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ABSTRACT

Plio-Pleistocene mammalian faunal evolution has been causally linked to global climate
change. This study investigates the extent to which climate affected the faunal
representation of large mammals in the fossil assemblages from the Turkana Basin, in
East Africa during the Plio-Pleistocene. The research project involved the collection

and study of both modern and fossil specimens

Relative abundances of fossil mammalian families and the Bovidae are explored. To
interpret climatically driven faunal change, comparisons are made with fossil faunas
from the Nachukui, Shungura and Koobi Fora Formations. The combined relative
abundances of bovid tribes through time are used to infer changes in habitat
representation. The reduncines, wet habitats indicators, are abundant around 2.5 ma in
contrast to the Shungura Formation represented by closed-dry habitats. This suggests
that local rather than global scale climatic influences are affecting habitat
representation. At 1.7 ma the inferred habitat in the Nachukui Formation shows
similarity with more distant localities, namely the Olduvai Basin in Tanzania, where

more arid and open environments become increasingly dominant.

In a second part of this study, data were collected from modern antelope remains to
develop new body weight estimation equations, essential for the estimation of body
weights of fossil antelopes from the Nachukui Formation assemblage. Dental remains
are less accurate estimators of body weight than are postcranial remains. The body
weight estimation equations developed in this study are more accurate than publisheci
estimation equations when compared. The body weights of Nachukui Formation fossil
bovids were estimated using the equations developed in this study. Variation in body
weight representation of bovid tribes through time, in the context of changing habitats,
and the use of bovid body weights in taxonomic identification of isolated teeth are
explored for the Nachukui Formation.
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Chapter 1

INTRODUCTION

Global climate change has been proposed as a main influence on evolution, and in
particular has been implicated in triggering pulses of evolutionary turnover during the
Pliocene and Pleistocene. The onset of northern hemisphere glaciation, some 2.8 million
years ago (Shackleton et al. 1984; deMenocal 1995) is marked by general temperature
decline and the episodic intensification of cooler and drier climates. A particularly
marked shift is thought to have occurred between 2.5 and 2.3 ma, especially at higher
latitudes (Kennet 1995). These changes had a dramatic impact on terrestrial fauna and
flora worldwide. Although the effect of global climate on the timing of terrestrial
mammalian faunal change on the African continent has been the focus of investigation in
recent years (Vrba 1985a, 1988; Behrensmeyer et al. 1997; Bobe & Eck 2001), it remains
poorly understood. East African environments are understood to have become
increasingly arid and open after 2.0 ma (Feibel ef al. 1991, Bonnefille 1995) especially at
1.7 ma (deMenocal 1995). Rapid species turnover in terrestrial mammals, and in
particular within the Bovidae, was identified by Vrba (1985a, 1995) between 2.8 ma and
2.5 ma, and formed the basis of her ‘turnover pulse hypothesis’. In contrast, gradual
turnover in terrestrial mammals from the Turkana Basin was identified between 3.0 ma

and 2.0 ma by Behrensmeyer et al. (1997).

In this study, the responses of the mammalian fauna to Plio-Pleistocene climate change
are explored using fossil assemblages from the Turkana Basin of East Africa. The Omo
Group Deposits of the Turkana Basin represent a continuous sequence of fluviatile and

lacustrine, Plio-Pleistocene fossiliferous sediments with good time control. This sequence
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therefore provides a unique opportunity to closely examine the effects of climate change
on large mammalian faunas. To ensure that the stratigraphic sequence with the highest
representation of specimens does not bias the interpretation of the whole basin, the three
main successions are examined independently. The Omo Group Deposits are represented
by three geological formations that are distributed around the northern part of the modern
Lake Turkana. The stratigraphy and depositional environment of the Omo Group deposits
are described in Chapter 2, but particular attention is paid to the Nachukui Formation for
which new data were collected as part of this study. The detailed methodology for the

procedures used in ali aspects of this research project is provided in Chapter 3.

As conditions in the Plio-Pleistocene became increasingly drier and cooler, faunas would
have adapted to changing habitats. This study aims to investigate the extent to which the
habitat and fauna of the Turkana Basin was affected by global climate change during the
Plio-Pleistocene through two main approaches. Firstly, through the relative abundances of
mammalian families represented in the fossil faunal assemblages, and with particular
emphasis on the tribal representation of the fossil antelopes, which are known to be
highly specific to certain habitats. Secondly, through the collection of new data from
extant antelopes, body weight prediction equations are developed to estimate the body
weights of bovids from the Nachukui Formation. Body size is shown to be related to
temperature and habitat and thus should have been affected by changes in these
parameters. The estimated bovid body weights are used to identify changes in body size
and relative biomass representation, which might indicate climatic and environmental

change.
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Several main issues are investigated in Chapters 4 and 5, which primarily focus on the
Nachukui Formation. The proportional representation of mammalian families and bovid
tribes, and evidence for faunal and inferred habitat change in the Nachukui Formation, are
investigated. The timings of any such changes are viewed in the context of the global
climatic record as well as in the context of observed changes within the Turkana Basin.
Thus, comparisons are made with the Shungura and Koobi Fora Formations, to identify
the incidence of concurrent change in the relative proportions of main families, which
might indicate that global-scale phenomena are the main influence on faunal and habitat
representation in the Turkana Basin during the Plio-Pleistocene. On the other hand if
concurrent variation is not identifiable, then local-scale phenomena such as tectonic
influences, volcanic activity, or lake presence and absence may be more important in
influencing local faunas and habitats. In Chapters 6 and 7, the body weights of modern
and fossil bovids are estimated. To interpret the body size of fossil antelopes, new data
were collected from the skeletal remains of an extant population of antelopes for which
live body mass data were available. These data provide an essential and valuable
resource, and the formulation of new body weight prediction equations, with associated
enabled prediction errors, allow an assessment of the reliability of different
measurements, as well as comparisons with available published body weight prediction
equations. Mean body weights are analysed for tribes of bovids through time to identify
variation that might be linked to changing climate. In addition, the representation of
habitat-specific bovids is explored in terms of biomass to infer palacohabitats. The use of
predicted body weights as a technique for suggesting taxonomic identifications of isolated
bovid teeth is explored. Finally, in Chapter 8, the results from the entire study are
discussed and concluded and a section is devoted to suggesting areas for further study.

The potential for future research and data collection are discussed.



Chapter 2

BACKGROUND TO RESEARCH PROJECT

2.1 Introduction

This chapter is divided into three main sections to provide the background relevant to the
research project. Firstly, the current topical discussion regarding climatic change in the
Plio-Pleistocene and the impact it may or may not have had on terrestrial faunal change is
discussed. Secondly, the background to the study and estimation of body weight as a tool
for interpreting fossil mammal assemblages is covered. Finally, the background to the
stratigraphy and correlation of the three geological formations of the Turkana Basin is
provided. Particular attention is paid to the geological members of the Nachukui
Formation, from which the sample of fossil fauna was collected and that is analysed in

this research project.

2.2 Climate change and evolutionary hypotheses

There has been much recent debate about the influence of changing climate on
environments and evolution (Hill 1987; Andrews 1992; Axelrod 1992; Behrensmeyer et
al. 1995, 1996, 1997; Rightmire 1993; Partridge et al. 1995; Vrba 1995; Foley 1993,
1996; Potts & Deino 1996; Feibel 1997; Potts 1998a & b; Agusti ef al. 1999). Shifts in
climate have significant consequences for habitats and ecosystems and may result in the
extinction and appearances of new species (Brain 1981; Laporte & Zihlman 1983; Stanley

1988; Potts 1996a & b; Denton 1999; Owen-Smith 1999). In Plio-Pleistocene Africa,
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species turnover in ungulates, Proboscidea, Cercopithecidae and Homininae have all been
cited as evidence for environmentally directed change (Turner & Wood 1993a; Turner &

Anton 1998; Turner 1999).

2.2.1 Evidence for climate change during the Plio-Pleistocene

There is good evidence to show marked climatic change during the last five million years
(Shackleton & Opdyke 1976; Thomson & Flemming 1996; Prentice & Denton 1988;
Shackleton er al. 1995; Potts 1998a & b; Raymo & Ruddiman 1992; Dupont & Leroy
1995; Kennett 1995). Mean global temperatures, prior to the onset of northern hemisphere
glaciation may have been as much as 3.5 °C degrees warmer than present, based on the
stable oxygen and carbon isotopic evidence from marine records (Raymo et al. 1996;
Lagoe & Zellers 1996). Detailed study of cores off the west and east coasts of Africa have
shown that the continents climate and vegetation cover was highly variable from the early
Pliocene to the present (deMenocal & Bloemendal 1995; deMenocal 1995; Thomson &
Flemming 1996; Potts 1998a & b). Decreasing temperature oscillations are observed
throughout the Plio-Pleistocene. This oscillatory cooling is the result of orbitally induced
cyclical phases causing the growth and retreat of polar and high altitude ice caps
(Shackleton & Opdyke 1976; Shackleton et al. 1984; Prentice & Denton 1988, 1999).
DeMenocal (1995) shows convincingly that dramatic oscillations driven by orbital
periodicities were felt in low latitude Africa. Climatic responses to orbital insolation can
be rapid and have significant impact on vegetation (Rossigno-Strick 1983). Evidence
from dust and oxygen isotopes in marine sediment cores provides a detailed record of the
frequency and amplitude of climatic oscillations (Figure 2.1). Changes in the dominance
of regular global climatic cycles, the so called astronomical or Milankovitch cycles, can

be identified during the Plio-Pleistocene. These cycles coincide with major variations
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found in the marine records and are a main cause of African climate variabliliy (Figure
2.1). However, it is important to appreciate that the Plio-Pleistocene ice ages were also
affected by other large-scale phenomena and not solely by orbital factors. These factors
include changes in ocean circulation and major tectonic events such as the uplift of the
Tibetan Plateau and the closing of the Isthmus of Panama (Traverse 1982; Stanley 1995,

1996; Stanley & Ruddiman 1995).

Marked increases in aridity have been identified at 2.8 ma, 1.7 ma and 1.0 ma in East
Africa. These dates primarily indicate substantial increases in the overall amplitude of
fluctuation in climate, rather than permanent shifts towards drier more open environments
(deMenocal & Bloemendal 1995; deMenocal 1995; Dupont & Leroy 1995; Potts 1998a &

b).

The first major glaciation event of the Plio-Pleistocene has been identified at around 2.5
ma (Shackleton ef al. 1984) and palacoenvironmental and evolutionary changes at this
time have been linked to this. Some of the evidence for palaeoenvironmental change
associated with this event include loess deposition in China (Kukla 1987, 1989; Kukla &
Zhiseng 1989), significant cooling in the Andes (Hooghiemstra 1986), palynological
indicators (deJong 1988), the beginning of the Mediterranean seasonal pattern (Zagwijn
& Suc 1984) and the opening up of the East African landscape where open and arid
habitats became increasingly prevalent (Wesselman 1984, 1985; Bonnefille 1985, 1983,
1984, 1995; van Zinderen Bakker & Mercer 1986; Bonnefille et al. 1987; Janeck &

Ruddiman 1987).
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Evidence for mammalian faunal turnover and a vegetational response, for both Africa and
Europe, around 2.5 ma has been put forward (Vrba 1980a, 1985a & b, 1988, 1995a & b;
Turner 1995; Bobe et al. in review). In particular, the dramatic radiation of bovid species
that is seen in the Neogene has been cited as a response to increasingly open
environments (Vrba 1985, 1995). Rapid faunal change has been identified between 2.9
ma and 2.8 ma followed by marked faunal variability after 2.5 ma in the Omo fauna
(Bobe et al. in review). In addition, the increase in hominin diversity with the appearance
of Homo and of stone tools at 2.5 ma has been examined in relation to the climate shift
identified by Shackleton (1984) (Brain 1981; Hill 1987; Vrba 1988; Stanley 1992; Turner
& Wood 1993a & b; Schrenk et al. 1993; Kimbel 1995; Vrba 1995b). However, with
hominin diversity now firmly established as far back as 3.5 ma (Leakey et al. 2001), the
significance of the appearance of Homo will need to be readdressed in the context of

climate change (Figure 2.1).

Other evidence for Plio-Pleistocene environmental change has been cited in East Africa,
especially around 1.8 ma (Cerling et al. 1988; Sikes 1994, 1998). Fossil pollen analyses
in the upper Olduvai Gorge Bed 1 deposits, near 1.75 ma, show a decrease in forest
pollen samples, reflecting increasing aridity. Environmental conditions were more arid
than are found there today (Bonnefille 1984, 1995) and a marked decrease in rainfall at
this time has been shown to occur through the analysis of d'*0 in pedogenic and ground
water carbonates (Cerling et al. 1977; Cerling & Hay 1988). Stable isotope signatures can
provide detailed insight into palaeohabitat, vegetation and climatic variation (Cerling et
al. 1988; Ambrose & Sikes 1991; Cerling 1992; Cerling ef al. in press). Analyses of the
micromammalian (Ferndndez-Jalvo 1998) and macromammalian faunas in East Africa,

especially the Bovidae (Gentry 1978a & b; Kappelmann 1984; Shipman & Harris et al.
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1988), support the palacoenvironmental interpretation that there was a drying and opening
up of environments at this time in East Africa. Prior to this the palacoenvironment was
considered to have been wetter than present and supporting a savannah mosaic with tracts
of grassland, woodland and bushland with intermittent swamps (Plummer & Bishop
1994). Additional evidence for global response to climate change at around 1.9 ma to1.6
ma, is presented by Turner & Anton (1998) and Wynn & Feibel (1995). Turner & Anton
(1998) cite the extinction of machairodont cats at 1.7 ma as coinciding with records of
increased aridity. The widespread nature of fossil vertisols within the Koobi Fora
Formation is indicative of continuous seasonal semiarid climate but at 1.65 ma a period of
increased aridity is recorded by the presence of a highly calcareous vertisol (Wynn &

Feibel 1995).

2.2.2 Environmental hypotheses of mammalian evolution

Several theories have been suggested to explain how climatic transitions affecting habitat
may have influenced mammalian evolution and especially of the Homininae (Foley 1994,
1996). The different environmental hypotheses for human evolution are summarised

clearly by Potts (1998a) and Feibel (1997).

These hypotheses include i) the savannah hypothesis, in which a shift from more forested
to open habitats, namely grasslands, is caused by changes in global temperature from
warmer wetter to cooler drier conditions (Potts 1998a); ii) the variability selection
hypothesis (Potts 1996a & b) which focuses on the repetitive nature of climatic and
environmental oscillations as being the driving force for speciation. This focuses on the

environmental parameters of repeated shifts rather than concentrating on any single event;
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iii) the turnover pulse hypothesis (Vrba 1985b, 1988, 1999), a broad faunal approach that
links clusters of speciation and extinction events in the fossil record to climatic events.
The turnover pulse hypothesis states that physical environmental change is required to
initiate most speciations, extinctions and distribution drift. Thus most lineage turnover
has occurred in pulses, near synchronous across diverse groups of organisms and is
associated with physical changes (Vrba 1988). The widely cited 2.5 ma event associated
with the onset of northern hemisphere glaciation (Shackleton et al. 1984), has been linked
to the appearance of Homo and of stone tools (Stanley 1992; Schrenk et al. 1993; Kimbel
et al.1996; Semaw et al. 1997; Semaw 2000), as well as a sudden ‘pulse’ in the turnover

of mammalian lineages (Vrba 1988, Vrba 2000).

The first and last appearance datums of African terrestrial mammals and in particular the
Bovidae were considered in terms of this change in global climate (Vrba 1985a & b,
1988, 2000). The Plio-Pleistocene fauna examined by Vrba did not include the West
Turkana material, as it was unpublished at the time of study (Vrba 1988). Vrba’s analysis
of bovid fauna from East and South Africa (Vrba 1985c) shows a ‘turnover pulse’
between 2.4 ma and 2.6 ma, particularly in the appearance of species of grazing Bovidae.
These findings support the interpretation of grassland expansion and habitat opening at
this time. Appearance of Eurasian immigrants and locally evolved species that show more
open habitat preferences, must have been initiated by physical change at this time. Vrba
cites the increasing abundance of Alcelaphini after 2.5 ma accompanied by morphological
adaptations as a response to changing habitats. For example, there is a trend of premolar
reduction and emphasis on the molar tooth row development. The loss of second
premolars in some genera of Bovidae is particularly obvious in the Alcelaphini, namely in

species such as Megalotragus, Beatragus, Connochaetes, and Parmularius (Vrba 1984;
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Harris 1991; Turner 1995) and may be indicative of increasing adaptation to coping with
a diet comprising coarse, often dry, grass. However, Vrba (1988) suggests that the
stability in the relative abundances of dominant resident bovid tribes in the Omo Group
Deposits as identified by Shipman & Harris et al. 1988, would be expected as the
Turkana Basin represents a fluvio-deltaic refugium in the midst of widespread climatic
change. Whereas at the species level, first and last appearances, as well as from biomes
peripheral to the main fluvial/deltaic system, occur as a result of climate and habitat
change. (Bobe et al. in review) show that climatic forcing in the late Pliocene is more
clearly indicated by population shifts rather than by turnover at the species level, for the

Omo mammal community.

2.2.3 Alternative evidence from the Plio-Pleistocene

The validity of the turnover pulse hypothesis, that synchronous change in multiple groups
was caused by a marked shift in warm moist conditions to cooler, drier and more open
habitats, has not been supported by several studies (White 1995; Prothero 1995; Kerr
1996; McKee 1995, 1996, 1997, 1999; Behrensmeyer et al. 1997). Behrensmeyer et al.
(1997) found that the turnover of mammalian lineages was prolonged between 2.5 and 1.8
ma, with no significant identifiable pulses of evolutionary change. White (1995) ShO\.NS
that the evidence from the suid and hominin records argues strongly against the turnover
hypothesis. Prothero (1995) does not support the turnover hypothesis, arguing that it is
too generalised. Van Valkenberg shows that East African carnivore diversity did not
changed significantly for some 2.0 ma but remained stable (Van Valkenberg 1985, 1988).
Cerling (1992) and Cerling & Hay (1988) present data from stable carbon isotopes in soil
carbonates through the Plio-Pleistocene that reflect marked variation in the vegetation,

with wide and frequent fluctuations between woodland to grassland around 2.5 ma. The
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8"3C values from pedogenic carbonates suggest that C4 grasses did not become well
established until about 1.8 ma (Cerling et al. 1988), although their initial emergence
between about 8 ma — 6 ma was accompanied by a worldwide faunal change (Retallack
1992; Ducas & Retallack 1993; Cerling et al. 1998; Cerling in press). Cerling et al.
(1998) show how declining atmospheric CO; levels affect plants and favour the expansion
of tropical C4 biomass once a threshold in CO, atmospheric concentration is reached. On
a global scale, this would have had far reaching consequences on both flora and faunas.
Mammalian evolution in the late Neogene may be closely related to CO, starvation of C3
ecosystems as a result of changes in aridity. In addition, the role of tectonics, rather than
climate, is increasingly being viewed as the dominant factor in shaping habitat within the
Turkana Basin (Brown 1994, 1995; Feibel 1997). This is discussed in more detail in a
later section. With further investigation it may be possible to show how volcanism in the
south eastern part of the Turkana Basin affected or even controlled sedimentation in the

north of the Basin (Brown 1994).

2.2.4 Axial versus marginal depositional systems of the Turkana Basin during the
Plio-Pleistocene

The palaeontological and geological record from the Turkana Basin, dominated by fluvial
settings for most of its history, offers an ideal scenario with which to assess
environmental change, especially when the three geological formations are considered in
isolation. Taphonorhic variation as a result of different depositional systems must be
considered when fossil assemblages are analysed (Dechant-Boaz 1994). Brown (1995)
provides a clear overview of the palacoenvironmental factors operating in the Turkana
Basin during the Plio-Pleistocene. Both local climate and the headwater climate will

influence habitats within the basin and these in turn may be influenced by different
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factors. Two systems are recognised in the Turkana Basin, the axial perennial river
system (the ancestral Omo) and that of the marginal seasonal rivers. The analysis of fauna
from the Nachukui Formation is therefore highly relevant because habitats from the basin
margin, rather than the main fluvio-deltaic axial system of the Shungura Formation, can
be sampled. The analysis of fauna from the Nachukui Formation may therefore shed light

on climatically induced habitat change.

The development of lacustrine systems would have displaced fauna and flora to the basin
margins. The subsequent infilling of the basins would have been accompanied by
community succession across the landscapes. However, throughout most of the
Pleistocene the basin was dominated by a fluvial system, which allowed the development
of extensive flood plains. The sinuosity of the meandering river would have controlled the
volume of vegetation, habitats and fauna associated with it. The abundance of forest-
adapted species would depend on the presence of gallery forest. Grassland animals would
be displaced at times of peak flooding but would take advantage of floodplain grasslands

when waters receded (Feibel 1995).

2.2.5 Summary

In this project, the pursuit of evidence for Plio-Pleistocene faunal change in the Turkana
Basin and its relationship with known changes in the climatic record is approached from
several different angles. Relative abundances of mammalian families, especially Bovidae,
provide a general characterisation of habitat type (Vrba 1975; Potts 1988; Shipman &
Harris et al. 1988). This assumes that certain taxonomic groups correlate with habitat in
both the past and the present. The relative faunal and bovid abundances are assessed and

compared in detail with those of the Koobi Fora and Shungura Formations in Chapter’s 4
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and 5. A second approach is to identify shifts in the body size of fossil Bovidae and to
investigate the validity of body size as a paleobiological indicator. Body size is a
parameter that can be readily estimated for fossils using prediction equations and has
been used in palacontology (Andrews et al. 1979; Andrews & Evans 1979; Scott 1983,
1985; Legrendre 1986, 1991; Janis 1990; Ruff 1991; Aiello & Wood 1994; Andrews
1995; Jablonski 1996; Delson et al. 2000). In this study, body size is used to explore and
interpret the bovid sample from the Nachukui Formation. In the following section the
background to the relevance of body size is addressed, including the physiological
significance of size, the impact on population density, the mechanical constraints and the

application of body size interpretation to the fossil record.

2.3 Body size

There are numerous studies on scaling and body size in mammals (Smith & Ledger 1964;
Gould 1975; Western 1979; Dechow 1983; McHenry 1984; Jungers 1994, 1985a & b;
Gingerich & Smith 1985; LaBarbera 1989; Maiorana 1990; Illius & Gordon 1992; Martin
1996; Silva 1998; Ruff 2000; Delson ef al. 2000). The estimated body masses of fossil
mammals, particularly Bovidae, can provide some insight into their life histories, habitat
preferences, and diet. Body size changes in mammalian evolution have been well
documented for example, in deer (Scott 1987; Perdue 1989), reindeer (Skogland 1983;
Guthrie 1984; Weinstock 1997), hyaena (Klein & Scott 1989), carnivores (Klein 1986;
Anyonge 1993), bovids (Scott 1983, 1985, 1990), hominins (Ruff 1991; Aiello & Wood
1994; Kappelman 1996; Hens et al. 2000) and primates (Aiello 1981, 1992; Dagosto &
Terranova 1992; Smith & Jungers 1997; Delson et al. 2000). Isolated populations of

mammals, due to dispersal to new habitats or as a result of changing environments, are
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exposed to different predation pressures and resource availability and therefore the
selection on body size changes (Koehl 2000). For example, island races are often larger or
smaller than mainland counterparts as a result of natural selection for size (Lister 1996;
Marquet 1998). Current research on finches on the Galapagos Island, reported in Weiner
(1995) illustrates how in a relatively short time frame (several generations), there is
dietary-driven morphological change in beak size, depending on the abundance of certain
food types influenced by weather patterns. This is a response to the opening of certain

niches for exploitation where there is no competition.

In the following section the main physiological aspects of mammalian body size are
covered to provide an understanding of the significance of body size, especially in the

interpretation of fossil mammals.

2.3.1 Physiological significance of body size of modern animals

Size-related relationships with physiology that are identified in modern mammals can be
applied to ecologically similar species from the fossil record. However, size-related
patterns and body size proportions of living species are complex (Prothero 1992) and
must be applied with care when inferences are made about the physiology of animals in
the fossil record. Physiology is not solely affected by body size, although a correlation
has been demonstrated in a number of studies (Peters 1983; Schmidt-Nilsen 1984; Calder
1984; Damuth & Macfadden 1990; Steudel er al. 1994; Brown et al. 2000). The
physiological functions that are most likely to have an effect on the ecology, distribution

and evolution of mammals include metabolism, temperature regulation, locomotion,
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ingestion, respiration, water balance, reproduction and growth. Their consequences are
summarised briefly below. However, these factors are often correlated with one another.
Larger animals show increased variability in their relative size than do smaller animals

(Hallgrimsson 2000).

2.3.1.1 Metabolism and temperature regulation

The metabolic rate is the rate at which organisms transform energy and body materials to
release metabolites (Brown et al. 2000). These transformations are the result of a
common set of biochemical reactions because organisms are made up of similar elements
and compounds. Therefore the uptake and release of metabolites are characterised by
similar scaling exponents throughout a range of different organisms (Melton 1993). It is
suggested that a common mechanism links the scaling of most anatomical, physiological
and ecological characteristics of organisms so that their allometric exponents are
predicted to be simple multiples of % (Brown et al. 2000). Thus the metabolic rate of
mammals, ranging in size from mice to elephants, scales as the % power of body mass
(Hemmingsen 1960; Peters 1983). Scaling relationships and explanations for them,
specifically the quarter-power scaling relationships of body size, have been discussed in
considerable detail in three major works: McMahon & Bonner (1983), Calder (1984), and

Schmidt-Nilsen (1984).

Metabolism provides the physical power to build all biological structures and to run
biological systems. Thus the metabolic rate limits all biological processes from the
cellular level through to that of populations. The rate of metabolism of an animal as a

function of body size is complex and is dependent on a variety of factors, including,
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ambient temperature, activity level, climate and temperature regulation (Phillips & Heath
1995). In general, large mammals have higher total rates of metabolism than small
species but lower relative rates of metabolism because metabolism increases with %
power. Therefore an increase in body size requires an increase in the rate of expenditure
of energy and availability of food in the environment (MacNab 1990). Hemmingsen
(1960) explores metabolic rates of various organisms in relation to their body weight in
detail and divides organisms into three metabolic classes determined by size similarity
(Schmidt-Nilsen 1972). Within these groups the cost of maintaining a given biomass of
large animals is less than that required to maintain the same biomass in small animals
(Peters 1983). The basal rate of metabolism represents the minimal energy expenditure
and rate of metabolism that is compatible with temperature regulation. In addition,

diverse dietary groups have different basal metabolic rates.

2.3.1.2 Locomotion

Every animal moves in one way or other and movement is costly in terms of energy
consumption. The interrelations between body size, velocity, distance and mode of
locomotion are used to explain the metabolic rate of moving animals (Peter 1983; Steudel
& Beattie 1993). In general, smaller Bovidae have energetically costly locomotor
behaviours for their body size (Biewener 1989, 1990; Stein & Casinos 1997). Some of the
direct implications of size on locomotion are explored for swimming, flying and running
(Bonner 1965). Further relationships between terrestrial locomotion and body mass are
summarised in Taylor ef al. (1982). Relationships between locomotion and body mass in
terrestrial mammals have been explored (Garland 1983; van Valkenberg 1987, 1988,

1990; Bertram & Biewener 1990; Preuschoft ef al. 1996). Garland (1983) and Garland &
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Janis (1993) show that the metatarsal/femur proportion can be used to predict locomotor
performance in several mammalian species. For example, significant relationships exist in
both ungulates and carnivores, although ungulates have larger metatarsal/femur ratios
than carnivores although they are generally slower. Van Valkenberg (1987, 1988, 1990)
provides body weight estimation equations for Carnivores and discusses the range of
body shapes and the relationships to behaviour. For example, felids are generally robust
and heavier than canids, reflecting their climbing and prey killing behaviours, while the
canids are more cursorially adapted. Similarly, the small size and locomotion in
prosimians and the body mass and body shape of primates are influenced by their arboreal

habits (Preuschoft et al. 1996, 1998).

2.3.1.3 Ingestion

Foraging and food processing capacity are the two characteristics of an organism that are
size limiting in relation to feeding (Lundberg & Persson 1993). The body size of
herbivores has implications for the feeding niche of a species due to the minimum quality
of food necessary for survival. The Bell-Jarman principle (Bell 1971; Jarman 1974)
argues that small antelope require high quality (low fibre) food as they have relatively
high metabolic rates. This assumes however that all antelopes digest similar quantities of
food relative to body mass. Larger animals are found to have a greater capacity to process
lower quality forage and ruminants (foregut fermenters) are less tolerant than non-
ruminants (hindgut fermenters) to poor quality diets (Demment & van Soest 1985). The
relationships between diet quality, energy requirement and body size are modelled and
explored further by Illius & Gordon (1992) and Lundberg & Persson 1993). If the

assimilation efficiency is known then food intake can be estimated from the energy and
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nutrient requirements of a species. In fossils this can only be presumed to be comparable
to modern day species of similar body mass and climate regimes. Equations for
estimating food intake are summarised by Nagy (1987) and are proportional to body mass
raised to the power 0.73 for herbivorous animals (MacNab 1990). Assimilation efficiency
of herbivores is about 50 percent of food intake, which is equivalent to four times the
basal metabolic rate (MacNab 1990). The relationship between body mass and basal rate
of metabolism has been widely explored (MacNab 1980, 1983, 1988) and much of the
variation is related to food habits. Grazers tend to have basal rates that are two or more
times those of frugivores, browsers or insectivores of the same body mass. As energy and
nutrient requirements increase with mass, so larger animals are more greatly affected by
availability of nutrients and the influence of seasonal availability, digestibility and
toxicity in the environment. The use of a basal rate function to estimate rates of energy
expenditure in fossil mammals is complicated by the fact that mammals spend little time
in a standard state. This is therefore a more useful indicator when examined in

conjunction with other physiological variables (MacNab 1980, 1988, 1990).

Janis (1976) suggested that over evolutionary time, perissodactyls (hindgut fermenters or
non-ruminants) were able to survive competition from the ruminant herbivores due to
their ability to digest and tolerate a more fibrous and less nutritious diet. The lower
tolerance of ruminants to a poor quality diet acts as a constraint to larger body size and
this may explain the predominance of non-ruminants among the largest herbivores
(Demment & Van Zoest 1985; Illius & Gordon 1992). The upper limit to body size is
determined by the ability to extract nutrients from feeding niches during the hardest times

in a seasonal cycle (Illius & Gordon 1992).
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The relationship between body sizes and feeding is summarised by Jarman (1974) in
which a scatter of bovid body weights representing five feeding styles, shows
considerable overlap between the weight ranges in adjacent feeding styles, however, there
is a general progression from small to large species. Selective feeders tend to be small

whereas wide-ranging unselective feeders tend to be large (Jarman 1974).

2.3.1.4 Respiration and water balance

The correlation of respiration with body mass has not been widely used in palaeontology.
Large mammals require more water than small species but small species need more water
on a mass specific basis (MacNab 1990; Calder & Braun 1983). Small mammal diversity
is strongly correlated with rainfall whereas large mammal diversity is not (Andrews &
O’Brien 2000) suggesting that distribution of small sized species is determined by
availability of minimum moisture requirements, as their ranges are restricted due to body
size. Alternatively smaller species must be adapted to tolerate lower moisture availability.
Many of the smaller Bovidae, such as the dik dik (Madoqua kirkii) show specialised
physiological adaptations such as concentrating urine and nasal panting to reduce water
loss. Some larger species are also able to exploit habitat extremes, such as the oryx (Onyx

beisa), through adaptations such as light colouration and nasal panting to tolerate heat.

2.3.1.5 Behaviour and reproduction

Several examples of behavioural scaling have been explored (Peters 1983, Gerard &

Loisel 1995; Mooring et al. 2000). These include cognitive ability, social dominance and
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sociality. Peters (1983) states that relationships exist between body size, ecology, social
behaviour and spatial organisation, especially for the Bovidae (Jarman 1974; Leuthhold
1977). Group size generally increased with habitat openness in large herbivores both
within a species and across a given taxonomic family (Gerard & Loisel 1995). Larger
brain size, learning ability, life span, and behavioural complexity all show relationships
with body size but this has been shown to vary between taxa (Peters 1983). Predator-prey
body size ratios are related to the stability of food chains (Jonsson & Ebenman 1998)
social dominance (Morse 1974) and group behaviour is also found to increase in larger

mammals such as antelopes (Jarman 1974) and primates (Clutton-Brock & Harvey 1977).

Reproduction and growth vary with body mass and have been examined by a number of
authors who have drawn up relationships regarding neonatal mass, gestation period, and
growth. The various relationships between body mass and reproduction have been
explored (Millar 1977; Case 1978; Lindstedt & Calder 1981; Zullinger er al. 1984).
Gestation period and the time from birth to sexual maturity increases with body mass and
a positive relationship exists between neonate mass and that of the mother (Lindstedt &
Calder 1981). However, in general a negative correlation is seen with body mass and litter
size (Lindstedt & Calder 1981). Case (1978) and Millar (1977) explore the complex

nature and relationships of growth rate with body size.

2.3.2 Body shape and size and mechanical constraints

Terrestrial animals span a large size range and are all constructed of similar organic

materials. Evolutionary and ontogenetic changes in body size result in constraints in the

design and function of skeletal support systems. In order to meet the requirements of
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skeletal support systems, large organisms must either scale with strong allometry or
evolve a means to reduce the strain on tissues (Biewener 2000). Terrestrial animals are
not geometrically similar but become progressively stockier with body size increase as a
necessity to support higher body masses (McMahon 1973, 1975, 1980). McMahon (1980)
deduces a number of allometric relationships between body mass and basal metabolic
rate, limb or trunk diameter and muscle power with muscle cross-sectional area,
especially for Bovidae and primates. Different constraints, as a result of scaling
relationships, apply to terrestrial mammals above and below 20 kg (Economos 1983).
Similarly, at body masses above 300 kg, positive changes in skeletal shape and
behavioural constraints, specifically locomotory behaviours, are needed to support these

higher masses and prevent structural damage (Economos 1983).

There may be a selective advantage to large size, which may result in size increases in
phylogenetic lineages (Alroy 1998). Taxa that show such trends include the
proboscideans and equids. There are of course exceptions to this rule and many of the
largest species of many groups, including birds, insects, amphibians and reptiles are now
extinct (Stanley 1973). Similarly, for taxa showing phyletic size increase, Stanley (1973)
found that maximum size increases with time but that the minimum and median sizes are

little affected. This is likely to be because most presumed ancestors were small.

Fewer predators, wider geographical ranges, less heat loss, mobility and increased
morphological specialisation are all cited as advantages of increased body size. But there
are also advantages in being small, such as finding shelter and the ability to be
camouflaged, having smaller territories to defend, lower nutritional demands and energy

requirements. Interspecific competition may also play a significant role in influencing



-23-

body size and structuring ecological communities (Dayan et al. 1991). The continued
existence of both large and small species shows that both are viable strategies that are
adopted by modern day taxa (Gould 1966) although there are far more small species than

large and the average size of all mammalian species is extremely low.

2.3.3 Relative biomass representation for the interpretation of habitat

Population densities and body mass often calculated in modern ecological studies such as
for primates (Clutton-Brock & Harvey 1977) and herbivorous mammals (Eisenberg &
Seidensticker 1976; Eisenberg 1980; Damuth 1987). Population densities generally
decline with increasing body size (Damuth 1982a; Peters 1983). It is suggested that over a
large range of body sizes, the average population density decreases exponentially with
increasing species body size and that individual energy requirements ultimately limit the
maximum population densities in nature (Cyr 2000). The implications of the body size
and population density relationship are numerous and complex. For example, the
population density of a herbivorous mammal might be be considerably affected by
predator abundance and vice versa, or by migrations in or out of a defined area, and so

these densities are not necessarily fixed (McNauhgton & Georgiadis 1986).

However, body size relations to species abundance, do provide some of the most general
tools for the prediction of population densities and generally exhibit highly significant
trends (Peters 1983). Larger animals share home ranges with more animals and thus
require social behaviours, which become increasingly complex with increased body size

(Peters 1983).
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2.3.4 Application of body size to the fossil record

The body masses and size of fossil species can obviously never be calculated precisely
but have to be estimated using equations derived from living examples with known body
masses and measurements of their skeletal remains. Body size changes within lineages
have been observed in the fossil record in many instances, including examples of
dwarfism and gigantisism when populations become isolated in islands (Lister 1996;
Maiorana 1990; Martin 1990; Roth 1990). Extinctions have been shown in certain
instances to be size selective, affecting larger terrestrial vertebrates above smaller ones.
This is particularly true for the Pleistocene and Cretaceous extinction events (Martin &
Klein 1984; Padian & Clemens 1985). Over evolutionary time, diversity and size
directional changes have been observed in some clades of Bovidae that can be correlated
with changes in climate (Janis 1989; Vrba 1992). Body proportions, scaling relationships
and functional implications are important areas of research in palaecobiology (Gould 1975;
Fortelius 1985; Scott 1985). Taphonomic processes can operate on vertebrate remains in
a size-dependent way and thus body size can be a useful tool when interpreting fossil
assemblages (Behrensmeyer 1975; Behrensmeyer et al. 1979; Behrensmeyer & Hill 1980;
Damuth 1982b; Badgley 1986). Widely discussed issues include; Cope’s Rule, that size
trends increase within lineages (Gould 1988), the rate of change of body size in evolution
(Gould & Eldredge 1977; MacFadden 1987) and Bergmann’s Rule, that animals in cold
climates are usually larger than conspecific populations from warmer climates, in order to
reduce relative external surface area from which to lose heat (McNab 1971; Schmidt-

Nielsen 1972; Steudel et al. 1994). These are all relevant palacoecological phenomena.
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Estimated body weights for fossil herbivores can help to make inferences relevant to
palaeoecology and can provide some information on the physiology and behaviour of an
animal especially if combined with additional information that can be gleaned from the
numerous correlations drawn between different aspects of physiology and body size
among living mammals (MacNab 1990). Body size range and distribution have been used
in numerous studies to interpret climate, ancient vegetation, and community structure and
evolution (Farlow 1976; Fleagle 1978; Andrews, et al. 1979; Janis 1982, 1984; van
Couvering 1980; Legrendre 1986; van Valkenberg 1985, 1988; Jungers 1988a & b; Ruff
1991, 1994; Kappelman et al. 1997; Gagnon 1997; Andrews & O’Brien 2000). More
specifically body size has been used to interpret habitat preference (Jarman 1974),
locomotion (Kappelman 1988), diet (Sinclair 1983; Demment & van Soest 1985; Janis
1988; Sponheimer et al. 1999;) and life history strategies (Blueweiss et al. 1978; Calder

1984; Martin & Mac Larnon 1990).

The Bovidae exhibit a wide range in body mass, habitat preference and behaviours,
including locomotory, feeding and social adaptations (Gordon & Illius 1994, 1996; Perez-
Barberia & Gordon 1998, 1999). Thus, the Bovidae provide an ideal opportunity to
determine the influence of body size on ecological strategies. Relative biomass
representation can be used in a similar way to the comparisons made with relative
abundances, to determine the likely habitat representation. For example, if the relative
Alcelaphini biomass is high, then it can be assumed that grasses must have been abundant
in order to support this trophic requirement. The Alcelaphini are generally recognised as
grazers (Jarman 1974; Kingdon 1982, 1997). When larger Alcelaphini appear, they
represent an increase in the absolute biomass and this would suggest that that habitat must

have changed in such a way to accommodate this.
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Increasingly, the results from studies show that body size cannot be used as the sole
measure with which to define ecological strategies (Strier 1992; Ford & Davis 1992;
Grand 1997) and this becomes even more relevant where fossils are concerned. When
used in conjunction with additional information such as diet, behaviour, population size
and ecomorphology, then body size becomes a more meaningful tool for the

interpretation of palaeoecology.

2.3.5 Ecomorphological interpretation of fossils

Ecomorphological characters of limb bones, especially the proportions and morphology
of the articular surfaces, have provided information about habitat specificity (Andrews
1989; Plummer & Bishop 1994; Kappelman er al. 1997; Reed 1997a & b; Scott et al.
1999) and in some cases have shown good correlation with body size (Scott 1983, 1985).
Limb proportions are also shown to be habitat specific. Highly cursorial mammals have a
high femur/metatarsal length ratio, lengthened distal elements and restricted lateral
movement in the joints (Garland & Janis 1993). In addition the more cursorial an anirr_lal
is, the longer the limbs. Christiansen (1999) recognises relationships between ulna/tibia
length and body mass. Joint morphology is possibly correlated with substrate type but
recent studies have shown this to be less defined than previously assumed (Kohler 1993;
Kappelman et al. 1997; Sponheimer et al. 1999). Likewise in may be incorrect to assume
that bovid habitat specificity will correspond directly to the physical habitat in which they
are found at a particular time. For example, the bongo (Taurotragus euryceros) is found

in closed habitats but ecomorphologically corresponds to more open bushland. The bongo
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is likely to represent a bushland species trapped in its present location by increasing
rainfall and forest spread during the last 20,000 years. Some Bovidae are also known to
inhabit broader habitat ranges, such as the waterbuck (Kobus ellipsiprymnus). This is
thought of as an open country form, but it also relies on woodlands and must also be able
to manoeuvre through this complex substrate. Variations in limb bone morphologies
depend on design advantages for particular environments. For example, bovids inhabiting
closed environments demand increased manoeuvrability and propulsion for escape
(Garland 1993; Kohler 1993; Pollock & Shadwick 1994) and their limb morphologies are
adapted accordingly. Closed habitat bovids have a nearly spherical femoral head shape
that produces a highly mobile hip joint improving manoeuvrability. In contrast, open
habitat bovids, have more cylindrical femur head shapes which facilitate more cursorial
locomotion across a less complex substrate (Kappelman 1988; Kappelman et al. 1997).
The Bovidae in forested environments generally tend to be small-sized relative to open
habitat Bovidae. Smaller bovids also exhibit specific diet and water requirements.
Taxonomic, trophic and body size categories have been used to produce models of
ecological diversity in a modern context and can be used to interpret fossil assemblages

(Gagnon 1997).

2.4 Basin History

In this section a brief geological history of the Turkana Basin is provided. The geology,
palaeoecology and chronology of the formations of the Omo Group Deposits are
discussed. The Plio-Pleistocene members from the Nachukui Formation, dated between
3.3 ma and 1.6 ma, are described and correlated with members of the Shungura

Formation in the Omo Valley, and the Koobi Fora Formation of East Turkana. The
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history of sedimentation is explored so as to provide an understanding of the context in

which the fauna and sediments were preserved.

The dynamic nature of the Great Rift Valley, stretching from Aden in the north of Africa,
to Malawi in the south (Figure 2.2), has influenced the sedimentary and volcanic systems
within it. Water draining from the highlands either side, flows into the basin and
accumulates as large rivers or lakes on the valley floor. The modern Lake Turkana is fed
mainly by the large Omo River originating in the Ethiopian highlands. The Turkana Basin
preserves a detailed record of past life in the region. The sedimentary deposits from the
north, east and west of the present day lake, indicate that a fluvial system dominated the
region for the last four million years, flowing from north to south through the basin as the

ancestral Omo River.
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2.4.1 Omo Group Deposits

The sedimentary deposits of the Turkana Basin of northern Kenya and southern Ethiopia
are made up of lacustrine and fluviatile sediments, which comprise sediments from the
Late Miocene, Pliocene and Pleistocene. The Pliocene and Pleistocene sediments are
collectively known as the Omo Group Deposits. The stratigraphy and palacoenvironments
have been described in detail (Arambourg 1947; Harris et al. 1988a & b; de Heinzelin &
Haesaerts 1983a, b, & c; Harris 1983, 1991; Haileab 1988; Feibel 1983; Haileab &
Brown 1992; Brown & Feibel 1986; Brown 1994; Feibel 1999). Extensive interpretation
and analyses of the chronostratigraphy of the Omo Group Deposits have been
documented (Cerling & Brown 1982; Brown 1983; Brown et al. 1985a & b; Hillhouse et
al. 1986; Brown & Feibel 1986; Brown et al. 1988) and provides well-established
correlations between Plio-Pleistocene localities. The Turkana Basin lies within the
Eastern Rift System of the Great Rift Valley (Behrensmeyer 1975; Morley et al. 1992)
(Figure 2.2). The considerable volcanic activity in the region throughout the Plio-
Pleistocene has presented an accurate chronology for dating and correlation of localities
both within the basin and as far a field as the Gulf of Aden (Brown et al. 1992, Haileab &
Feibel 1993; Haileab & Brown 1994). This record also provides a comprehensive insight
into past environments and the ecological diversity of the palacofauna of the Turkana
Basin and can be extensively used in the interpretation of palaeohabitats through time.
The history of the development of the Turkana Basin Plio-Pleistocene chronology is
covered in detail by Brown (1994). Numerous important discoveries, especially of

hominins, have been recovered from many of the localities throughout the Turkana Basin.
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The Omo Group Deposits exposed around the northern half of the modern Lake Turkana
and in the lower Omo Valley, constitute a major part of Plio-Pleistocene sediments in
East Africa (Figure 2.3, 2.4 & Table 2.1). The strata are exposed discontinuously around
the northern end of the modern Lake Turkana and represent the following formations; the
Shungura, Mursi and Usno Formations (de Heinzelin & Haesaerts 1983a, b & c) to the
north of the lake, the Nachukui Formation to the west and the Koobi Fora Formation to
the east of the lake (Figure 2.3). However the Mursi and Usno Formations in Ethiopia are
not considered in this project. The Turkana Group deposits are a group of more recent
sediments, which include the Kibish Formation (de Heinzelin 1983a) and the Galana Boi
Formations (Owen & Renault 1986). Certain ages are better represented in different
formations. However, the combination of three formations, the Shungura, Koobi Fora and
Nachukui, provide nearly 800 metres of strata and represent the most complete
lithostratigraphic record in East Africa for the time 4.2 ma to 1.0 ma. This is particularly
useful when making regional comparisons between fossil faunas. The Shungura
Formation, ranging 3.6 ma to 1.0 ma, is the most continuous of the Omo Group Deposits.
These sediments are largely fluviatile deposits laid down by the permanent Omo River
flowing into the basin throughout this time. The sediments of the Nachukui Formation are
not as fossiliferous or as extensive as the Shungura or Koobi Fora Formations, but th_ey
yield important remains from a time span 4.2 ma to 1.2 ma that allow us to sample the
basin margin habitats. Although less continuous, they include the time from 2.0 ma
through to 2.5 ma, which is not represented in the Koobi Fora Formation. The geographic
relationships between the sediments of the Nachukui, Koobi Fora and Shungura

Formations are depicted in Figure 2.3.
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The stratigraphic correlation of the Nachukui, Koobi Fora and

Shungura Formations. (Figure adapted from Harris ef al. 1988a).

Figure 2.4
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All three formations can be reliably correlated through the presence of the widely
distributed and well-dated volcanic tephra (Table 2.1) which have distinct chemical
compositions and are thus reliably identified (Feibel et al. 1989; deMenocal & Brown
1991) (Figure 2.4). The potassium-argon dates of numerous tuffs within the basin (Table
2.1), provide a firm stratigraphic framework on which to base palaeoecological and other

studies (McDougall 1985; McDougall et al. 1980, 1992)

2.4.1.1 Shungura Formation

The Shungura Formation covers an area of some 180 square kilometres either side of the
Omo River, but with the majority of the fossiliferous sediments to the west. The Omo
River is the main inflow into the lake basin, carrying water draining from the Ethiopian
highlands to the north. The Shungura Formation is considered unique in that it is one of
the few relatively continuous Plio-Pleistocene sedimentary deposits and is one of the
richest in Africa (Howell et al. 1987). The sediments are predominantly fluvial and
deltaic deposits of the ancient and perennial Omo River and make up 765 metres of
exposed section (Butzer 1976; Brown 1981, 1995). The volcanic tuffs of the Shungura
Formation have been divided by an alphanumeric system (de Heinzelin 1983). The
Shungura Formation is divided into 12 members according to their stratigraphic position
in relation to the major tuffaceous horizons (de Heinzelin & Haesearts 1983a). The
members are given alphabetic assignments starting with the Basal Member, followed by
Members A through H, and Member J to L (in ascending order). Each member has been
further subdivided into sub-members according to its lithology. The ancestral Omo River

was dominant in the basin through most of the Late Pliocene. However, braided river
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deposition is observed in Member F and G (in units F-1 and G-3 to G-5) and a major lake
transgression in Upper Member G (in units G-14 to G-27) (Bobe et al. 1997). There are
numerous volcanic ash horizons in the Shungura Formation, however only some of these

are used to define the formations (Table 2.1 & Figure 2.4).

2.4.1.2 Koobi Fora Formation

The fossiliferous exposures of the Koobi Fora Formation cover an area of some 1200
square kilometres to the east of Lake Turkana. The lithostratigraphic nomenclature of the
region has been revised several times but the most current interpretation is to be found in
Brown & Feibel (1986). The area has been worked extensively for the last three decades
and a wealth of information has accumulated on the geology (Brown & Feibel 1986,
McDougall 1981), palacontology (Leakey & Leakey 1978; Harris 1983, 1991; Feibel et
al. 1991; Wood 1991) and archaeology (Isaac 1997). The exposures are discontinuous,
isolated from one another by tracts of alluvial cover with bushland. This has somewhat
impaired the reconstruction of the stratigraphy (Brown 1995). The region has been
divided into discrete localities or collection areas. The Koobi Fora Formation is divided
into eight members that are defined to include a basal tuff and those overlying sediments
beneath the next basal tuff of the overlying member. Unlike the Shungura or Nachukui
Formations, there is a large hiatus of 0.5 ma in the sequence ﬁoni 2.5 ma — 2.0 ma
(Brown 1995). The members of the Koobi Fora Formation, in ascending order of ancient
to recent, are the Lonyumun, Moiti, Lokochot, Tulu Bor, Burgi, KBS, Okote, and Chari.
The sediments are represented by lacustrine, deltaic and fluvial facies, which make up

565 metres of section (Brown 1995).
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2.4.1.3 Nachukui Formation

The Nachukui Formation is made up largely of lacustrine, fluviatile and deltaic
sediments. The sediments outcrop over about 500 square kilometres on the west side of
Lake Turkana. As with the Koobi Fora Formation, the exposures are separated by large
areas of alluvium and vegetation. Approximately 715 metres of section are exposed,
representing over 4.0 ma — 0.7 ma, which extends to both younger and older than the
sediments of the Shungura Formation. The Nachukui Formation is the main focus of this
research project. Fossiliferous localities were extensively surveyed between 1983 and
1986, and again in 1998 and 1999. However, fieldwork conducted over the latter two
years as part of this study, yielded further specimens, which almost doubled the size of

the existing collection and provided new data on faunal occurrences.

The sediments of the Nachukui Formation comprise poorly consolidated sandstones,
siltstones, claystones and conglomerates. The fossiliferous sediments rest unconformably
on basement Miocene volcanic basalts and sediments or on Precambrian gneisses (Harris
et al. 1988a; Bereket 1995). The stratigraphic members are based on the boundaries
between distinctive volcanic ash horizons. Forty-three volcanic tuffs are present within
the Nachukui Formation. A number of these correlate with other tuffs in the Lake
Turkana Basin, and these major tuffaceous layers are depicted in Figure 2.4. The
localities are distributed either side of seasonal watercourses after which they are named
(Figure 2.5). The western lake basin deposits are dipped to varying degrees as a result of

tectonic activity in the region.
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Table 2.2 g‘lgll names of localities of the Nachukui Formation depicted in Figure
Locality Name Locality Name
KB1 Kataboi I KL6 Kalochoro VI
LK1 Loruth Kaado I KS1 Kokiselei I
LO6 Lomekwi VI KS2 Kokiselei I1
NS1 Nasechebun [ LK4 Loruth Kaado IV
LO4E  LomekwilV east NY1 Naiyena Engol I
LO4W LomekwilIV west NY2 Naiyena Engol I
LOS5 Lomekwi V NY3 Naiyena Engol III
LO10 Lomekwi X K12 Kaitio IT
LO9 Lomekwi IX KL1 Kalochoro I
KU1 Kangatukuseo 1 KL2 Kalochoro II
KU2 Kangatukuseo II KLS Kalochoro V
KU3 Kangatukuseo 111 LK3 Loruth Kaado III
LO1 Lomekwi I LP1 Lokapetamoi I
LO2 Lomekwi II NN Nanyangakipi
KI3 Kaitio III NK2 Nariokotome II
KL4 Kalochoro IV NK3 Nariokotome III
LO3 Lomekwi III NT1 Natoo I
KG1 Kangaki II NY4 Naiyena Engol IV
KG2 Kangaki II KI1 Kaitio [
KK Kalakodo NC1 Nachukui I
LA1 Lokalalei I NC2 Nachukui II
LO7 Lomekwi VII NC4 Nachukui IV
LO8 Lomekwi VIII NK1 Nariokotome I
KL3 Kalochoro III
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Major faults displace the sediments and the ages of the localities either side of faults are
affected as a result (Brown pers. comm.). The Lomekwi drainage can be considered to
demarcate the boundary between the sediments and faulting relationships to the north and
the south. In general, to the north of the Lomekwi drainage the faults down-throw to the
west and the sediments dip westward, whereas to the south, the faults down-throw to the

east and the sediments dip eastwards.

The Nachukui Formation is divided into eight members: Lonyumun, Kataboi, Lomekwi,
Lokalalei, Kalochoro, Kaitio, Natoo and Nariokotome in ascending stratigraphic order.
Some of the members of greater thickness, such as the Lomekwi Member, have been
further subdivided into lower, middle and upper member units, for the purpose of this

study. These fossiliferous units are not continuous and can thus be separated.

2.5 The mer_nbers of the Nachukui Formation

In the following section, descriptions of the members of the Nachukui Formation are
detailed, including the approximate ages of the localities within the geological members.
The ages of the members of the Nachukui Formation are related to those of the Shungura
and Koobi Fora Formations. The geological descriptions of these members are taken from
Bereket (1995) and Harris et al. (1988a & b), but have been confirmed through field
observations and discussions with Professor Frank Brown. The detailed faunal
compositions of these localities and geological members are discussed in Chapters 4 and

5.
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2.5.1 Kataboi Member (4.10 £+ 0.07 ma to 3.36 + 0.04 ma)

The Kataboi Member includes the strata that lic between the Moiti Tuff (3.94 = 0.03 ma)
(Leakey et al. 2001) and the Tulu Bor Tuff (3.4 + 0.02 ma). The Moiti Tuff is exposed as
far north as the Gulf of Aden in the Red Sea (Bereket 1995; Brown 1999). The other
major tuffs of the Kataboi Member include the Topernawi Tuff (3.96 + 0.03 ma) and the
Lokochot Tuff (equivalent to Tuff A of the Shungura Formation and dated to 3.6 ma).
With this new date for the Topernawi Tuff (Leakey et al. 2001), it is now the oldest dated
volcanic ash layer of the Omo Group Deposits. The Lokochot Tuff is distributed as far
south as Lake Baringo, some 300 kilometres away, and is significant as it lies at the

Gilbert Gauss Magnetic transition.

The Kataboi Member is equivalent to the Basal Member and Member A of the Shungura
Formation and to the Moiti and the Lokochot Members of the Koobi Fora Formation. The
localities of the Kataboi Member include LO6, KB1, LK1 and NS1. This member is not
richly fossiliferous. However, Williamson (1985) suggested that between 3.3 ma and 3.4
ma there is evidence for rain forest expansion, due to the occurrence of fossil seeds
(Antriocaryon) and rain forest gastropods (Potadoma) from this member. However, this
view is not widely accepted and Brown (pers. comm.) notes that these species are also

associated with gallery forest and therefore these occurrences are not unexpected.

2.5.2 Lomekwi Member (3.3 ma to 2.52 + 0.07 ma)

The Lomekwi Member spans the interval in time from the base of the Tulu Bor (3.6 ma)
to the basal contact of the Lokalalei Tuff (2.52 + 0.05 ma) equivalent to Tuff D of the

Shungura Formation. This member has been further divided into the lower, middle and
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upper Lomekwi Member for the purpose of this study. The tuffaceous horizons that are
associated with this member are the Tulu Bor Tuff (or Tuff B of the Shungura Formation
(3.36 + 0.04 ma)), Waru Tuff (or Tuff B-3 of the Shungura Formation (<3.22 + 0.02 ma))
and the Emekwi Tuff (or Tuff C-9 (>2.552 + 0.05 ma)). The Lokalalei Tuff is a tuff
complex and interbedded with siltstones and soils into which fluvial channels incise.
Etheria oyster reefs are commonly associated with the bottoms of these channels and can

easily be recognised in the field.

The localities of the lower Lomekwi Member include LO5 and LO4. The middle and
upper Lomekwi Member localities include LO10, LO9, and LO1, LO2, KU1, KU2, KU3
respectively. All these localities are richly fossiliferous and account for the majority of
the specimens in the collection. The Lomekwi Member is equivalent in age to Member B
and C of the Shungura Formation and the Tulu Bor Member of the Koobi Fora

Formation.

2.5.3 Lokalalei Member (2.53 + 0.05 ma to 2.34 ma)

The Lokalalei Member is confined between the Lokalalei Tuff (equivalent to Tuff D of
the Shungura Formation (2.53 + 0.05 ma) and the Kalochoro Tuff complex (Tuff F and F-
1 of the Shungura Formation). An additional major tuff of this member is the Kokiselei
Tuff or Tuff E of the Shungura Formation. This is a distinctive grey colour and contains

glass shards which facilitates its identification in the field.

The fossiliferous localities of the Lokalalei Member include LO3, KL4 and KI3. These

are important localities due to the paucity of sites of this age in the Koobi Fora
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Formation. The Lokalalei Member is equivalent to Members D and E of the Shungura

Formation and to the Lower Burgi of the Koobi Fora Formation.

2.5.4 Kalochoro Member (2.35 + 0.05 ma to 1.88 + 0.02 ma)

The Kalochoro Member includes the strata that lie between the base of the Kalochoro
Tuff (Tuff F of Shungura Formation (2.35 + 0.05 ma)) and the base of the KBS Tuff

(Tuff H-2 of the Shungura Formation (1.88 + 0.02 ma)).

The Ekalalei Tuff (equivalent to Tuff F-1a) and the Upper Ekalalei Tuff (or Tuff F-1b of
the Shungura Formation) are also exposed in this Member. The sites of the Kalochoro
Member include the fossiliferous localities LO8, 1.O7, KK, LAl, KG1 and KG2. The
Kalochoro Member is equivalent in age to Member F to G of the Shungura Formation and

to the Upper Burgi Member of the Koobi Fora Formation.

2.5.5 Kaitio Member (1.88 £ 0.02 to 1.6 ma)

The Kaitio Member lies between the KBS Tuff (equivalent to Tuff H-2 (1.88 £ 0.02)) and
the Lower Koobi Fora Tuff (equivalent to Tuff J-6 of the Shungura Formation (1.6 ma)).
The Lower Koobi Fora Tuff, is a tuff complex. The correlation between the numerous tuff
horizons within this complex is still insecure. It is of similar age to the Okote Tuff
Complex of the Koobi Fora Formation, where some fifty discrete tuffaceous horizons
have been preliminarily identified. The Malbe Tuff (1.86 + 0.02) is another major tuff of

the Kaitio Member, equivalent to Tuff H-4 of the Shungura Formation.
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There are fossiliferous localities within this member and these include KS1, KS2, LK4,
NY1, NY2, NY3, KL3 and KL6. The Kaitio Member is equivalent in age to the upper
Member H and lower Member J of the Shungura Formation, and to the KBS Member of

the Koobi Fora Formation.

2.5.6 Natoo Member (1.6 to 1.3 £ 0.05 ma)

The Natoo Member lies between the basal contact of the Koobi Fora Tuff and the basal
contact of the Lower Nariokotome Tuff (1.33 + 0.05 ma), a distinctive grey tuff complex,
which is the main correlative unit of the upper part of the Nachukui Formation. The base
of this tuff is 12 meters above the Chari Tuff. The member also includes the securely
dated Chari Tuff (1.33 £ 0.05 ma) (equivalent to Tuff L of the Shungura Formation) and
the Lokapetamoi Tuff (equivalent to Tuff J-7 of the Shungura Formation), which is a

distinctive pinkish grey colour in the Nachukui Formation.

The fossiliferous localities of the Natoo Member include KI2, KL2, KL5, KL1, LK3,
LP1, NK2, NK3, NY4, NN, and NT1. Detailed palaecoenvironmental reconstruction of
this member is provided by Feibel & Brown (1993). The Natoo Member is equivalent.in
age to the upper Member J and Member K of the Shungura Formation and to the Okote

Member of the Koobi Fora Formation.

2.5.7 Nariokotome Member (1.33 = 0.05 to 0.7 ma)

The Nariokotome Member includes strata that lie above the basal contact of the Lower

Nariokotome Tuff (1.33 £+ 0.05 ma) and the discontinuous unconformable and richly
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fossiliferous Holocene strata (or Galana Boi Formation). Well-developed stromatolite
beds occur throughout the member and provide useful marker horizons. The main
tuffaceous horizons of the Nariokotome Complex are the middle and upper Nariokotome

Tuffs.

The fossiliferous localities of the Nariokotome Member include NC1, NC2, NC4 and
KI1. The Nariokotome Member is equivalent in age to Member L of the Shungura

Formation and to the Chari Member of the Koobi Fora Formation.

2.6 Depositional environments of the Lake Turkana Basin during the Plio-
Pleistocene

The transitional nature of the ancestral Lake Turkana during the Plio-Pleistocene may be
due to a number of different factors. Early interpretations of sedimentation in the Turkana
Basin (Vondra & Bowen 1978) attributed deposition to fluctuations in levels of the large
stable Lake Turkana. The fluctuations were believed to be the result of changing climatic
conditions and of periods of heightened tectonic activity (Brown 1995). More recently
however, the accepted view is that the sedimentation in the Turkana Basin is largely
controlled by tectonic movements and volcanic activity, with climate change playing a
less dominant role in lake fluctuations (Brown 1995; Feibel 1997; Feibel 1999). With this
in mind, inferences regarding climatically forced faunal and habitat change must be made
with caution as tectonic activity evidently plays a significant role in shaping local

habitats.
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The expansion of the lake at about 2.0 ma was previously related to climatic change.
However, with the volcanic history of the basin better understood, it appears that partial
closing of the lake basin as a result of volcanics, is reflected in the presence and absence
of lakes at different times. In the past either a lake occupied the central part of the basin
or a fluvial system occupied the entire basin and the transition between the two states is

now understood to have been rapid (Brown 1995).

The differences in water volume coming into and out of the basin, as a result of climatic
changes and varying precipitation levels in the volcanic highlands and surrounding
regions would certainly have played a role in the depositional system (Feibel 1995).
However, the extent of this phenomenon remains subject to discussion. Much of the
water-dependent terrestrial fauna was probably restricted in range as a result of
availability of drinking water and vegetation. Seasonal drainages would have carried
water into the lake from the western margin during wet seasons, depositing sediment and
burying skeletal remains from faunal communities peripheral to the main lake or river

system.

2.5 Major lake phases of the Turkana Basin as identified in the Nachukui Formation

The fluvial phases represent some 85 percent of the overall geological section of the
Nachukui Formation (Harris 1991). The remainder comprise lacustrine sediments and
volcanics. During the lacustrine phases the lake varied dramatically in size and longevity.
It is important to consider that a lake was only intermittently present in the basin and

presence or absence of a lake, as well as its size, would be expected to have had a
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considerable impact on the palacoecology and palacogeography of the region. The

occurrence of lake sediments in the stratigraphic sequence is illustrated in Figure 2.6.

The Lokochot Lake, at around 3.5 ma, was one of the most long standing lakes in the
basin. Significant thicknesses of diatomaceous sediments dominate the Lokochot
Member, capped by the Tulu Bor Tuff (3.4 + 0.02 ma). Deposits of the Lokochot Lake
are found both in exposures on the west and east sides of modern day Lake Turkana. The
Tulu Bor Tuff, as exposed in the middle of the three Lomekwi tributaries is typically
deposited above lake sediments of silty sands, which contain numerous blue porcelain-
coloured fish teeth, including Barbus, Syndacharax, Tetradon, Gymnarchus and

Cyanodontis.

In the Kalochoro Member, around 2.0 ma, evidence of the lake is present as shallow lake
margin deposits in which are preserved the trace fossil, Picnictus (Feibel 1987). These
trace fossils are the large inverted cone-shaped nests of endemic cichlid fishes, similar to
those found in sheltered bays of Lake Turkana today. Some of these nests are 1.0 to 1.5
meters in diameter. The 2.1 ma — 1.6 ma lake in the basin is thought to have been
initiated by volcanic and tectonic movements at the southern end of the modern day lake

(Brown 1995).
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The Nariokotome Member lake at 0.7 ma, is represented by lacustriune sediments and
some seven stromatolite horizons which indicate cycles of lake transgression and
recession through time. Stromatolites grow only in shallow calm lake margin pools or
lagoons of high salinity and temperature that is not conducive to inhabitation by
gastropods. The presence of stromatiolites is therefore indicative of very specific

environmental conditions.

The largest lake ever to fill the basin was during the Holocene, some 10,000 through to
6,000 years ago. The sediments are typically pale and contain an abundance of white
gastropods, some fossil remains of mammals, fish and artefacts such as small worked

flakes and bone harpoon tips.

2.6.1 Modern Lake Turkana and surrounding habitats

Temperature and moisture availability in East Africa are strongly influenced by elevation.
The Turkana Basin presently lies at about 36 + 5 meters above mean sea level and has a
mean annual temperature of 29° C with an average of 31 cm of rainfall a year. In contrast,
the headwaters of the Omo River in the Ethiopian Highlands, at Saja, is 2100 meters in
elevation and receives 1,875 cm of precipitation (Feibel 1995). Seasonality has a strong
influence in the rainfall patterns of East Africa, and is controlled by the Inter Tropical
Convergence Zone, seasonal monsoonal circulation, latitudal position and regional
physiogeography. Thus the inflow of water into the basin is influenced by both headwater

climate and local climate regimes and would have been so in the past (Feibel 1995).
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The main input of water into the modern day Lake Turkana is primarily via the Omo
River as well as via two less dominant seasonal rivers, the Turkwell and Kerio Rivers. In
addition, a number of seasonal watercourses drain into the lake along the western
shoreline, but flow very infrequently with a catchment of surface runoff from surrounding
hills. There is no outlet of water from the modern day Turkana Basin. Only 200,000 years
ago, volcanic eruptions that form the southern extent of the modern lake blocked and
prevented outlet through the Suguta Valley. The modern Lake Turkana is a total length of
257 km, 44 km at its widest and 13 km at its narrowest. It has an average depth of 13.4
meters (maximum 114 meters) and represents an area of 7560 km” (Hopson 1982). The
lake level generally rises during times of higher seasonal precipitation in the Ethiopian
Highlands, from August to September. Thereafter it gradually falls due to high
evaporation rates. In the last 20 years the lake level has fluctuated about a maximum
range of twenty meters. It is an alkaline lake with high carbonate content. Animals are
dependent on the lake water for most of the year, as are the increasing numbers of people
and livestock that inhabit the western and eastern shores of the lake. Increased human
population and livestock in the area have had considerable impact on the fauna and flora
and much of the original habitat has been destroyed. Sibiloit National Park, on the eastern
side of the lake was created to preserve the habitat and fossiliferous exposures. Here
remains the opportunity to sample the representative ecosystem for the region. To the
north, the Omo River runs through a national park and a similar diversity of fauna and
flora is preserved (Baba et al. 1982). The habitat of Koobi Fora and surrounding regions
can be described as semi-arid, open woodland with abundant thorny Commifora. The
western side of the lake has significantly less vegetation, as it has been over-exploited by
livestock and people. The Omo Valley in contrast, is well vegetated, with an abundance

of dense woodland and humid riverine forest.
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2.7 Chapter Summary

This chapter covers the background relating to Plio-Pleistocene climatic change and its
influence on palaeohabitat and faunal assemblages, the application of body weights as a
tool to interpreting the fossil record, and finally an introduction to the stratigraphy of the
Omo Group Deposits and the distribution of sediments and localities within the Lake

Turkana Basin.

The Plio-Pleistocene is recognised as a time during which significant shifts in global
climate occurred. These climate shifts had considerable impact on regional
palacoecology. Studies and interpretation of fossil mammalian body size and
palaeoecology are summarised. The physiological and structural implications of body

size of modern mammals are briefly discussed.

The extensive collection of geological, palacontological and archaeological data from this
region provides important insight into its fauna and palacoecology during the Plio-
Pleistocene. The correlation of three of the main formations of the Turkana Basin
facilitates the assessment of faunal change during the Plio-Pleistocene for this region. In
the following chapters the faunal collection from the Nachukui Formation is used to
identify changes in habitat using faunal relative abundances, relative bovid abundances
and body weight estimations of fossil Bovidae. The relevant methodology is covered in

the following chapter.
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Chapter 3

METHODOLOGY AND DESCRIPTION OF MATERIALS

3.1 Introduction

This chapter covers the procedures used in the collection of data for all the components of
this study. This includes the identification and measurement of specimens, the calculation
of equations and other analytical procedures. The techniques are described for the
collection of data for both modern and fossil material. For the modern material,
measurement methods were devised for data to be collected from a sample of extant
Bovidae that were cropped on a game ranch in Kenya. Live body weights were obtainable
for the individuals from which cranial and postcranial measurements were made.
Additional measurement data were collected from the Osteology Department of the
National Museums of Kenya. Regression methodology was established for the estimation
of body weights of the fossil Bovidae collection from the Nachukui Formation of West
Turkana. The fossil collection housed in the National Museums of Kenya, Department of
Palaeontology, provided the main fossil sample from which measurements and data were
collected. These data were used to analyses the overall composition of the Nachuicui

Formation fossil assemblage, especially the Bovidae.

Thus this chapter is divided into four sections for the purposes of describing the

methodology:

i. The collection of fossil fauna and faunal identification (Section 3.2)

ii. The collection of data from modern Bovidae (Section 3.3)
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iii. Line fitting techniques and Ordinary Least Square Regressions (Section 3.4)

iv. The collection of data from fossil Bovidae (Section 3.5).

3.2 The collection of fossil fauna and faunal identification

The fossil collection recovered from the Nachukui Formation on the west side of Lake
Turkana, is housed in the Department of Palaeontology in the National Museums of
Kenya. More than half of this total sample was collected as part of the present project,
during two months of fieldwork conducted during field expeditions in 1998 and 1999, co-
led by Meave Leakey and myself (Leakey, M. & Leakey, L., 1998, 1999). The field
research was funded by the National Geographic Society (Grant numbers 6198-98 and
6504-99). The majority of this new collection so far remains unpublished but the pre-

1986 collection has been described in detail (Harris ef al. 1988a & b).

During the last two field seasons, specimens were recovered by careful survey and
prospecting for surface finds and fragments by a field survey team. Specimens were
collected by Meave Leakey in LO4, LOS and LO6 and by myself for all other localities.
When a specimen was found in situ, careful excavation and screening of the sediment was
conducted to ensure the recovery of all fragments. Every specimen collected was
allocated a field number. Standard field techniques were employed for the purpose of
excavation and collection of new material. The collection of fossil specimens in the field
was conducted with careful reference to the stratigraphy (Feibel et al. 1989; Harris et al.
1988a & b), noting substrate type and provenance of specimens above and below
identified tuffaceous horizons. The geological survey continued during these two months

under Frank Brown. Field collection techniques include the infusion of delicate
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specimens with a hardening resin, numbering individual bones with field numbers,
wrapping of specimens in tissue and packing them into polyethylene bags or in the case
of larger specimens coating of them in Plaster of Paris jackets for protection during
transportation. Specimens were transported by light aircraft back to the National
Museums in Nairobi for further preparation. This included the cleaning of specimens with
air scribes, often under microscopes, further infusion with resins, identification,
accessioning and storage. Global Positioning System (GPS) waypoint coordinates were
taken for all the important specimens, especially the Homininae. In addition, a specimen’s
position is marked on an aerial photograph with a pinprick and its field number noted on

the rear of the photograph.

Certain collection criteria were met so that collections were comparable. Surface finds
were collected of mammalian fauna that included complete or partial crania, mandibles,
jaw fragments and complete isolated teeth, except for the Homininae, for which any
remains were collected. The inclusion of isolated bovid teeth into the collection provided
better sample sizes for several localities. However, where one individual is represented by
multiple elements, only a single record is used in the analysis. Bovid horn cores,
including basal horn core fragments and postcranial remains especially for the Carnivora,
Cercopithecidae, Bovidae and Suidae were collected. Postcranial remains of ungulates are
increasingly used in ecological and ecomorphological interpretations as well as for body
weight estimation, but so far remain poorly represented in the fossil collections from the

Turkana Basin.

Once preparation of the new Nachukui Formation collection was complete, identifications

were made with reference to faunal descriptions in Harris et al. (1988a), Harris (1983)
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and Harris (1991). When possible the identifications were confirmed by specialists,
including Rene Bobe, John Harris, Nina Jablonski, Meave Leakey, Fred Spoor, Eleanor
Weston and Lars Werdelin. The existing collections from the Koobi Fora and the
Nachukui Formations were extensively referred to, to facilitate the identification of the

new material from West Turkana.

3.2.1 Temporal assignment of localities

Details of the stratigraphic assignment of localities of the Nachukui Formation are
provided in Chapter 2, section 2.5. However, the temporal assignment of several localities
of the Nachukui Formation has been recently been revised as a result of further geological
investigation during the fieldwork of 1998 and 1999. The new dating and identification of
additional tuffaceous exposures in some localities by geologists Professor Frank Brown,
Professor Ian McDougall and Patrick Gathogo, resulted in these alterations. The
stratigraphic placement of localities LO3, LO7, LO8, KL4 and NY4 have been moved
from their original allocations described in Harris et al. 1988a & b (Table 3.1). The
revised placements are indicated in bold face in the table. Also of significance is the new
“Ar - *Ar date and revision of the provenance of the Moiti and Topernawi Tuffs,

stratigraphically below the Lokochot Tuff.
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Table 3.1. Stratigraphic assignment of localities of the Nachukui Formation.
Cc ts about stratigraphy- Frank Brown

Locality Name Member Age (ma) pers. Comm.)

KB1 Kataboi I Kataboi 3.8-3.58

LK1 Loruth Kaado I Kataboi ~3.4-3.58

LO6 Lomekwi VI Kataboi ~3.95

NS1 Nasechebun I Kataboi 3.8-3.38 Just below Tulu Bor Tuff, nearer 3.38 ma.

LO4E  LomekwiIVeast L.Lomekwi ~3.3-3.38

LO4W LomekwiIV west L.Lomekwi ~3.4-3.6

LO5 Lomekwi V L. Lomekwi ~3.2-3.38

LO10 Lomekwi X M. Lomekwi (3_8)_3,1_2.8 Some fossils below the Tulu Bor Tuff in western
part, most from ~3 ma in central part; some
possibly higher.

LO9 Lomekwi IX M. Lomekwi ~2.6-2.8

KU1 Kangatukuseo I U. Lomekwi 2.52-~2.6

KU2 Kangatukuseo 11 U. Lomekwi 2.52+- 0.05 Very near Lokalalej Tuff in age.

KU3 Kangatukuseo IIT  U. Lomekwi  2.52-~2.6

LO1 Lomekwi I U. Lomekwi ~2.52+-0.05 |

LO2 Lomekwi IT U. Lomekwi ~2.52-2.7

K13 Kaitio III Lokalalei 2.43-2.32

KIL4 Kalochoro IV Lokalalei ~2.4 Exposures directly below the Kokisclei Tuff-
243 ma.

LO3 Lomekwi II1 Lokalalei ~2.3-2.53 New artefact site.

KG1 Kangaki II Kalochoro ~2.1 Estimate- Tuff currently under analysis.

KG2 Kangaki II Kalochoro  ~1.9 Estimate.
Indet but believed to be below KBS Tuff -

KK Kalakodo Kalochoro Kalochoro

LA1 Lokalalei I Kalochoro ~23 Artefact site

LO7 Lomekwi VII Kalochoto  ~2.3-2.0 Indet, believed to be above Lokalalei Tuff.

LOS Lomekwi VIII Kalochoro ~2.3-21 Indet. Believed to be above Kokiselei Tuff 2.43
ma.

KL3 Kalochoro III Kaitio 1.53- ~1.75

K16 Kalochoro VI Kaitio 1.53- ~1.75

KS1 Kokiselei I Kaitio 1.53-~1.89 Nearer 1.8 than 1.6 ma.

KS2 Kokiselei IT Kaitio 1.53-~1.75

LK4 Loruth Kaado IV Kaitio 1.53-~1.89 Nearer 1.6 than 1.8 ma.
Most probably between 1.6 and 1.8 ma (East of

NY1 Naiyena Engol I Kaitio 1.53-1.89 fault and south of Kalochoro River).

NY2 Naiyena Engol 11 Kaitio 1.53-1.89 Most probably between 1.6 and 1.8 ma.

NY3 Naiyena Engol III  Kaitio 1.53-1.89 Most probably between 1.6 and 1.8 ma.

K12 Kaitio II Natoo 1.33-1.53

KIL1 Kalochoro I Natoo 1.33-1.53

K12 Kalochoro I1 Natoo 1.33-1.53

KL5 Kalochoro V Natoo 1.33-14

LK3 Loruth Kaado III  Natoo 1.33-1.53

LP1 Lokapetamoi I Natoo 1.33-1.53

NN Nanyangakipi Natoo 1.33-1.53

NK2 Nariokotome II Natoo 1.39-15

NK3 Nariokotome III Natoo 1.5 W/T 15000 site. Well dated.
Fossils not far above the Murotot tuff. Nearer 1.5

NT1 Natoo I Natoo 1.33-1.53 than 1.3 ma.

NY4 Naiyena Engol IV Natoo 1.53-1.89 Most probably between 1.6 and 1.8 ma.

KI1 Kaitio I Nariokotome 1-1.33
Well above the Nariokotome Tuff- hominid tibia

NC1 Nachukui I Nariokotome 0.9 (0.74-1.33) and elephant site.
Needs re-examination, but certainly above the

NC2 Nachukui II Nariokotome 0.9 (0.74-1.33) Nariokotome tuff.

NC4 Nachukui IV Nariokotome 1.3-0.6

NK1 Nariokotome 1 Galana Boi  0.01 Probably site of Galana Boi shoreline.

Note: Localities in bold face have been reassigned to new stratigraphic positions.
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These dates have been refined by McDougall and Brown (Leakey et al. 2001) and new
results yield a mean age for the Tulu Bor Tuff of 3.96 + 0.03 ma, placing it just above the
Moiti Tuff (3.94 + 0.03 ma), whereas previously it was considered marginally older. A
photo mosaic of the aerial photographs for the Nachukui Formation was constructed from
small prints of the aerial photographs (Figure 3.1) to facilitate navigation to localities in
the field. The photograph numbers and the distribution of localities, as well as the GPS
waypoints collected during the course of field study, are indicated on the mosaic. The
coordinates of marked waypoints are listed in Table 3.2. The aerial photographs were
taken in the early 1980’s by KREMU, a Nairobi based remote sensing agency and are

currently stored with PhotoMap and can be enlarged and printed when required.



Figure 3.1.
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Photo mosaic of aerial photographs of the Nachukui Formation.

Page 59 represents the northern section Photo Run 12 to 16 and
page 60 represents Photo Run 7 to 11. The localities are shaded,
seasonal watercourses marked with dashed lines, and GPS
waypoints are indicated with * on the overlay. Refer to Table 3.2

for details of waypoint coordinates.
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Table 3.2. The co-ordinates of waypoints marked on Figure 3.1
| Legend |Specimen _|Photo ref |Northings Eastings

*1 KOKARC [04' 00.840' 035' 46.302"
*2 KS1007 |04' 01.051' 035' 46.276'
*3 WT 40000 [WT4961 ]03' 54.034' 035' 44.401'
*4 60 03' 54.356' 035' 48.286'
*5 62 03' 54.356' 035' 48.286'
*6 63 03' 54.179' 036' 49.164'
*7 64 03' 53.546' 035' 50.060'
*8 65 03' 53.381' 035’ 49.544’
*9 KG1006 |03' 59.273' 035'47.474'
*10 NY1 04' 04.467' 035'47.111'
*11 |WT15000 NKBOY |04’ 07.878' 035' 52.636'
*12 KI1 04' 07.096' 035' 51.134'
*13 K1004 04' 06.817' 035' 52.249"
*14 73 04' 05.232' 035' 47.582'
*15 72 04' 04.034' 035' 49.434'
*16 KL3 04' 04.480' 035'48.416'
*17 KL2 04' 04.177' 035' 50.013'
*18 KL3 04' 04.391' 035' 48.489'
*19 NC003 04' 06.425' 035' 50.730"

* Refer to Figure 3.1
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3.3 The collection of data from modern Bovidae

A sample of modern bovid specimens was collected by myself, from Athi River Game
Ranch, 40 km to the east of Nairobi, Latitude S 01° 30’ 65 & Longitude E 037° 02’ 28.
The antelopes were being killed as part of a commercial game culling operation. The
culled bovid species include Grant’s gazelle (Gazella granti), Thomson’s gazelle
(Gazella thomsoni), impala (Aepyceros melampus), hartebeest (Alcelaphus buselaphus
cokei), wildebeest (Connochaetes taurinus) and oryx (Oryx gazella). Animals were shot
at night by an operator and were loaded into a vehicle for transport to the abattoir. The
technician at the abattoir completed a data sheet for each animal at my instruction. Dead
animals were tagged and weighed on a hanging spring balance scale (500 kg or 100 kg
limit), which was found to be accurate to the nearest 10 or 2 kilograms respectively. This
weight is termed the live weight. Minimal loss of body fluid occurred before the animal
was first weighed. The animals were subsequently gutted and dressed; the head, skin, foot
bones and internal organs were removed. The feet were removed distal to the radioulna of
the forelimb and distal to the astragalus of the hind limb. The carcasses were then

reweighed and this weight is termed dressed weight.

(Dressed weight = original weight — internal organs, skin, head, feet, body fluids)

The data collection for this study was restricted to Athi Game Ranch as it was found that
other culling operators do not collect live weight data. However, data for dressed weight
data are more readily obtainable from other game ranches. More often shot animals are

skinned and gutted in the field before being transported back to the butchery to be
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weighed and hung. If carcasses of animals are butchered and prepared in a standard way,
then using dressed body weight in the formulation of predictive equations could be of
relevance for future studies. Thus dressed weight data were also collected for the Athi

River Game Ranch bovids, to test the viability of this method for body weight prediction.

The mandibles, crania, and metapodials were kept in cold storage and collected by the
author on a weekly basis for further preparation and measurement. When possible, the
tagged limb elements, the tibia, radioulna, humerus and femur, were also collected or
recovered from restaurant kitchens after sale. These skeletal elements were prepared and
cleaned in large tanks by boiling in a solution of potassium carbonate (K>CO3), followed
by soaking, scrubbing and drying of the tagged individual elements. Each cleaned
clement was then ready for measurement. The collection has been donated to the

Osteology Department at the National Museum of Kenya.

The skeletal elements from a total of 437 individuals were collected. These comprise four
bovid tribes; Alcelaphini, Aepycerotini, Antilopini and Hippotragini. A total of 1527

individual elements were measured. Table 3.3 is a breakdown of the total sample.
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Table 3.3 Summary of the total bovid sample collected from Athi River Game
Ranch from which measurements were taken.

Adult Juvenile
Adult Juv.
Species Female Male Total Female Male Total
Wildebeest 41 19 60 23 32 55
Hartebeest 51 38 89 24 39 63
Impala 8 7 15 2 2
Grant's gazelie 35 37 72 10 17 27
Thomson's gazelle 7 4 11 2 2 4
Oryx 14 15 29 4 6 10
TOTAL 156 120 276 65 96 161
437
-
3 5
B 3
3 2 4 by g
Numbets of Skeletal ﬁ g '§, g § E. !
Elements B L E S = S =
Skull 110 148 15 92 15 36 416
Mandible 105 144 11 83 11 37 391
Metacarpus 90 116 10 83 8 37 344
Metatarsus 94 115 11 85 8 38 351
Femur 25 38 3 21 0 26 113
Humerus 13 33 2 16 0 3 67
Astragalus 19 27 1 15 0 26 88
Tibia 18 28 1 13 0 28 88
Ulna 7 22 1 12 0 1 43
Radius 8 25 1 13 0 2 49
TOTAL 489 696 56 433 42 234 1950
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3.3.1 Variables and measurements

Measurements were taken using a pair of Mitutoyo digital calipers with a foot pedal for
data transfer. Data were collected and inputted directly into an Excel Data sheet, using the
free softiware CALEXCEL 2.0 downloaded from the Internet (available at
Http/:www.usd.edu/esci/programs/#vb). The measurements are in millimetres except

where indicated otherwise, and are accurate to within + 0.2 mm.

Isolated bovid teeth of were measured at the occlusal surface rather than at the tooth
cervix. This was to enable the data to be better compared with those measurements taken
by Janis (1990), Harris (1983, 1991) and Harris et al. (1988a). Measurements for the
postcranial elements were based on a variety of sources including Von den Driesh (1976),
Scott (1983), Kappelman (1988), Plummer & Bishop (1994) and several new

measurements that were included for this study.

The following descriptions and illustrations detail the measurements taken on the skull,
teeth and mandible (Figure 3.2, Table 3.4), metacarpus (Figure 3.3, Table 3.5), metatarsus
(Figure 3.4, Table 3.6), femur (Figure 3.5, Table 3.7), humerus (Figure 3.6, Table 3.8),
astragalus (Figure 3.7, Table 3.9), tibia (Figure 3.8, Table 3.10) and radioulna (Figure 3.9,

Table 3.11) of a generalised bovid.
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Table 3.4 Variables and measurements of skull and mandible (See Figure 3.2).

| Legend Variable Description
A UTRL Upper tooth row maximum length (P2 or P3 to M3) at occlusal surface
B UMRL Upper molar row maximum length (M1 to M3) at occlusal surface
C UM2W Upper second molar maximum width of posterior lobe at occlusal surface
D UM2L Upper second molar maximum length at occlusal surface
E UM3W Upper third molar maximum width of posterior lobe at occlusal surface
F UM3L Upper third molar maximum length at occlusal surface
G LM2L Lower second molar maximum width at occlusal surface
H LM2W Lower second molar maximum width of anterior lobe at occlusal surface
1 LM3L Lower third molar maximum length at occlusal surface
J LM3W Lower third molar maximum width of posterior lobe at occlusal surface
K LTRL Lower tooth row maximum length (P2 or P3 to M3) at occlusal surface
L LMRL Lower molar row maximum length (M1 to M3) at occlusal surface
LMIL* Lower first molar maximum length at occlusal surface
LMIW* Lower first molar width of posterior lobe at occlusal surface

* measurements are not illustrated
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Figure3.2  Measurements of skull and mandible, upper and lower second molars
(Refer to Table 3.4 for legend).
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Table 3.5 Measurements of the metacarpus (See Figure 3.3).
Legend Variable Description
] MCMGAP  Anteroposterior breadth of the magnum facet of the proximal metacarpus
2 MCMGML Mediolateral breadth of the magnum facet of the proximal metacarpus
3 MCPAP Anteroposterior breadth of the articular surface of the proximal metacarpus
4 MCPML  Mediolateral breadth of the articular surface of the proximal metacarpus
5 MCL Functional length of the metacarpus
6 MCMXLENG Maximum length of the metacarpus
7 MCMAP  Anteroposterior diameter of the metacarpus shaft at the midpoint *
8 MCMML  Mediolateral diameter of of the metacarpus shaft at the midpoint *
9 MCDAP Maximum anteroposterior breadth of articular of surface distal metacarpus
10 MCDML  Maximum mediolateral breadth of articular surface of distal metacarpus
11 MCTMLMIN Minimum breadth of the medial trochlea of the metacarpus
12 MCTMLMAX Maximum mediolateral breadth of metacarpus medial trochlea
13 MCTAPSM Minimum anteroposterior breadth of the metacarpus medial trochlea

14

MCTAPSLARG Maximum anteroposterior breadth of the metacarpsus medial trochlea

Note *midpoint of the metacarpus is calculated from the functional length divided by 2, measured and marked.
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Figure 3.3  Measurements of the metacarpus (Refer to Table 3.5 for legend).
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Table 3.6 Measurements of the metatarsus (See Figure 3.4).
Legend Variable Description

15 MTPRONGAP Anteroposterior breadth of naviculocuboid facet of proximal metatarsus
16 MTPRONGML Mediolateral breadth of naviculocuboid facet of proximal metatarsus
17 MTPAP Anteroposterior breadth of articular surface of the proximal metatarsus
18 MTPML  Mediolateral breadth of the articular surface of the proximal metatarsus
19 MTL Functional length of the metatarsus
20 MTMXLENG Maximum length of the metatarsus
21 MTMAP  Anteroposterior diameter of the metatarsus shaft at midpoint*
22 MTMML  Mediolateral diameter of the metatarsus shaft at midpoint*
23 MTDAP Maximum anteroposterior breadth of articular surface of distal metatarsus
24 MTDML  Maximum mediolateral breadth of articular surface of distal metatarsus
25 MTTMLMIN Minimum breadth of the medial trochlea articular surface of the metatarsus
26 MTTMLMAX Maximum mediolateral breadth of the medial trochlea of the metatarsus
27 MTTAPSM Minimum anteroposterior breadth of the medial trochlea of the metatarsus
28  MTTAPSLARG Maximum anteroposterior breadth of the medial trochlea of the metatarsus

Note *midpoint of the metatarsus is calculated from the functional length divided by 2, measured and marked.
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Figure 3.4  Measurements of the metatarsus (Refer to Table 3.6 for legend).
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Table 3.7 Measurements of the femur (See Figure 3.5).
Legend Variable Description
29 FPMLMAX Maximum mediolateral breadth of the proximal femur
30 FFL Functional length of the femur
31 FLMAX  Maximum length of the femur
32 FMAP Anteroposterior diameter of femur shaft at midpoint*
33 FMML Mediolateral diameter of femur shaft at midpoint*
34 ICFOSPAT  Anteroposterior measurement of patellar articular surface
35 DFAP Maximum anteroposterior breadth of the distal femur
36 DFML Maximum mediolateral breadth of the distal femur
Measurement between most lateral point of articular surface of proximal
37 F2 femur to the lesser trochanter
38 F3 Measurement between lesser trochanter and greater trochanter
39 F4 Minimum mediolateral breadth of the distal femur patellar condyle
40 F5 Mediolateral breadth of the distal femur femoral condyles

Note *midpoint of the femur is calculated from the functional length divided by 2, measured and marked.




Figure 3.5
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Table 3.8 Measurements of the humerus (See Figure 3.6).
Legend Variable Description

41 HPMLMAX Maximum mediolateral breadth of the proximal humerus
42 HPAPMAX Maximum anteroposterior breadth of the proximal humerus
43 HFL Functional length of the humerus
44 HMAP Anteroposterior diameter of humeral shaft at midpoint*
45 HMML Mediolateral diameter of humeral shaft at midpoint*
46 HDOSPAT Minimum anteroposterior breadth of articular surface of distal humerus
47 DHAP Maximum anteropostertior breadth of the distal humerus
48 DHML Maximum mediolateral breadth of articular surface of the distal humerus
49 2 Maximum length of humerus
50 H3 Maximum mediolateral breadth of articular surface of proximal humerus

Note *midpoint of the humerus is calculated from the functional length divided by 2, measured and marked.
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Figure 3.6 Measurements of the humerus (Refer to Table 3.8 for legend).
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Table 3.9 Measurements of the astragalus (See Figure 3.7).
Legend Variable Description

51 ALL Lateral length of the astragalus
52 AFL Functional length of the astragalus
53 AML Medial length of the astragalus
54 ALD Anteroposterior lateral depth of the astragalus
55 AMD Anteroposterior medial depth of the astragalus
56 ADW Mediolateral breadth of the distal astragalus
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Figure 3.7  Measurements of the astragalus (Refer to Table 3.9 for legend).
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Table 3.10 Measurements of the tibia (See Figure 3.8).
Legend Variable Description

57 TFL Functional length of the tibia
58 TPML Maximum mediolateral breadth of the articular surface of the proximal tibia
59 TPAP Minimum anteroposterior breadth of lateral condyle of proximal tibia
60 T3 Maximum anteroposterior breadth of lateral condyle of proximal tibia
61 TDML Maximum mediolateral breadth of the distal tibia
62 TDAP Maximum anteroposterior breadth of the distal tibia
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Figure 3.8  Measurements of the tibia (Refer to Table 3.10 for legend).
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Table 3.11 Measurements of the radioulna (See Figure 3.9).
Legend Variable Description

63 RFL Functional length of the radius
64 ULENGTH Maximum length of the ulna
65 U2 Length of olecranon
66 RPML Greatest breadth of the mediolateral articular surface of the proximal radius
67 R4 Greatest breadth of the proximal radius
68 RPAP Maximum anteroposterior breadth of articular surface of proximal radius
69 RDML Maximum mediolateral breadth of the distal radius
70 RDAP Maximum anteroposterior breadth of the distal radius
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Figure 3.9  Measurements of the radioulna (Refer to Table 3.11 for legend).
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3.3.2 Description of wear classes to identify ages of adults and juveniles

To separate adults from juveniles for the purpose of this study, individual animals were
assigned to an age class based on the eruption and wear stage of mandibular tooth rows.
Ages of bovids can also be calculated from dental crown heights and used in the
interpretation of isolated teeth (Klein & Cruz-Uribe 1983; Kurten 1983) however crown
heights were not measured for this study. Approximate ages of individuals were
calculated based on other tooth eruption studies. These studies include the hartebeest
(Mitchell 1965), impala (Kerr 1965; Rottcher & Hoffman 1970; Spinage 1971),
Thomson’s gazelle (Spinage 1976), and Grant’s gazelle (Robinette & Archer 1971).
Where eruption age data were unavailable, adult individuals were considered to be those
with fully erupted and occluded molar and premolar rows. In other studies, tooth eruption
sequences have also been described for kudu (Simpson 1966; Simpson & Elder 1969),
springbok (Rautenbach 1971), buffalo (Grimsdell 1973), red deer (Lowe 1967; Spinage

1973), bushbuck (Simpson 1973), and waterbuck (Spinage 1967).

Postcrania bones do not scale isometrically with age, therefore it was important to be able
to separate adults and juveniles. Juvenile limb elements, incomplete in their developmept,
could introduce significant error into body weight prediction equations due to the varied
ontogenetic development in different species. However, the sample of juvenile
individuals collected during this study will be useful in future studies of modern
antelopes, such as in the examination of the age and order of epiphyseal fusion of the
bovid postcrania. Only adult data are ultimately useful in the formulation of body weight

prediction equations.
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3.4 Line fitting techniques: Ordinary Least Squares Regressions versus Reduced
Major Axis and Major Axis Regressions.

There has been considerable discussion in the literature about which line fitting technique
to use in body mass predictions (Seim & Saether 1983; Smith 1984; Martin & Barbour
1989; Riska 1991; Aiello 1992; Aiello & Wood 1994; Hens et al. 2000). Smith (1994)
provides a list of authors and their preferred techniques for regression analyses. Model 11
regressions (Sokal & Rohlf, 1995) include Reduced Major Axis (RMA) and Major Axis
(MA) regressions. These are claimed by some authors to be better suited for body weight
prediction as they allow the variables on both axes to be sampled with error and provide a
reflection of the central tendency of the bivariate relationship (Aiello & Wood 1994). On
the other hand Ordinary Least Square Regressions (OLSR) assumes that the independent
variable is measured without error (Sokal & Rohlf 1995). Smith (1994) favours the
OLSR model as an estimation generating technique especially when applying calculated
correction factors to compensate for introduced biases. Correction factors cannot be
calculated for either RMA or MA models. It is suggested that both RMA and MA
regressions are useful when equations are to be generated for the estimation of body mass
for specimens whose independent variable (x value) measurements lie outside the range

of data used to generate the equation (Jungers 1988; Aiello & Wood 1994).

For the purpose of this study, I assume that the measurement error is minimal and as
calculated correction factors are an important consideration in final estimates, I felt it
appropriate to use the OLSR model. In addition, the prediction equations on bovids
generated by Scott (1983) and Janis (1990), were calculated using the OLSR technique.

Therefore, to accurately compare prediction equations and associated errors, the OLSR
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model was found to be more appropriate than either RMA or MA regression and is

followed for this study.

The data were analysed using Statistical Package for the Social Sciences 8.0. (SPSS® Inc.
1990). The variables were assigned to columns and the cases to rows. Measurement data
were checked for errors by plotting individual variables and identifying and checking
outliers. These errors were corrected where possible by referring back to the original
specimens and data sheets. Standard procedures for testing normality and frequency
distributions were carried out. Several subsets of data were used to determine the most
appropriate regressions; tribal based regressions, single species regressions and combined

adult and juvenile regressions.

3.4.1 Subsets of data used for regression analysis

The total sample from Athi River Game Ranch included males, females, adults and
juveniles of six species from four tribes of Bovidae (Table 3.3). The sample for
postcranial measurements, other than the metapodials, is considerably smaller due to the
public demand for meat on the bone and difficulty of recovering material from its final
destination. Regressions were run on the following subsets of data to determine which

predictive equations would be strongest for use in subsequent analyses:

Live body weights, adults only- wildebeest
Teeth and postcranial, certain variables

Live body weights, adults only- Alcelaphini (hartebeest and wildebeest).
Teeth and postcranial, certain variables

Live body weights, adults and juveniles- all species.
Teeth only, all variables
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Dressed body weights, adults only, all species.
Teeth and postcranial, all variables

Live body weights, adults only- all species.
Teeth and postcranial, all variables

Dressed body weight regressions are calculated using log transformed dressed body
weights and have a calculated average percentage discarded weight added to the final
predicted body mass figures. The average percentage discarded weight was calculated for
each species. The variation in original body mass, such as may be the result of dietary
variation, water, blood loss, body conditions or pregnancy, can be eliminated. This may in
turn provide a stronger correlation and prediction equation for the estimation of live
antelope body mass. These equations provide some new insight into the accuracy of using
dressed weights in the prediction of body weights and raise options for future studies. The
predictive equations from the live weight ‘adults only, all species’ regressions were used
in all the final analyses as these were found to be most accurate. These prediction

equations were the most suitable for application to fossil samples.

The following equation is used to formulate prediction equations

log body weight (kg) = (log predictor variable (mm) x slope) + constant

Live body weights, measured in kilograms, were used to formulate body weight
prediction equations using variables of the limb and cranial elements (Section 3.3.1) The
dependent or outcome variable is log original body mass (kg). The Ordinary Least
Squares Regression of log ;o transformed data is used to formulate equations for body

weight predictions as described by van Valkenberg (1990). In every case correlation
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coefficicient (rz ), Percent Error (% PE) and the percent Standard Error of the Estimate (%
SEE) are calculated (Smith 1984, 1991; van Valkenberg 1990) to determine the accuracy
of the range of body weight prediction equations. In the following sections the

methodology behind these calculations is detailed.

3.4.2 Calculation of percent prediction error (% PE)

The percent prediction error (% PE) indicates by what percentage the observed body mass
is larger (positive PE) or smaller (negative PE) than the predicted body mass. In other
words % PE indicates the percent difference between the actual weight and that predicted
by the regression. A reliable predictor variable should have a small percent prediction
error. This is determined by examining the differences between predicted and observed
(actual) body masses for particular variables (Smith 1980, 1984; van Valkenberg 1990;

Dagosto & Terranova 1992; Aiello & Wood 1994).

The % PE is calculated as follows:

% Prediction Error (PE) = Actual mass — Estimated mass * 100
Estimated mass

3.4.3 Calculation of mean prediction error (MPE)

The mean prediction error (MPE) is an average of the absolute values of the prediction
errors (% PE) of all the individuals and is calculated by taking the root mean square of the
percentage error values. The mean of the absolute values of the prediction errors (MPE)

for a given regression provides a comparative index of predictive accuracy among
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regressions (van Valkenberg 1990). Reliable estimators should yield low mean prediction

€ITOTIS.

3.4.4 Calculation of the percentage of the points that fall within 20% and 30 % of

the observed body mass

Calculating the percentage of points that fall within 20% and 30% of the actual body
weights provides a further useful indication of predictive accuracy. The 20% margin is
used in Aiello & Wood (1994). It provides an indication of the consistency of a particular
variable as a body mass predictor across the range of points used in the analysis (Aiello &
Wood 1994). This value is influenced by sample size. Dental variables rarely fall within
the 20% bracket, as they are so much less accurate than postcrania. Therefore, a 30%
margin was designed by the author for this study to facilitate the interpretation of dental

data.

3.4.5 Calculation of percent standard error of the estimate (% SEE)

The percent standard error of the estimate (% SEE) reflects the overall ability of the
independent variable to predict the dependent variable. % SEE is calculated as described
by Smith (1980, 1984). The number 2 is added to the (log) SEE and the antilog is taken.
The result is equal to 100 plus % SEE. The % SEE can be interpreted as the + percent
deviation from the predicted value within which 68% (+ 1 SD) of cases would be
expected to fall (Smith 1984; Ruff 1990). In other words the standard error of the estimate
assumes that in a normal distribution then 68% of the actual values would be expected to
fall within the value of + and — the % SEE. The higher the value of the % SEE, the

poorer the predictive power of the independent variable.










































































































































































































































































































































































































































































































































































































































































































































































































































































































































