgrasses and did not show any shift in dietary tdi@mn

between 4-3 Ma (Mann-Whitnepn=0.7234). The deinotheres, on the other hand,
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exclusively fed on gvegetation and we agree with Harris’ (1983) intetation that they
most likely inhabited woodland habitats, such asdea grassland or gallery forest, to
meet the dietary requirement of such an excepiypralge-bodied, pure browser.
Isotopic studies of tooth enamel from Miocene teifkbcene elephantids and deinotheres
in the Afar Depression and elsewhere in East Afdatso indicate consistently distinct
grazing and browsing feeding adaptations, respagtiCerling et al., 1999; Zazzo et al,
2000; Kingston and Harrison, 2007; Levin et al.Q0White et al., 2009, Bedaso et al.,
2010). Cerling et al. (1999) indicate that elepltanhad a predominantly grazing diet
from ~ 7 to < 1 Ma while deinotheres maintained3adi&t from their earliest record until

their extinction in the Early Pleistocene.

3.6.1.2 Rhinocerotidae

In the middle Pliocene deposits of the Hadar Faomafossil representatives of the two
African rhinoceros lineage€ eratotheriumandDiceros coexisted and both arose from
C. neumayriwhich is morphologically and ecologically intermai#i between the two

genera (Geraads, 2005). Although both genera aresented in the Hadar Formation,

only C. mauritanicums positively identified at Dikika (Wynn et al., @6).

The averag®™Cenameivalue of rhinocerotids from the BBM is -1.1%. (n=%}hile the
8"Cenameivalues are more negative in the UBM, -4.6%o (n=1) &M, -4.4%0 (n=4;
Table 3.1, Figure 3.2B). In the BBM, the diets béde large bodied herbivores were
dominated by ¢grassesif. 85% G grasses), while in the UBM and SHM, the carbon

isotopic values indicate a mixed/C, dietary adaptation with an emphasis on
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A Proboscidea
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Figure 3.2 Box and whisker plots of stable carbswtdpic composition of mammals
(6"°Cename) from the Hadar Formation at Dikika from three eifint sampling
intervals (e, base of the Basal Member, upper Basal Member, Sidd
Hakoma Member). The box is bounded by first quar{?25%) and the third
guartile (75%) of the variable population. Each lemcloses 50% of the data
with the median value represented by a vertica imthe box. The horizontal
line extending from the sides of the box repres#msacceptable range of data.
Ouitliers are displayed as individual points outsiflthe acceptable range of the
data. Taxa represented by less than five indivglaaé plotted as individual
points. The herbivores are grouped into predomipa@-diet ¢**Cenamel>
-2%0), mixed G/C, diet §*Cenamei-2%o0 t0 -8%0) and a predominantly; @liet
(6"Cename< 8%0) based on (Cerling et al., 2003). Purgtasses and{Zlosed
resources are indicated in dark gray bars. (* equitkntified at Dikika as
“hipparion” (= EurygnathohippusBernor et al., 2005).

grazing, consisting of 59% and 62%, Grasses respectively. As Geraads (2005)
suggested, the two lineages split soon after thecéfie-Pliocene boundary, deriving
from an ancestral mixed feeder, to a lineage ofeysaCeratotheriumy and a lineage of
browsers Dicerog. Although the isotopic signatures from UBM and NMbHlo not
indicate an exclusively browsing habit, it showsignificant G component in the diet
and more importantly, highéf*Cenameivalues in the BBM clearly indicate the emergence
of the grazeCeratotheriummauritanicumfrom the Late Miocene mixed feeder ancestor

Ceratotherium neumayrnwvhich is ecologically intermediate between the tyenera.

Although the habitat and dietary preference€efatotheriumandDicerosare expected

to be much less distinct during the middle Pliocethan today, isotopic and
morphological studies of both modern and fossikcgseof rhinocerotids clearly reflect
dietary partitioning (Lee-Thorp, 1989; Bocherenslet 1996; Cerling and Harris, 1999;
Cerling et al., 2003b; Geraads, 2005; Kingston Hadison, 2007; Levin et al., 2008;

Bedaso et al., 2010). Kingston and Harrison (20@tiggested that Pliocene
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Ceratotheriumwas more of an opportunistic feeder, rather thamlaigate or variable
grazer, and tracking the diet of this lineage thiothe Pliocene may provide a useful

tool to document environmental and habitat change.

3.6.1.3 Equidae

The fossil Equidae from the Hadar Formation at Kakis represented Bifipparion’ cf.
hasumensgWynn et al., 2006). In the same time intervalseBimann (1976, 1983)
indicated the presence of hipparion species at Haa Bernor and Armour-Chelu
(1997) and Bernor et al. (2005) suggést hasumensevas the sole “hipparion”

(=Eurygnathohippusat Hadar until the appearancetofafarense

8"Cenameivalues of the equids from Dikika were obtained frimur different stratigraphic
levels within the Hadar Formationg,, BBM, UBM, SHM and DDM; Table 1). The
isotopic data in the different stratigraphic levelgnifies a similar average carbon
isotopic composition and a narrow range of valuegpt a single outlier valué'Cenamel
=-11.5%o0) in the BBM and three values that rangsvben -4.0 and -5.1%o in the SHM.
The data clearly indicate that the equids at Dikjkaerally had similar diet and show no
evidence of major shift in dietary adaptation tlglodime (Mann—-Whitneyp=0.2218).
The averagé *Cenamevalues from the BBM, UBM, SHM and DDM are -2.5%o (5,
0.2%0 (N=1), -1.6 %o (N=32) and -1.8%0 (N=2) respediTable 3.1, Figure 3.2C). So,
the Dikika equids were generally grazers and rdtieavily on G grasses throughout the
Hadar Formation (4—3 Ma). The serial samples ctéérom a single tooth both from

the BBM and the SHM shows a range &fCenamel Values of 2.2%. and 2.1%o,
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respectively, indicating a slight seasonal changehe diet within the £range and
suggests the presence of gfasses year round rather than on a seasonal Gaslisig et

al. (1997) found that the diet of tropical and sopical Africa equids shifted from
Cs-dominated to ¢zdominated diet in conjunction with a global expansof G, biomass
during the Late Miocene. A more mixed/C, dietary strategy was reported from
Chorora, -7.5%0 to -4.6%c (~10 Ma; Bernor et al., 200Samburu, -3%. to -5%o
(Namurungule Fm.;-9 Ma), and Lothagank-2%. (lowest Lower Nawata,~7.5 Ma,;
Cerling et al., 2005). Later s&lominated diet was reported from Gona: Adu-Asa
Formation (6.5—5.2 Ma, averagé®Cenamei= -1.2%0) and Sagantole Formation (4.6—4.2
Ma, averag® *Cenamei= -0.6%0) excluding two significantly lower valueshich average
-6.1%0 (Levin et al., 2008). White et al. (2009¢mdified Eurygnathohippuss a pure
grazer with an average*Cenamel0f 0.6%o from Aramis (~4.4 Ma). In addition to ispic
studies, Gray (1980) describe the equids from Hasagrazers based on the dental
morphology which was sufficiently hypsodont withngalex enamel folding to exploit

grass, although not as hypsodont as Btprus

3.6.1.4 Hippopotamidae

Hippopotamids are one of the most abundant hertsvan the Hadar Formation at
Dikika, where they are representedHgxaprotodon afarensi@Vynn et al., 2006). The
family Hippopotamidae at Hadar is represented by diferent generaHexaprotodon
and Trilobophorug with one species each, the dominant béingpbophorus afarensis

(Geze, 198D
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The averageCenameivalue of hippos at different stratigraphic levelsnii the Hadar
Formation at Dikika shows no significant change iiltaWhitney,p=0.4043) but does
show wide range of variation within each memberegxdJBM, which is represented by
a single value. In the BBM, th#3Cenameivalues of hippos range from -0.3%o to -7.3%o
with an average of -3.2 + 2.6%o (n=6). At the UBMe 6*Cenameivalue from a single
individual is -5.8%. and in the SHM, thé>Cenamevalues show a wide range of variation
between -0.1%o and -10.3%o, the averafi€enamebeing -4.6 + 3.2%o (n=11; Table 3.1,
Figure 3.2D). In the respective members of the Hdeémmation, the isotopic data
reflects a mixed ¢C, diet with no dietary shift between 4-3 Ma but soaofethe
specimens were entirely,@razers while others consumed significant v@getation.
Harris et al. (2008) indicate that hippos were meeesatile in their dietary adaptation
than is generally thought, and were opportunigeders that sample available vegetation

within a relative short distance from their sounf@quatic shelter.

Harris et al. (2008) also indicate that isotopi@lgsis of fossil hippopotamids from
Turkana Basin in Kenya document a variation in pheportion of dietary ¢and G
vegetation with a trend towards a @iet. A transitional ¢zdominated diet to €C,
mixed feeding strategies of Hippopotamidae have la¢en observed from Late Miocene
and early Pliocene sites of the Awash Valley (Lestial., 2008; White et al., 2009) and a
Cs-dominated diet from Pleistocene sites at Asbolkedé@3o et al., 2010). Elsewhere in
Africa, with the exception of the diet of early &dene hippopotamids from
Langebaanweg, which was clearly dominated ppl@nts (Franz-Odendaal, et al., 2002),

Miocene and Pliocene hippos dominantly fed arvé&etation but with significant asC
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component (Boisserie et al., 2005; Cerling et2008; Harris et al., 2008, Levin et al.,

2008, White et al., 2008, Zazzo et al., 2000).

3.6.1.5 Giraffidae

The fossil Giraffidae from the Hadar Formation akika is represented biraffa cf.
jumaeand Sivatherium maurusiurfWynn et al., 2006). Th&"*Cenamevalue of a single
giraffid from the BBM is -9.0%. (n=1), while the awegje 5 *Cenameivalue of giraffids
from the SHM is -12.2 + 2.1%. (n=8; Table 3.1, Fig&.2E), indicating a $£dominated
diet. Serial sampling shows no significant seasalelary changei.e., <1.5%0) and
probably indicates feeding on vegetation at difierbeight or slightly different £
vegetation. A similar isotopic signature is docuieenfrom the Adu-Asa Formation
(6.5-5.2 Ma, averagéCenamel -10.9%0) and the Sagantole Formation (4.6-4.2 Ma,
averaged'®Cenamel -9.8%0) at Segala Noumou in Gona (Levin et al., §0and for
giraffids and sivatheres at Aramis in the Middle ash (-12.1%0 and -11.9%o,

respectively, White et al., 2009).

Modern giraffids generally feed ong@ominated diet and are considered browsers, but
isotopic data indicate that there is a range oiatian in thed"*Cenamelvalue within G
feeders, which is caused by change in environmetadlitions and water availability
(Ehleringer and Monson, 1993). Kingston and Harri§2007) also showed that carbon
isotopic analysis did not differentiate feedinghds in the Laetoli giraffids and indicated
that this might be because of the complexity ofwsiag strategies of the taxa or the
limited resolution of carbon isotopic compositiohtooth enamel in differentiating the

various G vegetation and presence of microhabitats. On therdand, stable isotope
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data, combined with evidence of tooth morphologye glarger and more hypsodont
teeth) and of sivathere’s short neck, may indi¢hta they incorporated ;Gyraze into
their diet and would perhaps be classified as aléwel mixed feeder (or even grazer) in

more open habitats compared to other giraffids yGr880; Geraads, 1985).

3.6.1.6 Suidae

The fossil Suidae from the Hadar Formation at Cakéce represented by three genera:
Kolpochoerus, NotochoeruandNyanzachoerusgach represented by a single spedies:
afarensis, No. euilusand Ny. kanamensigWynn et al., 2006). Here$**Cenamel Of
Kolpochoerusand Notochoerusis presented from BBM, UBM and SHM, while

Nyanzachoerus data are limited to BBM and SHM.

The §"3Cenameivalue of Kolpochoerusfrom BBM is -6.3%o (n=1) and averages -3.2 +
1.4%0 (n=4) and -4.5 + 1.0 %0 (n=5) from UBM and SHé&&pectively (Table 3.1, Figure
3.2F). Thed™Cenameivalues ofkolpochoerusat Dikika indicate a €C, mixed diet and
show no trend in dietary adaptation between 4-3 Mtnough no published isotopic
data is available for comparison withk(. afarensis dental morphology and
ecomorphological studies of other species indieat®emplex adaptive strategy (Bishop
1999; Kullmer, 1999; Harris and Cerling, 2002). &hson postcranial adaptations,
Bishop (1999) indicates a gradual change in halpiteterence oKolpochoerusfrom
woodland to habitats with a mix of woodland andsgtand. On the other hand, Bedaso et
al. (2010), based on isotopic data from Asboledatdi an exclusively grazing diet fidr

majusin the Middle Pleistocene, and isotopic studiesnfrthe Sagantole Formation at
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Gona onK. deheinzelinshow a large range in carbon isotopic values, whigljgest a
wider range of dietary adaptation (Levin et al.020 So, the result of the above studies
indicates a general trend of dietary adaptatiorKolpochoerustowards an increased

dependence on,egetation from the Miocene to the Pleistocene.

The 82Cenameivalues ofNotochoerusaverages -3.6 + 3.4%o (n=4), -0.7 + 0.6%. (n=2) and
-2.4 £ 2.1%0 (n=9) from BBM, UBM and SHM respectiyglTable 1, Figure 2F). The
8"Cenameivalue ofNotochoerusat Dikika indicates a mixed«C, diet with a significant
C4 component in the BBM and ajs@ominated diet in both UBM and SHM. Single
values of -8.6%0 and -7.1%. reported from BBM and SH&spectively indicate a
significant G component in the diet, and they might indicate rdrege of adaptation of
opportunistic taxa. The habitat preference andadyeadaptation oN. euilushas been
interpreted from wooded to forested habitat (KuhmE999; Bishop, 1999), to ,Go
mixed G/C, diet (Bobe, 1997; Kingston and Harrison, 2007),savanna grassland
habitat adapted to dedicated grazing (Zazzo eR@00). The present analysis confirms

the mixed-feeder interpretation.

The §"*Cenameivalue of Nyanzachoerusverages -4.1 + 1.2%o (n=4) from the BBM and
-1.6%0 (n=1) from the SHM (Table 3.1, Figure 3.2Ajhe §Cename Value of
Nyanzachoerust Dikika indicates a mixed{, diet with significant G component in
the BBM and a ¢dominated diet in the SHM. Although SHM is reprasel by a single
value, it is more positive than all samples fromMBBSimilar to Notochoerus habitat

preferences and dietary adaptationsNgiinzachoeruhiave been variously estimated.
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Harris (1983b) and Kullmer (1999) suggested a gdizedd omnivorous or browsing diet
in a wooded savanna and forest-fringe habitat, @deBishop (1999), Levin et al. (2008)
and White et al. (2009) suggest a preference fon@nmediate habitat and mixed/C,

and G-dominated diet.

All three suid generajlyanzachoerus, NotochoerasdKolpochoerusvere characterized
by increase in hypsodonty, size and the complegitythe third molar, which is
interpreted to indicate dietary shift from a brawgsito a grazing diet (Cerling et al.,
2005). Harris and Cerling (2002) also indicate thatls show a gradual increase in the
proportion of C4 grass in their diets over sevendlion years and became exclusively
grazers by about 3 Myr. Here, the change in theadieadaptation from mixed C3/C4
diet to C4 grazing observed MotochoerusandNyanzachoeruss in a good agreement
with these previous studies. However, stable isotegdues in the UBM indicate a slight
higher 6**Cenamel Values whileKolpochoerusdid not show any change of the dietary

adaptation in this part of the Hadar Formation.

3.6.1.7 Bovidae

Analyses of fossil bovids have been one of the maistely utilized sources of
paleoenvironmental information and central to retaction of the habitat present on the
landscape where they coexisted with early homiffireed, 2008, Bobe and Eck, 2001;
Sponheimer et al.,, 1999; Vrba 1985). Different apphes to habitat and diet
reconstruction of extinct bovids in Africa includelative abundance of bovid tribes

(Vrba, 1980, 1985), ecomorphology based on posairandices (Kappelman et al.,
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1997; DeGusta and Vrba, 2003), and stable isotbpes tooth enamel (Cerling et al.,
2003c; Sponheimer and Lee-Thorp, 2003; Levin e2808; White et al., 2009; Bedaso
et al., 2010). Despite the success of each of tmes#odologies, there are some
limitations: (1) taxonomic uniformitarianism asswsmat extant mammals occupy the
same general habitat today as their fossil relathel millions of years ago, but this
assumption is not always warranted, and (2) inlstabtope studies of tooth enamel it is

sometimes difficult to make taxonomic identificatiof specimens to the required level.

As in most comparable sites, bovids are the mast@mnt mammalian taxa in the Hadar
Formation. In the Dikika faunal assemblage, bowds 37% of the total fauna and 35%
of the SHM (Z.A., unpublished data). Seven bovitheis are represented at Dikika:
Tragelaphini, Bovini, Hippotragini, Alcelaphini, Agcerotini, Reduncini, and Antilopini.

Isotopic analyses were done from the four leveBMB n=8, UBM, n=5, SHM, n=57

and DDM, n= 3), but because of limited number dadlgsis from some of the taxa and
members, general interpretation and comparisohethvironment are done only when

applicable.

Tragelaphini in the Hadar Formation at Dikika isstiyp represented byragelaphusaff.
nakuae(Wynn et al., 2006). The averagECenameivalue of Tragelaphini from the SHM
is -5.0 £ 2.4%0 (n=7) and it is represented in tH@&MJby a single value of -10.9%No
tragelaphines, however, were analyzed from the BB&ble 3.1, Figure 3.3A-B). The
isotopic data from Dikika indicate that Tragelaphéxhibit a wide range of dietary

adaptations ranging from generally browsing in 4M to mixed G/C, diet in the

69



SHM. Modern tragelaphines inhabit diverse environtseanging from forest to semi-

arid, seasonal bushland (Kingdon, 1982). In theesauaty, different studies indicate that
tragelaphines were adapted to a wide range ofrgiatdaptation and habitat preferences.
Based on postcranial morphology, Plummer et aD828uggest that fossil tragelaphines
lived under heavy cover. Whereas Kappelman etl8PY) suggests light to heavy cover
environments. Isotopic studies of extant Tragelaipgihom East and South Africa indicate

a G-dominated diet with evidence of mixed/C, diet (Lee-Thorp, 1989; Gagnon and
Chew, 2000; Cerling et al., 2003a), which agredh dietary adaptation in the SHM, but

Levin et al. (2008) reported a motéC-enricheds**Cenameivalues up to -0.1%. from

Sagantole Formation.

The tribe Alcelaphini is one of the most common idevin the Hadar Formation at
Dikika. Alcelaphines are mainly represented@amalopssp. (Wynn et al., 2006). The
8"Cenameivalue of Alcelaphines from the BBM from a singleabsis is -2.5%o and
averages -1.6 + 3.3%0 (n=2) and -0.1 £ 2.1%0 (n=20)nf UBM and SHM respectively
(Table 3.1, Figure 3.3A-C). The isotopic data sstgehat the dietary strategies of
Alcelaphini in the BBM and UBM were grazing and fegclusively on ¢ grass and
inhabited open-wooded or savanna grasslands. Siynilathe SHM, the average carbon
isotopic composition indicates a grazing dietargdtion with a wider range of values

indicating significant @vegetation in the diet of some of the specimeatyard.
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Bovidae

A. SHM
# teeth -15 -10 5 0 5
Aepyceros sp. 6 SRR |—i:|:|—| T
Alcelaphini | 20 O |_|:|:|_|
Ugandax sp. | 20 O 11—
Hippotragini |3 @ ® 77
Reduncini [T _ _ O _____
Tragelaphini |7 HT _ ——
B | S (| R E—" n
§'%C (VPDB)enamel
B. uBm
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Alcelaphini [2 =~~~ "7 S
Ugandaxsp.[1 7 &~~~ P
Tragelaphini [1 R " R
T T
513¢ (vPDB)enamel
C. BBM
# teeth
Aepycerossp.[5 ' —1hH
Alcelaphini |4~~~ "~ """ TTTTTTTTTS v .
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— 15 10 5 0 3
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Figure 3.3 Box and whisker plots of stable carbsotapic composition of bovids.
(6"Cename) from the Hadar Formation at Dikika (See Figur28r explanation).
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This variation is possibly an effect of the largample size compared to the Basal
Member and/or the presence of more than one spetieslightly different diet in the
SHM. Similar results were obtained from both moadand fossil specimens studied and
analyzed elsewhere in East Africa. Plummer et24l08) suggest an open habitat from
astragalus morphology, while Cerling et al. (2008w Sponheimer et al. (2003) suggest
a diet dominated by £grasses. Using isotopic profiles of extant taxaddso et al.
(2010) indicated a £&Zdominated diet from Pleistocene Alcelaphines. @ndther hand,
Kingston and Harrison (2007) reporte@'&Cenamevalue of an Alcelaphini up to —8.6%,
which indicates a significantz&ontribution in the diet, in addition to severpksimens

with 8" *Cenameivalues greater than 0%o.

Bovini are also abundant at Dikika. They are repmés=d byUgandax coryndona@Nynn

et al., 2006). Thé"*Cenameivalue ofUgandaxfrom the BBM averages -4.1 + 2.0%o (n=2)
and -5.3%o (n=1) from UBM. In the SHM th&#3Cenameivalue averages -3.2 + 2.1%o
(n=20) and has a range between -8.1%. and -0.3%.l€Tald, Figure 3.3A-C). The
isotopic data from Dikika indicate that Bovini wegenerally adapted to a mixed/C,
diet with a significant consumption of; @rasses, moreover the wider range of isotopic
values in the SHM strengthens the dietary breadid adaptation to different
environments, as suggested by Bobe (198Cename values from Pliocene fossils at
Middle Awash and Gona (Levin et al., 2008; Whitealket 2009) indicated £dominated
and mixed @/C, diet respectively while Middle Pleistocene isotajaa fromSyncerus

cafferat Asbole indicated an exclusively Giet (Bedaso et al., 2010).
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The tribe Aepycerotini in the Hadar Formation akika is represented biepycerosp
and is the second most abundant mammal found atiasi®n with theAustralopithecus
afarensisjuvenile skelton described from Dikikag., “Selam”; Wynn et al., 2006). The
8" Cenameivalues range from -0.6%o to -3.8%o (average -2.22%d).in the BBM and from
-1.4%0 t0 -6.6%0 (average -3.5 + 2.1%o) in the SHM.,ileflit is represented by a single
value of -3.1%o in the UBM (Table 3.1, Figure 3.3A-Che stable isotopic data from
Aepycerotini at Dikika indicate as&lominated diet in the BBM and a mixed/C, diet

in the UBM and SHM. Although there is a relativelyder range of isotopic values
obtained in the SHM, the range is narrower thaomtegd from other studies in the Awash
Valley (Levin et al., 2008; White et al., 2009).n @Ghe other hand, isotopic studies of
extant impala from East Africa and fossils from Bo#frica indicate an average of 50%
C, biomass with a range between 20-90% (Sponheimeal.e2003; Cerling et al.,
2003c). So the £dominated diet at Dikika is in agreement with thesudies, moreover
Kingdon (1982) and Gagnon and Chew (2000) inditizé Aepycerotini predominantly
graze while grasses are green, and browse on éoliagpbs, shoots and seedpods at other

times which ensures a varied, abundant, and relfalold supply.

3.6.2 Oxygen isotopes

3.6.2.1 Observed 6"°Ogname Variation

A wide range 0%'Ognameivalues are documented at different stratigraphielgein the
Hadar Formation at Dikika, with minimum and maximwalues of -9.9%. and 5.0%o
obtained from Hippotamidae and Alcelaphini, respety. §'*Ocnamevalues in the BBM

range from -7.9%. (Hippopotamidae) to 1.1%. (Giredf) and in the SHM from -9.9%o
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(Hippopotamidae) to 5.0%o (Alcelaphini). The widenge of5'°Ognameivalues from the
Hadar Formation could indicate variation in thetégic composition of animal drinking
source water, animal drinking habit, thermophysialal adaptations, migration,
seasonality and paleoclimatic condition (atmosghemmperature, relative humidity and
other climatic variables). A wide range of variatim 5'°Ognameivalue is also observed
within individual taxa from the SHM. The higheshge 0f5'®Ocnamewithin individual
taxon occurs in Alcelaphini, Tragelaphini, Hippogmidae and<olpochoerus(11.9%o
[n=2Q], 11.1%c[n=7], 11.6%0[n=11] and 11.6%dn=5], respectively; Table 3.1, Figure

3.4), while the range is approximately 3-9%. in tbst of the fauna.

Terrestrial animals have different drinking hab&sme drink water directly from surface
water sources.g, rivers, ponds, lakes and spring). B enameof those animals tracks
8™ Ometeoric watednd serves as a proxy of climatic effects on tbhéojsic composition of
local meteoric water. Others obtain a significamtoant of water from the food they
consume. Liquid water obtained from plants has dewrange of values depending on
the part of the plant consumed. Water in plantgostems and fruit has a similar isotopic
composition to that of meteoric water, unlike leater which is'®0-enriched due to
preferential evapotranspiration 0§D (Sternberg, 1989; Ehleringer and Dawson 1992).
The enrichment is greatest under hot and dry comdit(Dongmann et al., 1974),
especially for Gplants that retain their leaves throughout thesdrgson. Thus, animals
which obtain most of the water from these plantsehhigher§®Ognamel values. At
Dikika, giraffids, deinotheres, and Tragelaphire grouped as evaporation sensitive (ES)

or non obligate drinkers whereas hippopotamidsnaderotids, equids, elephantids,
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Notochoerusand Kolpochoerusare grouped as evaporation insensitive (El) oigat#

drinkers. The rest of the taxa are intermediateéen the two groups.

3.6.2.2 Estimated 0" *Ometeoric water from ¢*°*Oename

Large mammal tooth enamel is formed at constany bemperature in equilibrium with
body water (Longinelli and Nuti, 1973, Luz & Kologin1985). As a result, there is a
predictable offset betweed®Oenamel and 8" °Ogrinking watervalues, where oxygen isotopic
composition of body water largely reflects the oatygsotopic composition meteoric
water, especially for obligate drinking animals. Be able to compare the estimated
8™ Ometeoric waterWith previous estimates in the region, we convle §'°Ognamerfrom
VPDB to VSMOW scale usingt®Ovsmow = 1.03091(5**Ovpps) + 30.91; Sharp, 2007).
We then apply the enrichment factey (eported by Luz and Kolodny (1985) and Bryant
et al. (1996) to calculat®®Oinking waterOf Obligate drinker taxa. We calculat®Ogrinking
water fOr the Dikika herbivores by taking the most negatvalue of a taxon from each
stratigraphic level, to minimize the effect of evegtion from surface water that would
contribute to highe8'®0 values. This most negatie®Ogrinking watervValue is an estimate
of the isotopic composition of meteoric watét®Ometeoric wad- The averagé ®Onmeteoric
water Value from the Hadar Formation is estimated a3 #41.3%. (VSMOW), while the
8" 0meteoric warevalues from BBM, UBM and SHM estimated as -3.6%o K3W), -3.0%o
(VSMOW), and -5.6% (VSMOW) respectively. We considbese values the most
positive estimate of thé'®0 neteoric waervalue as the drinking water sources were
subjected to evaporation and would have been soateff®@-enriched compared to

precipitation.
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Proboscidea

@ Elephantidae gen. indet.
<> Deinotherium gen. indet.

Rhinocerotidae

® Ceratotherium mauritanicum
/\ Rhinocerotidae gen. indet.

Equidae

<& *Hipparion’ cf. hasumemse™

Hippopotamidae

@® Hexaprotodon afarensis

Giraffidae
® Giraffa cf. jumae
<> Giraffudae gen. indet.

Suidae
/\ Kolpochoerus afarensis
® Notochoerus euils
W Nyanzachoerus kanamensis

Bovidae
/\ Aepyceros sp.
WV Alcelaphini
(@ Hippotragini
<> Reduncini
M Tragelaphin
O Ugandax sp.

Figure 3.4 Stable oxygen isotopic composition ofmmals tooth enamel{tOename)

from the Hadar Formation at Dikika (See Figure .3(2)equids identified at
Dikika as “hipparion” (=EurygnathohippusBernor et al., 2005).
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Similarly, Aronson et al. (2008) estimated the cxygsotopic composition of meteoric
water from paleosol carbonates from the Hadar Foomat Hadar. They estimated the
8"®0meteoric waterds -4.1+ 1.5%0 (VSMOW) by assuming a fractionatfastor for an
average soil temperature of 25 °C. In the Middleigdbcene Asbole Faunal Zone, we
also estimated averagé®Ometeoric waervalues of meteoric water of -1.9% (VSMOW;
using data from Bedaso et al., 2010). The increasiee estimated'*Onetcoric waervalue
from the Pliocene to the Pleistocene could bebaiteid to any of the factors which affect
the 8" ®0meteoric watedi-€., rainfall amount, altitude effect, moisture soufeemidity change
(Dansgaard, 1964). This shift #°Ometeoric watecoupled with similar shift in th&"*Ocname
for both ES and El taxa lends confirmation to thteripretation of that some of this ~2%.
change is due to a change in the isotopic compasiti precipitation rather than an
increase in the amount of evaporation from surfaegers. Levin et al. (2004) also
attributed low estimated®Oneteoric watevalues in the early Pliocene to a regional change

in the moisture source.

3.6.2.3 Reconstructed paleo-aridity using 6**Oename

Reconstructed paleo-aridity from the Dikika faursabiased on the interpretation of
88 0gnameifor both ES and El tax& ®Ognameivalues of El taxa track th#®0 values of
source water, where@$®Ognameivalue of ES taxa tracks the additional evaporafi@e
enrichment of the source water in leaves, as thwsmals obtain water fromfO-
enriched tree leaf water. Thus, the oxygen isotepitcchment between ES and EI taxa
(&es-g) increases with environmental aridity, and is peledent on the isotopic

composition of local meteoric water (Levin et &006). Environmental aridity can be

77



characterized by the annual water deficit (WD), ckhis the difference between mean
annual potential evapotranspiration (PET) and theamrmannual precipitation (MAP)
amounts. Figure 3.5 shows the relationshipxefg to water deficit based on Levin et
al’'s. (2006) calibration data set from a rangelwhates in eastern Africa, but limited to
those taxa represented at Dikika. Likewise, onbatmns with at least 10 ES and 10 EI
taxa are used and the regression is weighted tdotae number of taxa used in each
location. To calculate the WD at Dikika for SHM, wiee all El taxa except equids as
they exhibited a very wide range of variation ire tbxygen isotopic composition.
Similarly, all ES taxa except deinotheres are usade we do not know their drinking
water behavior by comparison to modern related ,taxal their§¥Ochamel Value is
relatively higher than expected in comparison talemlLoxodonta despite their pureL
diet. The water deficit for the SHM is calculatesl 3217 mm based on the oxygen
isotopic enrichment between ES and EIl taxa of thMS(&es.g =3.2). Thus, the
reconstructed water deficit from the Dikika faunahe SHM indicate a wetter climate as
compared to both the Middle Pleistocene site atoksiWD=1490 mm, Bedaso et al.,
2010, Figure 3.5) and to the Pliocene site of Agmithe Middle Awash (WD=1500

mm, White et al., 2009).

Similar results are obtained using different calituns data but due to small number of
giraffe fossils available in each member at Dikilater deficit estimate is given using all
specimens from the Hadar Formation. The reconstiuaiater deficit from the Dikika

fauna in the Hadar Formation using the hippo-girafélibration gives an average of

1200 mm.
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Figure 3.5 Oxygen isotope enrichment in tooth endmeéveen evaporation sensitive
(ES) and evaporation insensitive (El) sympatri@at@xs.g) and aridity (expressed
as water deficit, WD) based on the calibration datdevin et al. (2006). To
develop the relationship applicable to the taxanfitie Hadar Formation, only
those represented in Dikika collection or closefjated taxa are used, ES
(Syncerus caffer, Oryx beisa, Giraffa camelopardalsd El {oxodonta
africana, Hippopotamus amphibius, Aepyceros melanpBotamochoerus
larvatus, Diceros bicornis, Phacochoerus africanuollowing the suggestion of
minimum samples size and to minimize standard eawly sites with combined
>10 ES and> 10 El samples are used in the regression, whigleighted to the
total number of ES and El samples from each lonaththi, Mpala, Tsavo and
Turkana). The filled circles are calculated valwgsWD from SHM, Asbole
Fauna Zone (AFZ, Bedaso et al., 2010) and Araiite et al., 2009).
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3.7 Discussion

3.7.1 Paleoenvironments and diet of the Dikika fauna
The purpose of this study is to reconstruct théadyeadaptations and paleoenvironments

of herbivores and infer the relative proportion 6§ and G vegetation of the
paleolandscape whefaistralopithecus afarensived and foraged. Badgley et al. (2008)
indicated that in modern terrestrial ecosystemsnate is an important factor that
determines the timing and amount of food resoumeslable and habitat structure,
which in turn govern the type of herbivores suppaiin the ecosystem. Similarly, from
the Middle Pleistocene site at Asbole, Bedaso.qRall0) estimated the ecosyst&hC
value and reconstruct the relative proportion gfa@d G vegetation using herbivore
tooth enamel. Although there are many approachesctinstruct the environmental and
climatic conditions at the fossil localities, it@dvious that there are certain advantages
and limitations associated with each method. Heesyse stable isotopic composition of
carbon to retrieve environmental information, whitds an advantage of being derived
empirically and it is relatively assumption freee( dietary uniformitarianism,

Sponheimer and Lee-Thorp, 2003).

The Dikika stable isotopic data indicate that tkebivores were adapted to a wide range
of foraging strategies, characterized in generamed G/C, to C,-dominated diets in
wet wooded grassland setting, although there idferehce in the relative proportion of
Cs; and G vegetation and range of variability within eachnmbber (Figure 3.6 A-C).
Using the averagé *Cenameivalue, the fauna at Dikika between ~3.8-3.24 Mduihe

grazers, which consistently fed on, Grasses with no apparent trends or statistically
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significant shifts throughout the middle Pliocendlcglaphini, Mann—Whitney,
p=0.3810; Reduncini, insufficient sample size; equpmEk0.2218; elephantid§=0.7234
and Notochoerus,insufficient sample size for Mann-Whitney testym8arly, mixed
feeders exhibited consistent mixed/@; diet with no significant shift in the dietary
adaptation but exhibited different proportion o @nd G vegetation in the diet
(Aepycerotini, small sample size; Bovinip=0.2218; hippopotamids,p=0.4043;
Kolpochoerus,insufficient sample sizeNyanzachoerysp=0.2218 and Tragelaphini,
insufficient sample size). Meanwhile, giraffids=0.2220) and deinotheres (insufficient
sample size) showed a consistent browsing halougiout the middle Pliocene. The
dietary adaptations of the Dikika herbivores cheartlicate the presence of mixed &d
C, vegetation on the landscape. Although no sigmficketary shift is documented in the
Dikika fauna, it is evident that the proportion ©f and G vegetation in the mixed
feeders varies by up to 40% in the middle Pliocérteese variations in the relative
proportions of @ and G vegetation in the diet of herbivores imply changethe
vegetation cover, which is determined by the clen#talso worth exploring further the
use of8™Cenamelvalues of large samples of mixed feeders as & g of ecological

variability and habitat structure through time.

3.7.28"%CecosystemeStimate based on faunal abundance arid*Cenamel
Paleoenvironmental reconstruction in paleontoldgsdas has been previously done by

analyzing relative changes in faunal abundareg.,(Vrba, 1974, 1980; Bobe and
Behrensmeyer, 2003) and carbon isotopic composdfaimoth enamelg.g., Cerling et

al., 2003c, Levin et al., 2008, Bedaso et al., 20106 better reconstruct the general
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Figure 3.65"*C and5*®0 isotopic values of tooth enamel, the points regméthe mean

with standard deviatioa, Sidi Hakoma Membedb, base of the Basal Member
upper Basal Member. (* equids identified at Dikiles “hipparion” (=
EurygnathohippusBernor et al., 2005).
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paleoenvironmental condition, we combine the fawamindance and avera§€Cenamel
values to estimate ecosystem carbon isotébﬁ:e(cosyste,). value of the total vegetation
consumed. A weighted avera@]écecosystemvalue for each faunal collection is calculated
using the averag&-Cenameiof ach taxon weighted by faunal abundance inectisme
members and the estimated daily food intake of daje vertebrate (>50 kg) taxon
(Table 3.2; method described in detail in Bedasalgt2010). At Dikika, the average
813Cecosystemsignifies an environment dominated by wooded dgass in both the SHM

and BBM.

As emphasized by Behrensmeyer et al. (2007), tiseodten a general conception that
paleoecological reconstructions are equivalent tological snapshots of modern
landscapes. However one must consider that ecalogimformation obtained from
stratigraphic and faunal samples cover a very loegod and are hence time averaged.
Fossils collected from different surfaces couldrespnt different time intervals based on
the nature of the deposit, erosional and tectoisioty and geomorphology of the basin,
so it is critical to define the time interval forparticular fossil collection surface. The
average carbon isotopic values signify the genmkdoenvironmental condition, but it is
difficult to elucidate changes that might have ooed at a temporal resolution higher
than the time-averaged surface (Figure 3.7). Ireotd determine the entire range of
habitats present on the landscape, we considediddnal 5*Cenamel values of each
taxon (in 1%o bins) and weighted these values byfélo@al abundance and amount of
biomass consumption of each taxa. The histogrardugex is normalized to unity to

show the relative proportion of habitats preseigyfe 3.8, Appemdix II).
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Figure 3.7 Diagram showing, stratigraphic column bracketed with well datedelasy
layer 1 and 2, provenance of fosdilstime averaging surface where fossils are
collected for isotopic studyc, Possible depositional surfaces representing
different time intervals from the stratigraphic woin if we can resolve or
breakdown the time-averaged surface and combinisabape result in n different
ways, where n is the number of layers. The lettepsesent isotopic values of
grazer (G), browser (B), mixed feeder (M) and thand — signs are used to
indicate the most positive and negative values frespective groups and T
represents the time averaged in between successifaces. §; is a total time
averaged from fossil collection surface and in tsrthe time between layer 1 and
layer 2 [Tot = (T-1) + (T-2) + (T-3)+...+ (T-n)].

In the Basal Member, the calculat&dCecosysiemvalue is -17%o. This indicates that the
total large vertebrate fauna sampled a mixetC£to G-dominated vegetation, which

can be interpreted as wooded grassland with 73%idInass. In the same time interval,

the estimated proportion of grasses on the landscapes between 45%-89% based on
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the most negative and positi¥&Cenamevalue (Table 3.2). Thus, in this time interval, the
general paleoenvironmental condition at Dikika esgetween grassy woodland to open
grassland based on the entire range of carbonpisotalues of tooth enamel from each
taxon (Figure 3.7). Likewise, th&"°Cecosystemvalue in the Sidi Hakoma Member,
calculated by weighting the averag&Cenamel Values of each taxon, is -18.4%.. This
indicates mixed €C, vegetation in the region and the ecosystem caimtbepreted as
wooded grassland with 61%; @egetation cover (Table 3.2). For this time intériae
general paleoenvironmental condition ranges maye haanged between wooded
grassland with 35% (yrasses and open grassland with 82fgr@sses on the landscape

(Figure 3.8).

Isotopic data of tooth enamel from Dikika betweeéh8~3.24 Ma indicate a general
wooded grassland to grassland dominated ecosystigntifferent relative proportion of
Cs; and G vegetation in each member, where all possible aangf habitats from
grassland to closed woodland may be representepir@~i3.8). The oxygen isotopic
compositions of fossil herbivore teeth from the BlaBormation at Dikika are consistent
with the overall ranges documented at other fdssilities €.g, Levin et al., 2008;
White et al., 2009). Throughout the middle Plioctrere was no significant difference in
the §'®0cnameivalues of all the taxa except equids, where theeshre significantly?O-
depleted in the BBM compared to the SHNI=Q.0091). The oxygen isotopic
compositions of tooth enamel generally indicateettev condition at Dikika compared to
early Pliocene and Middle Pleistocene sites inrdgeon (White et al., 2009; Bedaso et

al., 2010).
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Table 3.2 Estimates of,@rasses in the diet abCecosystenvalues for SHM and BBM.

Aepycerotini 10.3 -3.5 -6.6 -1.4 68 46 83
Alcelaphini 8.5 -0.1 -5.2 3.1 92 56 115
Bovini 12.3 -3.4 -84 -0.3 68 33 90
Hippotragini 1 -6.1 -7.4 -3.6 49 40 67
Reduncini 1 1.0 1.0 1.0 100 100 100
Tragelaphini 3 -5.0 -7.6 -0.3 57 38 91
Equidae 7.9 -1.6 -5.1 0.7 82 57 98
Elephantidae 3.5 -2.1 -3.8 -0.1 78 66 92
Deinotheriidae 0.3 -12.1 -12.3 -11.8 7 5 8
Giraffidae 2.9 -12.2 -14.3 -9.1 6 -9 28
Hippopotamidae 17.8 -4.6 -10.3 -0.1 60 19 92
Rhinocerotidae 5.4 -4.4 -5.3 -3.4 62 55 69
Kolpochoerus 10.2 -4.5 -6.3 -3.9 60 48 65
Notochoerus 2.6 -2.4 -7.1 -0.8 76 42 87
Nyanzachoerus 3.6 -1.6 -1.6 -1.6 81 81 81
SHM D re—— -18.4 -22.1 -15.5

C, estimates 61 35 82
Aepycerotini 9.7 -2.2 -3.8 -0.6 77 66 89
Alcelaphini 0.7 -2.5 -2.5 -2.5 75 75 75
Bovini 3 -4.1 -5.5 -2.7 64 54 74
Equidae 2.2 -2.5 -11.5 -0.6 75 11 88
Elephantidae 14 -2.2 -6.5 -0.2 77 46 92
Giraffidae 3.4 -9.0 -9.0 -9.0 28 28 28
Hippopotamidae 19 -3.2 -7.3 -0.3 70 41 91
Rhinocerotidae 1.1 -1.1 -2.5 0.3 85 75 95
Kolpochoerus 8 -6.3 -6.3 -6.3 48 48 48
Notochoerus 8.7 -3.6 -8.6 -1.6 67 31 81
Nyanzachoerus 8 -4.1 -5.5 -3.0 64 54 72

BBM 8" "Cecosyster -16.8 -20.7 -14.6
C, estimates 73 45 88




3.7.3 Regional environments and climatic condition cAustralopithecus afarensis
Australopithecus afarensis known to have existed in eastern and centrac#&fand

persisted at Hadar between 3.7-3.0 Ma despite teaxhptimatic and environmental
variability in the region (Brunet et al., 1995; Kwel, 2007; Bonnefille, 2010). Previous
reconstruction of the ecosystem from the Basal Manab Dikika, whereA. afarensis
was found, indicated a relatively open environmiectadition in the proximity of water
(Alemseged et al., 2005). Pollen analysis from MéafDikika, in lacustrine sediment in
the Basal Member show predominantly pollen fromsgea, cattails and sedges,
indicating a mesic swampy condition close to alehalake (Bonnefille, 2010). From the
same stratigraphic level at Hadar, Reed (2008)catds that the habitat was likely a
mosaic of woodland and shrubland. Our interpretatibthe environmental and climatic
condition in Basal Member at Dikika using isotopomposition of tooth enamel
generally agrees with these previous interpretatibased on the fauna and pollen
analysis at Dikika and Hadar. In the SHM, basedtlmn associated fauna with the
juvenile hominin, “Selam” at DIK-1, Wynn et al. (@6) suggested a mosaic of mesic
habitats. At Hadar, the SHM is divided into foutbsuembers and interpreted as an
ecotone, woodland-shrubland and scrub woodlandyeaesland from the base to the top
of the SHM (Reed, 2008). Meanwhile, fossil pollasemblages in the SHM at Hadar
indicate subaquatic reeds, sedges, and grassesitingi fresh water swamps or lakes
with fluctuating lake level and floristic affinityith mixed deciduous/evergreen forest or
woodland (Bonnefille, 2010). In the SHM isotopiamaosition of tooth enamel at Dikika
indicate wet wooded grassland environment withiB@ant C, grasses and a variety of

habitats ranging from closed canopy forest to omgassland. Generally, our
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interpretation agrees with both the pollen datanfigdille, 2010) and faunal data (Reed,
2008) from Hadar. However the latter did not intkcelosed woodland habitat, and this
might be attributed to the differences in the depmsal environment between Dikika and
Hadar. Elsewhere in East Africa, a wide range olgstems has been reconstructed for
A. afarensismainly using the associated fauna. For examplelaka (3.4 Ma), White et
al. (1993) suggested that the habitat was a bushtanwoodland with floodplain
grassland. Harris (1991) suggested the habitatombKFora between 3.36 and 3.0 Ma
was gallery forests along with floodplains, wetsglands, and woodlands. Reed (1997)
reconstructed the ecology during deposition of okt Bor Member (3.36-3.0 Ma), as
scrub woodland on a riverine floodplain. Here, frima environmental and climate data
alone it is difficult to make any conclusion whatlde afarensisvas adapted to the wide
range of habitats reconstructed at different ssiegvhether they lived in a habitat that
persisted throughout the middle Pliocene. Howeivés, evident that the species lived in
a mosaic of landscape where variable shelter and fesources were available within a

short distance.

Temporal variation 08*20cnamevalues within a given taxon as well as differenae®mng
sympatric taxa document different aspects of enwirent and climate (Kohn, 1996). In
the SHM, thes'O values of the evaporation insensitive taxa sholarge range of
variation while some taxa even show a bimodal ithstion (Figure 3.4). Both equids and
Alcelaphini show two populations with an averag®O of (-6.3 + 0.4%o, 2.8 + 1.3%o)
and (-6.1 + 1.2%o, 0.6 + 1.1%o) respectively. Theiaton in 5*°0 values may indicate

variable sources of drinking water with differemtygen isotopic composition, or strong
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seasonality, or the samples may come from diffestrdtigraphic horizons within a
single member where the drinking water could hafferént 5*20 values under different
climatic conditions. The other possibility may battthese changes were associated with
the change in the size of the Hadar Lake with timieich affected theé'®0 value of
drinking water, especially evident in evaporationsensitive taxa such as the
hippopotamids. Thé®0-enriched value of the lake water would increasethe lake
contracts whereas tH€O-depleted values would indicate a large lake withtinuous
supply of fresh water from perennial river. Hailehael et al. (2002) reconstructed the
880 of paleo-Lake Hadar approximately between -4%. &% (VSMOW) usings*®0
values in fossil mollusk shells from the SHM at Hadssuming the mean temperature of
the Pliocene Lake Hadar was 25-30 °C. This is igeaeral agreement with our
reconstructed value from the Hadar Formation udimgpopotamid tooth enamel at

Dikika (4.0 + 1.3%0 VSMOW).

3.8 Conclusion

Isotopic analyses of a collection of mammalian hvene taxa from the Hadar Formation
at the middle Pliocene site of Dikika, including ltjple samples of 15 taxa representing
eight families, were used to reconstruct the retaproportion of @ and G vegetation
and the change in this proportion through ti€Cenameidocumented a wide foraging
strategies and the presence of bojtfad@ G vegetation throughout the Hadar Formation.
Carbon isotopic composition of the fauna reveadd some of the mammals consistently
grazed and browsed while others had variable anabie foraging patterns. Most of the

species including Alcelaphini, RedunciNiptochoerusequids and elephantids consumed
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dominantly of G vegetation while deinotheres and giraffids, consdipredominantly €
vegetation. Bovini, Hippotragini, Tragelaphini andyanzachoerus, Kolpochoerus
hippopotamids, had mixed C3/C4 feeding strategi@he middle Pliocene
paleoenvironmental condition at Dikika is generaierpreted as wooded grassland with
C,4 grasses ranging between 73% of the biomass iBBEM to 61% in the SHM. The
habitat structure at the Dikika hominin sites ia thiddle Pliocene could be as diverse as
open grassland, wooded grassland, woodland to tfdresveen 3.42-3.24 Ma and
wooded grassland, woodland to grassland betweet3.338 Ma. In both time intervals, it
is clear that although all the habitats excepterddlosoodland and forest were persistent
throughout the middle Pliocene, their proportioarmdes with time. These changes could
have affected fauna in terms of the available prefefood resources and shelter. Hence,
given the climatic and environmental variabilitycdaented in the region, the existence
of A. afarensighroughout the middle Pliocene indicate the sgecight have adapted to
a wide range of habits or their preferred habitaghtn not have been affected by

otherwise-documented paleoclimatic changes.
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CHAPTER FOUR
CARBON AND OXYGEN ISOTOPIC SIGNATURE OF TOOTH
ENAMEL AS A PROXY FOR THE PLIOCENE
PALEOENVIRONMENT AND PALEOCLIMATE FROM MOUNT

GALILI FORMATION, ETHIOPIA

4.1 Introduction

The Galili PaleoAnthropological Research (GPAR)aai®g the southernmost Pliocene
early hominin site in the Afar Depression (Figurgé)4Since 2000, more than 1500 fossil
specimens of more than 50 vertebrate taxa wereated and hominids are represented
by several teeth (Macciarelli et al., 2004), arféraur of Australopithecusp. The early
Pliocene vertebrate fauna from Galili includes éangammals (Equidae, Rhinoceratidae,
Deinotheriidae, Elephantidae, Bovidae, Suidae, bjygpamidae, Giraffidae, Carnivora,
Cercopithecidae, reptiles (Crocodylia, Cheloniay &arious species of fish (Urbanek et

al., 2005; Kullmer et al., 2008).

Stable carbon and oxygen isotopic composition othtoenamel have been used for
paleoenvironmental and paleoclimatic reconstructain paleontological sites from
stratigraphic horizons that are closely associatgld hominids in space and time.g.,

Lee-Thorp et al., 1989; Sponheimer and Lee-ThofQ032 Bocherens et al., 1996;
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Cerling et al., 2003c; Levin et al., 2008, Bedatsal ¢ 2010). This successful approach is
based on establishing dietary consumption of iddial taxa as reflection of the
presence, absence and proportion gfa@d G vegetation on the paleolandscape (Lee-
Thorp and Sponheimer, 2007). Despite the usefuegemlvironmental information
obtained from carbon isotopes, little has been donexplicate vegetation or habitat
structure. Reconstructing habitat structure is s&aey to understand the availability and
distribution of resources for early hominins, arak been a key issue in answering
guestions related to the origination, adaptatiod artinction of our ancestors (Reed,

1997).

The present study uses stable isotopes of mammé#biain enamel to assess the
paleoenvironmental and paleoclimatic conditions amcbnstruct habitat structures at
four different time intervals between >5.29 Ma arl6 Ma at Galili. It has a direct
relevance to the understanding of the paleoenviemtah contexts ofArdipithecus
ramidus andAustralopithecusin addition to the environmental reconstructiorGalili,
we compare fossil tooth enamel isotopic resultsmfArdipithecusandAustralopithecus
bearing time intervals in the Awash Valley. FArdipithecuscomparable data are
obtained from the As Duma and Segala Noumou Mentfefe Sagantole Formation at
Gona (Levin et al., 2008) and Aramis Member of 8sgantole Formation at Middle
Awash (White et al., 2009). Likewise, fAustralopithecusve use isotope data from the
base of Basal Member and Sidi Hakoma Member ofHhdar Formation at Dikika
(Bedaso et al., in review). Previous studies hankcated thatArdipithicus may have

inhabited a variety of landscapes within less th@6 km of each other in the Awash
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Valley. So, the Galili tooth enamel isotope datd piovide an opportunity to widen the
spatial scale beyond a single sedimentary basthaasess large-scale lateral variation of

vegetation and habitat structure on the landscapese early hominins lived.

Age (Ma)

SLM

DHIM

SKWB

Mount Galili Formation

Taken from Urbanke et al., unpublished

Figure 4.1A. Location map of the Galili Research Project aBe&implified statigraphic
section of the Mount Galili Formation showing memsbenly with between
5.29 and >3.6 MaC. A simplified geological model of Galili area, adeg
from Urbanek et al., unpublished)
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4.2 The geologic context of the Galili fauna

The volcano-sedimentary succession of the GPAR @rexposed on the eastern rift
shoulder of the northernmost Miocene rift-in rifadin, N-S striking Sabure-Hertale-
Adado graben (Figure 4.1, Urbanek et al., 2003¢ gtaben is situated in the transition
zone between the northern Main Ethiopian Rift ahd southern Afar Depression
(Beyene and Abdelsalam, 2005). In general, theoreigi faulted by N-S oriented normal
faults and exposed sedimentary successions ofttaisind fluvial origin intercalated
with volcanic marker beds, where these depositassgned to Mount Galili Formation
(Urbanek et al., 2005, Figure 4.1). Similarly atliftthe area is faulted by N-S striking
faults, where the blocks are mainly tilted and galtedips NW, 5-15° (Figure 4.1). As a
result sediments are mainly exposed along, anddaetwthe fault blocks. Due to the NW
tilting of the block, the general younging directis from east to west, where the oldest
sediments are exposed in the western part of theareh area while the youngest

sediments are exposed in the eastern part of seaneh area.

The composite thickness of the Mount Galili Formatis approximately 230 m (Figure
4.1). The Mount Galili Formation is divided intoxsmembers, separated by volcanic
layers: Lasdanan Member (LAM), Dhidinley Member (DY, Godiray Member

(GOM), Shabeley Laag (SL), Dhagax Member (DXM) &wahshacado Members (CAM)
(Urbanek et al., 2005). Here we only will summaribe age of the sediments and
depositional environment of the members where toemlamel was collected. The
succession begins with LAM, which is bracketedwy basalt flows. Based SfAr/>°Ar

dates and Paleomagnetic measurements, LAM is detdoetween >5.296 + 0.05 and

4.38 + 0.02 Ma. The sediments deposited in this bemndicate a shallow lake
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environment cut by fluvial channels (W.H., unpubéd data). DHIM is bracketed by the
Lasdanan fissure basalt at the bottom and gragisimbrite at the top*°Ar/*°Ar dates
and paleomagnetic measurements date this memhvesdred.38 £ 0.02 and 3.92 = 0.01
Ma. The sediments deposited in this member indiadteod plain deposit and shallow
lake margin with multiple brief transgressions. Sidvexposed between a white Lapilli
tuff at the bottom and unnamed basalt flow at tpe The base of SLM is dated with a
paleomagnetic measurements as 3.92 + 0.02 Ma, laadtap is >3.6 Ma using
biostratigraphy i(e., Notochooerus jageri The sedimentary succession in this member
indicates a range of environments from fluvial akd margin and permanent lake with

multiple transgression and regression cycles (Wikpublished data).

No fossils were recorded from DHX and CAM. For tkisidy, all the tooth enamel
samples were collected from the LAM, DHIM and SLMdifferent localities at Galili.
Additional samples were also collected from thek&ahini area, a locality northeast of
Mount Galili (Figure 4.1) where the sediments awd get attributed to a formal
stratigraphic member. However based on geologibakvations and biostratigraphic
evidences the sediments exposed at Satkawhinitegeaafter Satkawhini Beds (SKWB)
are time equivalent to the upper part of the LAMul{Ker et al., 2008; W.H and B.V,

personal communication).

4.3 Methods
We collected and analyzed tooth enamel samples fibndifferent mammalian taxa

subsampled in 2008 and 2010 (Table 4.1). Mostefdksils are surface collections from

104



different fossil localities defined in the reseamska. The age of the fossils were defined
in the field during locality delineation using tleeposed stratigraphic section, drainage
patterns and the topography. Samples were mairligcted from the late erupting teeth
(e.g., third molars) in order to avoid the effect of aduial fractionation during the
weaning period evident in the juvenile teeth (DeNand Epstein, 1978). Bulk enamel
samples were taken by drilling down the tooth altreggrowth axis with a 0.5 mm drill
bit, and cleaning the drill bit between samplingar€ was taken to avoid dentine,
cementum and matrix in the sample powder. About 20 mg of powder enamel was

extracted from each tooth and homogenized to aeayagintra-tooth variability.

The powder produced was pretreated with 3%Hfollowed by a 1 M acetic acid-
calcium acetate buffer to remove organic matter sewbndary carbonates, respectively.
Samples then more thoroughly rinsed with deionizater and dried (following standard
procedures for the treatment of tooth enamel of Tleerp and Van der Merwe, 1987;
Quade et al., 1992; Koch, 1998). Approximately B§ of the pretreated powder was
reacted with 103% #PQy, in He flushed exetainer vials at 25°C for 24 wsproduce the
CO; analyte gas for analyses&fC ands*®0. Isotope ratios were measured on a Thermo
Fisher Scientific (Finnigan) Delta V 3 keV IsotoRatio Mass Spectrometer and results

are reported using the standard per mil notation.

5°C or 6°0= (Rsamp'e - 1J *1000

RStandard

Where, R sampe and R sandarg @re the °C/C ratios in the sample and standard,

respectively, fod**C and the®0/*°0 ratios in the sample and standard, respectitety,
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8*%0. The reference standard is VPDB, to which samplre normalized using replicate
analysis of IAEA reference materials NBS-18°C = -5.04%o0,5'%0 = -23.05%0, and
NBS-19 $'°C = +1.95%0,56'%0 = -2.20%o0, NIST, 1992). The average standard devis
for both '°C and5'®0 were <0.1%.. We report the isotopic enrichmentvieen groups
of taxa is the difference between the two grouphjclv may or may not be in

equilibrium, using the enrichment between taxa 4 Bn

Statistical analyses on the isotope data were peed using SAS 9.2. All tests of
hypothesis were two tailed and significanae) (for statistics was set &05. For pair
wise comparison Wilcoxon Rank Sum test, which atferred as Mann-Whitney test,

are used (see Appendix | for taxa by taxa carbanoaygen isotope statistical result).

4.4 Carbon and oxygen isotopic variation in tooth enamel

The interpretation of carbon isotopic compositiéiomth enamel is based on differences
in discrimination of carbon isotopes among plantsich is controlled by enzymes and
the “leakiness” of cells (Kohn and Cerling, 2002grrestrial plants use three types of
metabolic pathways to fix GArom the atmosphere: the Ghotosynthesis pathway (the
Calvin Cycle), the ¢ photosynthesis pathway (Hatch-Slack cycle) and @M
(Crassulacean Acid Metabolism) pathway (see, Higeri et al., 1991). Most trees and
shrubs, as well as some herbs and most grassegiams with cool growing seasons use
the G photosynthetic pathway, and ha/&C values (mean -26%o, range -22%o to -35%o)

that are much lower than those of atmospherig GQ7%¢ O’Leary, 1988). & plants,
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on the other hand, hai&°C values (mean -12%o, range -9%o to -19%c) that areemo
similar to those of the atmospherea. ghotosynthesis is less common and occurs in some
grasses, sedges, and herbs, but only those thatugrder sufficiently dry and/or warm
climatic conditions (Ehleringer & Monson, 1993). eTtCAM plants €.g., succulent
plants) are mostly adapted to arid climates andvknto follow either of the €or G
pathways, and have intermediate isotopic valueke(iBiger & Monson, 1993). Although

in general the average separation between averageddG plants is ~14%o, in different
ecosystem the value has been reported as high7& tfL.some mesic environments and
as low as ~11%o in certain xeric environments (@Qgrkt al., 2003c). In this study we use
the ~14%0 spacing between @nd G vegetation. The average enrichment factor between

diet and tooth enamekfiet-tooth enamgi IS €Stimated as ~14%cerling and Harris, 1999).

The essence of using oxygen isotopic compositioharbivore tooth enamel as a
paleoclimatic proxy relies on the fact that toottamel carbonate forms at equilibrium
with body water, which in turn reflects drinking t&a and oxygen from the food and
water they consume coupled with animal physiol@gy climatic conditions (Longinelli,
1984, Luz et al., 1984; Kohn, 1996). In generaimets that drink water more frequently
from lakes, ponds, and streams (such as hippopdsamihinocerotids, Equus,
Phacochoerusand Reduncini), tracks meteoric water more clogben animals that
obtain water from leaves (such as such Gisaffa, Tragelaphini and Antilopini).
Sternberg (1989) indicated that leaf water is et *°0O-enriched as compared to liquid
water in plant stems, fruits and underground s®m@gans, which has a similar oxygen

isotopic composition as the available drinking wagdthough very little is known about
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the oxygen isotope bond in food, Helliker and Bhiger (2002) show tha'®0 values of
leaf water directly translated 83°0 value of cellulose, which is also indirectlyeaffed

by relative humidity and serve as a proxy for re&ahumidity changes.

Table 4.1 Stable isotope analyst&3C and §'%0) fossil tooth enamel collected from
Mount Galili Formation of Galili.

Cat-No Family Taxon Stratigraphy | 8" *Cenamel | 6" Oecnamel
GLL 0360 Bovidae Aepycerotini SLM -2.7 -1i0
GLL 0614 Bovidae Aepycerotini SLM -2.8 -2{7
GLL 0178 Bovidae Alcelaphini SLM 21 2.4
GLL 0438 Bovidae Alcelaphini SLM 1.1 -0.4
GLL 0014 Bovidae Bovini SLM -5.1 -6.1
GLL 0217 Bovidae Bovini SLM -6.8 -5.8
GLL 0325 Bovidae Bovini SLM -3.1 -5.0
GLL 1079 a-b| Bovidae Bovini SLM -2.0 5.7
GLL 0375 Bovidae Bovini SLM -4.2 -6.9
GLL 0425 Bovidae Bovini SLM 0.¢ 4.1
GLL 0825 Bovidae Reduncini SLM 0.3 01
GLL 0212 Bovidae Reduncini SLM -8.0 -6/7
GLL 0420 Bovidae Tragelaphini SLM -42 -2|5
GLL 1430 Bovidae Tragelaphini SLM -8/J7 -115
GLL 1485 Bovidae Tragelaphini SLM -1143 -0/4
GLL 1814 Bovidae Tragelaphini SLM -9J7 -713
GLL 0410 Bovidae Tragelaphini SLM -6.2 -3|7
GLL 0460 Bovidae Tragelaphini SLM -13 -419
GLL 0602 Bovidae Tragelaphini SLM -2/6 18
GLL 0187 Equidae SLM -0.8 -3.6
GLL 0274 Equidae SLM -1.7 -6.D
GLL 0301 Equidae SLM -0.1 -1.4
GLL 0338 Equidae SLM 4.2 -5.6
GLL 0506 Equidae SLM -6.0 -2.7
GLL 1078 Equidae SLM 4.5 -6.2
GLL 1256 Equidae SLM -0.6 -1.0
GLL 1539 Equidae SLM -0.4 -3.6
GLL 0307 Hippopotamidae SLM -10/9 -6/8
GLL 0320 Hippopotamidae SLM -8.7 -6{1
GLL 0605 ab | Hippopotamidae SLM -5|9 -6.0
GLL 0349 Hippopotamidae SLM -3.6 -7(4
GLL 0389 Hippopotamidae SLM -8.7 -8{1
GLL 0390 Hippopotamidae SLM -7 -7(4
GLL 1815 Hippopotamidae SLM 5.0 -7(9
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Cat-No Family Taxon Stratigraphy | 8™ Cename | 6" "Oename
GLL 0498 Hippopotamidae SLM 2.4 -6{5
GLL 0499 Hippopotamidae SLM -4.9 -6{2
GLL 1436 Hippopotamidae SLM -3.6 -7{0
GLL 0323 Proboscidea SLW -94 -7
GLL 0007 a-d| Proboscidea Elephas SUM -0.4 5.6
GLL 0335 Proboscidea Elephas SLM -3.0 -6.6
GLL 0366 Proboscidea Elephas SLM -0.1 -0.9
GLL 0426 Proboscidea Elephas SLM -3.2 -4.6
GLL 0445 Proboscidea Loxodonta SLM -0.7 -4.0
GLL 0303 Suidae Notochoerus SLM -0.8 -2.7
GLL 1076 a-b| Suidae Notochoerus S{Y -5.0 -6.0
GLL 1075 Suidae Notochoerus SLM -4.4 -8.5
GLL 0297 Suidae Notochoerus SLM -0.1 0.9
GLL 0351 Suidae Notochoerus SLM -1.6 -4.4
GLL 0760 Suidae Notochoerus SLM -0.4 -2.6
GLL 0328 Suidae Nyanzachoerus SUM -3.8 -4.9
GLL 0430 Suidae Nyanzachoerus SUM -2.7 -5.7
GLL 0477 Suidae Nyanzachoerus SUM -6.2 -5.2
GLL 1240 Suidae Nyanzachoerus SUM -0.6 -1.4
GLL 1798 Suidae Nyanzachoerus SUM 4.1 -5.4
GLL 0076 Bovidae Bovini DHIM -0.2 -1.3
GLL 0270 Bovidae Bovini DHIM 1.7 -0.3
GLL 0067 Bovidae Bovini DHIM -9.6 -5.9
GLL 0986 Bovidae Bovini DHIM -1.8 -1.5
GLL 1699 Bovidae Bovini DHIM -7.3 -2.6
GLL 0267 Bovidae Hippotragini DHIM -4.7 2.
GLL 0932 Bovidae Reduncini DHIM -10.8 -514
GLL 1216 Bovidae Reduncini DHIM -11.1 -1.8
GLL 1224 Bovidae Reduncini DHIM -7.2 -2.6
GLL 1383 Bovidae Reduncini DHIM -7.9 -36
GLL 0250 Bovidae Tragelaphini DHIM -10.8 -0/6
GLL 0145 Bovidae Tragelaphini DHIM -10.[7 -6/6
GLL 0835 Bovidae Tragelaphini DHIM 0.p 20
GLL 0990 Bovidae Tragelaphini DHIM -11.8 -3/4
GLL 0991 Bovidae Tragelaphini DHIM -10.0 -3]3
GLL 0845 Bovidae Tragelaphini DHIM 0.4 -02
GLL 0157 Equidae DHIM -0.3 -2.8
GLL 0220 Equidae DHIM -2.6 -4.4
GLL 0231 Equidae DHIM -3.7 -3.4
GLL 0733 Equidae DHIM -1.6 -3.1
GLL 0777 Equidae DHIM -2.3 0.2
GLL 1217 Equidae DHIM -1.6 -2.6
GLL 1833 Equidae DHIM -1.4 -1y
GLL 0689 Giraffidae DHIM -10.2 2.7
GLL 0981 Giraffidae DHIM -9.1 -1.2
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Cat-No Family Taxon Stratigraphy | 8" *Cenamel | 6 Ocnamel
GLL 0234 Hippopotamidae DHIM -8.0 -6,3
GLL 0131 Hippopotamidae DHIM -9.9 -8,8
GLL 0132 Hippopotamidae DHIM -7.6 -9.5
GLL 0261 Hippopotamidae DHIM -9.9 -4)5
GLL 0846 Hippopotamidae DHIM -6.1 -6./4
GLL 0961 Proboscidea Loxodonta DHIM -313 -1.5
GLL 0259 Proboscidea DHIM 0.b -414
GLL 0266 Suidae DHIM -2.9 -7.6
GLL 0540 Suidae DHIM -3.8 -1.9
GLL 0900 Suidae DHIM -5.1 -3.2
GLL 0997 Suidae DHIM -1.3 -1.38
GLL 1695b Suidae DHIM -5.7 -6.3
SKW 079 Bovidae Bovini SKWBE -7.% -3.p
SKW 086 Bovidae Bovini SKWBE -4, 3.8
SKW 136 Bovidae Bovini SKWE -0.4 3.4
SKW 138 Bovidae Bovini SKWE -1.3 -0.8
SKW 154 Bovidae Bovini SKWE -0.2 2.1
SKW 184 Bovidae Bovini SKWE -1.6 1.8
GLL 1208 Bovidae Reduncini SKWB -11)2 -1.8
GLL 1223 Bovidae Reduncini SKWB 0.9 12
GLL 1227 Bovidae Reduncini SKWB 22 115
SKW 144 Bovidae Reduncini SKWB -0/6 -3|5
SKW 206 Bovidae Reduncini SKWB 0J6 217
SKW 248 Bovidae Reduncini SKWB 0/4 -0l4
SKW 191 Bovidae Tragelaphini SKWB 18 3.3
GLL 1501 Bovidae Tragelaphini SKWB -2{8 4.4
GLL 1514 Bovidae Tragelaphini SKWB -218 34
SKW 167 Bovidae Tragelaphini SKWB -5/5 3.0
SKW 183 Bovidae Tragelaphini SKWB 2|1 -2.0
SKW 208 Bovidae Tragelaphini SKWB -0/1 3.4
GLL 1620 Equidae SKWHE -3.8 52
GLL 1655 Equidae SKWHE -0.5 3.1
GLL 1673 Equidae SKWH -2.6 -4.6
GLL 1689 Equidae SKWHE -4.8 -6.[7
GLL 1319 Equidae SKWHE -1.8 -0.8
GLL 1327 Equidae SKWHE -1.6 1.2
GLL 1604a Equidae SKWB -1.p 411
GLL 1631 Equidae SKWHE -1.0 -0.4
SKW 177 Equidae SKWB -1.38 -15
SKW 213 Equidae SKWB 2.4 1,0
SKW 225 Equidae SKWB -0.1 -0.3
SKW 228 Equidae SKWB -0.6 2.1
SKW 232 Equidae SKWB 0.8 216
SKW 204 Giraffidae Sivatherium SKWB -10|5 0.8
SKW 016 Hippopotamidag SKWB -5|5 -219
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Cat-No Family Taxon Stratigraphy | 8™ Cename | 6" "Oename
SKW 094 Hippopotamidae SKWB -2/4 -142
SKW 113 Hippopotamidae SKWB -4)1 0.1
GLL 1604b Hippopotamidag SKWB -0/9 14
GLL 1627b Hippopotamidag SKWB -0/9 -2\3
GLL 1649 Hippopotamidae SKWB -5/4 -416
SKW 105 Hippopotamidae SKWB -640 -317
SKW 141 Hippopotamidae SKWB -12 -2,0
SKW 143 Hippopotamidag SKWB -1/5 -6.2
GLL 1627a Proboscidea Anancus SKWB D.4 -B.7
SKW 161 Suidae Notochoerus SKWB -0.7 -0.3
SKW 226 Suidae Notochoerus SKWB 1.0 -1.8
GLL 1308 Suidae Notochoerus SKWB -0.7 -1.9
SKW 093 Suidae Notochoerus SKWB Q.0 -1.7
SKW 229 Suidae Notochoerus SKWB -2.8 -2.2
SKW 110 Suidae Nyanzachoerus SKWB -3.8 .6
GLL 1302 Suidae Nyanzachoerus SKWB -0.8 -5
GLL 1590 Suidae Nyanzachoerus SKWB -0.5 -0.5
SKW 140 Suidae Nyanzachoerus SKWB -0.5 2.3
SKW 152 Suidae Nyanzachoerus SKWB -2.4 0.8
SKW 178 Suidae Nyanzachoerus SKWB -2.0 0.4
SKW 186 Suidae Nyanzachoerus SKWB D.2 1.8
GLL 1043 Bovidae Alcelaphini LAM -0.3 2.7
GLL 0914 Bovidae Bovini LAM -4.5 -4.(
GLL 1146 Bovidae Bovini LAM -6.4 -1.6
GLL 1168 Bovidae Bovini LAM -1.2 -1.1
GLL 1548 Bovidae Bovini LAM -4.5 -1.d
GLL 1011 Bovidae Hippotragini LAM -5.3 -3.6
GLL 0885 Bovidae Hippotragini? LAM -2.0 -3.4
GLL 0850 Bovidae Reduncini LAM -1.9 2.5
GLL 0867 Bovidae Reduncini LAM -0.8 -5.8
GLL 0894 Bovidae Reduncini LAM -1y -4.0
GLL 0907 Bovidae Reduncini LAM 0.6 4.2
GLL 0909 Bovidae Reduncini LAM -10.6 -23
GLL 1008 Bovidae Reduncini LAM -4.9 4.8
GLL 1174 Bovidae Reduncini LAM -3.8 -4.8
GLL 1175 Bovidae Reduncini LAM -1.9 2.2
GLL 1469 Bovidae Reduncini LAM -5.8 -0.8
GLL 0294 Bovidae Tragelaphini LAM -8.1 -44
GLL 0897 Bovidae Tragelaphini LAM 1.9 25
GLL 1060 Bovidae Tragelaphini LAM -7.2 4,4
GLL 0860 Bovidae Tragelaphini LAM -9.3 -35
GLL 1009 Bovidae Tragelaphini LAM -6.4 13
GLL 1391 Bovidae Tragelaphini LAM -2.2 -44
GLL 1916 Bovidae Tragelaphini LAM -11.8 =147
GLL 0899 Equidae LAM -4.6 -2.3
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Cat-No Family Taxon Stratigraphy | 8™ Cename | 6" "Oename
GLL 1041 Equidae LAM -0.1 -1.4
GLL 1193 Equidae LAM -0.9 1.2
GLL 1282 Equidae LAM -2.4 2.5
GLL 1283h Equidae LAM -3.7 -3.2
GLL 1565 Equidae LAM -2.0 1.3
GLL 1643 Equidae LAM -4.4 -3.2
GLL 1671 Equidae LAM 0.2 -2.3
GLL 1676 Equidae LAM 4.7 -2.8
GLL 0834 Giraffidae Giraffa LAM -11.5 2.7
GLL 1045 Giraffidae LAM 3.2 -0.8
GLL 0738 Hippopotamidae LAM -6.3 -2.9
GLL 1046 Hippopotamidae LAM -3.8 -43
GLL 1404 Hippopotamidae LAM -5.1 -6.0
GLL 1431 Hippopotamidae LAM -4.6 -556
GLL 1672 Hippopotamidae LAM -7.5 58
GLL 1720 Hippopotamidae LAM -3.8 2.4
GLL 1793 Hippopotamidae LAM 4.y -7.8
GLL 1809 Hippopotamidae LAM -10.4 -6,3
GLL 0926 Suidae Notochoerus LAM -1{2 -5.2
GLL 1623 Suidae Notochoerus LAM -3{4 -3.9
GLL 1850 Suidae Notochoerus LAM -2{8 -4.5
GLL 1941 Suidae Notochoerus LAM -6|0 -1.0
GLL 1039b Suidae Notochoerus LAM -0}3 -5.0
GLL 0880 Suidae Nyanzachoerus LAM -0.3 -3.8
GLL 0843 Suidae Nyanzachoerus LAM -2.8 -5.3
GLL 0865 Suidae Nyanzachoerus LAM -4.9 -4.8
GLL 0886 Suidae Nyanzachoerus LAM -2.7 -5.7
GLL 1068 Suidae Nyanzachoerus LAM -6.6 -3.1

4.5 Results

4.5.1 Carbon isotopic composition of tooth enamel by taxa
Over 200 representative tooth enamel samples dietbivore taxa were analyzed for

stable isotopes of carbon and oxygen from multiplembers within the Mount Galili
Formation (Tablel, Figure 2 —4)"*Cename values of the Galili fossils range between
-11.5%0 to +3.2%0 in the LAM, -11.2%0 to +2.1%0 in td&KWB, -11.8%0 to +1.7%o in the
DHIM and -11.3%0 to +2.1%o in the SLM. The rangeswvafues from each member

represents a wide range of dietary adaptationeofittmmalsi(e., pure G diet < -13%o,

112



Cg-domlnated diet&13Cename|'13< 813Cename| '8%0), mlxed Q/C4 dlet (‘2%0 >813Cename|
>-8%o0), and Pure £dominated diet§3Cename> -2%o; Figure 4.2). The prevalence of
taxa in these categories signify the presencefigrdnt types of vegetation and hence the

mosaic nature of the paleolandscape at Galili.

The§"Cenameidata from Galili indicate a wide range of variatiof values within a single
taxon with substantial difference in the degreénobrporation of @ and G vegetation.
This variation might be explained by fossils, whimbme from different horizons in a
single member, difference in the seasonal avaitglof vegetation, migration of larger
mammals and/or the presence of two or more spedibsa slightly different dietary
adaptation. In general, Alcelaphini, Equida@&jotochoerus Elephantidae and
Gomphotheriidae show dominantly grazing diet, wHileinotheriidae and Giraffidae
were exclusively browsers, and the rest of the &abited grazing to mixed dietary
adaptations with varying perceng @xd G vegetation. Most of the taxa considered here

did not show major shifts in the dietary adaptatioth time.

4.5.1.1 Proboscidea

Proboscideans belong to two taxa, which are watlist from the Galili collection for
biostratigraphy purposes. The fossil Proboscidéaaditi is represented by Deinotheridae
(Deinotherium bozagi Gomphotheriidae Anancus kenyengisand Elephantidae
(Loxodontacf. exoptata, Loxodontef. adaurora, Elephas recki brumgnd Elephascf.
ekorensi} (Kullmer et al., 2008). Th&"*Cenamevalue of Gomphotheriidagfiancussp.)

in the SKWB and DHIM from single specimens is 0.4a 0.5%o, respectively showing
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that they dominantly fed ons@rasses. A single isotopic value of Elephantidamfthe
DHIM has a value of -3.3% showing a mixed/C, diet, while the averag&-*Cenamel
value from the SLM is -1.5 + 1.5%0 (n=5) indicating&-dominated dietary adaptation.
Deinothere are only analyzed from the SHM wétHCename Value of -9.4%., which
signifies a G-dominated diet (Figure 4.2A). Based on aver&b€e.ame values, the
Pliocene Elephantidae at Galili show a range pdli€tary contribution between 69% and
82% in different stratigraphic levelait based on individual isotope measurements C
dietary contributions could be as high as 92%. lanyi, Gomphotheriidae show a high
degree of incorporation of ,Cvegetation up to 96% in both SKWB and DHIM.
Deinotheridae, on the other hand, incorporated 86k (n=1) Gvegetation in the diet.
These results are consistent with isotopic datRroboscidean from Late Miocene and
early Pliocene sites in the Awash Valley and elsaeiin east and central Africa (Cerling
et al., 1999; Zazzo et al., 2000; Semaw et al.528@hgston and Harrison, 2007; White

et al., 2009; Levin et al., 2008; Bedaso et alreiiew)

4.5.1.2 Equidae
The fossil Equidae at Galili is represented Byrygnathohippussp (Urbanek et al.,
2005). Eurygnathohippussp is common in Lasdanan Member, Dhidinley Member,

Godere Member and Shebele Laag Member (Kullméer,e2@G08).

Isotope analyses were done on 37 specimens from,LANMM, SLM and SKWB and
the §"*Cenamevalues are reported in Table 4.1 and Figure 412 isotope analyses at

the different stratigraphic levels signify similawverage and ranges of carbon isotope
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values. The maximum range documented is 5.9%o in Slod the minimum range of
3.6%0 in the DHM. In general, the equids at Galilridg the Pliocene exhibited a similar
dietary adaptation with little to nozGregetation in the diet and no major shift in the
dietary adaptation. The avera#€Cenamevalues from the LHM, SKWB, DHIM and SLM
are -2.5 £ 1.9%0 (n=9), -1.6 + 1.3% (n=13), -2.0 H% (n=7) and -2.3 £ 2.3 (n=8)
respectively (Table 4.1). The isotopic data sugyest the dietary strategies of Pliocene
equids at Galili were grazing primarily ony @rasses with some incorporation of C
vegetation. The percent,Contribution in the diet ranges between 75% arth.8Phese
results are consistent with isotopic data of eqgndmel from the Awash Valley and
elsewhere in tropical and sub-tropical African FRieistocene and modern samples. The
8"Cenameivalues reported are in the range of 0%o to -3%o. mitigg a G-dominated and
pure G diet (Morgan et al., 1994; Bocherens et al., 199&ling et al., 1997b, 2003a,
2003b; Kingston and Harrison, 2007; Levin et 800& White et al., 2009; Bedaso et al.,

2010).

4.5.1.3 Hippopotamidae

Hippopotamids are one of the most common large mam@ Galili and obviously,

because of their aquatic mode of life, hippos dtenothe most common mammals in
Pliocene and Pleistocene terrestrial assemblag@drioh (e.g., Boisserie et al., 2005;

Harris et al., 2008). The fossil HippopotamidaeGaiili is represented by two genera,
namelyHexaprotodonand HippopotamuswhereHexaprotodonsp. are common in the

LAM, while Hippopotamussp. are common in DHIM, and SLM (Urbanek et al0Z;

Kullmer et al., 2008).
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A Proboscidea

# teeth 45 -10 -5 0 5
Elephantidae gen. indet.|5 ® @ S rabale b an fRers
Deinotherium gen. indet.|1 L S DL
Elephantidae gen. indet. |1 ‘ O] Dhidinley Bed
Anancus sp.[1 Al
Anancus sp.[1 : X i | satkawhini Member
-15 -10 5 0 5
313c (vPDB)enamel
B Equidae
# teeth.15 10 5 0 5
T T T T
8 —{—TH _| Shebele Laag Member
Equidae gen. indet.|7 I _| phidinley Member
13 —{TH Satkawhini Bed
9 . L Lasdanan Member
-15 -10 5 0 5
3'%c (vPDB)enamel
CHippopotamidae
#teeth.15 -10 5 0 5
T T T T
10 — 1 H Shebele Laag Member
) ) . 5 o® o ~| Dhidinley Member
Hippopotamidae gen. indet. 9 H—TH Satkawhini Bed
8 —1_TH Lasdanan Member
=0 3 0
313¢ (vPDB)enamel
D Giraffidae
#teeth -15 -10 5 0 5
2 °® ' ' Dhidinley Member
Giraffidae gen. indet.[3 ® Satkawhini Bed
2 e : . Lasdanan Member
15 -10 5 0 5
§13¢ (VPDB)enamel
E Suidae
#teeth 45 10 5 0 5
Notochoerus jaegeri[6 ‘ @ om
Nyanzachoerus Pattersoni|5 o ®o o 7| Shebele Laag Member
Nyanzachoerus Pattersoni|s ‘ 'YX ] : | Dhidinley Member
T ;
ji i1 ¢ @06
Notochoerus jaegen__ | satkawhini Bed
Nyanzachoerus Pattersoni| 4 —{_1TH
Notochoerus jaegeri ._5 ‘ o oo oo —| Lasdanan Member
Nyanzachoerus Pattersoni|5 e @ o
15 10 5 0 5

313¢ (vPDB)enamel

Figure 4.2 Box and whisker plots of stable carbsotdpic composition of mammals
tooth enamel {Cename) from the Mt. Galili Formation from four different
sampling intervalsif., Lasdanan, Satkawhini beds, Dhidinley and Shebele
Laag Members). The box is bounded by first quaii@8%) and the third
guartile (75%) of the variable population and eholk encloses 50% of the
data with the median value represented by a vetima in the box. The
horizontal line extending from the sides of the begresents the acceptable
range of data. Outliers are displayed as individoaints outside of the
acceptable range. The herbivores grouped into predmtly G-diet
(6"%Cenamel >-2%0), mixed G/C, diet " *Cenamel -2%0 t0 -8%0) and a
predominantly G-diet G**Cename -8%9 based on (Cerling et al., 2003c)
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Isotope analyses of the hippos in different memliedgcate a wide range of dietary
adaptations stretching between pugat®C, diets in the LAM and SLM but a relatively
narrow range is documented in the SKWM and DHIMg(re 4.2C). The average
8"Cenameivalues of hippos through the Pliocene at Galiliveteostatistically significant
increase in ¢ contribution in the diet between SKWB and DHIM (e Whitney,
p<0.001) and between SKWB and SLM (Mann Whitngy,0.0435). Despite the fact
that the Pleistocene and extant hippos diet is datad by @ vegetation, the average
percent G contribution to diet of the Pliocene hippos atifcahried between 33% in
DHIM and 70% in the SKWB, while based on individuallues the ¢ contribution
could vary between 21% and 86%. Although thed@minated dietary adaptation in
DHIM is not common in East African Pliocene, Fraddendaal, et al. (2002) reported an
average carbon isotopic values of -12+ 1.5, n=@nfan early Pliocene hippoptamids at
Langebaanweg, South Africa. On the other hantC{nixed diet has been documented
in many Plio-Pleistocene sites in the Awash Valseyd elsewhere in eastern Africa
(Zazzo et al, 2000; Boisserie et al., 2005; Ceréihgl., 2008; Harris et al., 2008; Levin et

al., 2008; White et al., 2009; Bedaso et al., inaw).

4.5.1.4 Giraffidae

The fossil Giraffidae at Galili is represented iwptgenera and three speci8sjatherium
sp., cf.Giraffa pygmaeaGiraffa aff. StileiandGiraffa sp. (Urbanek et al., 2005; Kullmer
et al., 2008). Giraffids are rare in all membersl amly a few specimens were sub
sampled for isotope studies except in the SLM. kéntioday, where there is only one

species ofGiraffa (G. camelopardalis there were three different Plio-Pleistocene
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Giraffa species G. jumae, G. pygmaeandG. Stile) as well asSivatherium maurusium
The coexistence of several paleospecies is masy lielated to specific browsing height
ranges (Kingdon, 1979). Two teeth samples wereyaedlfrom LAM. §"*Cenameivalues
represent two extreme values of -11.5%0 (n=1), whnchcate a pure £diet while the
other specimen has a +3.2%0 (n=1) indicate a pyréi€l. A single tooth analyzed from
the SKWB hass®*Cenameivalues of -10.5%. indicating a pure-Gominated diet. The
average*Cenameivalue of -9.6 + 0.7 %o (n=2) documented from the BiHWwhich shows

a G diet with significant incorporation of &egetation (Figure 4.2D).

A similar isotopic signature is reported from ottstes in the Awash Valley, which
indicate that throughout the Pliocene Giraffids sistently relied on €vegetation and
show no changed in dietary adaptation. At DikiK&Cenamevalues range between -9.0%o
and -12%o in the Hadar Formation (Bedaso et alreinew), and values of -9.8%. are
reported from the Sagantole Formation and -10.96n fihe Adu-Asa Formation at Gona
(Levin et al., 2008), and -12.1 %0 and -11.9%. fromaifids and sivatheres respectively
from Aramis Member of Sagantole Formation at Middash (White et al., 2009).
Early Pliocene giraffids from Tanzania (Kingstordatiarrison, 2007) and Late Miocene
giraffids from Chad (Zazzo et al., 2000) reportedietary adaptation consistent with C

to Gs-dominated diet.

4.5.1.5 Suidae
The fossil Suidae at Galili is represented by thmgenera and four species,

Nyanzachoerus pattersoni, Notochoerus jaegeri, tfaerus euilus, and Kolpochoerus
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deheinzelini(lUrbanek et al., 2005; Kullmer et al., 2008). Suate also a well-studied
group at Galili for biostratigraphic purposes. @€ tfour species represented at Galili,
Nyanzachoerus pattersorand Notochoerus jaegeriwere sampled and analyzed.
Notochoerus euilus, and Kolpochoerus deheinzedi@ rare compared to the other
species in the area, so only dNetochoerus euilusvas collected from the SHM. The
8Cenameivalue of Notochoerugaegeri averages -2.1 + 2.1%o (n=6), -2.7 + 2.7%o (n=5)
and -0.63 = 1.4%. (n=5) in the SHM, LAM and SKWB pestively. The range of
8"Cenameivalues in the respective members is different witmaximum being in the
LAM and the minimum in the SKW (Table 4.1, Figure2B). The averagé *Cename
values of Notochoerusat Galili indicate a dominantly Cgrazing diet with some
incorporation of @ vegetation (up to 26%) in some of the specimerayaed in the
LAM, DHIM and SLM. However in the SKWB they were @usively grazing on £
grasses with minor contribution froms @egetation i(e., 12%). During early to middle
Pliocene at GaliliNotochoerusshows no significant change in the dietary adaptat
except a change in the proportion and degree ofacation of G vegetation in the diet.
The §"*Cenameivalue of Nyanzachoerus pattersoat Galili averages -3.5 + 2.0%o (n=5),
-3.8 + 1.8%0 (N=5), -3.5 + 2.4%0 (n=5) and -1.4 #%. (n=5) in the SLM, DHIM, LAM
and SKWB respectivelyCompared to the SKWB, the other members exhibitidemw
range of8"*Cenameivalues (Table 4.1, Figure 4.2BYyanzachoerus pattersoat Galili
showed a change in dietary adaptation from mixefC{to G,-dominated diet in the
early Pliocene to exclusively,@razing diet and back to the/C, to C-dominated diet
in middle Pliocene. However, the dietary changeBliocene at Galili are not statistically

significant except between SKWB and DHIM (Mann Wibki, p=0.048). The Dietary

119



adaptation of suids at Galili has a general agreémih other isotopic studies within the

Awash Valley and beyonat(g.,Harris and Cerling, 2002)

4.5.1.6 Bovidae

Bovids are one of the most abundant mammalianitealh members of the Galili faunal
assemblage; ~23% of the total fauna and 19%, 2B%, dnd 32% in the SLM, DHIM,
LAM and SKWB respectively (B.V unpublished data) @alili, six bovid tribes are
represented in the faunal assemblage: TragelapBaviini, Hippotragini, Alcelaphini,
Apeycerotini and Reduncini. Isotopic analyses widwee from the four time intervals
(SLM (n=19), DHIM (n=16), LAM (n=23) and SKWB (18))To obtain a robust
reconstruction of the paleoenvironment and haltivath enamel samples were collected
from all the tribes when possible (Table 4.1, Fegut.3). Tragelaphini, Bovini,
Alcelaphini, Apeycerotini and Reduncini are anatyZeom SLM, Tragelaphini, Bovini,
Hippotragini and Reduncini analyzed from DHIM, Te#aphini, Bovini, Alcelaphini,
Hippotragini, and Reduncini were analyzed from LA#ile Tragelaphini, Bovini and

Reduncini were analyzed from the SKWB (Figure 4.3).

Tragelaphini in the Mount Galili Formation at Galire represented biragelaphusct.

nakuae aff Tragelaphuskyaloaeand Tragelaphussp. (Urbanek et al., 2005; Kullmer et
al., 2008). The averagé Cenamevalue of Tragelaphini from the SLM is -6.3 + 3.8%o
(n=7) with a range of 10%o; the individual valuesasping almost the entire range of
Cy/C, dietary adaptations where the proportion afgfasses varies between 12% and

84%. In the DHIM two different populations of Tragehini with the averag&-*Cenamel
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values separated by 11%. are recognizes, ((10.8 £ 0.87%0. (n=4) and -0.2 £ 0.3%o
(n=2), Figure 4.3). ThéCeramevalue of Tragelaphini from the LAM ranges between
-10.6 and 0.6 %o with an average of -6.1 + 4.5%. {nThe averagé'*Cenameivalue of
Tragelaphini in the SKWB is -1.2 + 3%, (n=6) whehe tvalues are bracketed between -
5.5%0 and 2.1%0.. The isotope data from Galili indéc#ttat Tragelaphini exhibit a very
wide range of dietary adaptations within each menarel throughout the early and
middle Pliocene. In the SLM and LAM, the contrilmutiof G vegetation ranges between
0% and 88% but in the SKWB, the Contribution to the diet is only between 0% and
52%. Although Trahelaphini show a wide range ofaiie adaptations from pure grazing
to pure browsing diet in each member and SKWB,etlveasis no statistically significant
change in diet throughout the early and middle del@ (See Appendix I). Isotopic
studies of Tragelaphini from eastern and SouthcaAfgo far, indicated pure;@ G/Cy-
dominated diet (Cerling et al., 2003c; Sponheimat hee-Thorp, 2003; Levin et al.,
2008, White et al., 2009; Bedaso et al., 2010einew). However, paleoenvironmental
reconstruction based on the diet of extant taxaifs@g a wooded environment. It is
notable that the isotopic data presented here sAmagelaphins had a predominantly
Cs/C,4 diet with significant G grasses and suggests a need for careful use of
uniformitarian dietary assumption, which considenikr dietary adaptation and habitat

preference of fossil taxa with their modern relesie.g.,Vrba, 1980).

Alcelaphini in the Mount Galili Formation at Galdire represented by Alcelaphini gen.
sp. indet.,Damaliscussp. andParmularius sp. (Urbanek et al., 2005; Kullmer et al.,

2008). Alcelaphinis are rare at Galili and sampmaty from the SLM and LAM.
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Figure 4.3 Box and whisker plots of stable Carbsatdpic composition of Bovid
(6"Cename) from the Mount Galili Formation (See Figure 4.2)

The averagé™Cenamevalue of Alcelaphini from the SLM is 1.6 + 0.8%. @and -0.3%o

from a single in the LAM. The isotope data from iahdicate that Alcelaphini were

exclusively G grazers with 100% fLgrasses in the SLM and 91% in the Lasdanan

Member. Due to the small sample size, it is diffita draw any conclusion on the long-

term dietary adaptation of Alcelaphini. Howevercélaphinid'*Cenameidata from early

Pliocene sites in eastern and South Africa indecadeconsistent £dominated diet

(Cerling et al., 2003c; Sponheimer et al., 2003jd3® et al., in review).
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The tribe Bovini is one of the most common bovidghe Mount Galilia Formation and
represented by cUgandaxsp., commonly in the SLM and DHIM and rarely i thAM
(Kullmer et al., 2008), andJgandax gauieri(Urbanek et al., 2005). The average
8"Cenameivalues of Bovini are -3.4 + 2.7%o (n=6), -3.43 +%qn=4), -4.12 + 2.1%o
(n=4) and -2.51% 2.1%0 (n=6) in the SHM, DHIM, LAMhd SKWB respectively. The
isotope data indicate that at Galili Bovini, gefigraad a G/C, mixed dietary adaptation
in the SLM, DHIM and LAM but ¢ dominated diet in the SKWB. In the Pliocene at
Galili, the contribution of gvegetation in the Bovini diet varies between 69% @6%
with no major shift in dietary adaptations. Howewederring the individual values, pure
grazing diet is documented in all members and avéirg diet in the DHI Member (not
statistically significant, Mann Whitneyp=0.4848). A G/C4 mixed to G-dominated diet
is also reported from the Awash Valley (Levin et 2D08; White et al., 2009; Bedaso et

al., in review)

The tribe Aepycerotini is rare in the Mount Galtlbrmation and so far found only in the
SHM and DHIM. The tribe is represented by a simggausAepycerossp. (Urbanek et
al., 2005; Kullmer et al., 2008). Isotopic analysias done only on specimens collected
from The SLM. The5*Cenamevalue of Aepycerotini in the SLM averages -2.53.39%
(n=2). The isotope data signifies that Aepyceratiominantly fed on g£grasses which
incorporate up to 73%-75%,@rasses in the diet. Isotopic studies of Aepyoarat
East and South Africa indicated a wider range dies while the amount of ,.C
vegetation varies between 20% and 90% (Sponheitrar, 2003; Cerling et al., 2003c,

Levin et al., 2008).
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The tribe Hippotragini is also a rare bovid in teunt Galili Formation but reported
from SHM, DHIM and LAM. The tribe is represented Iippotragus gigasand
Hippotragus sp. (Urbanek et al., 2005; Kullmer et al., 200Bptope analysis of
Hippotragini was only done from DHI and LAM. The emsge §*Cename value of
Hippotragini from LAM is -3.64 = 2.3%0 (n=2) and i& represented in the DHIM by a
single value of -4.7%.. The isotope data from Gatitlicate that Hippotragini exhibit a
mixed G/C, diet with an average of 60%-67%; @rasses in the diet, but the, C
contribution from one specimen in the LAM indicatentribution of G grasses up to
79%. Isotopic data from Aramis at Middle Awash oate Hippotragini were exclusively
grazing on @ grasses (White et al., 2009), while data fromHaelar and the Adu-Asa
Formation show a mixed#C, and G-dominated diet at Dikika and Gona, respectively

(Levin et al., 2008; Bedaso et al., in review).

Reduncini in the Mount Galili Formation is commanthe LAM but rare in all the other
members. Reduncinis at Galili are represented ldgu®ani gen. sp. indet. adenelikia
lyrocera (Urbanek et al., 2005; Kullmer et al., 2008). Tibetope data of Reduncini at
Galili in the Pliocene hints at the coexistencetwb different genera with different
dietary preferences, possibly in different parthedf paleolandscape where preferred food
resources were available. In the SLM, ti€Cename value of Reduncini from two
specimens measured have different values {8.0%0. and 0.3%., Table 4.1, Figure 4.3),
which indicate different dietary adaptation with®8&nd 95% contribution of {yrasses

in the diet, respectively. The averaf&Cenamevalue of Reduncini from the DHIM is -9.1

+ 1.9%0 (n=4) where the values range between -7.2fdo-41.1%0 and possibly, in this
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case, represent a single genus. The Reduncini ¢itM had a browsing dietary
adaptation where the percenf g#asses in the diet varies between 13% and 41%eln
LAM, 8"%Cenamevalue of Reduncini averages -2.0 + 2.0%. (n=8) notuiding an outlier
value (-10.6%0). This group signifies as/C, mixed feeding to & grazing dietary
adaptation, with an outlier representing ae@d member. Similarly, th&*Cenamevalue

of Reduncini in the SKWB averages -0.16 + 1.3%. (nadt including an outlier value
(-11.2%0). The isotope data in the SKWB indicatet tRaduncini fed on &£dominated
diet and heavily relied on,@rasses, which contribute an average of 9%gr&sses to the
diet. Carbon isotope studies of Reduncini so fgni§y a pure G diet throughout the
Pliocene and Pleistocene both in eastern and Sbiniba (Sponheimer et al., 1999;
Cerling et al., 2003c; Levin, 2008; Bedaso et2010). On the contrary, Spencer (1997)
based on the cranio-mandibular remains suggedtditigrocerawas not a grass feeder,
but has most of the distinguishing characterigiica mixed feeder. Similarly Alemseged
and Bobe (2009) examine the geographic distributibtwo fossil species of the tribe
Reduncini, Menelikia Iyrocera and Kobus sigmoidalis across the Shungura
paleolandscape and based on differences in themafeabundance between these two
bovids suggested possible differences in the palgmeamental context and diet. Here
our isotope data supports this explanation.. Inthg at Galili compared to the LAM
most of **C-enriched values come from SKWB, indicating ldtethanges in the
vegetation type (€ and G), which could be a attributed to different deposial

environment.
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4.5.2 Oxygen isotopic composition of tooth enamel
At Galili, oxygen isotope composition of tooth erelmvas measured at four different

startigraphic levels. Th&*®Ognamevalues in the Pliocene of the Mount Galili Formatio
ranges between -9.5%0 and 4.8%. and show a widetiariaithin a single taxon, both in
a single stratigraphic level and through differenémbers (Table 4.1, Figure 4.4).
Similarly, §**Ognameivalues among sympatric taxa show a wide variafiorgeneral the
range 0f5'%Ognameivalues in different members are similar, but mdghe taxa in LAM
and SKWB show relatively’O-enriched values compared to same taxa in the Shd\
DHIM. However the observed change is statisticaigynificant only in Hipppopotamids
(Mann Whitney p< 0.001),NyanzachoerugMann Whitneyp=0.0303) and Tragelaphini
(Mann Whitney,p=0.0152). The wide range 6#®Ognameivalue at Galili could indicate
variation of the water isotopic composition of smurwater, drinking habit,
thermophysiological adaptation, migration, seasgnand change in paleoclimatic
condition with time (atmospheric temperature, reé&athumidity and other climatic

variables).

Wide ranges of intra-taxodt "Ognamelvariability were documented throughout the Mount
Galili Formation. Equids and Hippopotamids in tHe&/#B show the maximum range of
values while Tragelaphini show groups &10-depleted andO-enriched values.
Assuming that each taxon has a similar drinkingith@md thermophysiological
adaptation in a single member, the wide rang& ®enamevalue could indicate a change
in the drinking water source, seasonality and pripo of the water source from food

and drinking water especially for mixed feedersd&m® et al. (in review) indicate that an
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increase in the proportion ofs@egetation in the diet of mixeds(C, feeders increase
80-enriched values of tooth enamel. TéOgnamei0f Hippopotamids are usually the
most *®0-depleted compared to other taxa in the same nrefelue, Bocherens et al.,
1996; Bedaso et al., 2010), where thEfiOename closely tracks*®0 of meteoric water.
However, the wider range artdO-enriched values in the SKWB in Hippopotamids is
attributed to evaporated source water from shallake (Figure 4.4). Similarly,
Reduncini are the most water dependant of the biodaes also had a wider range in the
SKW and LA members, which could signify availalyiliof **0-enriched surface water

and imply drier climatic conditions.

The 8*%0 of enamel carbonate reflects #€0 of mammalian body waters because it
precipitates in equilibrium with body water at aaneonstant body temperature of 37 °C,
independent of external temperatures (Longineld Biuti, 1973a). Three main oxygen
inputs for mammals include: ingested water (drigkiater and water in food), solid
food and atmospheric QLuz and Kolodny, 1985). In mammals that drinkedity,
enamels*®O values follow the local meteoric wat?O values. However, th&'?O of
mammalian body water does not track metedt® values in a linear or direct manner.
It is further complicated by each animal's therrgatatory system, water dependence
(obligate and non-obligate drinkers), diet, bodsgesand behavior (Bryant and Froelich,
1995; Kohn, 1996; Longinelli et al., 2003). Here uge obligate drinkers to estimate the

5180 of meteoric water.
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The most'®O-depleted value from each startigraphic levelssduto calculate the most
80-enriched value of meteoric water that the anidrahk. Luz and Kolodny (1985)
estimated the fractionation factax)( between body water (bw) and the phosphate (p)
fraction of apatite asof.sw=1.0178), which is defined ag.g= (1000 +54/1000 +5g)
where A and B are phases at equilibrium. SimilaBgyant et al. (1996) estimated the
fractionation factor between the phosphate fractiod structural carbonate (sc) asc(
=1.0086 = 0.0007) and by combining the two equilibr fractionation factors, a
fractionation factor that relating"®Os. to 50y, were estimated asud.pw=1.0263 +
0.0014). To be able to compare the estimat&@meteoric waerWith previous estimates in
the region, we convert thE*Ognameiffom VPDB to VSMOW scale usingOvsvow =
1.03091(8*®0vppg) + 30.91; Sharp, 2007).Th&*0 values of meteoric water from LAM,
SKWB, DHIM and SLM were calculated as -3.5%0 (SMOW),8%0 (SMOW), -5.2%0
(SMOW) and -3.8%c (SMOW) respectively and as the emat water subjected to
evaporation, the calculated®0 value from hippo can be considered as the rifast

enriched meteoric water.

Levin et al. (2006) suggest an approach that rekues20 of herbivore values to aridity
that bypasses the complex consideration®f°O flux through animals. Instead, this
aridity index relies on establishing an isotopistidiction between herbivores that are
sensitive and insensitive to aridity. Although thgthod has not been yet widely used
before, Bedaso et al. (2010) successfully appl®dhe Middle Pleistocene faunal
assemblage in Asbole and systematically applidélitecene fossils at Dikika. Bedaso et

al., (in review) also recommend additional poirisorder to consider to improve the
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calibration curve for specific faunal assemblaga given time. The calibration curve for
the Pliocene Mount Galili faunal assemblage is Isinto the calibration curve developed
for Sidi Hakoma Member in the Hadar Formation (Bseglaso et al., in review). At
Galili, giraffids, deinothere, Tragelaphini and Aeprotini are grouped as evaporation
sensitive (ES) or non-obligate drinkers while hipp@mids, equids, elephantids,
Notochoerusand Nyanzachoerugrouped as evaporation insensitive (EI) or obégat
drinks, but the rest of the taxa are intermediaevben the two groups. THEO-
enrichment between ES and El taxas() is obtained from the respective designated
taxa and water deficit.€., the difference between potential evaporation ardrmannual
precipitation) at Galili in the Pliocene is caldgid using the calibration curve adopted
(see Figure 4.5). The water deficits calculatednfioAM, SKWB, DHIM and SLM are

1028 mm, 1530 mm, 890mm and 1042 mm respectively.

Thus, the paleoclimatic condition based on the maédicit and thes**0 meteoric water
derived from the hipp6*®Oenameivalue indicate drier conditions in the SKWB andMA
as compared to the younger SLM and DHIM, the mdsdtlaeing SKWB. Elsewhere in
the Awash Valley, the water deficit values indictenporal change, Bedaso et al. (in
review) reported a water deficit of 1218 mm in ndédPliocene at Dikika, whereas,
White et al., (2009) reported water deficit of 150 at Aramis in early Pliocene, which
is comparable to the contemporaneous SKW bed #t. Babeneral the Pliocene climate
in the region shows long-trend from arid to humahditions through the early and

middle Pliocene, and latter shows a drier conditiotihe Pleistocene.
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4.6 Discussion

4.6.1 Reconstruction of mammalian diet
In tropical ecosystems, the presence of bojhdi€ots and ¢ grasses is the basis for

grouping animals as browsers, mixed feeders anzegggCerling et al., 2003c). The
Pliocene Galili isotopic data indicate all rangé$ooaging strategies, characterized by C
browsing, mixed gC, and G-dominated diet. Throughout the Pliocene, mosheftaxa
studied had a mixeds(C, diet to G-dominated diet but the specimens analyzed from the
middle Pliocene between 4.38 Ma and 3.92 Ma shoxednG/C, to G-dominated diet
(Figure 4.5). In general, Alcelaphimiotocherousequids, elephantids and gomphotheres
were grazers with 2Zdominated diet although there was a differenchécomposition

of the vegetation and range of variability withiach member. Giraffids and deinotheres
are the only dedicate browsers at Galili althoughag€&laphini had occasional purg C
diet. Bovini, Hippotragini andNyanzachoerusn the other hand had a mixed @ diet
with significant difference in the proportion of, Qrasses. Most of the taxa considered
here, specially the pures®rowsers and £grazers did not show major shifts in the
dietary adaptation with time despite the chang@enenvironmental condition, as long as
their preferred diet is available on the landscafdéhough the change in the dietary
adaptation of some of the mixed feeds is not szl significant, they track the
environmental changes through time more closelyekample, Bovini show a change of
dietary adaptation from exclusive, Grazing in the SKWB, to variable grazing to mixed
Cy/C,4 diet in the other members, which reflect the redafproportion of G and G
vegetation in respective members (Figure 4.5). I8nygj Tragelaphini also exhibited

dietary shift from browsing in the DHIM to mixede@ing in all the other members, and
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Nyanzachoerusvere exclusively grazing ons@egetation in the SKWB while variably
grazes in the other members. These changes ieldteve proportion of gC, vegetation
in the mixed feeder’s diet faithfully follow thelative proportion of @and G vegetation
on the landscape in the early to middle Pliocen@adili and suggestion the use mixed

feeders as environmental tracers.

4.6.2 Paleoenvironmental reconstruction
Stable carbon and oxygen isotopic composition ofit@namel has provided information

regarding the paleoenvironmental and paleoclimasmge of the pase(g.,Lee-Thorp et
al., 1989; Kingston and Harrison et al., 2007; best al., 2008; Bedaso et al., 2010). A
combined plot 06*°C ands'®0 of tooth enamel (Figure 4.5) indicate that in¢hey and
middle Pliocene the environmental and climatic ¢ood at Galili was variable. In the
early Pliocene at Galili between 5.29 Ma and 4.38 K vegetation was significant on
the landscape with less ;Cvegetation, indicating a relatively wooded grassla
paleoenvironmental condition with up to 80% @rasses. The oxygen isotope values,
along with the estimated water deficit, at the signify a change from a wet to dry
climate in the early Pliocene. The upper part efé¢arly Pliocene was evidently drier and
with more open vegetation than the lower parthim lower part of the middle Pliocene,
between 4.38 Ma-3.92 Ma,;&egetation was dominant over, @egetation. Oxygen
isotope values signify a wetter climatic condititvan the rest of the early and middle
Pliocene. The Paleoevironment in this intervahigipreted as wet wooded grassland to
grassy woodland. The landscape in upper part ofnticklle Pliocene at Galili was

dominated by ¢grasses with some;@egetation. The ecosystem carbon isotope coupled
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with the oxygen isotope data is interpreted as webded grassland. The general
environmental and climate trend from early to medBliocene at Gallili shows a change
from dry/open to a humid/closed environmental cbodi The observed change in the
abundance of £grasses, reconstruct&Onmeteoric waevalues and calculated water deficit
in respective members during the Pliocene indidatetuation of the climate and

environmental condition in the region rather tham-directional change, at least in the

early to middle Pliocene.

4.6.3 Habitat structure
Habitat structure is a very important concept inlegy. We adopt the habitat structure

definition verbatim from Byrne (2007), which is mifield from McCoy and Bell (1990)
and Beck (2000), “the amount, composition and taiegensional arrangement of biotic
and abiotic physical matter within a defined looatand time; refers to complexity and
heterogeneity of physical matter across horizoatad vertical physical space”. The
heterogeneity and complexity of the Neogene lamusga Eastern Africa arises from the
emergence and expansion of gtasses, short and long-term climate variabilitytha
region, and active tectonic, volcanism and changestopography (Bobe and
Behrensmeyer, 2004, deMenocal, 2004; Wynn, 2004)g#ton, 2007). Detailed
reconstruction of habitat structure is then critimaunderstand the available resources
including food, shelter and further morphologicaldabehavioral adaptations of Plio-
Pleistocene hominids (Spencer 1997). However, artlie general paleoenvironmental
reconstruction and proportion og @nd G vegetation on the landscape, determining the

habitat change with time has remained a challeRger{mer et al., 2008). The following
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section discusses the use of carbon isotopic catiposf tooth enamel to reconstruct

and estimate the relative proportion of the eanly middle Pliocene habitat at Galili.

In general, the carbon isotopic results show thagr@sses were significant components
of the total diet of the fauna at Galili and on gadeoladscape but this did not necessarily
show that all grass was found in an open grasshafitat, instead this grass could be
distributed over woodland or shrubland habitatsa¥sess the types of habitat that would
have been present, individual isotopic values ichemember are weighted by faunal
abundance and biomass consumption per day of Hpectve taxa (See Bedaso et al.,
2009) and normalized to unity to show the relatpreportion of different habitats
(Figure 4.6). The description and nomenclature t&mgs and habitat used in this study
follows the United Nations Scientific and Cultu@tganization (UNESCO) definitions
for classification of African vegetation (White at., 1983). We use the ecosystem
description of$**C values for soil organic matter from differentpical ecosystems

compiled by (Cerling et al., 2010 and referencesetim).

The carbon isotope data in the early Pliocene dilietween 5.29 Ma-4.38 Ma
documented large variation in terms of the genpad¢oenvironmental conditions and
type and proportion of paleohabitats present (leigu6). In early Pliocene the habitat
structure at Galili was dominated by wooded gramkland shrubland followed by
grassland and riparian woodlanae(, ~ 35% wooded grassland,45% shrubland;12%
grassland ané8% riparian woodland, Figure 4.6) Witi°Cecosysters -16.8%o indicating
63% G, grasses on the landscape. Later in this intema513cecosystenyalue of -16.8%o

indicates an increase in the amount pfyéasses to 73% and a trend towards more open
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environment with habitats dominated by wooded dmasis shrubland and grassland with
subordinate riparian woodlande(, ~ 43% wooded grassland,27% shrubland; 23%
grassland, and7% riparian woodland). In this time interval at Bagrasses were more
abundant compared to previous reconstructions fstmer Pliocene sites in the Awash
Valley (e.g.,Levin et al., 2008; White et al., 2009), whichcitlate spatial variation in

vegetation structure over a short distance.

Similarly, the middle Pliocene at Galili betweed8Ma and >3.6 Ma was characterized
by a wide range of variation in the proportion afgtasses, habitat type and proportion.
At the lower part of this interval, between 4.38-M892 Ma, the averag¥ *Cecosystem
value of -19.1%o. i(e., 50% G grass) indicate equal proportion of Grasses and C
vegetation. The habitat structure also signifies bigh proportion of €vegetation,
where the habitat was ranging from closed woodlaigirian woodland to wooded
grassland with minor grasslande(, ~40% closed woodland/riparian woodlan€9%
wooded grasslandy27% shrubland and2% grassland, Figure 4.6). While, the upper
part, between 3.92 Ma and >3.6 Ma was characteliged relative increase in the, C
proportion, with an averag?éwcecosystemvalue of -17.6%o indicating 67% ;Qrasses on
the landscape (Figure 4.6). The habitats were ngnigom riparian woodland/deciduous
forest to grasslandi.¢.~33% wooded grassland;32% grassland~21% shrubland,

~13% riparian woodland/deciduous forest, Figure.4 6)

137



4.6.4 Regional environments of the Pliocene
In early and middle Pliocene, the isotopic datanfrmammalian tooth enamel at Galili

itself indicate a wide range of paleoenvironmrrgahditions on the landscape laterally
and with time from open wooded grassland in thé/dliocene ie.5.29 Ma—4.38 Ma)
to more closed woodland in the middle Pliocene.,(3.92 Ma-4.38 Ma). Regionally,
early Pliocene paleoenvironmental reconstructioagevdone fronArdipithecusbearing
deposits at Aramis in the Middle Awash (WoldeGadbeieal., 1994; White et al., 2009)
and similar horizons at Gona (Levin et al., 2008)wever they reported a contrasting
environmental condition at respective locations.Adamis WoldeGabriel et al. (1994)
and White et al. (2009) have suggested humid aoteceonditions s than it is today
with habitats ranging from woodlands to patchesfavést. They use stable isotopic
composition of tooth enamel and paleosol. Whilevihest al. (2008) using the same
proxy suggests a paleohabitat with abundantgf@sses on the landscape. Similarly,
Cerling et al. (2010) found the environmental cghtd Ar. ramidusat Aramis to be tree
or bush savanna with a habitat ranged from ripaneest to grassland. The tooth enamel
isotopic data at Galili from the same level indicat range of dry open woodland to
grassland habitat, where, @rass was prominent on the landscape. This diyarsithe
paleoenvironment and habitat structure in spatillesis attributed to a number of factors
including but not limited to active tectonics, vatgism, availability of water and type of
depositional environment in respective sedimenb@sins. Regardless the heterogeneity

of habitat within a short distance made diverseusses available to early hominins.
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4.7 Conclusion

Stable carbon and oxygen isotopic composition obikieres tooth enamel from the
Galili PaleoAnthropological Research area (GPAR)vpates a paleoenvironmental and
paleoclimatic record of the early and middle Pliteas far south in the Afar depression
as possible. The result from this study increasespatial scale, which could indicate the
degree of variability in the environmental condisoamong basins, that are distinct at
least in terms of the local geology, soil type, megohology and the presence or absence
water bodies and type of water bodies.(rivers and lake) present. The Pliocene Galili
isotopic data indicate all ranges of foraging siyes, characterized bys; ®rowsing,
mixed G/C, and G grazing diet. Throughout the early and middle ¢diee most of the
taxa had a mixed 4£C, to G-dominated diet but the specimens analyzed frondimid
Pliocene between 4.38 Ma-3.92 Ma shows mixefC{£to G-dominated diet. These
ranges of dietary adaptations indicate the presefce variety of vegetation on the
paleolandscape that includes gallery forest, closeddland, open woodland and
grasslands. The early to middle Pliocene habitapresented at Galili were
heterogeneous, but with a general tendency towaoite open habitat broadly similar to
the modern African savannieg(, grasses were a dominant cover, White et al., 1988)
would include grassland and wooded grassland (@erit al., 2010 and references
therein). This clearly indicates the significandeCa grasses in the paleolandscape by
Late Miocene or early Pliocene the latest, andctchalve an important implication to the
morphological adaptatiore(g., early bipedalism) and resources available forehdy
hominins. The oxygen isotopic composition of toa@hamel indicates a generally

variable climatic condition in the early and mid@kocene but with wetter condition in
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the middle Pliocene compared to the early Pliocaitieough the lower part of early
Pliocene is wetter than the later part, wheres dharacterized by a high aridity index and

estimated®0-enriched meteoric water.
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CHAPTER FIVE

PLIO-PLEISTOCENE PALEOCLIMATES OF AWASH VALLEY

5.1 Introduction

The degree to which human evolution has been shiapquhst global climate changes
has been a subject of considerable debate, edpewiti respect to adaptive or causal
perspectives on the morphological and behavioraabiity documented in the human
fossil record (Vrba et al., 1995; Potts, 1998; sy, 2007). Human evolution has been
linked and interpreted in a global climatic framekmbtained from marine core
sediments, which are in general characterized byenease in aridity, seasonality, and
environmental variability periodically punctuated intervals of environmental changes
(Potts, 2007; deMenocal, 2004). Although these meaniecords provide relatively
continuous and well-dated global paleoclimatic fesrark, the temporal resolution of the
hominid record is not sufficient to develop unamioigs causal links with human
evolution (Kingston, 2007). Moreover, making a litletween global and regional
paleoclimate change has been a challenge and renwaine established. This is partly
because of the fragmentary nature of the envirotehemidence on land both in time and
space, which is further hampered by dating unceiéa and preservation biases in the
fossil record (deMenocal, 2004). Additionally cliteas not the only influence acting on
landscapes, rather it is coupled with local tecagtivity (Lee-Thorp and Sponheimer,
2007; Maslin and Christensen, 2007). To establisimkabetween regional and global
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paleoclimatic change, and the causative role aiatie change in human evolution, there
is a need to integrate various lines of evidenoemfmultiple localities across space and
time. First, it is important to address questiontha scale of individual basins and then
combine the results to compare spatial variatiah lauild a regional environmental and

climatic framework (Campisano and Feibel, 2007).

This chapter discusses tooth enamel stable oxygetope data compiled from four
different sites in the Afar Rift: Chorora (11-10Ma), Galili (>5.29—>3.6 Ma), Dikika
(>3.8-3.24 Ma) and Asbole (0.8-0.64 Ma). The presiohapters (chapters 2, 3 and 4)
discussed site-specific paleoenvironmental and ophfeatic conditions for the
respective time intervals and compared with contaapeous sites in eastern Africa.
Here, the focus is (1) to synthesize the regiofiatPeistocene paleoclimatic conditions,
(2) to assess the link between global and regidimabte conditions, (3) to determine the
role of climate change in the ecosystem dynamied, &nally, (4) to introduce a new
proxy for paleotemperature estimates using stakygen isotopic composition of tooth

enamel from hippopotamus and crocodile.

5.2 Global and regional climate change and human evolution

An understanding of the present African climate teays lays a foundation for
understanding how climate has varied through twigat factors governed the climate,
and how it might have influenced human evolutioqu&iorial East Africa is considered
one of the more meteorologically complex region®fifca (Nicholson and Entekhabi,

1987; Nicholson, 1996). Its climate is impactedhaiily by moisture from the Indian
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Ocean and Atlantic Ocean sources, where the natidrdatrade winds mostly bring dry
air and the southeasterly trade winds supply measftrom the Indian Ocean, and
converge at the Intertropical Convergence Zone Z)TCAtlantic-derived westerly
African monsoon brings moisture to eastern Afrind aonverges with the easterly trade
winds along the Congo Air Boundary (CAB) (Nicholsoh996). The north-south
seasonal migration of the ITCZ is one of the mantwls on the timing of rainy seasons
in eastern Africa (Griffiths, 1972; Nicholson, 19961 addition, the movement of ITCZ
controls the moisture sources and relative cortiobuof moisture from the Indian and
Atlantic Oceans which varies locally, seasonallgt annually. Figure 5.1A, B shows the
seasonal distribution of rainfall in Ethiopia ankle tdifferent moisture sources. In
Ethiopia, the North Western Plateau (NWP) recepregipitation from Atlantic sources
and has only one rainy season, whereas the Sosterga&Plateau (SEP) has two rainy
seasons both from the Indian Ocean. The EthiopifinvRlley (ERV) obtains moisture
from both the Indian and Atlantic oceans, and les tainy seasons. The two rainy
season in Ethiopia are: “big rains” (locally knoasKiremt), that last from June through
September and “small rains” (locally knownBelg), that last between March and May
(Gamachu, 1977). Between June and September, @& iblocated in northern Ethiopia
and the region is under the influence of the soa#terly and southerly monsoon flows,
when the NWP, SEP and the MER get rain. Betweeml@ctand March, the ITCZ is
located south of Ethiopia, and the region is urtderinfluence of northeasterly flow of
dry, cold air. In spring, the ITCZ migrates nortlmdiaand moisture from northeasterly

and easterly flows from the Northern Indian Oceaarfiachu, 1977).
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Figure 5.1A. Seasonal migration of the Inter Tropical ConvangeZone (ITCZ) and
position of the Congo Air Boundary (CAB) along wikbw-level mean wind
directions for tropical Africa. During the main mngi season between June and
August the ITCZ is located in northern Ethiopia,emthe country is under the
influence of both Atlantic and Indian Ocean. Betwé&gctober and March the
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ITCZ is located south of Ethiopia where the coungryinder the influence of
northeasterly dry air masse. Seasonal distribution of rainfall in different
physiographic regions of Ethiopia. The histogranm®ws monthly rainfall
distribution starting from January. The western nsestor of Ethiopia has only
one rainy season in the months of JJAS. The cesdxdbr is characterized by
bimodal rainfall distribution during the months Mfrch to April and the main
rainy seasons JJAS. While the eastern sector aditghhas two rainy seasons
with the main rainfall from March to May and in ©@ber. The green and orange
dotted lines indicate the western limit of the ldiOcean air masses and the
eastern limit of the Atlantic Ocean air masses aesyely (Figure source,
Nicholson, 1996).
The change in seasonal moisture sources and pia@padntrol the isotopic composition
of precipitation. Based on surface and groundwesetopic analyses, Kebede (2004)
showed the relationship between the seasonal wegatn isotopic composition of
Ethiopian precipitation with changes in the moistsources. In general, the summer
rainfall is **0-depleted as compared to spring rainfall. In gprihe country receives
moisture from the North Indian Ocean, which is gapgically closer than the other
moisture sources. As a result, the moisture thathes the area represents the initial
stage of condensation which did not undergo majorout fractionation effects and is

therefore relatively enriched flO (Joseph et al., 1992).

Neogene climate variability has been documentadarine and terrestrial sediments and
expressed on various timescales, each of which ma&g been important for human
evolution. On long term, over millions of yearsnwhte shows a general global cooling
trend and intensification of polar ice sheets, Whiavors aridification and progressive
replacement of €vegetation by ¢ grasses, which in turn set preconditions for the
overall hominin evolution (deMenocal, 1995, 2004\, 2004; Potts, 2007). On shorter

term, tens of thousands of years, earth orbitatgsses was critical for controlling the
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climate and aridification cycles in Africa (deMemabc 2004), which could have
influenced hominin geographic dispersal, adaptatenwell as water and food resource

availability (Potts, 1998, 2007).

Marine sediment cores taken off the coast of Afpcavide records of African climate
changes for the Plio-Pleistocene time interval, whmajor global climate change
phenomena are recorded. The major global climhenges include the onset and
intensification of Northern Hemisphere glaciatioasd shift in the dominance of Earth’s
orbital parametersi.é., precession, obliquity and eccentricity). deMeno¢a995)

indicated that these shifts occur approximatel2.8f 1.7, and 1.0 Ma simultaneously
with changes in fluxes of aeolian sediment depasité/est and East Africa. Further,
these shifts are associated with important homienmolutionary changes including
speciation, morphological and behavioral adaptataod faunal shifts toward arid and

more open vegetation (Wesselman, 1985; Vrba, 1995).

Although terrestrial records at fossil localities mearby sites have the potential to
provide long-term climate trends directly relevéamthominin evolution as well as other
faunal elemnts, continuous paleoclimatic records rare from East African terrestrial
deposits, where active tectonics, change in baginology, erosion and non-deposition
play significant roles in diminishing spatiotemparasolution (Maslin and Christensen,
2007; WoldeGabriel et al., 2000). However, multifpees of evidences combined from
terrestrial deposits broadly indicate a changeliofiate in East Africa from warmer,

wetter conditions in the Late Miocene and earlyogdne to cooler, drier and more
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variable climate during the late Pliocene and Rieene (Bonnefille et al., 2004;
Aronson et al., 2008). Similarly, progressive replaent of closed forest and woodland
by open grasslands initiated Middle Miocene withiHfar increases after 1.8 Ma, 1.2 Ma,
and 0.6 Ma as indicated by stable isotopic analgtisoil carbonate (Cerling, 1992;
Hailemichael et al., 2002; Levin et al., 2004; Wyr2004). More recently, hominin
environments are being reconstructed from the Awasley by using stable isotopes on
associated mammalian tooth enamel (Levin et al82White et al., 2009, Bedaso et al.,
2010; in press). To this end, new isotopic measargsnon herbivore tooth enamel were
made from the Chorora, Mount Galili, Hadar and Bumsa formations, which provide
stand-alone paleoenvironmental and paleoclimatiorce potentially used to reconstruct
the habitat structure and available food resoufoesarly hominins. In general, this
combined data set shows a similar trend in theeas® of open vegetation on the
landscape, an increase in the proportion pfjiasses in most of the mammalian diet and
progressively drier climatic condition from the eaMiocene through the Pliocene to
Pleistocene. But it is also evident that this trevas not a steady, uniform process. For
example, middle Pliocene data from Dikika and Gadilicate wetter climatic conditions
compared to early Pliocene and Pleistocene perausa rebound of closed vegetation

at least some time between ~ 4.38 Ma and ~ 3.24 Ma.

5.3 Mammalian tooth enamel from Awash Valley
Mammalian tooth enamel has been analyzed from phailgites in the Awash Valley.
The Pliocene and Pleistocene fossil bearing sedsyatrDikika are formally attributed to

the Pliocene Hadar and the Pleistocene Busidinmdtons (Taieb et al., 1972; Quade et
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al., 2004), while sediments at Galili are desigdaas Mount Galili Formation and are
time equivalent to the Pliocene Sagantole Formglitmbanek et al., 2005). In addition,
new data is presented from the Chorora Formatidngtwis the oldest unit in the Afar
Depression and was deposited along its southeastgrarpment. It is composed of
fluvial and lacustrine diatomaceous sediments witimice and tuffs initaillay dated
between 9 Ma and 10.5 Ma (Kunz et al., 1975). Ldtased on various geologic and
paleontologic data, along with a biochronologiceasment of the fauna, Geraads et al.
(2002) reassigned the Chorora fauna to between dil610.3 Ma. The data presented
here significantly increase the spatio-temporah @dttooth enamel isotopes in the Awash

Valley.

All of these stratigraphic records except the ugpesidima Formation, where the Asbole
fossils were collected, are part of a complex Inystd lake migration in conjunction with
subsiding axial rift basins from that southeastt wdirAfar, near Chorora towards the
northeast, where the triple junction is preserdtated (Kalb, 1995; Tesfaye et al., 2003).
Within individual basins, the lake experienced npldt transgression-regression cycles,
intercalating among intervals of fluvial and deliedimentation as well as soil formation
(Hailemichael et al., 2002; Wynn et al., 2008). Bwsidima Formation on the contrary
shows intermittent deposition in a predominantlyvitdl environment with periods of
erosion and non-deposition (Geraads et al., 200¢hn/ét al., 2008). These changes in
the depositional environment, erosion and non-dépossignify the change in the
paleohydrology of the basin with time and availi&pibf drinking water from various

sources.

153



Drinking water source for the fauna and early homimcludes perennial rivers,
ephemeral streams, ponds, closed evaporative lakddakes with continuous supply of
fresh water from perennial rivers. TEBEO of the water was affected by evaporation.
River water is sourced from either direct precipita as run-off or via groundwater from
springs. River water, however, only tradk80 if the surface run-off predominates, as
groundwater is isotopically constant, at leasthie telatively short term, and reflects the
average annual isotopic composition of precipitatitebede et al., 2007). These
differences in the3'®0 composition of water source coupled with seastynand
drinking habits of various faunal elements (i.eligate versus non-obligate drinkers),
and other climate factors which affect the oxygmtapic composition of meteoric water
could be reflected in the variation of oxygen igatocomposition of tooth enamel within

a single taxon and among sympatric taxa.

In the Plio-Pleistocene of the Awash Valley, a verngle range of mammalian tooth
enamel oxygen isotope values have been documéeriguard 5.2). The maximum range
of "8 0enamealues observed within a taxon ranges between 8thei\FZ and 11.6%o in
the SHM, while the differences between the ave@d®camei0f Sympatric taxa range
between 5.0%. and 8.5%o in different members. Thes®pic variations in respective
members could be attributed to evaporation of thece water and seasonal differences
in the oxygen isotope composition of rainwater ot short term. However, over the
long term, it could be attributed to changes in theisture source or proportion of

moisture sources and change in the isotopic composif ocean (Dansgard, 1964).
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On the other hand, it is indicated that diet, pblggly, and drinking habit affect the
oxygen isotopic composition of tooth enamel. Boehsret al. (1996) and Kohn (1996)
used modern taxa within limited areas of similameke but with different dietary
adaptation and reported as much as 9%giation in 5**Ognamer Sympatric taxa. In
comparing thes*®Ognameivalues of sympatric taxa, results from previouslists are in a
general agreement that browsing herbivores tenbet@nriched in®0 compared to
grazing herbivores whereas mixed-feeding herbivaresintermediate between the two
groups (e.g. Kohn, 1996; Cerling et al., 1997; beat al., 2008; Bedaso et al., 2010). In
contrast, Bocherens et al. (1996) reported thatvéirgg rhinos and mixed-feeding
elephants were depleted’fiD compared to other sympatric taxa. In the SHM (E#ra3
Figure 3.4), also the Alcelaphini, which were esokely grazers, have the md$o-
enriched values as compared to the other taxa.lapomi in the SHM member also
show values which are clustered around +3.0%o arid%d, where the variation could be
explained by one or a combination of factors exydiabove but it is equally important

to emphasize that the samples might come fromrdiftdevels within the SHM.

5.4 Short-term variation in 820 of tooth enamel

5.4.1 Seasonality
Stable isotopes of tooth enamel provide informatbaranimals’ diet consumed over the

time of tooth formation. Once enamel is formedressgkeletal material is not re-absorbed
and modified, it preserves the signal recordedngutooth formation unlike bone, which
are characterized by re-absorption and precipitatitnroughout a mammal’s life, and

provides information about average diet (Koch, J998oth enamel mineralizes starting
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from the crown to the root over a limited periodiigh varies among animals and even
between different teeth of a single individual. BCenameiandd ®Oenameivalues along a
tooth growth axis represent a time succession abjsc variations relating to dietary
changes and available drinking water (Zazzo et 24lQ5). Furthermore, Kohn et al.
(1998) indicated that™*C and §'°0 variation reveals seasonal changes in climate
elements including rainfall, humidity, and temparat which affect the availability of

forage as well as drinking water compositions.

Eight equid and giraffid fossil teeth from BBM, SHMFZ and one modern tooth from
Dikika were serially sampled. These teeth are sspried by intra-tooth profiles, with
each tooth consisting of 4-6 samples in the casgiraffids, and 11-13 samples from
equids with profile length ranging between 12 -2hf and 50 -53.5 mm from occlusal
surface to root respectively. Each sample was appeiely 2 mm long with ~0.5

millimeter between sequential samples. The sizéhefequid tooth allows successive
samples of sub-seasonal resolution. Hoppe et@04(2ndicated that in modern equids it
takes up to ~1.5 to ~2.8 years to mineralize enammlpletely. All sampling was done
on M3, and samples were removed from the teetlgusiDremel high-speed rotary tool
with a 0.5 mm drill bit. Sample pretreatment andparation were done following the
standard procedures for the treatment of tooth ehébee-Thorp and Van der Merwe
1987; Koch 1998). Figure 5.3 showSC ands*®O of tooth enamel from fossil equids

sampled from BBM,
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Figure 5.3 Carbon and oxygen isotopic profiles quiids from fossil and modern tooth
sample from A to J cervix to apex Modernb: Asbole fauna zone (0.8-0.64

Ma) c: Sidi Hakoma Member (3.42-3.24 Ma) ahdBase of Basal Member
(>3.8—~3.6 Ma).
SHM, AFZ and modern samples from Dikika. The intetations of the sinusoidal
patterns of intra-tootld'®0 values assign the mot@0-enriched values to summer and
the less®0-enriched values to winter (Fricke et al., 1998hK et al., 1998). In the same
way, more"*C-enriched values indicate morg @asses in the diet than |é38-enriched

values.
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5.4.2 Intra-tooth Isotopic variations
Intra-tooth enamed*®0 values of the middle Pliocene equids from the B&\ SHM of

the Hadar Formation display isotopic variation iaggrom 1.3 %o to 1.6%o respectively.
In the Middle Pleistocene equids at the AFZ in Busidima Formation and in a modern
equid tooth sampled from the Dikika the range &édhd, 2.3%crespectively. Relatively
small intra-tooth ename3'®0 variation of 1.0%.and 0.9%.were documented in the
giraffids from middle Pliocene SHM and middle Pletene AFZ, respectively. The
difference in the intra-toots 20 values between equids and giraffids in a singdenbrer
could be attributed to differences in the rangedmftary adaptation and use of the
different drinking water sources available on thaedscape. Because giraffes are non-
obligate drinkers and get most of their water frgaves, they are unlikely to drink
directly from evaporative lakes and rivers. Givernimum variation in humidity
throughout the year, the seasonal variatiof'd® of leaf water would be insignificant.
On the contrary, equids access btith-depleted and®0-enriched open drinking water
sources. In tropical and subtropical grasslandasams®lity of rainfall is strong and
determines the available water, and after raing@ea&nds soil dry out at the top layer
first and progressively dry out downward. This pesgive drying out first affects the
shallow rooted-gasses community, while water isatailable for deep-rootedsMlants
(Flanagan and Ehleringer, 1991). Moreover, seasgmaing on dry grasses and green
grasses along with possible migration could contalio observed seasonal variation in
80 of tooth enamel (Flanagan and Ehleringer, 198ithough here drinking habit,
dietary adaptation, and migration of animals amesatered to explain the oxygen isotope

variation within a single taxon and sympatric tatkere are a number of other ecological,
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physiological, geographical and climatic factordjiehh have effects on oxygen isotope

composition of tooth enamel and drinking water seur

5.5 Long-term variation in 8180 of tooth enamel

The variation of oxygen isotopic composition ofto@namel for a given taxon and the
difference among sympatric taxa document differ@spects of the environment and
climate (Kohn, 1996). Taxa which are obligate deirsk track the drinking water, and
provide information on change in the isotopic cosifon of precipitation, whereas non-
obligate drinkers track evaporati®enrichment of leaf water, which is also a proxy fo
relative humidity (Levin et al., 2006). During tRéio-Pleistocene, a significant change in
the oxygen isotopic composition of tooth enamelasumented in Bovini, Tragelaphini,
Reduncini, equids, hippopotamids, and to less éxééphantids andNyanzachoerus
while there was no significant change in Alcelaphhippotragini and giraffids (see

Appendix |, for statistical tests).

Although there are some differences between tathdriming of the observed changes
in the oxygen isotope values, in general shows rgéige0-enriched values occur in the
SKWM (~ 4.5 Ma) and later post unconformity in the ARD(7 Ma)(Figure 5.4). The
oxygen isotopic composition of tooth enamel showsaxerage of 4.0%. variation
between 5.29 and3.0 Ma) and an average of 6.0%. difference betweaen gnd post-
unconformity assemblages at Dikika. Likewise, samilvariations are documented
between Galili and the AFZ except between 4.6 Ma4®38 Ma, where there is no

statistically significant differencgp€ 0.600).
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bars oft 16 and each point represent different members frokii G2ikika and
Asbole.
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Inter-basin comparison of oxygen isotopic composgi of tooth enamel is further
complicated by additional factors including, but himited to differences in surface and
groundwater hydrology, catchment sizes, vegetatower, and degree of evaporation
(Kebede et al., 2007). However, in the absencewofimuous sedimentary records from a
single basin, integrating records from adjaceninsagrovides a regional perspective of
temporal changes (Campisano and Feibel, 2007)hiSoend, analyzing the changes in
the oxygen isotopic composition of tooth enamed single taxon both in space and time,
difference between obligate and non-obligate dngkitaxa signify the nature of
controlling factors of those variations. In theoPRleistocene there are similar trends in
the variation 8'®0cnamel Within Hippopotamidae and Bovin, where both ardigaite
drinkers; this indicate a change in 8180 of drinking water through this interval (Figure
4). Temporal changes in th&°Ognamei0f Obligate drinkers track isotopic composition of
precipitation, which in turn is sensitive to clintatvariables such as, mean annual
temperature, rainfall seasonality, rainfall amowmtg vapor transport paths and altitude
(Dansgaard, 1964). On the other hand, chang&¥®aname0f Non-obligate drinkers with
time accompanied by no change in their sympatrigate drinkers indicate less humid
or arid conditions. Thus, thé'®0 of tooth enamel can be used as a proxy for
paleoclimate, and track moisture sources, changhenproportions of moisture from

different source and ultimately reflect %O of ocean water.

5.6 Plio-Pleistocen®'®0 meteoric water reconstruction
Oxygen stable isotopic composition of precipitatoam be used to track moisture sources

and meteorological processes as the distributioa bkavy or light isotope in water
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depends on equilibrium and kinetic processes aa®uCiwith water-phase transitions
(Dansgaard, 1964 0¢namei0f 0bligate drinkers has been used to tEE®meteoicWater
and serve as a proxy for local meteoric water (Kd#96). In the Awash Valley and
elsewhere in East Africa, t1&°Ognameof hippopotamusesHippopotamus amphibijigire
significantly *°0O-depleted compared to remaining, coeval herbiyaassa result, they
better approximate th&"Ometeoric waer(BOCherens et al., 1996; Cerling et al., 1997,
Bedaso et al., in press). TBEO data in Table 2.1, 3.1 and 4.1 of chapter 2, @ 4n
shows that in most members the values of hipposteried relatively tightly, but the
wide-ranging temporal shifts in these values cowfiect differences in the isotopic
composition of the water bodies they lived in. Egample, smaller bodies of water, such
as ephemeral drinking pools, experience rapid watglacement, thereby reducing the
effect of evaporation. Meanwhile larger, bufferextlies of water from springs and rivers
would yield evaporated signal, the former refléttO values of precipitation more
accurately (Koch et al., 1989). To better approx@@a’Ometeoric water the Most negative
80 of tooth enamel from hippos at each interval s$edu Luz and Kolodny (1985)
estimated the isotopic fractionation between bodyew (bw) and the phosphate (p)
fraction of apatite asef.,w =17.8%0). Similarly, Bryant et al., (1996) estimatdte
isotopic enrichment between the phosphate fractrmhstructural carbonate (sc) as.-f

= 8.6%0). By combining the two the isotopic fraction betweers*®Os.to §'°0py was
estimated aselc.pw =26.3%0). Reconstructed Plio-Pleistoce3EO0meteoric waterffom the
most negative5'®Ogname value of hippos within each member ranges betw&ebo

(VSMOW) in the middle Pliocene and —1.9%. (VSMOW/)lwe Middle Pleistocene.
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a. Paleo 5180 meteoric water b. Paleo water deficit from
from hippo 5180 tooth enamel

P o ) )
& N ) \)
i L\ (1« I ,\b
_IG I3 (I) ? L 1 1 '\I 1

Dikika Ag“b“}da) LEO depleted 180 enrichgj <Humid Arid

0.5

1.5+
BF

c
=
S
d
£
£
o
L
o
E
s
wv
=]
@

2.5

;

5

=
x
=

3
Galili

]

3.5

[+]
=

Bl

GEGETS Formation"g,

skw 4.5

LAM

s
=}
-
@
S
.
[
TS
©
]
-
c
5
o
=

Figure 5.5 Plio-Pleistocene reconstructed isot@umposition of meteoric water and
aridity indexa: Estimated®0 meteoric waetSing the most®0 depleted values of
hippoptamids tooth enamel to minimize the effecewahporation from surface
water in each membeb: Estimated paleoaridity usini®Oenameithe aridity is
expressed in terms of water deficit (WD), whichtl® difference between
potential evapotranspiration (PET) and the meamamprecipitation (MAP).
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A major shift in the isotopic composition of watar~3.0 Ma was followed by a 6.0%o
increase from the middle Pliocene to the presernfMWhitney,p=0.0476). Similarly,

there were a 3.8%. shift from the early to middléoédne, where the isotopic
composition of meteoric water between 4.6 to 4.38 Mas significantly enriched

compared to the rest of the Pliocene (Mann Whitpe®,0016).

Although there are limite@'%0 measurementsf rainfall in the Afar area, Wynn and
Bedaso (2010) indicate a rangesoiO values of rainfall from a single rainstorm event,
which reflects rainfall intensityi.g., lower values for high intensity rain and vice \&rs
The 8'%0 values rainfall measured from Asbole and Diki&ages between -6.1%o from
high intensity rainfall collected during the 2008lds season and +2.1%. from light rain
collected in the 2009 field season (Wynn and Bedd®a0, Table 1). Aronson et al.
(2008) reported an averag&O rainfall measurement of +1.4 %o from Hadar cobéeldin
1997. Modern mean annuiO meteoric water values were also estimated frafase
pond water, river water and shallow ground watenas by connecting the evaporation
line to the Global Meteoric Water Line (GMWL), whias produced by regression
through points representing tB¢°0 values of water subjected to evaporation. These
estimated values from Dikika ranges between 0.0%.-8r5%0 with a mean value of all
the possible estimates of -2101.5%0. (Wynn and Bedaso, 2010), and estimates from
Gona ranges from -2.9 %o to -0.8 %o (Levin et al.020 The3'®0 meteoric water
estimate using the modern hippo tooth enamel data Eevin et al. (2008) (Figure 5.5a)

is close to the modelt®0 meteoric wate€Stimates but higher.
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Figure 5.6 Estimated™®Ometeoric waeffom the Awash Valley using the hipd®Oename:
Filled circles are data from Galili, Dikika and A8k while open circles are data
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values from Galili between ~4.6 and 4.4 Ma, whiels la more positive values
compared to data from Gona (Levin et al., 2008).
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These *®0-enriched values indicate slight evaporation aepresent the mostO-
enriched meteoric water estimates. Similarly, thEe@5'°0 metoric waereStimates from

fossil hippo give us the mo¥0-enriched values.

A large difference between reconstructfD values of Pliocene and modern meteoric
water also have been reported from Hadar and Gasiag udifferent proxies.
Hailemichael et al. (2002) calculated §180 meteoric water using gastropod shells from
the Hadar Formation, and reported values 6-7%. lawéne Pliocene than the modern.
Aronson et al. (2008) derived meteoric water valinesn paleosol carbonates from the
Hadar Formation at Hadar as -4.1+ 1.5%his reported value is 5.5%. lower than their
measured*®0 of rainfall (average of five measurements). Lilsay Levin et al. (2004)
using paleosol carbonate from Gona estimated ammimi of 6.5%. increase in tHe2O
meteoric water since Pliocene. These similar chamgehe oxygen isotope values of
meteoric water in the Afar depression and elsewlmeEast Africa suggest that regional

variation was controlled by regional to global tast(Figure 5.6).

5.7 Controls on3*20 meteoric water

The main factors that govern the isotopic compasitof precipitation were first
described by Dansgaard (1964). These factors iadieishperature, latitude, evaporation,
rainfall amount, elevation, seasonality, distarroenfcoastlines and water vapor transport
path (Dansgaard, 1964). However, most isotopicabdiiy at low latitudes correlates to
the amount, altitude and continentality effectseSénfactors are commonly attributed to

controlling 5'°0 fractionation between vapor and condensate, witheréeavier isotope
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(*®0) is preferentially incorporated in the condenseatecompared to the remaining pool
of vapor. As vapor moves inland and condensationatér continues in a given storm, at
higher elevation and towards the poles the remgingool of vapor becomes
progressively depleted 15O as well as successive precipitation (Dansga®@¥:1Criss,
1999; Gat, 2000). In addition, moisture source,pprton of moisture from different
sources and change in the amount of glacial icaragtated at the poles with time are
important for paleoclimate studies. This is becgu®zipitation from different sources
follows different transport paths, and the amouhtice present at the pole on the
continent changes thé'®0 of the ocean water, which is an ultimate sourée o

precipitation on land.

To explain the observed increase in #H©meteoric wate@nd aridity throughout the early to
middle Pliocene and from the Pliocene to the presere or more of these factors had to
have changed. The next section discusses variasshp® sources, including the position
of the ITCZ, rearrangement of landmasses which gdartean circulation and changed
both Sea Surface Temperature (SST), initiation smensification of the Northern

Hemisphere glaciations (NHG) and changed in théhEaorbital parameters.

As indicated in the previous sections, today thst Bdrican climatic is controlled by the
Atlantic and Indian Ocean monsoons and the rairgdlirther influenced by the seasonal
movement of the ITCZ and topography (Griffits, 19@mechu, 1977). Likewise, Flohn
(1965) indicated that the current East African igyids primarily caused by the high

topography that blocks Atlantic moisture sourcesas®nal variation in thé'®0 of
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precipitation is also related to the seasonal slfithe ITCZ and the associated changes
in sources of moisture from Atlantic and Indian @t® Recently, Levin et al. (2009)
indicated that thé*®Ometeoric waere@stern Africa depends on the location of the Gaxig
boundary (CAB), which separatBO-depleted moisture sources from the Indian Ocean
and transpired continentdfO-enriched moisture from Congo Basin. They further
implied change in the strength of moisture sournethe past would have affected the
isotopic composition of water in the region. Haugak (2001) suggested a southward
shift in the ITCZ between 5 Ma and 4 Ma. This simfthe position of ITCZ and any shift
or change in the position of CAB and change in ¢ppphy would explain at least some
of the shift in the reconstructext?0 of meteoric water during Pliocene and through

Pleistocene.
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a.Early Hominin Evolution and Archeology b.Global Climate  c.Paleo d180 meteoric water  d.Paleo water deficit from €. Early Hominin
(8' “O Marine Forams) from hippo d180 tooth enamel Paleoenvironment
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Figure 5.7a: Record of hominin evolution and archeology in & the phylogram adapted from Wood and Lonerg@08y, red
color indicates the time interval covered by thisdg and has direct relevant to the respective himmiwhile the rest is
blue.b: Global climate record derived from composite matfio record of benthic foraminifera from ODP sites 5687,
659, 806, 846, 849, and 959 (Zachos et al., 2@0Reconstructed isotopic composition of meteoricewaiased on hippo
8" 0cnameifrom Galili, Dikika and Asbole paleontological sitel: Reconstructed water deficit based on herbivo®ename
from Galili, Dikika and Asbole paleontological ste: Paleoenvironments of early hominin reconstructgidgiherbivore
8"0cnamer and the nomenclature vegetation follows the Uniddions Scientific and Cultural Organization (UNESC
definitions for classification of African vegetatian (White et al., 1983)
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During the Pliocene, tectonic processes such as@oof the Central America seaway
and closure of the Indonesian seaway caused signifreorganization of tropical ocean
circulation and drove long-term climate change (Mo 2008). Keigwin (1982)
indicated that with the closure of the Central Alceeseaway, North Atlantic Deep water
was formed and the Atlantic thermohaline circulatgirengthened, and evaporation in
the Northern Atlantic favored increased precipitatin Northern Hemisphere high
latitudes. Later, Haug and Tiedemann (1998) sugdesimarked reorganization of ocean
circulation at 4.6 Ma. This event coincides witlereased aridity at Galili (Figure 5b).
Furthermore, Haug et al. (2001) suggested thattiation of the Atlantic Oceanic basin
via the Isthmus of Panama and the following gradht@nsification of NHG during the
late Pliocene influenced the variability of Africarlimate. Although no direct link
between the early Pliocene aridity at Galili betwwdes Ma and 4.3 Ma and this tectonic
event, the reorganization of ocean circulationidgwmoisture to the high latitudes might
have left the tropical Africa dry. Likewise, theoslre of the sea way and associated
changes could be partially responsible for high&® values meteoric water in the early

Pliocene at Galili after 3.0 Ma.

Cane and Molnar (2001) suggest an alternativettigatlosure of the Indonesian seaway
was a precursor to the East African aridificatioouad 4-3 Ma instead of changes in the
North Atlantic Ocean circulation due to closingtbé Isthmus of Panama. The authors,
using an ocean-circulation model, show the nortdwdisplacement of New Guinea-
Australia, about 5 Ma ago, as a cause of switckthefsource flow from warm South

Pacific to relatively cold North Pacific waters dligh Indonesia, which would have
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decreased the sea surface temperatures of thenli@taan and leading to reduced
rainfall over eastern Africa. Furthermore, theyusrghat changes in the equatorial Pacific
may have reduced atmospheric heat transport fraentrbpics to higher latitudes,

initiating global cooling and eventually growth ioke. So, this predicted change in the
Indian Ocean SSTs could be responsible for dryinip@ eastern Africa climate and the

increase in thé'®0 values of meteoric water (Figure 5.7).

At local to regional scale, the formation of thesEAfrican Rift and the development of
the highland might have influenced the local cliepaurface hydrology, block depleted
moisture sources and favor recycling of continemtadisture sources (Maslin and
Christensen, 2007). Bonnefille et al. (2004) uspafjen indicated that the elevation at
Hadar was al000 m higher during the Pliocene thhatws today. Thus, mountain
building and associated changes are listed as suintbe major driving force for

enhanced variability of moisture availability iretinegion. So, in order to fully explain
the 6.0%o increase in the oxygen isotopic compasitibmeteoric water a combination of
one or more of the factors should be accountedgxample the Plio-Pleistocene cooling
at high altitude and the Northern Hemisphere Gtamia (NHG), explain only about

1.0%0 change in th&"®0 ocean water at most (Figure 5.7).

5.8 Paleotemperature estimate

5.8.1 Hippos
Hippos are one of the largest and most gregariamsraminant artiodactyls, but their

origins have been greatly debated (Waston et @r9;1Harris et al., 2008). In Africa
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fossil hippos are known from late Miocene and duéheir aquatic mode of life, hippos
are the most common mammals in most of the Afrifdiocene and Pleistocene
paleontological sites (Boisserie et al., 2005; Kdaet al., 2008). Modern hippopotamuses,
on the contrary, are represented only by two gewéhaone species eacHjppopotamus
and Hexaprotodon and are restricted to Africa (Jablonski, 2004)e Targer and more
widely distributed hippopotamus species of Saharan Africa is Hippopotamus
amphibius which is referred to as the common hippo whike smaller and less common
speciesHexaprotodon liberiensiss referred to as the pygmy hippo, and have lichite
geographical distribution (Eltringham, 1999). Higpequires a permanent body of water
(lake or river) deep enough to submerge duringddne (Jablonski, 2004) and require
fresh grass in the immediate surrounding area farigg at nigh (Mackie, 1976) but
generally 1-3 km (Smithers, 1971). But, it is aisdicated that during dry season they
migrate long distance in the river system and sonest on land in search of sufficient

depth and grazes (Viljoen and Biggs, 1998).

Hippos are endothermic animals (i.e. animals thaihtain a constant body temperature,
regardless of the outside temperature) (Cena, 1984e body temperature of hippos
shows a remarkable stability (35.4 + §Q) with no obvious 24-h pattern (Luck and
Wright 1959; Cena, 1964). The main reason hippodamendent on permanent water
body and submerge during the day is to protecr thedy from drying and cracking

(Luck and Wright, 1964). In addition, due to theéuma of the most superficial layer of

the skin, they are subjected to higher water lbss thas been observed for any other

mammal (Luck and Wright, 1964). Like other mamm@dssil hippos are proven sources
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of data for reconstructing the paleoenvironmersia (.g.,Jablonski, 2004) and Africa
(e.g. Bocherens et al., 1996; Boisserie et al.52Blarris et al., 2008; Levin et al., 2008;

Bedaso et al., 2010).

5.8.2 Crocodile
Modern crocodilians are generally divided into #resubfamilies: Alligatorinae

(alligators and caimans), Crocodylinae (“true” @dites and the African dwarf
crocodile), and Gavialinae (gharials and “falseaggls or Tomistoma) (Grenard, 1991).
Corocodilians today are found in various part oé torld and represented by 23
surviving crocodilian species of which seven spetielong to Alligatorinae, thirteen to
Crocodylinae, and two to Gavialinae and twelve mix&pecies belonging to the genus
Crocodylus,“true” crocodiles, that include the Nile crocaiC. niloticus (Njau, 2006).
The upper jaw of an adult Nile crocodile has anrage of 36 erupted teeth, while the
lower jaw has an average of 30 teeth (Brazaitig3L9The Nile crocodiles are mostly
aquatic and known to exist in a wide habitat (daftes, rivers, freshwater swamps
brackish water), which is reflecting their succass distribution in most part of Africa

(Njau, 20086).

Crocodiles are exothermic animals (i.e. animalg treve a body temperature closely
matches the outside water or air temperature atay @en external source of heat
(Seebacher et al., 1999) and Fricke and RogersOj2id@dicated a daily to seasonal
covariance between environmental and body tempesaté&Exothermic animals regulate

their body temperature, raising and lowering of \otemperature, is often achieved by
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behavioral adaptation (Seebacher et al., 1999)cddibans also show behavioral
adaptation such as basking, moving between landvatel, move between sun exposure
and shade and stay inactive during the day (Ross.,e1989; Seebacher et al., 1999)
while some specierocodylus palustrisin particular use burrows as refugia during
periods of temperature extreme (Ross et al., 19B%. Nile crocodiles, on the other
hand, remained in water for longer periods (Podl®g2). Water serves as a heat source
as well as a heat sink (Lang, 1987) depending erdiffierence in temperatures between
the body and the water. Crocodile teeth contingogsbw over several months by
incremental layers with duration of complete toatimeralization depending upon the
size of the crocodile (Erickson, 1996). Oxygenopat composition of crocodile tooth
enamel should thus reflect, the oxygen isotopic mmsition of their drinking water and
their body temperature, which is most correlateth&r immediate environment (Amiot
et al., 2007) and seasonally track log the changesr in the environment. But, in order
to minimize possible seasonal variations5tfO values, the enamel should be sampled
along the growth axis of the entire length from tieevix to the apex, and several teeth

from each species.

Fossil crocodile teeth are abundant in most fdgsdlities but very little or no attention
has been given compared to other vertebrate foggiish contributed information about
the past environmental and climatic conditions (Ngnd Blumenschine, 2006 and
references therein). However, previously crocodiese used as an indication of the
presence of marshes, lakes or larger rivers, ak&@ikrocodile fossils are found in the

Basal and Sidi Hakoma Member, less so in the D&wmma and Kada Hadar Members
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(Alemseged et al., 2005; Wynn et al., 2006). At @ebon the other hand crocodile fossil
are rare (D.G. personal communication). Elsewhaldodski (2004) suggests that the
disappearance of other amphibians from the fossibrd in the Plio-Pleistocene is
directly related to dramatic changes in seasonaenes of river flow, resulting from
intensification of the summer and winter monsoddedaso et al. (2010) similarly ties
the low frequency of hippos to the absence of lakgserennial streams deep enough for

carry them and/or high seasonality, which is seafbn of the climatic condition.

5.9 Hippopotamus-crocodile Paleothermometry

As indicate above hippos and crocodile were comynémind in most Plio-Pleistocene
fossil assemblages and coexist in modern lake®rsgsbf Ethiopia and elsewhere in
Africa. Using this advantage and the differencéhm thermoregulation between the two
animals, introduce a new technique to estimateé#heotemperature using tooth enamel
from hippos, mineralized at37 °C, which tracks the drinking water and crocodiletio
enamel, mineralized at a variable body temperatwtech tracks the ambient water
temperature which in turn governed by atmospheriteenperature. The basic underling

conditions and assumptions are:

1. The hippos and the crocodiles lived in the samesmaddy (river, swamp, lake,
etc.)

2. Atmospheric air temperature and water temperat@@tequilibrium.

3. Body temperature and water/air temperature argualilgrium at any time during

tooth formation in crocodiles

176



L T(OC) = 15.73- 4.30( 5180c-enamel(VPDB) - 5180w-(VSMOW)) + 0.141( 5180croc-enamel(VPDB) - 3 Bo\m-(\.rsmc:W))zJ

T(OC) = 15.73- 4.30( 51 80c-(PDB) - 5 BOw-(SMOW)) + 0.141( 51 80c-(PDB) - 5180w-(SMow)) 2
Epstein et al., 1953
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Figure 5.8 A conceptual model showing how oxygeroige ratios from hippopotamus and crocodile livimg single lake
environment can be used to estimate the lake temyserand local atmospheric temperature. Firs61*@ ace water
will be estimated using*®On.enamelOf hippo, based on the equilibrium fractionatidhosygen at constant body
temperature of ~37 °c between the lake water arimboate fraction of bioapatite (G6P0O4)s(OH),). Then the water
temperature will be estimated using measWweé6:;.cnamei0f crocodile and the estimatéfO,, from §*%0n.enameiin
the Epstein et al. (1953) classic paleotemperaguation, which assumed to be similar to atmosphenperature.

177



In addition, this method acknowledges that in wéatoeded animals 3 ®Oenamel is
independent of the environmental temperature whiee is an equilibrium fractionation
between body water and tooth apatite at their iethperature (i.e., 37C). Similarly, it

is also reported that estimates of oxygen isotopetibnations between phosphate and
water are similar across a phylogenetically variaysup of aquatic organisms,
suggesting the fractionation is an equilibrium s and is not strongly affected by

biological/kinetic effects (Longinelli & Nuti 1973)

In paleothermometry, an estimate of temperaturagusidirect geochemical approach
has been based on the oxygen isotope composif8®)(of minerals such as calcite,
aragonite, and apatite (Urey, 1947; Epstein, 1968ginelli and Nuti, 1973). However,
the §'°0 values of these minerals depend on both minetaiz temperature and t&0

of the water from which the mineral formed. Becawsger is normally rarely preserved
in the geologic record, it is generally customaryassume a value for té°0 of water

in order to calculate the biominerals growing terapgre and hence atmospheric
temperature (Eagle et al., 2010). The paleotherrtrgntechnique here after called
Hippo-Croc Paleothermometerholds promise for overcoming some of the drawbacks
of oxygen isotope paleothermometry that do notrassihes'®0 of the water the animals
lived and provide body temperatures of extinct b&onic animals and hence the water

and atmospheric air temperature of the past.

Figure 8, shows the conceptual model how the aatemtemperature is calculated from
hippo and crocodile, which are living together iHalie. Based on the fractionation
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factors listed above, th&#°0 of the lake water is calculated from #i€O-hippo tooth
enamel formed at the body temperature of the hipd, °C (A®Owoth enamel-wate
26.3%0). Then, this value together with the measitéd of tooth enamel from the co-
existed crocodile is substituted in the Epsteinalet(1953) classic paleotemperature
equation (Equation 1 and 2) to estimate the croedmtidy temperature or the lake water

temperature, which is similar to the atmosphemagerature (assumption 2).

T(°C) =1573- 430(60O¢ po5 -5 Oy yemow)+ 0-1445" 0 o5~ wemow f
Equ. 5.1 Epstein et al., 1953
T(°C) =1573- 4306 O¢ 4 ramertvron—0-Ouw_wsmow )+ 01413650 4 anesvpon =5 O _wenow )
Equ.5. 2 modified from Equ. 5.1
Where:
T (°C) — body temperature/ atmospheric or water teniperastimated from hippo
and crocodile tooth enamel oxygen isotope values

8*0cenamel- (veDB— OXygen isotope measured from crocodile toothmehan VPDB

scale

8'%0w._ (vsmow)— 820 of meteor water estimated from hippo tooth enamel

A total of 49 hippo and crocodile tooth enamel skspvere collected from modern,
Nech Sar National Park and fossils from the Hadam@ation (SHM and Base of Basal
Member).The samples were pretreated and isotopevalere measured following the

method described in chapter 2, 3 and 4. To cakulae mean annual temperature
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(MAT), the averaged'®Ognameivalueof hippos is used to calculate the averafi®©ae
wates USiNg this value and the crocodité®Oenamel Value, the water temperature is
calculated using equation 5.1. Although the refetiop between water and atmospheric
temperature in different climatic zones, differefgvation and rivers and lakes remains
to be determined and calibrated in Ethiopia, elsrei/it is indicated that there exist a 1:1
relationship between average river water tempegatand atmospheric MAT
(Kothandarman and Evans, 1972). The advantage iafj ubis method to estimate
temperature over the traditional paleothermometethat, it provides an independent
temperature estimate that does not rely on pretsgntspatial relations between the
8" Ometeoric waednd MAT or the actuad'®0 value of the lake or river the animal lived.
Thus, it is possible to calculate paleotemperatsriong as both fossils found in the same

stratigraphic interval.

The estimated temperature from SHM, BBM and NeahN&dional Park from coexisted
hippo and crocodile are presented in Table 5.1. ré/ltlee temperature estimates are
based on based on the averdf® values and reported uncertainties of The Pliocene
temperature at Dikika is estimated as 32.4.0°C between >3.8 - ~3.6 Ma and 33.8 +
4.8 °C between 3.42-3.24 Ma. The relatively higher utaieties with the Pliocene
estimates is most likely due to the time averagffgct of the fossils, where fossils
possibly came from a different horizons within agée members and have different
8" 0enamel Value, difference in the source water at differémtes, and partly due to
seasonality. Likewise, the temperature estimatddl¢ Abaya, Nech Sar National Park
as 30.8 £2.5°C. The uncertainties from the modern tooth enanellccbe due to
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seasonality reflected during tooth enamel format©werall, the temperature estimates
are in good agreement with paleotemperature estgrfedm Turkana paleosol carbonate
using clumped isotopes®C-'%0), the principle focuses on bond ordering betwess
isotopes within structural units of minerals, ame troportions of*C-**0 bonds in
carbonate minerals are sensitive to their growmthptratures (Passey et al., 2010), and

the modern instrumental records respectively.

Table 5.1 Paleotemprature estimates of the midi@listBcene from SHM and BBM, and
modern from Lake Abey.

Member Averaged™®Onippo Averages*®O¢,o.(VPDB) T (°C)
(VSMOW)
Modern 7.85 4.78 30.2+25
SHM -2.85 -6.59 33.8+4.8
BBM -2.64 -6.15 32.6+4.0

Paleotemperature estimates at hominin fossil bgdwoicalities in East Africa are rear. As
indicated by Passey et al., (2010) temperaturenatgs at the time relevant to human
evolution could have implications for human therimggiology. Furthermore, one of the
most interesting and widely accepted explanatidnatty hominins became bipedal is
the thermoregulatory hypothesis suggested by WhéEd®1), which rests on reduction
of thermal stress on early hominins to keep thetiveacinder hot climatic condition. So,
better estimates of Plio-Pleistocene paleotemperauld enhance our understanding of

some of the early hominin behavioral and morphalaigthanges.
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5.10 Summary

To sum up, the variation of oxygen isotopic composiof tooth enamel within a single
species or among sympatric taxa in a given timerwal and the change through time
elucidate the range of variability in the sourceesaclimatic and non-climatic factors
controlling thed'®0 of tooth enamel. Tooth enamel is used in recoasty the paleo-
80 of meteoric water using hippos and water defising obligate and non-obligate
drinking animals5'°0O of tooth enamel in the Awash Valley became masitive and
the reconstructed'®0 meteoric water shift t6°0-enriched values after ~3.0 Ma. The
increase in thé®0 enrichment of meteoric water and aridity in tegion is in a general
agreement and accommodated by both long-term globaling and extensive local
tectonic changes. However, to pin point the exacises of the increase and make the
link between local, regional and global factors tooliing the climate change, a better
understanding of water stable isotope (oxygen aydidgen) in precipitation within
modern system is critical. And, ultimately the nesucteds'®0 of meteoric water and
aridity in the region enhances our understandinghef availability, distribution and
seasonality of water resources for early homininctviwould have implication to the
type of vegetation they lived in and potential seuof food resources. The preliminary
results of temperature estimated from modern anddieiPliocene fossils using the
newly introduces hippo-croc paleothermometer shtvespotential of the method for
future use although the method remains to be eaéiracross elevation gradients and

different climatic zones.
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CHAPTER SIX
PLIO-PLEISTOCENE PALEOENVIRONMENTS OF AWASH

VALLEY

6.1 Introduction

Palaeoenvironmental reconstruction is an integeat pf palaeoanthropology as both
human evolution as well as that of other faunal ponents is a result of their interaction
with different abiotic and biotic environmental faxs (Plummer et al., 2008; Reed,
2008). A firm knowledge of the environmental comaitwhere hominins lived has been
the basis to our understanding of the evolutiondiadrsification of our ancestors (Vrba,
2007; Alemseged et al., 2007). Likewise, detailecbnstructions of palaeohabitats are
necessary to understand the interrelationships dasgtwenvironmental factors and
hominin morphological, biological, cultural, andhawioral adaptations as well as the
origin and extinction of early hominins (deMenoca895; Plummer, 2004; Kingston,
2007). Although there is general consensus on ithing of Neogene global climate
cooling, increased aridification, climate fluctwati and changes in the mammalian
behavior and morphology (Vrba, 2007), it does netmdnstrate causality. Instead,
assessing causality in human evolution ultimatedguires clearly identifying the
environmental factors, their interrelationship atite degree to which they were

encountered by early hominins (Kingston, 2007).
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Most East African Plio-Pleistocene paleontologisdiés have been reconstructed as a
heterogeneous or as mosaics of paleolandscapesh winpport the savanna hypothesis
which suggest hominin have evolved in savanna rogstiat changed through time
(Wynn, 2004; Kingston, 2007). Paleoenvironmentabrstructions of Late Miocene and
early Pliocene eastern and central Africa early inomsites indicate that hominins were
associated with a range of environments, inclugimgibland, woodland, open woodland,
forest, and riparian forese.g.WoldeGabriel et al., 1994; Wynn, 2000 Semaw et al.,
2005; Urbanek et al., 2005). Based on paleobotanizda, Bonnefille (2010)
reconstructed a great variety of environments arabystems ranging from evergreen
and deciduous forests to wet and dry woodland. i®usv paleoenvironmental
reconstructions indicated that afarensisoccupied different types of ecosystems under
various paleoenvironmental conditions in a widegeaof habitats ranging from closed
woodland through open woodland and shrubland (Bb@z7; Harris, 1991; White et al.,
1993; Bonnefille et al., 2004; Reed, 2008). While, Ramidus’paleoenvironments were
reconstructed as woodlands to patches of forestd®@@abriel et al., 1994; White et al.,
2009) and bush savanna with a habitat ranging fipamian forest to grassland (Levin et
al., 2008; Cerling et al., 2010). Generally, over past 5.0 Ma the environment has been
characterized by a change from forested to opessignads, with different proportions of
grasslands on the landscape (Cerling, 1992). Howdve extent to which these spatial
and temporal changes in the size of grasslandsciieghdauman evolution remains to be

answered.
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Stable carbon isotopic composition of herbivoraghanamel has been used as a reliable
dietary indicator, which in turn reflects the relatproportion of @ (i.e., grasses) to £
(i.e. trees, shrubs and closed canopy resources).sRtaan animal’s diet and indicate
potential food resources available for early homiggponheimer and Lee-Thorp, 2007,
Levin et al., 2008; Bedaso et al., 2010, in reviewhe isotopic approach of
paleoenvironmental reconstruction used here rpliesly on the link between the dietary
adaptation of mammalian taxa as obtained from @otsignals on the tooth enamel and
the environment, rather than relying on the taxoommiformitarianism. The principle
of taxonomic uniformitarianism, which assumes ttie@ extant mammals inhabit the
same habitat today as their relatives, did in #&,dimits our prospective to explore the
whole range of possibilities and understand howpthet differs from the present, which
is an integral goal of palaeoenvironmental resedrRibmmer et al., 2008). It is also
evident that some mammals show a significant chaingelietary and ecological
adaptation through timee(g. Cerling et al., 1999; Geraads, 2005). Althoughboar
isotopic composition of tooth enamel has been wideded for paleoenvironmental
reconstruction, it has been limited to establishdigjary consumption and the presence
and proportion of €and G vegetation in the paleolandscaeg(, Cerling et al., 2003;
Levin et al., 2008; Bedaso et al., 2010). So farpon isotopes from tooth enamel do
little to explicate vegetation or habitat structuvehich is a primary associated with
evolutionary change of early hominin (Spencer, 198ponheimer and Lee-Thorp,
2003). However, Bedaso et al. (in review) used aarisotopic composition of tooth
enamel to reconstruct the proportion of varioustagbpresent in the middle Pliocene at
Dikika.
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This chapter discusses stable carbon isotopic csitimo of tooth enamel from Chorora,
Galili, Dikika and Asbole research areas and usedetonstruct mammalian dietary
adaptation and dietary shift with time, and its licgtion for paleoenvironmental
reconstruction and available food resources folydamminins. Then it discusses the
paleoenvironmental reconstructions based38ecosstemestimates, which combine the
carbon isotope of tooth enamel and faunal abundasiceé reconstruct the range of
possible environmental conditions (Bedaso et &102 At the end, it devolves into a
detailed reconstruction of habitat structure and @ghange with time on the
paleolandscape where early hominins lived. Thistr®sis will provide a regional

perspective of environmental changes over both eeah@and spatial scales.

6.2 Mammalian Paleodiet

In most cases, dietary preferences of a speciedagely linked to the habitat they live in
and its surroundings (Kingston and Harrison, 200%g ecological signal is then passed
on to the animal tissue, but Behrensmeyer and H&OR2) indicate that the diet of
individual animals may or may not reflect the attuegetation or habitat type that a
particular animal lives in, but potentially indieatthe presence of a certain habitat in the
vicinity. Some of the factors, which amplify theoptems associated with this approach
include: selectivity of animals which biases intetption of the environment, social
behavior where some animals obtain their food datsif their habitat, migration of
larger mammals and seasonal availability of vegetafCerling et al., 2004; Kingston
and Harrison, 2007). To minimize the effect of thdsases, a wide range of fossil

herbivores sample can be used rather than relysimgée taxa. To this end, in this study
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all large mammals except primates are used. Sahgitests were done to check the
effects ondCecossiemeStimates by categorically including/excludingnmates, which are
comparatively abundant but consume little biomass tother large vertebrates and the

result shows little effect (i.e., contribute adulital 1-3% to the estimated Cover).

The distinction between herbivore diets is basedhendifference in the photosynthetic
pathway G and G plants follow, which discriminate carbon isotomiferently (Koch,
1998). East Africa is considered one of the ideaktions for applying i *Cenameito
make clear distinction between grazers and browberswuse in existing tropical regions
almost all the @and G plants are dicots and grasses, respectively (@nest al., 1979;
Cerling and Harris, 1999). However, high elevatgrasses are important exceptions as
they follow the G photosynthetic pathway reflecting cooler tempeesuAs it is today,
for the past 7-8 Myr, the{&and G distinction in the tropics is between @icots and ¢
grasses, where both pedogenic and biogenic cadbdriatrecorded the emergence of C
grasses (Ségalen et al., 2007). Prior to 8 Mai@pdt al. (1997) indicated that Grasses
were less common even in tropical and subtropiegions in contrast to what is found
there today. However, in regions where the grovdagson temperature is cooler (<20
°C), G grasses are dominant and as a result, distinggislgtween browsers and grazers
would be difficult. So, Prior to 8 Ma, the use odrloon isotopic composition of
mammalian tooth enamel to estimate the proportio@sacontribution of browse versus
grass in the diet could be misleading as thsi@hature could be either ot Grasses or

higher G plants (Cerling et al., 2005).
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Over the long term, the reconstruction of atmosph@, concentrations using deep-sea
cores signify that atmospheric composition had hredche low atmospheric GQevel
favored by G photosynthesis by the late Tertiary (Pagani e28l06). However, there is
no agreement on the actual timing of the appearah€& grasses on the landscape or
when it became a significant component in tropgzdsystem. For instance, Kingston et
al. (1994) and Morgan et al. (1994) indicate thpespance of £grasses in the mid-
Miocene (~14 Ma), while Bernor et al. (2004) suggessignificant proportion of £
grasses in equid diet at ~10.5 Ma, still otherppsed a later expansion during the late
Miocene (6-8 Ma; e.g., Cerling et al., 1997). Altlgb the availability of continuous
records are one of the limiting factor, Ségalenalet(2007) attribute these varying
scenarios to relatively minor differences in theipretation of data. In addition, isotopic
studies of tooth enamel from eastern Africa mamemaliaunas hints that there are
differences in the timing of change in the dietsome mammals to the emergence and
expansion of grasslands, and there are some gtibapshow no response (Cerling et al.,

2005; Ségalen et al., 2007).

To assess changes in the dietary adaptation of naiamaxa with time carbon isotopic
values of tooth enamel from multiple intervals presented. Figure 6.1 show the carbon
isotopic values of tooth enamel from some of thestrmpmmon taxa represented in
numerous faunal components from throughout the-Plkistocene (see chapter 2—4 for
details). In this section, a general summary ofdieeary adaptations and an assessment
of temporal changes in the diet of mammals fronlyg@iiocene to present for most taxa

and from late Miocene to the present for equidsafiyils and Tragelaphini. Statistical
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analyses, Mann Whitney, are done to confirm thaiggnce or non-significance of the

changes in th8"Cenamel (See Appendix |, for statistical test result)

The carbon isotopic data of tooth enamel from Ciagrdésalili, Dikika and Asbole
indicate that the herbivores had a wide range @fgiog strategies, including the entire
range from pure £ mixed G/C, and pure ¢diets in a mosaic of environmental settings.
Using the averagé™Cenameivalues, the fauna is grouped into grazers, whicdwshd a
consistent foraging strategy throughout the Plieigdbcene (Alcelaphini, Reduncini,
equids, elephantids an8lotochoerus While deinotheres and giraffids showed a
consistent browsing habit. The rest of the taxa pg&erotini, Hippotragini,
hippopotamids anBolpochoeru}¥ exhibited consistent mixed feeding habits althotige
percentage of £and G vegetation in their diets was variable. None afsth groups
displayed a statistically significant change inithdiet through time, except Bovini,
which show a significant change from mixeg @ diet to G diet from middle Pliocene
to Middle Pleistocene (Mann Whitngys0.001). In addition, three different taxa, equids,
giraffids and Tragelaphinis, were sampled from @rora Formation and it is evident
that equids show a shift from mixed/C, consumption to C4-dominated diet at least by
the early Pliocene (Mann Whitnegs0.001). Likewise, Tragelaphini show a shift from
significant G vegetation consumption to mixed/C, diet by early Pliocene but no
dietary shift are observed for giraffids, which smtently browsed since the middle

Miocene (Mann Whitneyp=0.0721).
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Equids are one of the taxa reported to change theirfrom G to G and show the
earliest evidence for ay€lominated (> 75%) diet (Cerling et al., 2005). fAlle Chorora
equid teeth samples yield carbon isotopic valudating a significant proportion of,C
grasses in their diet, with°C values ranging between —6.8%o to —3.0%0 and avegagi
-5.6%0. In equids, the exact timing of the transitfoom G based to ¢diet has yet to be
elucidated due to lack of well-dated samples betw&& Ma and 10 Ma in the Awash
Basin (Kalb, 1995) and elsewhere in Africa (Cerlatcal., 2005). However, the Chorora
data clearly indicate the incorporation of a siigaifiit amount of gvegetation in the diet
(45-71% C4 grasses) by ~10.5 Ma. Bernor et al.4paso0 reporte@’°C values from
Chorora ranging between —7.5 and —4.2%. and baseral samples on two different
teeth suggested the presence af gtasses year-round rather than being a seasonal
component of the diet, and implied t€C values are consistent with open, dry habitat
exploitation by the Chorora equids. Levin et @8D8) reported an exclusively grazing
diet primarily on G grasses with an averag€Cenamevalues of -0.6 0.5%o (n=8) from
the Adu-Asa Formation (6.5-5.2 Ma) at Gona, whidady indicates the transition from
a G to a G diet in the Awash Valley by at least the late Mine. Since then, equids

show a consistent grazing diet through PlioceneRdestocene (Figure 6.1)

Elephantids from Galili, Dikika and Asbole exhildtea consistent grazing dietary
adaptation with a predominantly-@ominated diet (Figure 6.1). TH&Cenameivalues of
elephantids in the Pliocene and Pleistocene rabgegeen —3.0and 0.4%. signifying up
to 95% @ grasses in their diet. Whereas, deinotheres niagtta pure €browsing diet

with a8**Cenamel values ranging between —9.4%. and —14.1%in le al. (2008) from
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Gona reported a similar dietary adaptation as eld.& Ma for both elephantids and
deinotheres. Elsewhere, Cerling et al. (1999) eeid that elephantids show a shift from
Cs-dominated to Gdominated diet at ~7 Ma and dominantly were giazetil less than
1.0 Ma. Since then, elephantids showsad@minated diet where today extant elephantids

are predominantly browsers in almost all environisen

Suids from Galili, Dikika and Asbole include thrgeneraNyanzachoerus, Notochoerus
and Kolpochoerus The §"*Cenameivalues in general indicate a mixed andd®minated
diet. Nyanzachoerugxhibited a consistent mixed/C, diet from early to mid-Pliocene
with the exception of samples from the SKWM (~4.6-M38 Ma) at Galili with an
average 6" %Cenamel Value of 1.4%. £83% C, grasses), this enrichetfC value is
statistically significant compared to the BBM atkBa (Mann Whitneyp=0.0242) and
DHIM at Galili (Mann Whitney,p=0.0480). The>*Cenamelvalue ofNotochoerusn the
Pliocene and Pleistocene indicate significaptv€getation £70%-80%) in the diet with
no significant change although the sample sizenallso back up the interpretation with
statistics Kolpochoerusunlike the other suid genera shows a gradualgghémiom mixed
Cs/C, diet +48% G, grasses) in middle Pliocene to exclusived@&t ~92% C, grasses)
in Middle Pleistocene. Cerling et al. (2005) indécahat suids, unlike, equids and
elephantids, took longer to transition from a © Ci-dominated diet and became

exclusive grazers by mid to late Pliocene.

Hippopotamids in the Plio-Pleistocene depositsh&f Awash Valley show a general

Cs/C4 mixed diet with variable incorporation of, @rasses except in the DHIM (4.38
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Ma—3.92 Ma) at Galili, where the avera®/€Cenamevalue was —8.3%0~33% C grass)
and G-dominated in the AFZ where the averagéCename Value is —1.3%0~84% G,
grass). Figure 6.1 show a general shift in dietalgptations from £C, mixed feeding in
the early to mid-Pliocene to exclusively grazinghe Middle Pleistocene (See appendix
X, for statistical test result). Harris et al. (8)0ndicated a variable proportion o @nd

C,4 vegetation in the diet since Miocene but with aayal trend towards &lominated

diet for the Turkana basin in Kenya and southemdpia.

Bovids represent a very common group of animalsmMnto exist in a wide variety of
habitats and adapted to a diverse diet. Evolutiopatterns and dietary adaptation of
bovids have been linked specifically to environnaéohange and faunal turnover during
the Miocene and Plio-Pleistocene of Africa (Vrb883, 1995; Bobe and Eck, 2001). The
8"Cenamelvalue of bovids from Galili, Dikika and Asbole alty show a broad diet and a
shift from Late Miocene to the Middle Pleistoceria. general, based on average
8"Cenamelvalues and their temporal trends, the bovids areletl into three groups. (1)
bovids which consistently grazed throughout theode&lne and Pleistocene.g.,
Alcelaphini; (2) bovids which were mixed feedersidg most of the Pliocene and shift
to a G-dominated diet at the end of Pliocene or EarlyisRleene,e.g., Bovini,
Hippotragini, Reduncini and Aepycerotini; and (8ylls with a G-dominated diet in the
Late Miocene but which shift to a mixeds/C,; diet in the Plio-Pleistocenes.g.,

Tragelaphini.
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Alcelaphini are the only bovid which show a coremstdiet maintaining an exclusively
grazing habit in both Pliocene and Pleistocene ewttrages *Cenameivalues of 0.0 %o (>
90% G, grasses). Bovini, Hippotragini and Reduncini hachiaed G/C, diet with a
variable proportion of € and G vegetation throughout the Pliocene. The average
8" Cenameivalues of Bovini vary between —3.4%o and —4.1%. (age G grasses68%) in
early and middle Pliocene (statistically not sigiaht, Mann Whitneyp=0.268) and
between —1.1%0 and 1.7%. (average @asses-68%) from mid-Pliocene to modern
(statistically significant, Mann Whitneyp<0.001). The averagé *Cenamel values of
Hippotragini show a similar, statistically not sifjrant trend in the diet with a shift in
the late Pliocene but not statistically significéiiann Whitneyp=0.333). Although it is
not statistically supported due to the small sangie, the Hippotragini diet changed
from GJ/C, mixed diet to a &dominated diet between the middle Pliocene anddMid
Pleistocene. Similarly, the averad/€Cenameivalues of Reduncini show a general increase
in the G grass in the diet since early Pliocene to modecem in the DHIM where £

dominated diet is documented. (See the discussiohdpter 4).

The averagé™Cenameivalue of Tragelaphini from the Chorora Formatiangies a G-
dominated diet. In Pliocene and Pleistocene theageé *Cenameivalue, indicate a mixed
Cs/C, diet except in the SKWM, where they had-dominated dietife., ~84% G
grasses) (statistically significant, Mann Whitngy0.0221). While, moderd**Cenamel

values from Nech Sar National Park indicate a (@srdietary adaptation.
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6.3 Habitat structure

A comprehensive reconstruction of the Plio-Pleistecvegetation and habitat structure
is important to understand the biological, morplgalal and behavioral adaptations of
hominin (deMenocal, 1995; Spencer, 1997; Reed, 199&spite a success in broadly
reconstructing paleoenvironments using various ipgpxdetermining the actual habitats
present, relative proportion of individual habitatsa given place and time and the range
of possible habitats for hominin for any particulacality, and the dynamic through time
have been a challenge (Sponheimer et al., 1999nrRér et al., 2008). The Plio-
Pleistocene of eastern Africa was characterized tiwverse plant ecosystem, which was
the result of climate change coupled with activetaeics, volcanism and changes in
topography associated with the East Africa Riftrfation (Sepulchre et al., 2006; Maslin
and Christensen, 2007). Bonnefille (2010) sugge#ted the combination of a long
history of climate change and the rift formationtle region could have contributed to
the complexity of the distribution of vegetationdaexplain the observed range of

vegetation from sub-desertic steppe to forests avelatively short distance.

As described in the previous section, the geneasé¢genvironmental conditions are
obtained using the averag&Cecosysenvalues, which are estimated based on the carbon
isotopic composition of tooth enamel, the faunalratance, and amount of biomass the
respective species consumed. In addition, in chajptese it is indicated that this
methodology further investigates the range of fdssivariation in the
paleoenvironmental condition by considering difféareombinations of isotopic values

from all the taxa represented in respective menibee Table 3.2 in Chapter 3).

203



However, theSl3Cecosyste,ﬁ/alues give averages and cannot resolve all thigaltsipresent
on the landscape. To this end, the tooth enamigpaocomposition of each taxon for the
entire pure g@to pure G range with 1.0%. increments were used and weighyeidunal
abundance and food intake per day of the respettiva and normalized to unity
(Appendix Il and Figure 6.2). The description oé thabitats used in this study follows
the United Nations Scientific and Cultural Orgatima (UNESCO) definitions for
classification of African vegetation (White et d@983) and the interpretation of habitats
is based on Cerling et al. (2010), a compilationsoil organic matter from different

tropical ecosystems.

The habitats reconstructed from different strapgre levels will be discussed in three
informally defined time intervals based on the tigirelevant to the genusdipithecus
(Ar. ramidus— ~4.4 Ma, White et al., 2009ustralopithecugA. anamensis4.17 - 3.95
Ma; A. afarensis 3.7-3.0 Ma, Kimbel, 2007) antdomo (H. erectus;1.8- 30 ka, Wood
and Lonergan, 2008). The time intervals are desgghas “early Pliocene” between 5.26
and 4.38 Ma, “middle Pliocene” between 4.38 Ma243Ma and “middle Pleistocene”
between 0.8 and 0.64 Ma. Tooth enamel data wee @llected from some of the
horizons between 3.24 Ma and 0.8 Ma, but theyrasefiicient to make comprehensive
environmental interpretation and habitat reconsbac as a result they are not

considered here.
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Figure 6.2 Reconstruction of the habitat struchased on the ecosystem carbon isotope
value derived from the averag&Cename,faunal abundance and the estimated
amount of biomass consumption per day of each tasorg calibration data
from Bedaso et al. (2010) based on the modernafdielany and Happold
(1979). A. The normalized probability (=the proportion of hats
normalized to one), of the different habitats wheehistogram represent the
proportion of the sum total of each taxon at 1.0rfésement for entire £to
C, range, whereas the horizontal bar and the diansgntbol represent the
range and average paleoenvironmental conditions, L&sdanan, DHI,
Dhidinley, SKW, Satkawhini, SL, Shabeley Laag, BBlase of basal
Member, SHM, Sidi Hakoma Member and AFZ, Asbolentawoneb.
Adopted from Cerling et al. 2010, but only ecosystevhich are common in
the modern tropical Africa are considered.
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6.3.1 Early Pliocene (5.29 Ma—4.38 Ma)
The early Pliocene data comes from various loealitvithin the Mt. Galili Formation

namely: Galili, representing the older sedimentsd &atkawhini, representing the

younger sediments (see Figure 4.1, chapter 4).

This time interval shows considerable variation terms of the general
paleoenvironmental conditions, type and proportioh paleohabitats present and
paleoclimatic conditions expressed from the watdicd calculations (Figure 6.2). The
average ecosystem carbon isotope value in the ®didgene §°Cecosyste —16.8%o,
63% G grasses) signifies that in the lower part of tharlye Pliocene the
paleoenvironmental conditions were dominantly wabdgrasslands and grassy
woodlands with ¢ grasses ranging between 40%-80% on the lands€apard 6.3).
While, the habitat structure at Galili in this tinngterval was dominated by wooded
grasslands and shrublands followed by grasslandsriparian woodlandsi.g., ~35%
wooded grassland45% shrubland;y12% grassland andB% riparian woodland, Figure
6.2 and 6.3). Later in this interval, t&*Cecosystemvalue (=16.8%o, 73% fgrasses)
indicates a paleoenvironmental condition includimgoded grassland, shrubland and
grassland, where Qyrasses range between 57% and 84%. At Galilisgseasere more
abundant in the paleolandscape as compared toopseveconstructions from other
Pliocene sites in the Afar regioe.g., Levin et al., 2008; White et al., 2009), which
elucidates spatial variation in the vegetation cdtme over a short distance. However,
given the active tectonics, repeated volcanismaatgr resource variability depending

on how far from lakes, rivers and presence or atesef lakes in different basins, this
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range of variability is not surprising. Similarlghe habitat structure at Galili was
dominated by wooded grasslands, shrublands andlgnas with subordinate riparian
woodlands i(e., ~43% wooded grassland27% shrubland~23% grassland, and7%

riparian woodland).

Ar. ramidusfossils has been found at Aramis, Middle AwasHidgiia, where it is best
described and dated as ~4.4 Ma (WoldeGabriel £1884; White et al., 2009), and at
As-Duma, in the Gona Western Margin of Ethiopiaewehthe fossil is dated between
4.51 Ma and 4.32 Ma (Semaw et al., 2005). Prevoalsoenvironmental reconstructions
using isotopic composition of tooth enamel on tlssoaiated herbivores fauna and
paleosols from the same horizon where the fossilewsllected at Aramise(g.,
WoldeGabriel et al., 1994; White et al., 2009) sgjgthatAr. ramiduslived in an
environment that was humid and cooler than it idajoin habitats ranging from
woodlands to patches of forest. On the other haadin et al. (2008) using the same
proxy at As-Duma, Gona suggested a paleohabitdt aliundant ¢ grasses on the
landscape with a general woodland/bushland halfiailarly, Cerling et al. (2010)
interpret the environmental context of Aamidusat Aramis based on the paleosol and
tooth enamel carbon isotope data presented in \Whae (2009) and WoldeGabriel et al.
(2009) as bush savanna with a habitat ranging fiparian forest to grassland. Although
Ardipithecusfossil has not reconstructions using isotopic cositpn of tooth enamel on
the associated herbivores fauna and paleosols tinenrsame horizon where the fossil

were collected at Aramis been yet recovered atliGtie isotopic data from the same
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level indicate a range of dry open woodland to geasl habitat, where @rasses were

prominent on the landscape.

6.3.2 Middle Pliocene (4.38 Ma—3.24 Ma)
Combined data from middle Pliocene discussed hévesgus the opportunity to

characterize the paleoenvironmental condition iarAégion both in temporal and spatial
scale. The lower part of the middle Pliocene betw&88 Ma and ~3.6 Ma is represented
by the Galili fauna while the upper part between8>Bla and 3.24 Ma comes from
Dikika. Inter-basin comparison between the SLM alilGand BBM at Dikika, which are
time equivalent members, provide information on #patial distribution of habitat
beyond a single sedimentary basin. As in the eBfigcene, this time interval was
characterized by a wide range of variation in trapprtion of G grasses and habitat, but
the average ecosystem carbon isotope values ied@ageneral wooded grassland
environment (Figure 6.2). At the lower part of tihéldle Pliocene, between 4.38-3.92
Ma, the averaged'®Cecosystem Value (-19.1 %, 50% /[ grasses) indicates wooded
grassland with € grasses ranging between 41% and 62% (Figure 6 H&renG
vegetation were significant on the landscape. Trierval has the smallest proportion of
C,4 grasses in the middle Pliocene. The habitat strecit Galili also signifies the high
proportion of G vegetation, where the habitat was ranging from edogvoodland/
riparian woodland to wooded grassland with minasisgtand on the landscapee/

~40% closed woodland/riparian woodlane29% wooded grassland27% shrubland

and~2% grassland, Figure 6.2).

208



To date,A. anamensifias been found in Kenya and Ethiopia. In Kenya,gbecimens
were found in Pliocene deposits of Kanapoi andaAflay dated between 4.1 and 3.9 Ma
(Leaky et al., 1995) and in Ethiopia at Asa Isdikgdle Awash dated between 4.2 and
4.1 Ma (White et al., 2006) and recently reportexinf Woranso-Mille (Haile-Selassie et
al., 2010). Schoeninger et al. (2003) interpretedpaleoenvironments at Allia Bay based
on the stable isotopic composition of herbivoretiioenamel as a mosaic of woodlands
with open savanna. Likewise, Wynn (2000), usingepsbl carbonates at Kanapoi,
indicated a mosaic of environments ranging fronbfdominated edaphic grasslands to
riparian woodlands. Whereas, White et al. (200&c@d A. anamensidrom Middle
Awash in a more wooded paleoenvironmental settiagedd on the associated fauna.
Although noA. anamensisias been found from the Mt. Galili Formation as time, the
environment was wooded grasslands with signifid@gtplants and the habitat was

dominated by closed woodland/riparian woodland withor grassland.

The interval between 3.92 Ma and ~3.6 Ma was cheniaed by a relative increase in the
proportion of G plants. The averag# *Cecosysiemvalue (—17.6%o, 67% Lgrasses)
signifies wooded grassland with, Grasses ranging between 51% and 81% (Figure 6.3).
The reconstructed habitats at Galili were rangenfroparian woodlands/deciduous
forests to grasslands (i.e33% wooded grassland32% grassland;-21% shrubland,
~13% riparian woodland/deciduous forest, Figure .6Stnilarly, the813CecosystemvaIue
(-17.7%0, 71% @ grasses) from the BBM at Dikika indicates woodedsglands and
shrublands with £grasses ranging between 44% and 85% (Figure\WWii)e, a diverse
habitat dominated by wooded grassland cow53% of the total areas and open
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grassland, shrubland and riparian woodland cow&8%, ~11% and~2% of the

landscape respectively (Figure 6.2). The recondicpaleoenvironment and
paleohabitats of SLM at Galili and BBM at Dikikedinate a similar paleoenvironmental
condition, wooded grassland, in either locationhwat slight difference in the habitat
proportion signifying little spatial variation irhé¢ middle Pliocene compared to the

temporal variation in the region.

Most of previous paleoenvironmental studies andtagbeconstructions for this time
interval were done centeredAatafarensisReed (2008) suggests that the fauna from the
Basal Member at Hadar indicates a mosaics woodiaddshrubland, which agrees with
the general interpretation at Dikika. Whereas, @&&élassie et al. (2010) from
preliminary paleoecological interpretations basedaunal abundance at Woranso-Mille
indicate a mosaic of habitats, primarily riverinallgry forests laterally extending to
closed and open woodland and grassland. Althoughongnins have been recovered at
this interval at HadarA. afarensisat Dikika (Alemseged et al., 2005), Woranso-Mille
(Haile-Selassie et al., 2010) and Galili (MaccHiaet al., 2004) would have lived on the
landscape, where there were wide range of habitatshort distance and fed on the food

resources available.

The upper part of the middle Pliocene (3.42 Ma-3Vi&) data comes from the SHM of
Hadar Formation at Dikika. The average ecosystaimocaisotope value (—18.4 %o, 71%
C, grasses) indicate wooded grassland similar to ése of the middle Pliocene but a

wider range of ¢ grasses between 35% and 82% (Figure 6.3). Theahaiucture in
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Figure 6.2 shows the presence of the entire rarighabitat (.e., ~ 46% wooded
grassland,~22% open grassland, <20% shrubland% forest and~4% riparian
woodland/deciduous forest), which is not entiretgdicated by the ecosystem carbon

isotope values and closed canopy forest habitateray represented in this time interval.

Hominin fossils have been recovered from SHM ahlikika and Hadar (Alemseged et
al., 2006; Kimbel, 2007), Matabaietu Formation aake, Middle Awash (White et al.,
1993) and elsewhere in East Africa (Leaky et &95). Analyses of pollen from Hadar
(Bonnefille, 2004, 2010) suggest sub-aquatic reseldges, grasses, trees and shrubs with
pollens indicating a mosaic and changing enviroriniemoughout the Hadar Formation.
Reed (2008) also suggests an ecoton habitat aiageof the SHM, followed by wooded
shrubland in the middle and scrub woodland andstaad at the top. Unlike the faunal
analysis (Reed, 2008), the pollen data (Bonnefit@p4, 2010) and isotope data
presented here show the presence of closed forédst ISHM. The fact that, the presence
of closed woodland to forested habitats at Dikilauld probably support the importance
of arboreal behavior in th&. afarensisthat has been argued by (Alemseged at al., 2006)
in light of the scapula morphology, together withielimb features such as the long and

curved manual phalanges.

6.3.3 Middle Pleistocene (0.8 Ma-0.64 Ma)
At Asbole, although no hominins have been recové@a this time interval, the site is

associated with an Acheulean industry (Geraadd.eR@04). The average ecosystem

isotope value (-15.4%., 83%,@rasses) indicating a wooded grassland to grabslan
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environment with ¢ grasses on the landscape ranges between 72% #mdC@mpared
to the early and Middle Pliocene, the environmenthie middle Pleistocene was open
and dominated by L£grasses. The reconstructed habitats at Asbole ra@gng from
wooded grassland to grassland with minor shrubland riparian foresti.e., ~73
grassland~21% wooded grassland5% shrubland and1% riparian forest). Bedaso et
al. (2010) based 0B"°Cecosystemvalue and the presence of forest-dwelling primates
indicated that the paleoenvironment at Asbole wgen vegetation with a gallery forests
flanking tributary streams to the paleo-Awash Riv&s the reconstruction of ecosystem
value is only based on the mammals larger thangh@lk the primates and other small
mammals are not included. But the sensitivity f@stformed using the most negative
value for all the primates’ shows that only a 3%ré@ase in the riparian woodland habitat,
and overall do not affect the paleoenvironmentdl laabitat reconstruction. Compared to
the Pliocene sites in the Awash Valley the domieant the grassland habitat is in
general agreement with the expansion of grasslenAica over the past 3.0 Ma with
further dominance after 2.0 Ma (Morgan et al., 19G4érling et al., 1997; Bobe and
Behrensmeyer, 2007). As the reconstruction of estesy value is only based on the
mammals larger than 50 kg, all the primates andratimall mammals are not included.
But the sensitivity test performed using the mosgative value for all the primates’
shows that only a 3% increase in the riparian wadhabitat, and overall do not affect

the paleoenvironmental and habitat reconstruction.
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Compared to the Pliocene sites in the Awash Valley dominance of the grassland
habitat is in general agreement with the expansfograsslands in Africa over the past
3.0 Ma with further dominance after 2.0 Ma (Morgatnal., 1994, Cerling et al., 1997;

Bobe and Behrensmeyer, 2007). These paleoenvirdamgmanges have been used to
suggest causation for morphological and behavidnainges during human evolution,

including the origin of bipedalism since the eatidhominin, the development of

megadont molars (Teaford and Ungar, 2000) and tiggncof Homo erectugStanley,

1992, Bobe and Behrensmeyer, 2007).

6.4 Summary

Carbon isotope analysis from mammalian tooth enamnel the estimated ecosystem
carbon isotope data, which is based on the ave¥&ikname faunal abundance, and
weighted by the amount of biomass consumption,rigleshows that during the Plio-
Pleistocene the proportion of/C, vegetation substantially varied on the paleolaapsc
In the Pliocene between 5.29 Ma and 3.24 Ma, tinergé paleoenvironmental condition
was wooded grassland/shrubland with woodland betwe®8 Ma-3.92 Ma (Figure 6.2
and 6.3). While the paleoenvironmental reconstouctif the Middle Pleistocene between
0.8 Ma and 0.64 Ma indicate wooded grassland testgad dominated landscape (Figure
6.2 and 6.3). Similarly, the Paleohabitat recomsipns indicate the presence of
grassland, wooded grassland/shrubland and ripav@dland throughout the Pliocene
and in Middle Pleistocene but canopy-forest way éolind between 3.42 Ma and 3.24
Ma (Figure 6.2 and 6.3). Although these habitateeve®nsistently found throughout the

Pliocene, the relative proportions were considgraiflanged in respective members

214



(Figure 6 3). This shift from £dominated vegetation in the Pliocene tgddominated
vegetation in the Middle Pleistocene is in a geneagreement with previous
reconstruction in the region, which indicates dtdhom forest to open grassland since
Late Miocene. However, the vegetation change dootedehere shows a rebound of
closed habitat and &anopy forest resources by middle Pliocene. Tkhhaages in the
proportion of habitats could have put the faunadmpetition for their preferred habitats
and food resources, which could have forced migmatadaptation to other resources

and/or extinction.
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APPENDIX |
MANN-WHITNEY STATISTICAL TEST USING SAS 9.2
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Alcelaphini

APPENDIX |

Elephantids

SHM BBM SLM DHIM SKWB LAM
AFZ 0.022 0.0069 0.0485 0.00B2 0.0022
SHM <0.001 0.9297 0.7178 0.2681 0.5249
BBM 0.022| 0.7013 0.8571 0.4286 1
SLM <0.001 0.614 0.285 0.4848 0.761P
DHIM 0.0021 0.169 0.381 0.051 0.904§
SKWB 0.6659| 0.0011] 0.0714| 0.0022| 0.0823
LAM 0.0071 0.1146 0.1333 0.0095| 0.9048

SHM BBM SLM DHIM SKWB  [LAM
AFZ <0.001 0.0027 0.0023 <0.0p1 0.0016
SHM 0.0162 0.2218 0.39811 0.9704 0.184
BBM <0.001 - -
SLM <0.001 0.6452 0.748
DHIM 0.0023 0.554| <0.001 0.281 0.3114
SKWB 0.0125| 0.8724 0.1213 0.533
LAM 0.0176 0.963 0.0745 0.252
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APPENDIX | (CONTINUED)

Hippopotamids A4 BBM SLM DHIM SKWB LAM

AFZ 0.5474 0.007 0.0357, 0.4818| 0.0121
SHM 0.0604 0.3494 0.0517 0.4119 0.492
BBM 0.0476| 0.1802 0.0087 1 0.1079
SLM 0.049| 0.0845

DHIM 0.0714 0.6612

SKWB 0.6| 0.0016

LAM 0.4973| 0.0157

Hippotragini
AFZ

SHM

DHIM

SKWB

LAM

Nyanzachoerus SLM DHIM SKWB LAM -
SHM 0.6667 0.6667 N 0.666F
BBM 0.4 0.9048 0.0242| 0.5556] -
SLM 0.3333 0.904§ 1 1 -
DHIB 0.3333 0.9048

SKWB 1 0.0424 0.0303

LAM 0.3333 0.9048§ 0.8418 0.71(

Reduncini SHM SLM DHI SKWB |LAM -
AFZ 0.3619] <0.001| 0.3132| 0.0131] -
SHM 0.2857 0.6667 0.4 0.2857 0.p-
SLM 0.0381 1

DHIM 0.0017 0.4

SKWB 0.2728 0.8571

LAM 0.0018 0.6

Tragelaphini AFZ SHM SLM DHIM SKWB |LAM -
AFZ 0.0476 0.83383
SHM 0.0221| 0.2593| -
SLM 0.62

DHIM 0.0476 0.8357

SKWB 0.5476 0.0734 0.0082

LAM 0.1167 0.9015 0.455
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HABITAT PROPORTION
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APPENDIX II

-28 0 0
-27 0 0
-26 0 0
-25 3.96 0
-24 0 0
-23 0 0
-22 11.76 0.01
-21 0 0
-20 3.96 0
-19 87.46 0.05
-18 0 0
-17 35.42 0.02
-16 109.94 0.06
-15 270.7 0.14
-14 261.32 0.14
-13 438.82 0.23
-12 325.84 0.17
-11 290.34 0.15
-10 78.48 0.04
SUM 1918 1.0
-28 113.68 0.02
-27 113.68 0.02
-26 69.32 0.01
-25 12.48 0
-24 76.68 0.02
-23 113.68 0.02
-22 98.4 0.02
-21 74.82 0.01
-20 63.29 0.01
-19 833.06 0.16
-18 444.6 0.09
-17 309.7 0.06
-16 976.36 0.19

225



APPENDIX Il (CONTINUED)

-15 663.23 0.13
-14 669.78 0.13
-13 267.15 0.05
-12 147.9 0.03
-11 24.65 0
-10 24.65 0
SUM 5097.11 1.0
-28 0 0
-27 0 0
-26 0 0
-25 10.12 0
-24 0 0
-23 154 0
-22 27.41 0
-21 342 0.03
-20 600.8 0.05
-19 391.6 0.03
-18 25.6 0
-17 2152.1 0.18
-16 2834.68 0.24
-15 1833.95 0.15
-14 3627.94 0.31
-13 154 0

-28 0 0
-27 0 0
-26 0 0
-25 4.84 0
-24 330.99 0.04
-23 192.64 0.02
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APPENDIX Il (CONTINUED)

-22 667.7 0.08
-21 330.99 0.04
-20 178.22 0.02
-19 750.26 0.09
-18 627.38 0.07
-17 2306.1 0.26
-16 424.89 0.05
-15 123.02 0.01
-14 2773.39 0.32
-13 56.08 0.01
-12 6.38 0
-11 6.38 0
-10 0 0
SUM 8779.23 1.0

-28 0 0
-27 0 0
-26 0 0
-25 10.12 0
-24 0 0
-23 154 0
-22 27.41 0
-21 342 0.03
-20 600.8 0.05
-19 391.6 0.03
-18 25.6 0
-17 2152.1 0.18
-16 2834.68 0.24
-15 1833.95 0.15
-14 3627.94 0.31
-13 154 0
-12 0 0
-11 0 0
-10 0 0
SUM 11877 1.0
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APPENDIX Il (CONTINUED)

-28 0 0
-27 0 0
-26 0 0
-25 7.37 0.001)
-24 290.04 0.07
-23 0 0
-22 0 0
-21 328 0.01
-20 219.48 0.0
-19 459.42 0.11
-18 351.64 0.09
-17 141.57 0.04
-16 593.12 0.12
-15 1001.36 0.25
-14 623.32 0.1
-13 193.89 0.0
-12 62.67 0.02
-11 20.46 0.01
-10 0 0

SUM 3997.14 1.0

-25 41.35 0.02
-24 171.57 0.06
-23 8.03 0
-22 8.03 0
-21 158.48 0.06
-20 374.68 0.14
-19 178.17 0.07
-18 517.84 0.19
-17 432.16 0.16
-16 329.41 0.12
-15 185.06 0.07
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APPENDIX Il (CONTINUED)

-14 242.85 0.09
-13 36.76 0.01
-12 8.03 0
-11 0 0
-10 33.32 0.01

SUM 2725.74 1.0
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