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ABSTRACT

Water, vegetation, and human habitats are tightly coupled, and Olduvai Gorge, Tanzania
is an exceptional locality for examining evolutionary events that associate with water availability
and environmental stability or change. This project investigates interactions between and among
paleo-hydrology, habitat type, and the human response to changing environmental settings. The
objective is to interpret the climate and environmental context of the oldest Acheulean stone tool
industry at Olduvai Gorge using plant leaf wax lipid marker molecules, or biomarkers, as a source
for carbon and hydrogen isotopes. The emphasis is on a roughly 200,000-year period (1.83 to 1.66
Ma), a timeframe that includes a key transition in stone tool technology from the Oldowan to the
Acheulean, and the widespread distribution of the genus Homo.

To investigate the human-environment interactions for Olduvai’s earliest Acheulean,
terrestrial sediments from Beds | and Il were systematically sampled and processed for normal (n-
) alkanes and n-alkanoic acids. The focus is on the Frida Leakey Korongo North (FLK-N) and
West (FLK-W) archaeological sites, which contain Oldowan and Acheulean tools, respectively,
the geologic feature known as the Castle, and multiple landscape geological samples. From a
methodological perspective, the innovation lies in the detailed environmental analyses using leaf
wax biomarkers as a proxy record for paleo- hydrology and vegetation, and for the assessment of
changes in precipitation, temperature, atmospheric COz, aridity/humidity and plant type.

The results indicate that both Oldowan and Acheulean assemblages were predominantly
used within woodland settings with abundant freshwater nearby. The archaeological sites were
situated within a mosaic environment of open grassland, closed riparian and groundwater-fed
woodlands, lacustrine habitats, and ecotones. Both technological types were most likely used to
process plant material such as hard-shelled nuts and fruits, but the Acheulean was also utilized for

exploiting underground tubers as well as meat obtained in open settings.
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CHAPTER 1: INTRODUCTION

1.1 Introduction to the Research Problem

Effectively responding to environmental change and habitat variability is a defining
characteristic of modern humans and our extinct ancestors. Throughout the Pleistocene, climate in
East Africa oscillated between humid and arid periods (Potts, 2012a), and the ability to deal with
“ecological shocks” required that early humans be mobile and have a flexible diet; a fundamental
attribute to the development of the genus Homo (Hardy et al., 2015; Wells, 2012). In addition,
these wet and dry environmental shifts fragmented local ecosystems into ‘oasis-like’
concentrations of plants (Ashley et al., 2010a; Ashley et al., 2014; Ashley et al., 2010b; Ashley et
al., 2009), fracturing habitats into assorted patches of distinct landscape structure. Causal
relationships between and among environmental change, habitat type and distribution, food
resources, and cultural innovation has resulted in multiple hypotheses examining human-
environment interactions (deMenocal, 2004; Potts, 1998a, b; Stanley, 1992; Vrba, 1985; Vrba et
al., 1989), such as placing Pleistocene stone tool technologies and behavior in specific
sedimentary, vegetational, and climatic contexts (Biberson, 1963; Bibi et al., 2018; de la Torre et
al., 2017; Howell and Clark, 1963; Potts et al., 2018).

Often overlooked in human evolution research are the environmental conditions in which
a significant technological shift occurred, such as the emergence of the Acheulean in East Africa
between 1.7 and 1.8 million years ago (Mega annum - Ma). One central question, however, asks
whether the adoption of the Acheulean in favor of the Oldowan was environmentally driven. Bibi
et al. (2018) investigated the transition from Oldowan to Acheulean technologies at Olduvai Gorge

in a framework of paleoecological and paleoenvironmental changes. Others have examined major



transitions in human evolution alongside major global climate changes (deMenocal, 2011; Potts,
1996; Vrba, 1985), or changes in eastern African faunal communities (Bibi and Kiessling, 2015;
Bobe and Behrensmeyer, 2004; Bobe and Eck, 2001), while a minority focused on records of
environmental variability with established links to specific terrestrial environments (Feakins et al.,
2007; Feakins et al., 2013; Magill et al., 2013a, b).

The emergence of the Acheulean in East Africa ~1.75 Ma (Beyene et al., 2013; Diez-
Martin et al., 2015; Lepre et al., 2011), was the first major transition in stone tool technology,
coinciding with the widespread distribution of the genus Homo throughout Africa, Europe, and
Asia. As the Acheulean signified early complex behavior through the repeated manufacture of
large-sized, standardized tools (Diez-Martin et al., 2015), it is indicative of advance foresight
requiring developments in spatial perception beyond those known for apes or earlier (>2.0 Ma)
hominins. Therefore, multiple hypotheses have been advanced regarding the emergence of the
Acheulean (Fitzhugh, 2001; Gallotti and Mussi, 2018b; Gamble et al., 2011; Kuhn, 2004; Shennan,
2011); nevertheless, environmental data for the earliest known Acheulean archaeological
assemblages are lacking. While there are several lines of evidence for African climate change and
ecological reconfiguration beginning around 1.8 Ma (Cerling, 1992; Cerling et al., 1993;
deMenocal, 2004; Marlow et al., 2000; Schefuf} et al., 2003), no strong correlation exists between
remodeling of African landscapes and the origins of Homo erectus or development of the
Acheulean. Furthermore, paleoclimate records do not support unidirectional shifts to permanently
drier conditions in East or South Africa (deMenocal, 2004).

Although the Acheulean appears in the archaeological record by 1.7 Ma, coinciding with
the expansion of Homo erectus into areas unoccupied by earlier hominins (Beyene, 2003; Semaw

et al., 2008), high-resolution datasets for local and regional climate are missing for the earliest



Acheulean sites. Furthermore, the timing of the first Acheulean assemblages in Ethiopia and Kenya
are poorly constrained geologically (Semaw et al., (2008): p. 87), while the environmental
background for hominin technological adaptations in East Africa between 2.0 and 1.8 Ma is

unclear.

1.2 Identification of the Problem

The earliest known examples of the Acheulean in East Africa, made up of handaxe and
cleaver assemblages of proto-bifaces or bifaces, are found at Kokiselei 4, West Turkana, Kenya at
an estimated age of 1.76 Ma (Lepre et al., 2011), and at Konso-Gardula, Ethiopia, “°’Ar/*°Ar dated
to 1.74 £ 0.03 Ma (Beyene et al., 2013). Slightly younger, but chronologically well-bracketed
material that is also more technologically and morphologically complex, is found at the Frida
Leakey Korongo West (FLK-W) site, Olduvai Gorge, Tanzania, **Ar/*°Ar dated to 1.698 + 0.015
Ma (Diez-Martin et al., 2015) (Fig. 1-1). Although the Acheulean does not become widespread
until about 1.5 Ma, shortly thereafter, the technology disperses across Africa (Chazan et al., 2008;
Gibbon et al., 2009; Kuman and Clarke, 2000), the Near East (Bar-Yosef and Goren-Inbar, 1993),
India (Pappu et al., 2011), and then later in China (Hou et al., 2000; Zhu et al., 2004), and Indonesia
(Simanjuntak et al., 2010).

Water, vegetation, and human habitats are tightly coupled (Magill et al., 2013b), yet 160
years after being first described by Gabriel de Mortillet in the French town of Saint-Acheul, the
environmental context of the earliest Acheulean is still poorly understood. Was the transition from
the Oldowan to the Acheulean driven by environmental changes? Did the Acheulean emerge as a
response to the opening of African landscapes as has been suggested (de la Torre, 2016; Hay, 1976;

Isaac, 1971; Isaac and McCown, 1976; Potts, 2013), although environmental data is scarce? And
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Figure 1-1. An overview of Olduvai Gorge, Tanzania highlighting the Main and Side gorges, metamorphic outcrops
Naibor Soit and Naibor Ndogo, the main research stations, a general altitudinal profile, and the location of sites studied
in this dissertation.

more specifically, what was the environmental context of the archaeological transition from the
Oldowan to the Acheulean between Olduvai Beds I and II?

This dissertation advances research in the fields of human ecology, evolutionary
anthropology, and ancient climate studies by examining human-environment interactions between
water availability, plant landscapes, and stone tool technology at Olduvai Gorge, Tanzania through
isotope geochemistry. The emphasis is on the environmental and archaeological transition between
Olduvai Beds I and 11, a nearly 200,000-year period (1.83 to 1.66 Ma), which includes a key shift
in stone tool technology from the Oldowan to the Acheulean, and the widespread distribution of

our genus, Homo. The principle goal is to investigate the dynamic human response to fluctuating



climates, ecological setting, and habitat choice, and to answer questions on how evolutionary
outcomes correspond in time and space with specific environmental events by utilizing
biologically specific marker molecules, or biomarkers, stable isotopes, and analytical chemistry to
interpret water availability, vegetation type and abundance, precipitation vs. aridity, and relative

temperatures.

1.3 Exploration of the Problem

Although a trend toward drier conditions in Africa over the Plio-Pleistocene is evident in
marine (Feakins et al., 2007; SchefuB3 et al., 2003) and soil carbonate (Levin et al., 2004; Quade
and Levin, 2013) records, it is difficult to associate specific landscape remodeling events at specific
hominin-activity locales with gradual, continental-scale environmental changes. Moreover,
abundant environmental data exist for Olduvai Gorge (Albert et al., 2009; Albert et al., 2006;
Barboni et al., 2010; Bibi et al., 2018; Prassack et al., 2018), but very few studies have used isotope
compositions of plant biomarkers from terrestrial sources (Magill et al., 2013a, b). This research
is adding to the environmental dataset by creating a high-resolution, spatial and temporal isotope
record for Olduvai Gorge upper Bed I and lower Bed II by exploring the correlation between
shifting climates, ecological reorganization, and technological adaptations.

To explore the interactions between and among water accessibility and vegetation in
various Olduvai paleo-habitats, terrestrial sediments were systematically sampled and processed
for long-chain normal (n-) alkyl plant leaf wax compounds; specifically, n-alkanes and n-alkanoic
acids lipid biomarkers. These compounds, consisting of covalently bonded carbon, hydrogen, and
oxygen atoms are difficult to degrade without subjecting to high temperatures (>100°C) or

catalytic enzyme and chemical activity, and thus the original isotopic content incorporated during



biosynthesis remains intact over geologic time as the molecules travel through the environment
before settling in sediments (Eglinton and Eglinton, 2008). Normal alkanes and fatty acids (the
biosynthetic precursors of the n-alkanes in plant cuticular wax (Kunst and Samuels, 2003; Samuels
et al., 2008), are relatively long-lived compounds that are easily extracted and analyzed, and widely
used as biomarkers in studies focusing on paleoenvironmental change (see Chapter 5: Plant Leaf
Wax Lipid Marker Molecules). They pass into the environment as leaf debris, are often transported
long distances by wind and water, and then the intact molecules are deposited in both terrestrial
and aquatic sediments. These molecules eventually serve as proxy measures of the continental
vegetation that synthesized them (Eglinton and Eglinton, 2008).

Assessing hydrogen and carbon isotope compositions of n-alkanes and n-acids act as a
coupled proxy record for changes in water availability, vegetation communities, precipitation or
aridity, evapotranspiration of leaf and soil moisture, and the relative abundance of C; and Cs4 plants
in response to climate changes (Liu and Yang, 2008; Liu et al., 2006; Lockheart et al., 1997; Magill
et al., 2013b). Gas chromatography and mass spectrometry are used to quantitatively measure
biomarkers and isotope ratios, as these techniques allow for the assessment of the environmental
parameters in which these biomarkers formed (Castafieda and Schouten, 2011).

Following biomarker quantification, hydrocarbon identification differentiates n-alkane and
fatty acid homologues and their sources of production (e.g. aquatic vs. terrestrial plants). The
ubiquitous, well-preserved nature of m-alkyl compounds, particularly in lacustrine sediments
(Wang et al., 2014), has led to their distributions being used to understand paleoenvironmental
processes and the climatic context in which they originated (Castafieda and Schouten, 2011;
Eglinton and Eglinton, 2008). Identifying specific carbon-hydrogen compounds allows for the

differentiation of n-alkane and n-acid homologues between those produced by aquatic algae



(Cranwell et al., 1987), submerged and floating aquatic plants (Cranwell, 1984; Ficken et al.,
2000), and terrestrial vegetation (Eglinton and Hamilton, 1967). This interpretation will serve as a
paleoenvironmental proxy for habitat type in the greater Olduvai paleolandscape; i.e. lacustrine
vs. fluvial vs. terrestrial settings.

The hydrogen and carbon isotope compositions of n-alkyl lipids assess changes in plant
type, atmospheric CO,, plant water-use efficiency, temperature, aridity/humidity (including
precipitation), and source water. Hydrogen isotopes of plant biomarkers are primarily influenced
by the isotopic composition of precipitation water used during photosynthesis, and the isotopic
fractionation associated with evapotranspiration (Sachse et al., 2012), but also temperature and
successive evaporation-condensation events. Carbon on the other hand is primarily influenced by
photosynthetic pathway (C3 vs. Cs) and the discrimination against the heavy isotope (}*C) during
photosynthesis. Therefore, the hydrogen and carbon isotope compositions of n-alkanes and n-
alkanoic acids function primarily as paleo-hydrological and paleo-vegetation proxies.

As a well-defined archaeological landscape (or ‘archaeo-sphere’) representing the fossil
record of broader East Africa, Olduvai presents an opportunity to explore the validity of the
proposed research objectives. The focus on Olduvai is befitting given that the region boasts
archaeological remains with extraordinary evidence for human behaviour. This makes the study
area the best place to track the impact shifting climates had on configuring local habitats, and the
role ecological variability played in the development of Acheulean technology at Olduvai Gorge.
Terrestrial sediments were sampled from the following Olduvai locations (Fig. 1-2) with the

assistance of The Olduvai Paleoanthropology and Paleoecology Project (TOPPP):



- Frida Leakey Korongo North (FLK-N), a Bed I locality dated 1.831 + 0.006 Ma to 1.803
+ 0.002 Ma (Deino, 2012), containing several hundred Oldowan stone tools and abundant
faunal remains but no clear association between the two assemblages (n=8)

- Clays in contact below Tuff IF (1.803 + 0.002 Ma), the marker tuff dividing Bed | from
Bed Il that is exposed for more than a kilometer throughout the main confluence of the
gorge (n=30)

- Frida Leakey Korongo West (FLK-W), an excavation site dated between 1.698 + 0.015 Ma
and 1.664 + 0.019 Ma, consisting of fluviatile conglomerates and sands (Diez-Martin et
al., 2015) that contains Olduvai’s earliest known Acheulean assemblage (n=28)

- Along the Lower Augitic Sandstone (LAS), an unconsolidated sedimentary unit dated to
between 1.698 + 0.015 Ma and 1.664 = 0.019 Ma, which is exposed for roughly one
kilometer in the main confluence of the gorge and is stratigraphically related to the lower
units of FLK-W (n=15)

- Clays in contact below the Bird Print Tuff (BPT), a roughly 200-meter long volcanic
deposit exposed south of FLK-W in the main gorge, dated to Middle Bed Il and found
stratigraphically above FLK-W (n=11)

- Clays situated above Tuff IF (1.803 + 0.03 Ma) and below Tuff IIA (1.74 £ 0.03 Ma) at
Olduvai’s geologic feature known as the Castle. These clays represent the
paleoenvironment that followed the FLK-N sequence and preceded the FLK-W sequence
in the lower portion of Bed Il (n=14).

Sampling from these sites® presents an opportunity to combine temporal (column approach) with

spatial (landscape approach) strategies to identify variations in lipid biomarkers and isotopes

! Archaeological sites are broadly defined as areas with stratified layers of varied sedimentology and different lithic
(or fossil) material.
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resulting from a mosaic ecosystem and changes in the environment over time. This will also allow
for the classification of the patches of distinct landscape structure that existed at Olduvai Gorge

~1.7 Ma.

1.4 Importance to Human Evolution Scholarship

The scientific and technical originality of the project is the application of several proxies
to assess the interaction between water accessibility, mosaic ecosystems, and dietary behavior in
the various habitats that existed at Olduvai Gorge during upper Bed I and lower and middle Bed
Il. The focus on Olduvai is befitting given that the region boasts archaeological remains with
extraordinary evidence for human behaviour, making the study area the best place to track the
impact shifting climates had on configuring local habitats, and the role ecological variability
played in the development of Acheulean technology at Olduvai Gorge. The research makes
significant contributions to the science of human ecology and evolution studies by integrating
environmental disciplines with archaeology to apply a wide array of data acquisition techniques
and analyses to contribute to anthropological theory.

Changing hydrological conditions would have influenced plant community composition
and imposed strong adaptive pressures on human evolution (Magill et al., 2013b). Even today, the
role water availability plays in vegetation and resource distribution guides primate behaviors due
to the impact water budget has on vegetation and resource distribution (Pruetz and Bertolani, 2009;
Teaford and Ungar, 2000). However, much of our understanding on climatic controls and human
evolution stem from reconstructions derived from indirect carbon or oxygen isotope proxies,
specifically from tooth enamel, paleosols, or marine sediment sources (Feakins et al., 2013;

Sponheimer and Lee-Thorp, 1999; Sponheimer et al., 2006; van der Merwe et al., 2008; Wynn,
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2000). In addition, there are incomplete terrestrial records for environmental change that use stable
hydrogen isotopes from lipid biomarkers preserved in terrestrial sediments. Therefore, the
interpretation of the connection water accessibility and mosaic ecosystems had on human
evolution is limited by both indirect proxies for hydrological and vegetation changes, and irregular

terrestrial data for environmental fluctuations.

1.5 Chapters Summaries

The following chapters aim to establish a link between water availability and vegetation
type during the emergence of the Acheulean stone tool industry at Olduvai Gorge, Tanzania
through the isotopic characterization of n-alkyl lipid biomarkers from plant wax sources in ancient
terrestrial sediments.

Chapter 2 introduces the ecological primers and theoretical foundations of studying extant
African biomes and phytochoria. This chapter focuses on Sub-Saharan Africa by characterizing
the geology, climate, and ecology of today, with an emphasis on East Africa and specifically, the
Olduvai Gorge region. Flora on the Africa continent is addressed, as well as specific microhabitats
and biomes; woodland, bushland, shrubland, grassland, desert, and Afroalpine vegetation. Sub-
Saharan Regional Centers of Endemism according to White (1983) and major extant plant families
are also introduced. Finally, an overview of present-day climate and vegetation of the greater
Olduvai region is given, including modern referentials used for paleolandscape reconstructions.

Today, the regional centers of endemism and extant biomes are largely influenced by
seasonal precipitation patterns which respond to regional topography and the convective activity
of the Intertropical Convergence Zone; these features also play a critical role in the distribution of

plant resources, which are largely determined by the availability of freshwater. These factors likely
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had a similar role during the Pleistocene, and human activity would have been motivated by
precipitation seasonality and vegetation distribution. As for the referential studies, caution must
be taken when assigning any modern environment as a Pleistocene correlate, as interactions
between CO; concentrations, rainfall amount, average temperature, or localized geology may have
established Pleistocene vegetation communities and structures unlike those found today in the
greater Olduvai region.

Chapter 3 reviews climate change and human evolution research. This chapter begins with
an introduction to the controlling factors on climates and environments in Africa such as
Milankovitch Cycles, tectonic uplift, and moisture-aridity cycles. It continues with a review on the
discourse of intrinsic and extrinsic factors influencing human evolution, as well as habitat specific
and variability hypotheses that explain the emergence of such human traits as bipedalism, brain
enlargement, and tool use. Multiple hypotheses have been advanced linking climate change and
human evolution and the environmental context of early human biological and technological
adaptations in Africa. Both global and regional controls impact precipitation patterns and thus the
available water to both plants and animals, including early humans. Therefore, these environmental
parameters would have played a significant role in human evolution over both short and long
timeframes, including the development of the Acheulean ~1.75 Ma.

Chapter 4 examines research at Olduvai Gorge, with an emphasis on the history of
paleoanthropology at Olduvai, the geological interpretations for such things as the deposition on
Beds I through IV, Masek, Ndutu, and Naisiusiu, volcanism and dating, and faulting and
environmental (hydrological) reconfigurations. The primary focus of this chapter is the
stratigraphy and geological characteristics of the seven Olduvai beds and the extent of which they

can be found throughout the gorge. Although this chapter does not detail individual archaeological
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sites, it provides the basis for understanding areas of the gorge discussed in other chapters and the
stratigraphic correlations between Bed I and Bed II sties.

Chapter 5 is a comprehensive review of biological specific marker molecules diagnostic of
terrestrial plants, specifically those from plant-derived normal (n-) alkyl lipids. This section
introduces leaf wax lipid biomarkers, lipid biosynthesis, C3 and C4 photosynthetic pathway, and
the controls influencing the carbon and hydrogen isotope content of leaves. Research on the
environmental factors that effect isotope values in plants, such as temperature, aridity, evaporation,
and source water is presented in addition to biomarker studies on modern plants and landscapes
that inform our understanding of using this proxy as an environmental reconstruction tool. It also
includes a brief summary of isotope fractionation and describes processes that affect the relative
abundance of isotopes in lipids. It ends with an important discussion on the preservation and
diagenesis of leaf wax lipid compounds, and why §'C and 8D interpretations should be made with
caution as isotope values may be altered due to (bio)degradation soon after deposition into soil
horizons.

Chapter 6 examines East African paleo-reconstructions for Pleistocene habitats and
biomes. It begins with a review of stable isotopes from pedogenic carbonates in both the Omo-
Turkana Basin in Kenya and Ethiopia as well as Olduvai Gorge over the last ~2.5 Ma, with an
emphasis on the major changes of the Early Pleistocene (1.806 Ma to 781,000 years ago). This
chapter then reviews paleontological proxies for habitat reconstructions with a focus on avian, fish,
and mammalian fossils. It continues with a discussion on biogenic silica in the form of plant
phytoliths. Next, it reviews interpretations from a geological perspective on past environments,
specifically in the Olduvai Gorge region. Finally, Chapter 6 looks at the recent advances in isotope

analysis using lipid biomarkers to reconstruct hominin ecology in Kenya and Tanzania. These
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different proxies are important for understanding Pleistocene East African archaeological sites
because they exhibit how changing climate and environments altered the distribution of plant
habitats and food resources which may have been the impetus for both biological and cultural
adaptations in early humans.

The Acheulean stone tool industry and hypotheses on its emergence in East Africa are
presented in Chapter 7. This section provides a general overview of the earliest known examples
in Kenya, Ethiopia, and Tanzania, then follows with a review of proposed reasons for the
Acheulean’s emergence following nearly one million years of Oldowan tool use. A brief review
of the Acheulean at Olduvai is then given before the chapter finishes with the environmental
context of the earliest Acheulean in East Africa. The assemblage at Kokiselei (West Turkana,
Kenya) is characterized by coarsely made proto-bifaces, unifacially and bifacially shaped crude
handaxes, and pick-like tools, while those found at Konso-Gardula (Ethiopia) were large bifacially
or unifacially modified flakes shaped into picks, handaxes, and cleavers. The Acheulean at FLK-
W (Olduvai Gorge, Tanzania) on the other hand, displays evidence of relatively advanced
knapping skills and provides evidence for the earliest stages of Acheulean development, and is the
earliest site in which stone tools associate spatially and functionally with fauna exploitation.

Chapter 8 details methods and protocols, and the development of different analytical
techniques for the analysis of leaf wax lipid biomarkers. This chapter begins with a discussion on
sampling locations and collection strategy at Olduvai Gorge and reviews the geological and
archaeological context of the investigated archaeological sites and geolocalities. Different methods
used for the recovery of lipid extracts are then presented, and includes a review of the strengths
and limitations of each extraction technique. This chapter follows with a comprehensive overview

of technique development; this section highlights complications encountered during laboratory
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analysis and the different protocols designed to mitigate such complications. It also presents the
reasons why specific techniques and lipid biomarkers were used and summarizes the best approach
to successfully analyzing terrestrial sediments from Pleistocene aged material. Chapter 8 continues
with the gas chromatography mass spectrometry and the isotope ratio mass spectrometry protocols
used for identifying and quantifying lipids compounds and their carbon and hydrogen isotopes.
Finally, the most reliable and efficient method for extracting and analyzing n-alkanes and n-
alkanoic acids is summarized at the end of the chapter. This section is given to provide an easy-
to-follow method for future biomarker research in Pleistocene sediments.

Results are described in Chapter 9. Gas chromatography mass spectrometry compound
quantitation is given for samples from each archeological site and geolocality investigated except
for the Lower Augitic Sandstone which was mired by Unresolved Complex Mixtures. For both the
n-alkanes and n-alkanoic acids (as Fatty Acid Methyl Esters), carbon preference index (CPI) and
average chain length (ACL) were used to examine the odd-over-even or even-over-odd carbon
number predominance and the weight-averaged number of carbon homologues, respectively.
Quantitation results are also presented as histograms for each sample, but for some samples from
FLK-W and BPT, n-alkane concentrations could not be calculated with confidence as they were
either too low in concentration or had UCM interference; therefore, these were reported as relative
abundance. The concentrations of all other samples are reported relative to a standard, but for the
FLK-N sample set, only FAMEs are given. The most dominant compounds detected were the C3;
n-alkane homologue and C»g n-alkanoic acid, both of which derive from terrestrial plants, but the
C22 n-acid, which likely derive from mosses, was also very abundant especially at FLK-N.

The second half of Chapter 9 deals with the carbon and hydrogen isotope composition of

the n-alkanes and n-acids. The §'°C and 8D isotopic composition of the C2-C3, even-numbered
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FAME:s are reported for FLK North, the clays below Tuff IF, and the Castle Clays, while the §!*C
isotopic composition of the C»5-C33 odd-numbered n-alkanes are given for FLK West. Only two
Bird Print Tuff samples were successfully analyzed for 8'*C, one for n-alkanes and one for n-
alkanoic acids. This chapter ends with a summary table of the techniques used for each sample set
and the overall findings.

Chapter 10 deals with the discussion of the results. A review of leaf wax lipid preservation
is given, and how different sedimentological context result in differential preservation of the
investigated biomarkers. This chapter begins with a discussion on the role sediment grain size has
in preserving lipid biomarkers; for example, the different sediments comprising the six FLK-W
archaeological levels lead to large disparities in lipid abundance between samples from the
different levels. Although this may be attributed to the methods used to isolate the compounds, it
could also be the result of microbial degradation as indicated by Unresolved Complex Mixtures.
Following this, Chapter 10 deals with the abundances of plant waxes in the Castle Clays, FLK
North, and clays below Tuff IF, as these were the best-preserved sample sets studied. This section
ends with an examination of the taphonomy of lipid biomarkers from the Bird Print Tuff, Lower
Augitic Sandstone, and FLK-W and how (bio)degradation of the n-alkanes resulted in substantial
UCMs. This is followed by a review of the different factors that result in UCM interferences such
as elevated soil temperatures, soil pH, and seasonal differences in precipitation.

The proportions of plants using the C3 or Cs4 photosynthetic pathway is then addressed
using 8'°C and end-member mixing models. Because there can be a significant estimation error
associated with the end-member values used, three different end-member schemes and two
separate mathematical models were employed to estimate the proportion of Cs; and C4 plants at

FLK-N, FLK-W, and the Castle. Chapter 10 continues with an overview of the possible

17



environmental factors dictating the §!°C and 8D isotope signatures of both n-alkanes and n-acids
such as rainfall amount, changes in source precipitation, and plant type. This is followed by an
analysis of the potential of using dD as a mechanism for tracking moisture source changes in East
Africa and how distinct isotope signatures could result from a change in the direction of moisture
delivery; e.g. northern or southern Indian Ocean. Additionally, the implications of this dissertation
research are presented, and how leaf wax lipid biomarkers can be used to answer specific questions
regarding environmental change and human evolution. Finally, the environmental context of the
earliest Acheulean at Olduvai Gorge is proposed with both geochemical and archaeological
evidence.

Lastly, Chapter 11 deals with the conclusions. A summary of the findings is discussed,
specifically the data from leaf wax preservation, water availability and plant landscapes, plant
ecosystems in Upper Bed I and Lower Bed II at Olduvai Gorge, and environments and stone tool
technology. Recommendations for future biomarker research at Olduvai Gorge and East African
paleoanthropological sites are offered at the end of this chapter, specifically regarding laboratory

protocols and the need for proper baseline studies of extant African biomes.
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CHAPTER 2: ECOLOGICAL PRIMERS AND THEORETICAL FOUNDATIONS

2.1 An Introduction to African Phytochoria and Biomes

Human-environment interactions and the relationship with evolutionary change is a
prominent focus of anthropologists, biologists, ecologists, geoscientists or anyone interested in
human evolution. As researchers continue investigating this relationship, they have concentrated
their objectives on how evolutionary events correspond in time and space with particular
environmental conditions, such as shifts in climate that result in shifts in habitat (Potts, 2013).
Multiple hypotheses have been advanced in an effort to identify environmental triggers that
influenced evolutionary change in humans and our ancestors throughout the Pleistocene
(deMenocal, 2004; Feakins et al., 2005; Potts, 1998b, 2012a, b; Reed, 1997; Trauth et al., 2010;
Trauth et al., 2006; Vrba, 1980). But, to truly recognize causal relationships between humans and
their environment, we need an understanding of modern African ecology, as modern correlates are
our only frame of reference to paleoenvironments. Therefore, a theoretical foundation regarding
African climate, geomorphology, faunal communities, soil properties, and vegetation
physiognomy or habitat structure can only be established by gathering as much information as
possible on extant African habitats. Only then can we begin to reconstruct ancient vegetation
physiognomy for Quaternary hominin environments.

The extant biomes of Africa are divided amongst sixteen major vegetation types, largely
dependent on type of plant (tree, bush, grass, etc.), percentage of biomass each type of plant
constitutes in each community, geography (e.g. coastal vs. mountain, tropical vs. temperate
latitudes), and the structure of vegetation such as height, density, thorniness, and deciduousness.

The sixteen types are further divided between five main groups; 1) formations of regional extent,
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2) formations intermediate between those belonging to group 1 that have restricted distributions,
3) edaphic formations of distinct physiognomy, 4) formation of distinct physiognomy but with
restricted distributions, and 5) unnatural (i.e. manmade) vegetation (White, 1983). In addition to
the extensive anthropogenic modification of modern environments, we must also be aware that
external mechanisms such as local tectonics, regional orbital forcing, and global climate changes
are not operating precisely the same today as during the Pleistocene, and that the distribution of
plants, percentage of biomass, or geographical extent may be quite different today than in the past.
We also must be cautious when drawing parallels between extant and ancient vegetation
communities, as many environments have been intentionally (Boivin et al., 2016), or non-
intentionally (Marshall et al., 2018), modified by modern humans. Furthermore, the effects of
external mechanisms like climate change on the distributions of animal and plant species, as well
as the floristic composition of plant communities, is a complicated subject that can only begin to

be understood through multidisciplinary research endeavors.

2.2 Flora and the African Continent

The continent of Africa measures approximately 8,000 kilometers north to south, with the
Equator bisecting the landmass nearly at its center; the greater part of Africa’s territory lies north
of the Equator due to the westward extent of West Africa. Africa stretches to temperate regions in
both the northern and southern hemispheres, but most of the land lies within the tropical region,
bounded in the north by the Tropic of Cancer and in the south by the Tropic of Capricorn (Fig. 2-
1A). Its vegetation includes several distinct types and floral zones (White, 1983). White identified
twenty regional phytochoria (areas possessing a large number of endemic taxa) on the African

continent, 18 on the African mainland and two on Madagascar (Fig. 2-1B). Phytochoria is the
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science of the study of the distribution of taxa and floristic regions and their history, with
phytochoria being defined by the richness of endemic floras found over a large geographic extent,
and a relatively uniform composition of plant species. Phytochoria typically do not have a shared
boundary, but rather, a transitional zone with many overlapping species.

Low altitude, gentle topography characterizes the majority of the African continent (Sept,
2013), but well-known highlands include Mt. Kilimanjaro, the Ethiopian and Kenyan Highlands,
the Rwenzori Mountains on the border between Uganda and the Democratic Republic of the
Congo, the Virunga and Albertine Rift Mountains, and the Drakensberg in South Africa. Other
significant mountain regions are the Usambara Mountains in Tanzania, the Chimanimani
Mountains of Zimbabwe, and the Cameroon Highlands. Considerable elevation in these ranges
create temperature gradients that dictate strong vertical zonation in montane vegetation types,
particularly in East Africa. In addition to changes in elevation, dramatic differences in rainfall
across Africa create complex climate and vegetation zones. Convective activity in a narrow zone
near the equator where northern and southern air masses converge, produces low atmospheric
pressure and generates vigorous storms over large areas. Known as the Intertropical Convergence
Zone (ITCZ) (Fig. 2-1C), this annual event creates seasonal rainfall patterns in the mid-latitudes
north and south of the equator. Driven by solar insolation, the ITCZ produces singular rainy
seasons in many parts of Africa; however in East Africa, Indian Ocean monsoons contribute to a
biseasonal distribution of rainfall (Sept, 2013) (Fig. 2-1D). In conjunction with high rates of
seasonal evapotranspiration, particularly in the tropics, seasonality limits plant growth, resulting
in latitudinal belts of vegetation: humid equatorial forests are enclosed by regions of woodlands,

which in turn are surrounded by grasslands, and subsequently deserts (Figs. 2-1B/D).
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Figure 2-1A. Geographic extent of the African continent with major rivers and lakes.

Figure 2-1B. Regional Centers of Endemism according to White (1983): I. Cape. II. Karoo—Namib. III. Kalahari—
Highveld. IV. Tongaland—Pondoland mosaic. V. Afromontane. VI. Zanzibar—Inhambane VII. Zambezian. VIII.
Guineo—Congolian/Zambezian transitional zone. IX. Guineo—Congolian. X. Sudano/Guineo—Congolian/transition.
XI. Lake Victoria. XII. Somalia—-Masaai. XIII. Sudanian. XIV. Sahel. XV. Sahara. XVI. Mediterranean. XVII.
Mediterranean/Sahara regional transition zone. XVIII. West Malagasy. XIX. East Malagasy. Afroalpine
archipelago-like region of extreme floristic impoverishment not shown separately. Major Afromontane regions: 1.
Ethiopian Highlands. 2. Imatongs-Usambara. 3. Kivu-Ruwenzori. 4. Uluguru-Mlanje. 5. Chimanimani. 6.
Drakensberg.

Figure 2-1C. Boreal and austral summer extent of the Intertropical Convergence Zone (ITCZ) and pevailing
direction of monsoon winds.

Figure 2-1D. Annual average rainfall of the African continent (modified from UNEP’s Africa Water Atlas).

2.2.1 Microhabitats and Biomes

Within these broad vegetational units, the porosity and chemistry of soils help to create
distinct microhabitat structures. Topography, and groundwater sources mediate local, microhabitat
variation, while edaphic conditions influence vegetation structure and floristic patterns at a
regional scale (Sept, 2013). The term biome is used here to describe areas covered by relatively
uniform vegetation types (e.g. forest, wooded grassland, grassland, semidesert, and desert) that
represent major biotic zones and correlate with various climatic indices such as rainfall seasonality,
summer aridity, and minimum winter temperatures (Van Wyk and Smith, 2001)

The woodland biome is the most widespread vegetation type in tropical Africa. Woodlands
are open stands of trees that are at least 8.0 meters high, but no more than 20 m, with woody
coverage accounting for roughly 40% of the biomass over a field layer dominated by grasses.
Unlike true forests, woodland canopies do not overlap extensively. The distinguishing
characteristics of woodlands is that the dominance of trees combined with the open canopy and
almost universal presence of sun-loving Cy4 grasses, herbs, and small tree and shrub understories,
separate woodlands from other types of vegetation. Most African woodlands are deciduous or

semi-deciduous but nearly all types contain a few evergreen species (White, 1983).
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True forests are continuous stands of 10 to 50 m high trees with a closed, multistory,
overlapping canopies. Woody plants contribute most to the biomass and the sparse ground layer
usually lacks trees though may contain shrubs. Nearly all the forests in Africa are evergreen or
semi-evergreen, though deciduous forests occur as well. The forest biome is sub-divided into
rainforests, dry, semi-evergreen, deciduous, and undifferentiated forests (White, 1983). In forests,
the crown cover is usually more than 75%, with graminoids usually absent on the ground. Outside
of Central Africa, forests often only occur as a series of scattered small (1.0 km?) to very small
(<0.1 km?) patches (Mucina and Rutherford, 2006), and are typically found as islands within larger
biomes such as grasslands or bushlands. For example, the tropical rainforests of Eastern Africa
only encompass 10,000 km? and are highly fragmented (Wasser and Lovett, 1993). Forest types
include gallery forests that develop along riparian zones adjacent to rivers, inundated freshwater
swamp forests, true rainforests, groundwater fed forests, highland Afromontane forests, coastal
forests with high atmospheric humidity, and mangrove forests (Mucina and Rutherford, 2006; Van
Wyk and Smith, 2001; White, 1983). Water availability is the dominant factor dictating forest
development, as forest vegetation is a function of amount of precipitation, evapotranspiration,
availability of groundwater, soil structure, and seasonality of precipitation (Mucina and
Rutherford, 2006). Riverine forests for example, develop in areas of low rainfall that would
otherwise not support dense stands of woody plants. Interestingly, species richness varies more
within a forest than between forests (suggesting that the high degree of similarity may have been
established before forest fragmentation during the late Miocene (Geldenhuys, 1992)), and drier
and warmer forests tend to be richer in species than wetter and cooler forests (Mucina and

Rutherford, 2006).
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Bushland and thicket usually accompany one another. Bushland is defined as an open stand
of bushes, or woody plants intermediate between a tree and a shrub, usually 3-7 m tall, that cover
40% or more of the land. Bushes often flourish in rocky or stony substrates that are unfavourable
to grasses. Rainfall is between 250 and 500 mm per year, and in some bushland and thicket biomes,
droughts of several months are common and there is a 25% change of not receiving 80% of the
mean annual precipitation in any given year (Mucina and Rutherford, 2006). Thicket is defined as
a closed stand of bushes and climbers that are so densely interlocked that they form a nearly
impenetrable obstacle that hinders movement. Bushland and thicket occur under a wide range of
climatic and edaphic conditions that are inauspicious for taller woody plants (White, 1983).
Bushland and thicket comprise a broad spectrum of physiognomic types reflecting gradients in
climate, geology, soil, and herbivory with varying structure and species composition (Mucina and
Rutherford, 2006). This biome also contains a high diversity of species and a wide span of
ecological lifeforms including leaf and stem succulents, deciduous woody shrubs, geophytes,
annuals, forbs, and grasses, and reflects the transitional, ecotonal nature of thicket vegetation.

Shrublands are landscapes dominated by shrubs that vary in height from 10 cm to 2 m or
more. Usually, open or closed stands of shrubs occur where taller woody plants cannot gain a
foothold because of low rainfall, extended drought periods, low temperatures, high rates of
evapotranspiration, and oligotrophic or nutrient-poor soils. The most extensive and distinctive
shrublands are found in western South Africa and Namibia (White, 1983). Important features of
shrublands often include the presence of leaf spinescence, high sedge cover, and low grass cover,
frequent summertime fires, and nutrient-poor sandy, clay, and gravelly soils (Monroe et al., 2007)

Grasslands develop anywhere woody plants cover 10% or less of a landscape. There are

over a thousand species of grasses throughout the African continent, but plant communities
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dominated by grasses are sporadic and have an infrequent distribution. Pure grasslands occur on
deep sandy soils wherever rainfall is between 100 and 250 mm, but in areas where rainfall is
between 250 and 500 mm ‘wooded grassland’, an intermediate between grassland and woodland
with 10-40% woody plants, replaces grassland. African grasslands are subdivided into three
distinct types; climatic, edaphic, and secondary. Secondary grasslands are now the most extensive
community on African mountains due to human activity such as controlled fires and agriculture.
Edaphic grasses, those caused by soil conditions, occur in shallow soils or in valleys where clays
become waterlogged. They are widespread in most of Sub-Saharan Africa from ~20° S to ~15° N
except in equatorial Central Africa. In any of the grassland types, dominant species may grow to
3 m or more. The well-known ‘savanna’ is a grass dominated ecosystem (White, 1983), however
‘savanna’ is not a useful term or classification system as it comprises vegetation composition with
a grass dominated herbaceous layer and scattered low or tall trees, but also includes both closed
and open woodlands with a tree cover ranging from less than 75% and greater than 1% (Mucina
and Rutherford, 2006). Additionally, the general term ‘grassland’ is also problematic as it can be
applied to any region dominated by grasses, making it neutral and basically all inclusive category
(Mucina and Rutherford, 2006). Nevertheless, grasslands as referred to here, are structurally
simple with less than 10% canopy cover, with woody species only occurring in specialized habitats
that are dependent on the availability of moisture. Forbs also form an important component of
grasslands, and may contribute more in terms of biome species richness than grass species do
(Mucina and Rutherford, 2006). The major C4 photosynthetic subfamily of the grassland biome is
Panicoideae, while Pooideae, a C3 subfamily, dominate only at high altitudes and in well-watered

environs.
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Arid landscapes with a sparse cover dominated by sandy, stony, or rocky substrate are
termed deserts. The plant cover is scarce and shows various adaptations to unfavourable water
conditions. Typical annual rainfall is less than 200 mm, but in some extreme deserts, precipitation
can be as little as 10 mm. When rainfall is between 200 and 250 mm, semi-desert develops,
however, the transition towards arid regions is gradual and it is difficult to differentiate desert
vegetation from semi-desert (White, 1983). Although there are no true deserts in East Africa, the
deserts of southwestern Africa include a number of species adapted to hyperarid conditions.
Deserts are often characterized by ecological extremes (Mucina and Rutherford, 2006), as they
have the greatest variability in rainfall, the highest temperatures, and in some regions, the highest
occurrence of coastal fog. Like grasslands, the desert biome is often poorly defined, particularly
when moisture emanating from fog results in perennial vegetation exceeding 10% of canopy
coverage yet mean annual precipitation is less than 70 mm (Mucina and Rutherford, 2006).
Additionally, different limits for the maximum amount of annual precipitation have been used to
categorize deserts; 60 mm (Werger, 1978), 70 mm (Mucina and Rutherford, 2006), and 200 mm
(White, 1983) have all been used to delimit the maximum amount of rainfall in desert biomes.

Finally, confined to the highest mountains of tropical Africa is Afroalpine vegetation.
Transitional formations of local extent include scrub forest, transition woodland, and scrub
woodland, which are intermediate between forest and bushland or thicket, forest and woodland,
and woodland and bushland, respectively (White, 1983). Vegetation in these regions are often
classified as alpine (2,800 - 3,500 m.a.s.l.) and subalpine (1,800 - 2,800 m.a.s.l), and may be a
separate phytogeographical region (Hedberg, 1965), although its total flora only includes about

280 species (in East Africa) but no endemic genera.
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2.3 Extant Phytochoria and Biomes of Sub-Saharan Africa

The following section is an overview of White’s (1983) descriptive memoir of extant
African phytochoria termed Regional Centers of Endemism, defined as regions that consist of more
than 1,000 endemic species, 50% of which are confined to the region (White, 1979). The
Zambezian, Sudanian, Guineo-Congolian, Somalia-Masai, Karoo-Namib, and Cape regions are
reviewed in the following sections by order of regional extent (Fig. 2-1B). The Afromontane,
although not a Regional Center of Endemism in the strict sense, but unique in that it is an
Archipelago-like Center of Endemism and important to the dissertation research objectives, is
examined as well. As is the Zanzibar-Inhambane Regional Mosaic, a restricted biome that is
nevertheless significant to the overall goals of the project. Endemism is a relative concept that
refers to taxon limited in geographic range due to ecological and physiological parameters, but it
should be noted that some plant taxa are present, even if marginally, in multiple centers as satellite

populations (Van Wyk and Smith, 2001).

2.3.1 Zambezian Regional Center of Endemism

The 3,770,000 km? area that comprises the Zambezian Regional Center of Endemism
(RCE) is situated between 3° and 26° south, and can be found in of most of Angola, northern
Namibia, all of Malawi, Zambia, and Zimbabwe, western Mozambique, southwestern Tanzania,
southeastern Democratic Republic of the Congo, northern Botswana, and Limpopo Province,
South Africa. Much of this RCE sits at an elevation greater than 900 meters above sea level
(m.a.s.l.), but in some areas can be as high as 2,500 m.a.s.. wherein the terrain supports
Afromontane communities. Overall, the Zambezian is categorically identified as a dry, deciduous

forest that rarely exceeds 25 m in height and is simple in structure compared to rainforests. After
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the Sahara, the Zambezian RCE is the largest major phytochorion in Africa containing at least
8,500 species of which about 54% are endemic, though there are no endemic genera and only a
few endemic families.

The Zambezian RCE has the richest and most diversified vegetation types of any of the
African phytochoria. The biogeography of the Zambezian consists of dry forest, swamp and
riparian forests, transition woodland, woodland, thicket, scrub woodland, and grassland; most of
which include subdivisions based on soil types, rainfall, and elevation. Both dry evergreen and dry
deciduous forests were once extensive in moisture rich areas of the Zambezian. However,
cultivation and manmade fires have greatly diminished both types of forest. These two types are
almost completely different in terms of their floristic compositions; dry evergreen forests rarely
exceed 25 m in height, where deciduous trees are usually about 20 m high, but can vary between
12 and 25 m. Dry evergreen forests are confined to regions that receive more than 1,200 mm of
rainfall a year while dry deciduous forests occur in parts where rainfall is between 600 and 900
mm. The dry deciduous forest also includes a large scrub forest component, particularly in the
western range of the Zambezian RCE in Angola.

Permanent swamp forest occurs in the Zambezian where annual rainfall exceeds 1,000 mm.
Swamp forests are associated with perennial, slow-moving or stagnant watercourses and tributaries
of the Zambezi River, the fourth longest, and largest eastward-flowing river in Africa. Swamp
forests often merge into riparian forests in areas where the water table remains below the land
surface for part of the year because rainfall is less than 800 mm. Only beyond the floodplain of the
Zambezi and its major tributaries, do trees reach a height of 18-24 m; on floodplains that are

submerged for six months of the year, trees only grow between 9 and 12 m.
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Three main types of woodland, miombo, mopane, and undifferentiated, are distinct enough
to have their own classifications within the greater Zambezian woodland RCE. Miombo is the
prevailing vegetation in well-drained, acidic, shallow, and stony soils throughout most of the
Zambezian except for the Kalahari, western Zambia and eastern Angola, and along the low-lying
Zambezi and Luangwa River valleys. Floristically, miombo is very different from other types of
woodland and is dominated by the genus Bracystegia (of which the Swahili word is miombo),
which rarely occurs in other vegetation types. Miombo is mostly 10-20 m tall, but some species
can reach heights of 30 m when soil conditions are productive. Mopane forests are typically found
in wetter soils along the valleys of the Zambezi, Luangwa, Limpopo, Shashi, and Savi rivers or in
other regions where miombo is absent. Mopane species can survive elevations up to about 1,400
m, annual rainfall of 800 mm or less, and multiple edaphic conditions. Rarely, do miombo and
mopane forests overlap. Undifferentiated woodland on the other hand, is defined by the absence
of both the miombo and mopane dominants, rather than by its own floristic composition. Although
it is relatively restricted in range, undifferentiated woodland is composed of many more tree
species than either miombo or mopane and subdivided into those north of the Limpopo and those
south of the Limpopo, with those in the north usually including large trees frequently exceeding
20 m, growing on well-drained soils at elevations intermediate to the river valleys and uplands.
The southeastern part of the ecoregion is found in altitudes varying from 150 to 1,500 m.a.s.l. and
is transitional between the Zambezian RCE and the Kalahari-Highveld regional transition zone to
the south.

Thicket, transition and scrub woodland, and grassland make up the remainder of the
Zambezian RCE. Several types of thicket occur scattered throughout the Zambezian region,

particularly in drier parts along the periphery, such as in central Tanzania. The thicket is normally
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6-7 m tall and nearly impenetrable. Scrub mopane and scrub woodland are often associated with
the southern undifferentiated woodland, whereas miombo frequently occurs as scrub woodland at
altitudes between 1,600 and 2,100 m. Scrub woodland also forms the ecotone between miombo
woodland and Zambezian grassland, as well as between Kalahari woodland and grassland.

Grasslands typically occur on seasonally waterlogged soils that contain heavy metals.

2.3.2 Sudanian Regional Center of Endemism

The Sudanian Regional Center of Endemism extends along a narrow belt for nearly 6,000
km from the coast of Senegal to the foothills of the Ethiopian Highlands. Mostly between 500 and
700 km wide and below 750 m altitude, it covers an area of 3,731,000 km? and lies within the
tropical summer rainfall zone sharing similar rainfall patterns with the Zambezian region. With
mean annual temperatures between 24° and 28°C, temperatures in the Sudanian region are
considerably warmer, and the dry season is more severe than the Zambezian to the south. However,
there is likely less than 2,750 species in the Sudanian RCE, a third of which are endemic and
belong to three monotypic genera.

The predominant vegetation types of the Sudanian RCE are various woodlands, though
there is no true forest apart from a few localized swamp and riparian forests because cultivation
has had a major impact on the natural primary vegetation. In areas of secondary growth, the
majority of tree species that are allowed to grow are those of economic importance. Edaphic and
wooded grassland prevail along larger river valleys or on hydromorphic soils but are also found
on rocky outcrops. Bushland and thicket are very poorly represented.

Because the Sudanian RCE is relatively low-lying, the climate over the entire region

changes gradually, and this, combined with plant species wide tolerance for differing climate
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regimes, prevents distinct vegetation zones from developing. However, two noticeable differences
are observed, one in the drier north that lacks the genus Isoberlinia (family Fabaceae — legume),
and another in the wetter south that is dominated by Isoberlinia. The southern woodland stretches
without interruption from Mali in the west to northwest Uganda in the east. Trees are scarcely ever
greater than 15 m in height. The northern woodland extends from Senegal to the Red Sea, acting
as a ‘highway’ across the continent. However, the original vegetation is no longer recognizable
due to extensive human modification.

As for the other, restricted vegetation types, dry forests are only found in western Mali,
and in isolated regions from Guinea-Bissau to the Ivory Coast. Patches of riparian forest are
localized in the northern half of the Sudanian range, but most have been degraded to riparian
woodland. On the outer fringe of the riparian forests (particularly in Nigeria), well-developed
transitional woodland exists. Pure grassland is rare, as there is usually a mixture of woody plants,

but grassland and wooded grassland on soils formed from Pleistocene alluvium are very extensive.

2.3.3 Guineo-Congolian Regional Center of Endemism

Situated between five degrees north and south of the equator, the Guineo-Congolian
Regional Center of Endemism stretches from Africa’s Atlantic coast in the west, to the Rwenzori
Mountains in the east. It encompasses an area of 2,800,000 km?, most of which is at an altitude of
less than 1,000 m.a.s.l. except where it approaches the Rwenzori Mountains. Overall, the Guineo-
Congolian is categorized as a rainforest with well-drained soils, whereby the upper canopy is 30
m tall or more. Both evergreen and semi-evergreen vegetation prevails, swamp and riparian forests
are widespread, and typical shrublands are absent. Of the 8,000 species known to exist in the

Guineo-Congolian region, 80% are endemic, including ten endemic families.
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The Guineo-Congolian region receives between 1,600 and 2,000 mm of rainfall annually,
which is slightly less than the global yearly minimum of rainforests of 2,000 mm (Turner, 2004).
The biogeography of the Guineo-Congolian rainforest can be divided into four variants based on
species of plants; 1) the hygrophilous species growing in moist places along coastal evergreen
rainforest; 2) mixed, moist semi-evergreen rainforest that constitutes most of this RCE ; 3) single-
dominant, moist evergreen and semi-evergreen rainforest ‘islands’ within variant 2; and 4) drier,
semi-evergreen rainforest along the northern and southern periphery bordering the Sudania and
Zambezia regional transition zones, respectively.

The hygrophilous coast evergreen rainforest occurs in two sections along the Atlantic coast
from Sierra Leone to southern Ghana, and then from southern Nigeria to Gabon. The mean annual
rainfall is often more than 3,000 mm and coastal proximity results in very high atmospheric
humidity. However, there is a pronounced, yet short, dry season where many of the tree species
shed their leaves.

Most Guineo-Congolian rainforest belongs to the mixed moist evergreen and semi-
evergreen type. This variant comprises the vegetation in northeast Gabon, southeast Cameroon,
southwest Central African Republic, northern Republic of the Congo, and most of the Congo Basin
and its periphery in the Democratic Republic of the Congo. Rainfall is well distributed throughout
the year, and warm moisture from the Atlantic persists over much of the western segments of this
RCE. Found scattered throughout this variant are single-dominant, moist evergreen and semi-
evergreen rainforest ‘islands’ (variant 3). These are often no more than a few hectares in extent
and localized in the Congo Basin because of the extensive development of swamp forest; these

‘islands’ are virtually absent from the coastal regions of West Africa, however.
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The fourth variant is drier, semi-evergreen rainforest found along the periphery of the
Guineo-Congolian region, bordering the Sudania and Zambezia regional transition zones to the
north and south, respectively. Rainfall is between 1,200 and 1,600 mm and there is relatively high
humidity even during the dry season. Most trees are large deciduous species that lose their leaves
during the dry season. This variant was once widespread in the adjoining transition zones, and

even distributed in the Lake Victoria basin.

2.3.4 Somalia-Masai Regional Center of Endemism

The Somalia-Masai Regional Center of Endemism is quite an expansive region occupying
a large part of East Africa between 16°N and 9°S and 34°E and 51°E. It encompasses an area of
1,873,000 km? and includes eastern and southern Ethiopia (except the mountains), most of Somalia
and Kenya, Djibouti, eastern Eritrea, northcentral Tanzania, southeastern Southern Sudan,
northeastern Uganda, and across the Red Sea into southern Arabia. This RCE, situated between 0
and 900 m.a.s.], has an arid to semi-arid climate whereby rainfall is often less than 500 mm per
year and can be as low as 20 mm, and mean monthly temperatures between 25° and 30°C. Overall,
the Somalia-Masai has extensively developed deciduous bushland and thicket and various types
of wooded grassland. Trees rarely exceed 8 m in height. There are about 2,500 species of flora,
and possibly 50% of these are endemic. There is one endemic family, Dirachmaceae (Dirachma
socotrand), which is found on the island of Socotra (Yemen) and in Somalia, and about 50 endemic
genera occurring on both the African mainland and in Arabia and Socotra.

The biogeography of the Somalia-Masai region is dominated by deciduous bushland and
thicket that grade into and are replaced by evergreen and semi-evergreen bushland and thicket on

the lower slopes of mountains. Smaller areas of scrub forest, riparian forest, secondary grassland
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and wooded grassland, seasonally waterlogged grassland, semi-desert grassland and shrubland,
and desert are also found throughout this RCE.

Somalia-Masai Acacia-Commiphora deciduous bushland and thicket is a dense, 3-5 m tall
impenetrable bushland that forms thickets of plants often armed with spines that hinder movement.
Emergent, 9-10 m tall trees scatter throughout the bushland, particularly on rocky hills. Most
species are deciduous, but evergreens contribute 2.5-10% of the biomass. Modern human
activities, especially in areas where domestic animals are abundant, are responsible for the
conversion of bushland into grassland over hundreds of square kilometers where grasses were once
uncommon. Acacia-Commiphora deciduous bushland and thicket is widespread in the Ngorongoro
Conservation Area, near Lake Eyasi, and in Olduvai Gorge. East African evergreen and semi-
evergreen bushland and thicket occurs on the drier slopes of mountains and upland areas from
central Tanzania to Eritrea and beyond, forming an ecotone between montane forest and the
Acacia-Commiphora bushland and thicket.

Semi-desert grassland and shrubland dominate the Somalia-Masai RCE wherever rainfall
is between 100 and 200 mm per year. Edaphic grassland covers large areas in Tanzania but is less
well developed further north, and the near absence of trees on the Serengeti Plains is partly due to
unfavourable edaphic conditions. In the ecotone between forest and grassland in Nairobi National
Park, a combination of grazing, browsing, and fire has created grassland in areas capable of
supporting evergreen bushland or forest.

As for forests, Somalia-Masai scrub forest develops at relatively low altitudes where
rainfall is higher (>500 mm) than that of deciduous bushland and thicket but too low to support

true forest. Scrub forest vegetation usually reaches between 7-10 m tall. Riparian forest occurs
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only on the banks of the larger rivers, such as the Tana River (Kenya), and often includes many
species that are widespread throughout Africa.

Special attention is paid to the Serengeti ecosystem that lies entirely within the Somalia-
Masai Regional Centre of Endemism because within the Serengeti Nation Park, human activity
has been minimal whereas outside the park, the intensity of human influence varies greatly from
place to place. The Serengeti ecosystem comprises 35,000 km? of grassland and wooded grassland
in northern Tanzania extending into southern Kenya. More than one hundred species of grass occur
in the region but are mainly restricted to soils derived from volcanic ash that favor grasses rather
than woody vegetation. Acacia-Commiphora bushland and thicket is very poorly represented
inside the Serengeti National Park, but Acacia-Commiphora wooded grassland is the most
extensive woody vegetation type in the Serengeti National Park and represents 88% of all woody

vegetation.

2.3.5 Karoo-Namib Regional Center of Endemism

The Karoo-Namib Regional Center of Endemism occupies the central, northern, and
northwestern parts of Northern Cape Province, South Africa, the western coast of Namibia, and
the southwest coast of Angola. The biogeographic extent of the Karoo-Namib region ranges from
sea level to 2,695 m.a.s.l. encompassing an 661,000 km? area that includes coastal plains,
escarpments, and plateaus. Contained within this RCE is the Namib Desert, where precipitation
varies from 2 mm in the most arid regions to 200 mm elsewhere. Almost the whole of the Karoo-
Namib region, with the exception of the Namib Desert, is covered with various types of Karoo

shrubland consisting almost entirely of shrubs less than 2 m tall. There are ~3,500 flora species,
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of which more than half are endemic. There is only one endemic monotypic family,
Welwitschiaceae (Welwitschia mirabilis), but about 260 endemic genera.

Four types of shrubland comprise the Karoo-Namib RCE: Bushy Karoo, Succulent Karoo,
Dwarf Karoo, and Montane grassy Karoo. The remainder of the vegetation in the Namib and Karoo
regions contains desert and semi-desert plants, respectively. The landscape represented by Bushy
Karoo shrubland is dotted with small bushy trees and large shrubs, but succulents are usually
abundant, and many species of grasses thrive. Succulent Karoo shrubland is confined to the sandy
coastal plain of western South Africa and Namibia, and as the name suggests, succulents dominate
throughout. These range in height from 0.3 to 1 m, but a few species can reach 2 m or more. Large
shrubs and bushes are virtually absent from this shrubland type. Dwarf Karoo shrubland is by far
the most extensive type of Karoo shrubland. Here, dwarf shrubs prevail while bushes and trees are
absent, and succulents are only an insignificant component of the biomass. Grasses are also more
abundant in the Dwarf Karoo region than any other and increase in proportion from west to east.
Little is known about the Montane Grassy Karoo shrubland except that it is likely that grasses were
more dominant in the past whereas today mountain wire grass is all that remains of what was once
a grass-dominated environment.

The vegetation of the Namib Desert lives within a 100 km wide area, extending from the
Atlantic coast to the foot of the escarpment that defines the interior highlands of southern Africa.
In some parts of the desert, the mean annual rainfall is only 10 mm, and on average occurs only
once every two years. However, there are between 100 and 215 fog days per year, providing some
moisture to the vegetation, although the fog only penetrates as far as 50 km inland. Extremely
sparse vegetation is found in the sand dunes of the Outer Namib Fog Desert, but the shifting sand

dunes in this area prevent any plant growth whatsoever. North of Swakopmund, Namibia exists a
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gravel desert cemented into a rock-hard layer by deposition of calcium (gypsum and lime). The
only vegetation that typically survives here is lichen, as the gravel desert is devoid of plants. In the
outer parts of the Central Namib, lichen covered rocks provide the only habitat where perennials
can survive. Stem, leaf, and stem with deciduous leaves succulents are only able to survive by
rooting in crevices between these rocks. Grasses and succulents represented by a single species
grow in the transition zone between the Inner and Outer Namib Deserts. Also distributed in this
region is the Welwitschia mirabilis, a plant that has leaves that can reach upwards to 3 m and are

able to absorb half their water source from fog.

2.3.6 Cape Regional Center of Endemism

The Cape Regional Center of Endemism is located between 32° and 35° south, and 18° and
27° east in the southwestern part of Northern Cape, most of the Western Cape, and the
southwestern portion of Eastern Cape, South Africa. It is one of the smallest RCEs covering only
71,000 km?. Dispersed throughout this region are pockets of Namib-Karoo, Afromontane
Archipelago-like Centre of Endemism and Tongaland-Pondoland Regional Transition Zone
vegetation. The mountainous Cape landscape reaches altitudes between 1,000-1,500 m on average,
with individual peaks exceeding 2,000 m. Rainfall mostly totals between 300 and 2,500 mm but
can reach upward to 5,000 mm in parts of the mountains. Overall, this RCE is deprived of forest
other than Afromontane and small patches of scrub forest. The prevalent vegetation is endemic
fynbos shrubland, some of which reach heights equivalent to bushland and thicket. Although of
limited extent, the Cape region has about 7,000 species, of which more than half are endemic,

including 210 endemic genera, and 7 endemic families.
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The prevailing vegetation of the Cape is fynbos shrubland, a 1-3 m tall hard-leaved plant.
The term fynbos is applied to virtually all the vegetation in the Cape except for the Afromontane
and riparian thicket and scrub forest species that are isolated throughout the region. Only about 50
fynbos species normally exceed 3 meters in height, and even fewer grow taller than 6 m. Fynbos
communities often contain scattered bushes and, less often, widely spaced trees that vary greatly
in height and density.

As for other vegetation in the Cape RCE, secondary cape shrubland occurs below 300 m
on productive soils that were once intensively farmed. On the south coast, certain scrubs and trees
form thicket or scrub forest up to 10 m tall, and arid adapted fynbos form the transition from typical

Cape to typical Karoo vegetation.

2.3.7 Afromontane Archipelago-like Centre of Endemism

The Afromontane region is unique amongst the African phytochoria in that it is represented
by interspersed mountain ranges throughout the continent, and not defined as a single area of large
geographic extent. The combined extent of the Afromontane regions throughout the African
Continent is 715,000 km?. Climate in ACEs is extremely varied due to both altitudinal and
longitudinal effects, and therefore on any particular mountain, there is usually a very wide range
of vegetation type and distribution. There are at least 4,000 species of flora in the Afromontane
regions, and nearly 3,000 of these species are endemic; though only two plant families are endemic.
About one-fifth of the tree genera are endemic, but for smaller plants, the proportion is likely less.

Although some of the Afromontane ACEs are widely separated, they share an assortment
of similar plant species that are often distinct from the surrounding lowland landscapes. For the

most part, the lowermost vegetation in the Afromontane ACE is forest, with a transition zone
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connecting the Afromontane forest to lowland phytochoria beneath. Above the forest belt, the
vegetation diminishes in stature from the lower slopes to the summit, eventually transitioning into
the Afroalpine.

Afromontane ACE vegetation consists of a combination of forests, bamboo, bushland and
thicket, shrubland, grassland, and mixed communities depending on such factors as elevation,
rainfall, latitude, soil characteristics, and geologic parent material (i.e. igneous vs. metamorphic
rock). Forest types of the archipelagos vary between rainforest, undifferentiated forest, single-
dominant forests, and dry transitional montane forest. Rainfall received by Afromontane forest
ranges from 800 mm to upwards of 3,000 mm per year rainforests.

In terms of structure and composition, Afromontane rainforest is similar to certain types of
Guineo-Congolian lowland rainforest, except at the species level it is almost completely different.
Trees in the upper stratum can reach heights of up to 45 m tall, but are on average 30-38 m. In the
middle stratum, trees range between 14 and 30 m, while the lower stratum is 6-15 m and forms a
dense canopy. Below this level is a shrub layer 3-6 m high. Afromontane rainforest is typically
found between 1,200 and 2,500 m.a.s.l. depending on latitude, distance from the coast, and rainfall.

Undifferentiated Afromontane forest usually replaces rainforest at higher altitudes on
wetter slopes and at comparable altitudes on the drier slopes, but tree height is less. Although no
single species can be found in every archipelago, the majority of tree species are widespread and
each ACE’s plant communities are represented by several species. However, some species that
occur in South Africa do not cross the Limpopo River into eastern Africa, and some species that
are found in the east are absent from West Africa.

When a single tree species characterizes much of a plant community, a single-dominant

Afromontane forest develops. These typically occur at elevations greater than 1,500 m on East
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African mountains chains. Dry transitional montane forest is also found in East Africa, but to a
limited extent. These once more-widespread forests developed between the bushland Somalia-
Masai plains and the drier, lower mountain slopes of East Africa.

In highland forests throughout Africa, Afromontane bamboo grows vigorously as thicket
on deep volcanic soils where precipitation exceeds 1,250 mm per year at altitudes between 2,400-
3,000 £ 200 m. On most of the higher African mountains, Afromontane evergreen bushland and
thicket grow on shallow soils inside the montane forest belt, and on the exposed summits of
mountains. Bushland can grow between 3 and 13 m tall, but on exposed rocky ridges, they merge
into Afromontane shrubland. These short shrublands are mixed communities of grasses, sedges,
forbs, non-vascular plants, lichens, and often stunted individuals of bushland and thicket
dominants. However, the most widespread vegetation type on the drier African mountains is
grassland. Afromontane grassland benefit from human activity, particularly clearing of forests, but
also from natural fires. Secondary grasslands, invading from the lowlands, developed more readily

on drier mountains where forests were cleared.

2.3.8 Zanzibar-Inhambane Regional Mosaic

The Zanzibar-Inhambane Regional Mosaic is a complex transitional zone of different
physiognomic types with different floristic relationships that covers a regional extent of 336,000
km?. Afromontane forest and various Somali-Masai and Zambezian vegetation types merge and
overlap with coastal mosaic endemics. This region occupies a coastal belt from southern Somalia
to the Limpopo River in southern Mozambique, and while it only extends upwards to 200 km
inland, lowland transitional rainforest thrives along broad river valleys as well as into the western,

moisture-rich slopes of mountains below 1,500 m.a.s.l. About 3,000 species live in the regional

41



mosaic, and although the total number of endemic species is unknown, 48% of the forest trees are
only found within the coastal forests. The greatest concentration of endemic trees is in the Shimba
Hills of Kenya and the Usambara Mountains in Tanzania.

Rainfall is plentiful in the Zanzibar-Inhambane Mosaic, which receives between 800 and
1,200 mm of precipitation annually. Higher amounts or rainfall (~1,950 mm) occur in the eastern
Usambara Mountains and on the islands of Pemba and Zanzibar; here, the amount and distribution
of water supports true rainforests. In most other parts of the regional mosaic, precipitation is
comparable to the of the Zambezian Region, but the dry season is less imposing due to greater
relative humidity, and fewer (if any) dry days per month. Mean annual temperate is 26°C except
in the southern extent where it is slightly lower.

Most of White’s main vegetation types grow within the Zanzibar-Inhambane Regional
Mosaic. Forest types include lowland and transitional rainforest, and undifferentiated, scrub, and
swamp forests. Each of these are rich in species, but the floristic composition and physiognomy
changes rapidly over short distances because of the distribution of rainfall, differences in
atmospheric humidity during the dry season, and the regional availability of soil moisture. The
Usambara Mountains transitional rainforest for example, has remarkably rich and diversified flora
in relation to its limited extent, with more than 40% endemic large tree species. The majority of
these species are closely related to those found in the lowland rainforest of the Guineo-Congolian
RCE, suggesting that the Usambara Mountains serve as a refugium of flora that has become extinct
in much of its former range.

Forest species also occur in a close assortment with Zambezian woodland species to form
transitional woodland, but as the forest species become scarce, woodland, and scrub woodland

communities develop. Transitional woodland tends to develop on soils that are unfavourable to the
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growth of true forest species, whereas Zambezian linking woodland and scrub woodland species
thrive in the dry, rain shadow areas on the western slopes and foothills of the Usambara Mountains.
In addition, miombo woodland occurs in mosaics with floristically poor patches of forest and other
vegetation south of the Ruvuma River, which separates Tanzania from Mozambique.

Bushland and thicket, and edaphic, secondary, and wooded grasslands develop on soil
conditions unfavourable for the development of forests. Shallow soils overlying coral, waterlogged
sites of former shallow lagoons or lake basins, seasonally flooded clay soils, or badly drained soils
on the deltas of the larger rivers cannot support true forests or woodlands. In these locations, dense
evergreen and semi-evergreen bushland and thicket develop on termite mounds in seasonally
waterlogged edaphic grasslands that occupy parts of the offshore islands and coastal plains. For
example, on the coastal plain of Mozambique between the Save and Buzi Rivers, flooded clay

depressions overlying sandy deposits are covered with grasslands bordered by wooded grassland.

2.3.9 Other Criteria and Floristic Classifications

Unfortunately, the broad phytogeographic units classified by White (1983) tend to cover
large geographical areas and are of little practical use when it comes to local-level ecological
studies (Van Wyk and Smith, 2001). Because a plant community is not a random aggregate of
species, but rather an organized complex with a relative composition and combination of floristic
growth forms, structure, and physiognomy (Van Wyk and Smith, 2001), each plant community is
an unique grouping of dictated by environmental conditions and the interaction of species

populations through time.
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2.4 Overview of Present-day Climate and Vegetation

2.4.1 The Olduvai Gorge Region
As a world-renowned
paleoanthropological site, Olduvai
Gorge is famous for both its
archaeological and
paleontological record.
Additionally, Olduvai is situated
in one of the most fascinating
geological settings on Earth, the
East African Rift System (EARS).
Rifting in East Africa was set in
motion more than 30 million years
ago when plumes of superheated
rock rose beneath the crust,
causing it to bulge and thin. The
brittle crust fractured, creating

valleys bound by mountains and

. Victoria -

Figure 2-2. Olduvai’s location in the Arusha Region of northern
Tanzania. The Crater Highlands are to the south and east, and the
Serengeti Plain is to the west. Basemap data from ESRI and National
Geographic.

escarpments. Many of the valleys and rifts became inundated, forming Africa’s Great Lakes, while

the volcanic mountains, such as Kilimanjaro (Africa’s largest peak) and the still-active Ol Doinyo

Lengai in Tanzania (Fig. 2-2), released fertile volcanic ash, creating the wildlife-rich grasslands of

the Serengeti Plain.
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Olduvai is situated within the Eastern Rift, as is the Serengeti Plain to the northwest, the
Ngorongoro Crater Highlands to the south and east, Lakes Ndutu and Masek to the west, and the
rift lakes Eyasi, Manyara, and Natron, to the south, southeast, and northeast, respectively (Fig. 2-
2). These rift lakes are mainly shallow and alkaline due to local volcanism. Lake Manyara
(saline/alkaline), Lake Eyasi (saline/alkaline), and Lake Natron (saline) are found on the Rift
Valley floor along the Nguruman Escarpment at about 1,000 m.a.s.I.

To the east of Olduvai are the Crater Highlands, famous for Ngorongoro Crater, a large,
260 km? volcanic caldera that is home to approximately 25,000 large animals. Though the
elevation of the crater floor is only ~1,700 m.a.s.l., the crater rim rises 500 m above the floor
creating a distinctive and prominent geological, biologic, and ecologic landform in the Olduvai
region. Mount Loolmalasin is the highest peak in the Highlands at 3,682 m.a.s.l. Because the Crater
Highlands rise far above the adjacent Serengeti Plain (which are about 1,500 m.a.s.1.), they capture
moisture from passing air masses and host rainforests while creating a rain-shadow effect over
Olduvai and the Serengeti to the west resulting in Acacia-Commiphora bushland and thicket.

Indian Ocean monsoons and the ITCZ contribute to a biseasonal distribution of rainfall in
the Olduvai Region (Fig. 2-3). Extensive altitudinal changes result in temperature gradients that,
along with precipitation, dictate strong vertical vegetation zonation throughout the Crater
Highlands and Serengeti Plain. Rainy seasons occur when cold fronts arrive in April, and May,
and again in November and December. Average annual precipitation in the Crater Highlands is
about 1,037 mm with average temperatures of 21°C and 6°C on the crater floor and rim,
respectively. Annual rainfall at Olduvai averages 550 mm with average temperature of 23°C
(Deocampo, 2004). Higher amounts of rainfall (750-1250 mm) also fall in the western Serengeti

(west of Lakes Masek and Ndutu), whereas the Lake Natron region receives the least
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Figure 2-3. Monthly precipitation (histogram) and average temperature (line) data for six locations in Tanzania.
Note the biseasonal distribution of rainfall peaking in April and December. Altitude (meters above sea level) and
latitude and longitude (degrees, minutes, seconds) given for each location. See Figure 2-2 for geographic relation
to Olduvai Gorge. Data from Climate-Data.org and the Global Network of Isotopes in Precipitation (GNIP).
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(250-500 mm) and is accompanied by extensive evaporation (Barboni, 2014).

Olduvai Gorge and surrounding areas (minus the Crater Highlands) fall within the Somalia-
Masai Regional Center of Endemism, with the vegetation communities consisting of various types
of deciduous bushland and thicket where Acacia (e.g. A. tortilis, A. kikii, A. seyal, A. mellifera)
and Commiphora trees (e.g. C. africana, C. madagascariensis) cover much of the region except
west on the Serengeti Plain, where grasslands species (e.g. Sporobolus marginatus, Digitaria
macroblephara) thrive on volcanic ash derived soils (Herlocker and Dirschl, 1972; White, 1983).
Deciduous small shrubs and trees (<8 m) form discontinuous canopies in Olduvai Gorge and on
the western and northern sides of the Crater Highlands below 1,500 m in elevation. Above 1,500
m.a.s.l., forests develop (such as the Lerai Forest of Ngorongoro). Afromontane vegetation
dominates the eastern, moisture-rich slopes of the Crater Highlands (Fig. 2-4).

Lakes Manyara (Fig. 2-2) and Makat (Fig. 2-4) are often considered correlates for paleo-
Lake Olduvai as they have vegetation types not in equilibrium with the regional climate (Barboni,
2014), and the stream/spring-fed wetlands are suggested as reminiscent of those found on
Olduvai’s paleo-lacustrine plain (Copeland, 2007). An evergreen forest with a dense canopy of
interlocking crowns flourishes near freshwater springs that percolate out of rift escarpment on the
northwestern shore of Lake Manyara, as these well-drained alluvial fans support a groundwater
forest that would not otherwise be possible under the existing rainfall regime of 650 mm per year.
Palms (Phoenix reclinata) are frequent in sections of the forest where the canopy is open, while
C4 sedges (Cyperaceae?) make up much of the vegetation on the ground (Barboni, 2014). Only a

few hundred meters removed from the springs however, the forest is replaced by vegetation more

2 The abundance of C4 sedges may preclude the use of Lake Manyara as a modern referential for the FLK-N site (see
Section 2.5).
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Figure 2-4. Elevation profile of a 50 km transect (A-B) extending from the Acacia-Commiphora bushland and
thicket north of Olduvai to the montane forests of the Ngorongoro Crater rim. An ecotone exists beginning at
~1500 m.a.s.l. on the northwestern flank of the Crater Highlands separating the two ecoregions. *In Ngorongoro
Crater, the montane forest transitions to open grassland that is interrupted by the Lerai Forest in the southwest,
shallow Lake Makat, and numerous small spring-fed wetlands.
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accustomed to drier conditions typically found in Acacia bushland and woodland. Lake Makat, the
seasonally fluctuating, shallow soda lake near the center of Ngorongoro Crater is surrounded by
short Odyssea grasses that colonize the saline/alkaline soils surrounding the lake, while medium
grasses of Sporobulus, Cynodon, Pennisetum, and Digitaria grow around this perimeter and out
onto the crater floor (Herlocker and Dirschl, 1972). Small spring-fed marshes of Cyperus
immensus and Cy. laevigatus grow near the northern and western edges of the lake, while 3.0 km
east of Lake Makat grows the ground water Ngoitokitok forest where Acacia xanthophloea forms

a dense canopy.

2.4.2 Physiography of Olduvai Gorge

Olduvai Gorge is often divided into three distinct physiographic regions; the Eastern Gorge
situated between the first and fourth faults, the Western Gorge set from the main confluence to
Granite Falls, and the Southern Gorge produced by a Crater Highlands tributary stream originating
on Mount Makarut (Fig. 2-5). The Main (Eastern and Western) Gorge is the result of downcutting
by the low-energy, intermittent Ndutu Stream (sometimes referred to as the Oldupai River) which
originates in Lakes Masek and Ndutu that travels nearly 50 km before emptying into the Olbalbal
fault graben depression (Hay, 1976).

Olduvai is actually a misspelling of Oldupaai, Maa for the wild sisal plant (Sansevieria
ehrenbergii), which occurs in proliferation throughout all sections of the gorge. In the east, the
stream gradient is steep, and runoff is rapid, resulting in a deep gorge with vertically eroded walls
and a narrower floor. The vegetation is variable and includes a mosaic of woodland, bushland, and
grassland consisting of open tree cover and dense thicket along the stream bed margin. The

woodland component is composed mainly of trees from the Commiphora and Acacia species (Co.
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Figure 2-5. Physiographic distinctions of Olduvai Gorge. The Eastern Gorge extends from the First to the Fourth
fault; the Western Gorge from Granite Falls to the main confluence; and the Southern Gorge follows the Highlands
Tributary (or Norkuman) stream to the main confluence. Both streams are intermittent and only flow during the rainy
seasons.

madagascariensis, Co. merkeri; Ac. mellifera, Ac. tortilis, Ac. xanthophloea), as well as Salvadora
persica, Balanites aegyptiaca, and Ximenia caffra. Bushland species include Achyranthes aspera,
Cadaba farinose, the herb Justicia bentonica, Lycium europium, and Pluchea ovalis. Associated
short vegetation comprises grasses (Pennisetum mezianum, Sporobolus panicoides), fern
(Asparagus africanus), succulents (4loe secundiflora, Euphorbia schimperi, Euphorbia tirucalli),
and woody vines (Cissus quadrangularis, Cissus cactiformis).

The southern reach of the gorge is characterized by bushes and thicket, especially near the
stream channel, and narrow bands of shorter woodland. Commiphora and Acacia trees
predominate in the south, while Asparagus africanus, Salvadora persica, and Sporobolus
panicoides are also abundant. Additional grass species are Aristida adoensis, Digitaria
macroblephara, and Sporobulus marginatus, while Kyllinga (a sedge) and Barleria eranthemoides

(a bush) are also found.
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Like the eastern and southern stretches of the gorge, the West is categorized by Acacia-
Commiphora deciduous bushland and thicket, with Ac. mellifera, Ac. nilotica, Ac. tortilis, Co.
africana, and Co. habessinica dominant. Other trees include Ba. aegyptiaca, Cordia monoica, Sa.
persica, Senna italica, and Ximenia caffra. The layer of bush species range in density from low to
medium and consists of Barleria eranthemoides, Boscia angurtifolia, and Maerua triphylla, while
succulents found are Aloe secundiflora and Sarcostemma viminale, and the woody vine Ci.
cactiformis. The grass layer is composed of Ar. adoensis, Chloris gayana, Cynodon dactylon,
Digitaria macroblephara, Odyssea jaegeri, Pe. mezianum, and Sporobolus consimilis, Sp.
homblei, Sp. panicoides, and Sp. spicatus. Finally, As. africanus and the herbs Heliotropium
steudneri, Hypoestes torskaolii, and Ju. betonica constitute the shorter vegetation in well-watered

arcas.

2.5 Referentials for Olduvai’s Paleolandscape

Over the last few decades, different investigations have attempted to identify modern
ecosystems as referential correlates to Olduvai’s ancient vegetation structure for when hominins
occupied the lakeside environment. Peters and Blumenschine (1995) developed a paleolandscape
model for lowermost Bed II that attempted to predict possible hominin land use patterns based on
reconnaissance surveys in eastern and southern Africa. Copeland (2007) modeled the vegetation
of lowermost Bed II by examining modern habitats in northern Lake Manyara, Ngorongoro, and
the Serengeti Plain as analogs to the paleolandscape in terms of climate, land forms, and soil types.
Lake Manyara is an attractive referential as it is a Rift Valley lake with an associated lacustrine
plain and terrace, and alluvial fans on the western margin provide abundant freshwater through

seeps not otherwise delivered by local rainfall. The landscape facets of the southeastern side of
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paleo-Lake Olduvai, including alluvial fans and freshwater seeps (Ashley et al., 2009), are thought
to have been similar to the modern ecosystem surrounding Lake Manyara. Likewise, water flowing
into Ngorongoro Crater from the northeast through the Lonyokie and Munge streams form a series
of freshwater wetlands before terminating in Lake Makat. The level of Lake Makat varies widely
from year-to-year in response to inflow amount, which is dictated by local rainfall that can be as
low as 300 mm per year (Herlocker and Dirschl, 1972). It is the fluctuating lake level and the
ensuing extent of the lacustrine plain and stream-fed wetlands that makes Makat a potential analog
for the lacustrine plains of paleo-Lake Olduvai (Copeland, 2007).

Well-drained alluvial fans north of Lake Manyara support a lush groundwater forest that
supports large trees such as the Cape Mahogany (7richilia emetica) which grows to heights of up
to 20 meters (Copeland, 2007). The ubiquitous groundwater and the small, spring-fed perennial
rivers on the alluvial fans northwest of the lake have a dominant effect on the vegetation
community and structure (Copeland, 2007) such that it changes rapidly within a few hundred
meters of the freshwater sources. In addition to 7r. emetica, which has edible seed pods, other
common trees include Ficus sycomorus which has both edible figs and leaves, Croton
macrostachyus that produces fruits eaten by chimpanzees in western Tanzania, and the inedible
species Cordia goetzii and Tabernaemontana ventricosa (Copeland, 2007 and references within).
Acalypha fruticosa and Acalypha ornate, which also produce fruits and leaves eaten by
chimpanzees, and Hibiscus ovalifolius and Senna bicapsularis are additional shrubs commonly
found in the groundwater forest. The shade-adapted, inedible C3 Oplismenus hirtellus is one of the
rare grasses found on the forest floor.

The Lerai Forest of Ngorongoro Crater was a dense stand of deciduous Acacia

xanthophloea (fever tree) and the evergreen Rauvolfia caffra (quinine tree), species that are
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associated with abundant groundwater or found along rivers and streams and on floodplains and
lake margins (Mills, 2006). Both species are regarded as indicators of water, and dense stands of
closed woodlands often form in seasonally flooded areas on alluvial soils. The forest once acted
as a refuge for nursing black rhinoceroses and their calves and was a critical habitat for hiding
new-born rhinos from predators such as hyenas and lions. Recently however, the extent of the
forest has contracted considerably, being replaced by woodland and grassland in many places
(Mills, 2006). Multiple hypotheses have been advanced as to the cause of the contraction such as
drought induced reductions in groundwater level and stream flow as well as increases in soil
salinity due to flooding from nearby sodic Lake Makat and the intrusion of saline groundwater into
the Lerai area.

Within a small rift valley to the east of Olduvai sits the Olbalbal Depression, a fault graben
in which the Ndutu Stream empties. Olbalbal contains an assortment of fluvial, eolian, and semi-
lacustrine sediments of Holocene age (Hay, 1976) and at about 1,300 m.a.s.l., the depression
remains the lowest geologic feature in the greater Olduvai region and acts as the base level for
streams draining the northwest slopes of the Crater Highlands and the eastern Serengeti Plain
(Herlocker and Dirschl, 1972). Situated adjacent to Olduvai in the west and the Crater Highlands
in the south and east, Olbalbal and the accompanying ecosystem were first recognized as a modern
example of the type of lake basin in which Beds II and IV were deposited by Pickering (1960).
Similarities include a narrow transition zone extending between the Olbalbal lake-margin and
alluvial fans of the Crater Highlands, a zone corresponding to a lacustrine plain. Soils are
somewhat alkaline and non-saline clays, sandy clays, and loams; whereas Olduvai had more of a
saline-alkaline soil environment. Moisture regimes are similar, if not somewhat drier today, and

depends mainly on local rainfall and drainage from local streams, with only marginal rainfall
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coming during the dry season (June to October). Pennisetum mezianum and Cynodon
plectostachyus, are the most common grasses, particularly in the poorly drained southern half of
the depression, while Cynodon dactylon is dominant in the north (Herlocker and Dirschl, 1972).
Acacia tortilis grow on the well-drained, gentle slopes on the alluvial fans to the east and the
western graben fault, typically accompanied by Cynodon grasses. Groundwater forests of Acacia
xanthophloea occur on sandy soils with moist, loamy troughs throughout the depression
(Herlocker and Dirschl, 1972). In addition, many of the other plant species found in the eastern,
southern, and western physiographic sections of Olduvai also grow throughout the Olbalbal
Depression.

It should be noted that it is possible there are no modern correlates for paleo-Lake Olduvai
and the surrounding ecosystems as Pleistocene climatic regimes dictating plant communities may
not be properly represented today. For example, the interactions between CO> concentrations,
rainfall amount, average temperature, or localized geology may have established Pleistocene
vegetation communities and structures unlike those found today in the greater Olduvai and
Manyara regions, and therefore, any modern referential might be missing key components of
Pleistocene plant assemblages. Moreover, different proxy records (i.e. pollen, phytoliths, and leaf
wax lipid biomarkers) used in paleo-reconstructions either do not correlate with one another or
have not been systematically explored in modern environments. Ancient pollen data from Olduvai
Gorge for instance, suggests a paleo-landscape dominated by grasses and sedges with tree species
representative of those found today in the Acacia-Commiphora bushland and thicket (Bonnefille,
1984). Because the ancient pollen data is very similar to that of the main plant landscape
surrounding Olduvai Gorge today, it is possible there was a sampling bias or modern

contamination of the sediments studied by Bonnefille. However, Bonnefille also found pollen
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representing species from the Afromontane phytogeographical zone (such as Juniperus and
Podocarpus), an interesting discovery that is often disregarded (e.g. Barboni (2014)) when modern
landscapes are being considered as referentials. Due to cooler temperatures and periods of
increased rainfall in East Africa during the Pleistocene, Afromontane regions may be an attractive
biome for comparison as highland species may have migrated to lower altitudes when climatic
conditions favored their expansion. This has yet to be explored, however.

Both phytolith (Barboni et al., 2010) and isotope data (Cerling and Hay, 1986; Magill et
al., 2013a) suggests a more mosaic environment surrounding paleo-Lake Olduvai and therefore
studies (Barboni, 2014; Copeland, 2007) identifying modern biomes as Pleistocene correlates often
target nearby habitats as their referential. However, no systematic study with properly designed
sampling strategies using either phytoliths or leaf wax lipids have been conducted in the
groundwater forest near Lake Manyara, in the Lerai Forest of Ngorongoro Crater, or other East
African biome. And similar to how the pollen proxy data does not align with that of phytoliths or
isotopes, the abundance of Cs sedges in the forest near Lake Manyara does not seem to be
represented by the isotope records; a further complication when using Lake Manyara as a modern
correlate. Furthermore, Barboni et al., (2007) were unable to differentiate phytoliths of
Afromontane vegetation from that of Somalia-Masai grasslands, attesting to the need for more
comparative studies on modern habitats to better inform our interpretations of the ancient
environments of early human paleoanthropological sites in East Africa.

One other issue, especially with leaf wax lipid biomarkers, is that most of our
understanding of the isotopic concentrations of lipid compounds in sedimentary archives stem
from studies on living plants. However, isotope diagenetic studies in soil forming horizons have

not been characterized in East Africa and we do not have a full appreciation of the isotopic
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differences between plant waxes (n-alkanes) and their depositional environments (see Section 5.7).
Nevertheless, studies (Freier et al., 2010; Wang et al., 2009) have documented the isotope content
of African soils and their relationship to living plants and can guide us in interpreting Pleistocene
paleo-environments going forward, but much more work is needed on both living plants and soil
horizons of the extant phytochoria and biomes of East Africa before we can confidently

characterize Pleistocene environments in which early human activity occurred.

2.6 Chapter 2 Summary

The African phytochoria and extant biomes (as defined by White (1983)) include 16 major
vegetation types, subdivided into five main groups as determined by regional extent and
physiognomy. These are largely influenced by seasonal precipitation patterns which respond to
regional topography and the convective activity of the Intertropical Convergence Zone; these
features also play a critical role in the distribution of plant resources, which are largely determined
by the availability of freshwater. These factors likely had a similar role during the Pleistocene, and
human activity would have been motivated by precipitation seasonality and vegetation
distribution.

The present-day climate and vegetation of the Olduvai Gorge region within the
Ngorongoro Conservation Area falls under the Somalia-Masai Regional Center of Endemism, and
more specifically, the Acacia-Commiphora bushland and ticket biome. Three distinct
physiographic regions with a variety of trees, shrubs, and grasses define Olduvai Gorge today; the
Eastern, Western, and Southern Gorges. Recently, different investigations have attempted to
identify modern ecosystems as referential correlates for Olduvai’s ancient vegetation structure

around paleo-Lake Olduvai such as Lake Manyara or Lake Makat. However, caution must be taken
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when assigning any modern environment as a Pleistocene correlate as interactions between CO»
concentrations, rainfall amount, average temperature, or localized geology may have established
Pleistocene vegetation communities and structures unlike those found today in the greater Olduvai
region. Moreover, no systematic study with properly designed sampling strategies using either
phytoliths or leaf wax lipids have been conducted in the groundwater forest near Lake Manyara,

in the Lerai Forest near Lake Makat, or other East African biome.
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CHAPTER 3: CLIMATE CHANGE AND HUMAN EVOLUTION

3.1 Introduction

Hypotheses linking climate change and human evolution focus on climatic variability that
altered ecological processes in human environments (e.g. Potts, 1998a, b, 2012a, b). Dynamic
climate and ecosystems necessitated that hominins, the members of the evolutionary group of
bipedal species most closely related to Homo sapiens, effectively respond to adaptive and
speciation pressures (Committee on the Earth System Context for Hominin Evolution, 2010),
leading to genetic selection and technological innovation. Archaeological, paleontological, and
paleoenvironmental records suggest that notable evolutionary events coincided with substantial
changes in African (and Eurasian) climate, and that these changes and events influenced key
junctures in human evolution. Although causal relationships are difficult to determine, noteworthy
hominin extinction, speciation, and behavioral events appear to associate with changes in African
climate over the past 6 million years (deMenocal, 2011). For example, the extinction of
Australopithecus afarensis around 2.95 Ma, the emergence of Paranthropus aethiopicus about 2.7
Ma, and the appearance of Homo habilis and the earliest evidence for Oldowan stone tools at 2.6
Ma (and possibly as old as 2.8 Ma (Villmoare et al., 2015)) overlapped with Northern Hemisphere
glacial intensification, faunal changes, aridification, and grassland expansion in Africa at about
2.7 Ma (Bobe and Eck, 2001; Committee on the Earth System Context for Hominin Evolution,
2010; deMenocal, 2011; Semaw, 2003). Additional developments, such as the evolution of Homo
erectus and subsequent migration out of Africa occurred when subtropical temperatures cooled
around 1.9 Ma (Ravelo et al., 2004), while the emergence of the Acheulean at ~1.75 Ma

corresponds with increases in African wind-borne dust, indicative of long-term drying, which
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peaked near 1.8 Ma (deMenocal, 2004), and n-alkanoic acid biomarkers from the Gulf of Aden
that suggest C4 expansion between 2.4 and 1.7 Ma (Feakins et al., 2005). However, a cause and
effect relationship between specific climatic events and major evolutionary occurrences is difficult
to establish as these records are geographically distant from archaeological and paleontological
sites.

Although the impact aridity and remodeling of environments (i.e. grassland expansion
(Soreng et al., 2017)) have on human evolution remains a topic of discussion (Bibi et al., 2018;
Cerling et al., 2011; deMenocal, 2004; Magill et al., 2013a; Wood and Harrison, 2011), hominin-
environment interactions between such things as water availability, mosaic ecosystems, and
dietary behaviour certainly influenced natural selection, human evolution, and technological
adaptations. Intrinsic (Klein, 2009; Wilson, 1979; Wolpoff, 1980) and extrinsic (Potts, 1998a, b,
2012b; Trauth et al., 2009; Trauth et al., 2007; Trauth et al., 2010; Vrba, 1995a) explanations have
been advanced to explain how evolutionary change was initiated, particularly those that set the
stage for major events like the development of bipedalism, hominin speciation, the appearance of
Homo and manufactured stone tools, the dispersal out of Africa, and an increase in cranial capacity.
Prior to the seminal work published in Human Origins: Perspectives on Human Evolution (Isaac
and McCown, 1976), most proceedings dealing with human evolution used intrinsic explanations
to relate hominin origins, specifically bipedalism, to a shift from forested/wooded habitat to an
open grassland setting. (This is better known as the Savanna Hypothesis.) Intrinsic explanations
stipulate that the environment was a relatively neutral agent, and the only requirement for the
emergence of bipedality or tool use (for example) was the movement into the savanna, or an initial
environmental shift to drier, less forested surroundings (Potts, 2012b). Beginning in the late 1970s

however, an emphasis was placed on the importance of environmental complexity for
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understanding hominin evolution, particularly in sedimentary, geomorphological, taphonomic, and
ecological settings (Bishop, 1978), climatic, geologic, and paleoecological contexts (Butzer and

Isaac, 1975; Jolly, 1978), and complex tectonic and climatic events (Bishop, 1976; Isaac, 1976).

3.2 Controlling Factors of Climate and Environment

3.2.1 Convention for Dating the Pleistocene

The Quaternary Period of the geologic time scale has traditionally encompassed the last
1.806 million years, defined by the Global Stratotype Section and Point (GSSP) at Vrica, Calabria,
Italy. The base of the Quaternary however, has been redefined using the Gelasian Stage at Monte
San Nicola in Sicily, Italy, and is currently dated at 2.58 Ma (Gibbard and Head, 2010). In 2009,
the International Union for Geological Sciences (IUGS) ratified a proposal that the base of the
Quaternary Period, and therefore the base of the Pleistocene Epoch, be lowered to that of the
Gelasian Age, which was transferred accordingly from the Pliocene to the Pleistocene (Gibbard
and Head, 2009). The GSSP at Monte San Nicola has an estimated age of 2.58 Ma and defines the
lower boundary of the Gelasian Age, Pleistocene Epoch, and Quaternary Period. As this is a
relatively recent demarcation, 1.806 Ma is regularly designated as the start of the
Quaternary/Pleistocene, specifically in paleoanthropological literature. Nevertheless, this
dissertation follows the updated 2.58 Ma date as the boundary between Pliocene-
Pleistocene/Neogene-Quaternary because significant climatic episodes from this earlier period
correspond with East African sites associated with human evolution.

The Pleistocene epoch is divided into four ages: the Gelasian, Calabrian, Ionian, and
Tarantian, whereby the current IUGS-sanctioned (2009) timescale defines the Gelasian and

Calabrian as the “Early” Pleistocene, and the lonian and Tarantian as the “Middle” and “Late”
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Pleistocene, respectively. However, in keeping with paleoanthropological tradition, “Gelasian” is
used for the period that spans 2.58 to 1.806 Ma, but “Early” (1.806 Ma to 781,000 years ago),
“Middle” (781,000 to 126,000 years ago), and “Late” (126,000 to 11,650 years ago) terminology
is maintained in place of Calabrian, Ionian, and Tarantian.

The new base of the Pleistocene at 2.58 Ma corresponds to Marine Isotope Stage (MIS)
103, the first cold, glacial period of this epoch (Lisiecki and Raymo, 2005). Marine isotope stages
are alternating warm/cool periods in the Earth's paleoclimate, deduced from the two isotopes of
oxygen: oxygen-16 (1°0) which is the most-common, and the heavier, less-common oxygen-18
(180). Oxygen isotope data is recorded in the calcium carbonate (CaCOs) shells of foraminifera
collected from deep-sea cores and reflect changes in temperature and glaciation. The lighter
isotope ('°0) evaporates more readily from the oceans, and therefore precipitation (and glacial ice)
is enriched in '%0. This results in a greater concentration of the heavier isotope (!30) in ocean
water during cold periods. Thus, during periods of extensive glaciation, more '°O is frozen in
glacial ice, so the concentration of '30 in seawater, and foraminifera, increases. Conversely, during
warmer interglacial periods when the amount of glacial ice decreases dramatically, more '°O
returns to the ocean, so the proportion of 0 relative to '°O in ocean decreases as well. The ratio
between '*0 and '°0 ratio also varies with temperature; more '®O evaporates with water vapor
from the oceans when temperatures are high, and less when temperatures are low. Therefore, the
heavy isotope is more abundant in the precipitation of warm eras and less abundant during colder
periods.

Even-numbered marine isotope stages have seawater that is enriched in the heavier isotope
(*80) and represent cold glacial periods, while odd-numbered stages are depleted in '*O and

represent warm interglacial intervals (Fig. 3-1). The Early Pleistocene begins during the transition
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Figure 3-1. Average benthic foraminifera §'%0 record for the last 1.8 million years showing MIS 1-64. Warmer
interglacials are marked with odd numbers, representing less '*O in the ocean. Modified from Lisiecki and Raymo
(2005).

from MIS 65 (warm) to MIS 64 (cold) and concludes during MIS 19 (warm). The Middle
Pleistocene begins during MIS 19 (warm) and concludes with MIS 5 (warm), which is also the
beginning of the last interglacial before the current period. The Late Pleistocene begins during
MIS 5 (warm) and ends at MIS 1 11,650 years ago (warm). MIS 1 marks the start of the Holocene
and continues to the present. (The Holocene, although technically an interglacial, is distinct from
the Pleistocene due to the severe human impact on land and life.) One hundred and three marine
isotope stages transpired since the start of the Pleistocene, signalling the fluctuating atmospheric
conditions throughout this period (Lisiecki and Raymo, 2005).

The unique ability for Homo sapiens to adapt, thrive, and diversify in numerous and wide-
ranging climatic and environmental settings has resulted in the nearly world-wide colonization of
our species. An adaptation such as this may be the product of Homo speciation during the
Pleistocene, a period of global climate variability (this may also be true for other species that
evolved and subsequently survived the Pleistocene). The Pleistocene epoch was a very complex
phase in Earth’s history characterized by several advances and retreats of glacial ice that influenced
worldwide climate change. Beginning 2.58 Ma, the Ice Age was a time of extensive glaciation,

with glaciers being much more widespread than they are now, especially in the Northern
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Hemisphere, and covering nearly three times as much of Earth’s surface as they do today (Monroe
et al., 2007). An uninterrupted record of climate cycles preserved in seafloor sediments suggests
that there may have been as many as 20 significant warm-cold cycles that altered ocean circulation
and the transport of heat and moisture around the planet, consequently impacting the ecological
controls on terrestrial environments (Lutgens and Tarbuck, 2012).

Climatic instability during the Pleistocene was remarkable; as ice sheets advanced and
retreated, they triggered global changes in sea level, at times as much as 100 meters lower than
today (Dawson, 1996; Shackleton, 1987), and colder ocean temperatures and reduced evaporation
caused by water being trapped in glacial ice caused widespread aridification that led to the
expansion of grasslands and a reduction in forests. In East Africa, shifts toward cooler and drier
climates resulted in the gradual replacement of woodlands by wooded-grasslands and open
grasslands between 3.0 Ma and 1.0 Ma; although evidence for purely C4 grasslands does not appear
until about 1.0 Ma (Cerling, 1992).

During interglacial periods, rainfall patterns varied throughout Africa and precipitation
increased, likely changing the availability of food resources (Peters and O’Brien, 1981). Because
Pleistocene environmental variables dictated which foods were available for consumption, the
ability to procure foods often depended on a species’ ability to adapt to changing ecological
conditions. Pleistocene hominins were opportunistic foragers and would have been able to cope
with changing climates. Their highly variable diet and ability to exploit diverse environments for
various food sources of fruits and leaves, large quantities of grasses and sedges, or animals
(Sponheimer and Lee-Thorp, 1999; Sponheimer et al., 2006) was key to their adaptability. During
the Pleistocene, hominin speciation was perhaps greater than any other time since the divergence

of humans and chimpanzees between 6.0 and 10 Ma (Perelman et al., 2011), and it was during this
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period that at least 14 different hominin species emerged. Therefore, the Pleistocene was a
significant point in hominin evolution, as it was during this epoch that the genus Homo appeared,

but also because the first, definitive stone tools occur in the archaeological record.

3.2.2 Orbital Forcing and Global Climate

Global and local environmental changes are a response to both external and internal forcing
mechanisms that shape climatic patterns (Maslin et al., 2013). External forces include Earth’s
changing orbital parameters that alter the seasonal and latitudinal distribution of net solar radiation
(Milankovitch, 1941), and orogenesis, or tectonic uplift, that alters the topography and altitude of
a region (Sepulchre et al., 2006). Greenhouse gases, such as the amount of carbon dioxide (CO2)
in the atmosphere (Plass, 1956), and the patterns of deep circulation of ocean water that drive heat
and moisture transport across hemispheres (Duplessy and Shackleton, 1985; Newell, 1974) are
examples of internal forcing mechanisms. Because internal and external factors operate at different
timescales, the environmental response time to climate systems is dependent on multiple factors
in operation; e.g. long-term processes such as tectonic uplift gradually changing the precipitation
patterns of a region over millions of years (Sepulchre et al., 2006), or short-term processes such as
seasonal variations in localized lake levels (Trauth et al., 2010).

Glacial-interglacial oscillations, the most fundamental environmental characteristic of the
Quaternary period, are primarily forced by changes in the Earth’s orbital geometry (Hays et al.,
1976), that is the combined effects of eccentricity, obliquity, and precession; better known as
Milankovitch Cycles. Milankovitch Cycles regulate the amount of solar radiation received at

different latitudes, and subsequently modify insolation and moisture systems.
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3.2.3 Milankovitch Cycles

The three main orbital parameters that determine the variation in incoming solar radiation
are the combined effects of eccentricity, obliquity, and precession. (Additional elements like
tectonic uplift, sea surface temperatures, and atmospheric circulation modify insolation and
moisture dynamics at a regional scale.) Eccentricity, or the deviation in the shape of the Earth’s
orbit around the Sun, varies from circular to elliptical over approximately 100,000 years (Hays et
al., 1976), with an additional long cycle of about 400,000 (Maslin et al., 2013). Although changes
in eccentricity cause only minor variations in the solar radiation that reaches the Earth's surface, it
triggers substantial seasonal effects, particularly when the orbit deviates from a circular pattern.
Milankovitch (1949) suggested that northern ice sheets are more likely to form in boreal summer
when the Earth is in an orbit of greater eccentricity, or when the orbit takes it further from the sun,
due to greater snowfall totals in mid to high latitudes. The greater snowfall totals, in conjunction
with cooler summer temperatures, results in a net reduction of snowmelt. This produces a situation
favorable for snow and glacial ice accumulation because as Earth’s orbit becomes more-elliptically
shaped, it creates greater seasonal exaggeration in the Northern Hemisphere.

Earth’s axial tilt, called obliquity, varies between 21.8° and 24.4° over a 41,000 year period
(Maslin and Christensen, 2007). Today the axis of rotation tilts at about 23.5° to the plane of
Earth’s orbit, and it is the tilt of the axis that causes the seasons. In boreal summer for example
(June to September), the Northern Hemisphere angles towards the sun, and temperatures increase
as the north receives over 12 hours of direct sunlight. At the same time in the Southern Hemisphere,
the axis of rotation slopes away from the sun and the hemisphere cools as it receives under 12
hours of direct sunlight. Raymo and Nisancioglu (2003) show that obliquity drives differential

heating between high and low latitudes and controls atmospheric meridional flux of heat, moisture,
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and latent energy. Moreover, meridional temperature gradients controlling the poleward transport
of moisture produced the strong obliquity signals now observed in Pleistocene geologic archives.

Increased seasonality and extreme differences between summer and winter temperatures
are responses to larger obliquity, or greater axial tilt. As the Earth’s axis of rotation decreases, high
latitudes experience cooler summer temperatures while at the same time, enhanced delivery of
moisture into polar regions promotes ice sheet growth. Therefore, obliquity, northward moisture
transport, and glacial-interglacial cycles form a relationship in which the summer energy budget
controlled Pleistocene glacial variability (Huybers, 2006).

The gravitational pull of the Sun and the Moon on the Earth causes axial precession, or the
wobbling of Earth’s axis. As the Earth rotates along its axis it slowly wobbles, or precesses, like
that of a spinning top. There are two main components of precession; that of the Earth’s axis of
rotation, and the precession of the Earth’s orbit around the sun which influences the equinoxes.
Over time, the slow wobbling changes the direction in which Earth’s north pole points, and because
the wobble is constant, precession causes a change in the Earth—Sun distance for the seasonal
equinoxes (Maslin et al., 2013). Consequently, it is the combination of the different orbital
parameters that results in a 23,000-year precession period.

Precession dominates high-latitude summer insolation (Raymo and Nisancioglu, 2003),
and the impact of precession on global climate systems is modulated by eccentricity; precessional
forcing is enhanced during periods of pronounced eccentricity (Scholz et al., 2007). Precession has
a significant impact on the tropics and regulates the duration and intensity of the precipitation-
bearing monsoons along the equator. Although precession forcing is moderated at times by tropical
sea-surface temperatures in the Indian Ocean and Atlantic Ocean (Scholz et al., 2007), long-term

forcing of East African climate has been attributed to precessional processes (Trauth et al., 2003).
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3.2.4 Glacial-Interglacial Intensification

Hays et al., (1976) added supporting evidence to the Milankovitch Cycle hypothesis by
showing that major variations in climate over the past several hundred-thousand-years were
closely associated with changes in the geometry of Earth’s orbit. They showed that a 100,000-year
climatic component is in phase with orbital eccentricity, a 23,000-year period of climate variance
correlates with 23,000- and 19,000-year precessional changes, and a 42,000-year climatic
component has the same period as variations in the obliquity of the Earth's axis. Hays et al. (1976)
concluded that changes in the Earth’s orbital geometry are the fundamental cause of Pleistocene
glaciation.

Raymo and Nisancioglu (2003) showed that §'%0 ice volume proxies are dominated by the
41,000-year obliquity periodicity, while summer insolation is governed by the 23,000-year period
of precession at nearly every latitude. Trauth et al., (2007) illustrated that water levels of lakes in
the East African Rift System (EARS) were dictated by the precessional forcing of moisture
availability in the tropics. Lake level changes coincided with major global events at: a) 2.7-2.5 Ma
when Northern Hemisphere glaciation intensified due to incremental changes in the Earth’s orbital
obliquity (low tilt angle) and the gradual closing of the Isthmus of Panama (Haug and Tiedemann,
1998); b) 1.9-1.7 Ma with cooling subtropical temperatures and the onset of strong zonal, or
Walker, circulation in the Pacific (Ravelo et al., 2004); and c¢) 1.1-0.9 Ma during the “Mid-
Pleistocene Revolution” (Berger and Jansen, 1994), when a shift in global climate led from an
obliquity-dominated periodicity to a precession-dominated regime (Maslin and Ridgwell, 2005).
Kingston et al., (2007), also examining EARS lakes, showed extreme changes in water levels
between 2.7 and 2.5 Ma using diatom assemblages and laminated diatomite in what is today the

Baringo Basin of Kenya. They attribute variability in lake levels observed in diatomite
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fragmentation, dispersal, and speciation to 23,000-year precessional forcing. East African lake
records document the extreme climate variability relating to precession-forced wet and dry phases,
and when coupled with variations in solar heating due to changes in the Earth’s obliquity, create

an important driving force of glacial cycles throughout the Pleistocene.

3.2.5 Differing Controls on Regional Climate

Glacial intensification at the start of the Pleistocene affected global climate by reducing
Earth’s water budget, increasing aridity, and cooling temperatures. However, orbital forcing alone
was not the only driver of the intense glacial-interglacial oscillations over the last 2.58 Ma; instead,
feedback mechanisms amplified solar insolation at the Earth’s surface. For example, as ice
accumulates, albedo increases and subsequently reflects more sunlight back into space while
modifying the ambient environment. As ice sheets grew, they impacted both atmospheric
circulation and ocean currents by reducing the amount of warm water flowing into the Nordic
Seas, which led to increased cooling in the Northern Hemisphere and ultimately, the further
expansion of northern ice sheets. Ice expansion and cooling also compresses both the northern and
southern boundaries of the Intertropical Convergence Zone (ITCZ), which directly impacts East
African moisture availability by increasing the sensitivity of East Africa to precessional forcing
(Trauth et al., 2007). Furthermore, differing controls on regional climate result from local
variations in orbital forcing, but also from unique geographic features like uplift in the East African
Rift Valley, and circulation patterns of easterlies and westerlies in southern Africa.

Differential heating between marine and terrestrial areas generates landward convection of
moisture-rich oceanic air. In East Africa moisture is obtained from the Indian Ocean, and this

dynamic produces the East African monsoon. The timing of increased East African monsoonal
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rainfall is a product of the migration of the ITCZ, which follows the seasonal and latitudinal
movement of solar radiation from south to north during the rise of boreal summer (Lepre et al.,
2007). When northern African landmasses warm, they build low-pressure systems that pull the
ITCZ northward to where it settles in the northern low latitudes (Nicholson, 1993). The opposite
occurs during austral summer, as the path of incoming sunlight pushes southward. The two
migration periods of the ITCZ across the equator produces the characteristic biannual rains of the
East Africa monsoon. Orbital precession and tropical sea-surface temperatures moderate the

intensity of monsoonal rainfall and govern climate controls in the region (Scholz et al., 2007).

3.2.6 East African Tectonic Uplift

Tectonic activity, specifically the onset of volcanism and rifting in East Africa, has an
important bearing on hydrological spatial patterns and amounts, which in turn induces strong shifts
in vegetation. The progressive formation of the East African Rift System (EARS) increased aridity
in the region, but also developed fault-graben basins as catchments for lakes (Maslin and
Christensen, 2007). The EARS is a continental divergent plate boundary that extends through
eastern Africa for approximately 3,000 kilometers and consists of several interconnected rift
valleys that split into eastern and western sections around Lake Victoria (Chorowicz, 2005). The
most recent period of rifting began about 20 million years ago when upwelling in the Earth’s
mantle intruded the base of the lithosphere and began stretching and deforming the Earth’s surface.
Uplifting reached a maximum around the Plio-Pleistocene boundary (Chorowicz, 2005;
Wolfenden et al., 2004), with more recent phases of uplift between 5.0 and 2.0 Ma in the

Tanganyika and Malawi rifting zone (Ebinger et al., 1993). Major Tanzanian escarpments, present
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by 3.0 Ma, create a 6,000-kilometre-long, north-south oriented crest situated between 1,500 and
5,100 m.a.s.l. (Chorowicz, 2005; Foster et al., 1997).

Rainfall and general atmospheric circulation models by Sepulchre et al. (2006) demonstrate
the influence of East African tectonic activity on precipitation patterns. In their model, elevated
plateaus divided major air currents, and wind patterns became less zonal reducing the available
moisture for precipitation. Additionally, increased elevation depleted the moisture content of the
leeward sides of uplifted regions, producing strong aridification that would have had important
effects on standing water, vegetation type, and resource distribution. This is due in part to increased
elevation and upland depletion of air moisture and precipitation which causes a rain-shadow drying
effect, a phenomenon partly responsible for the aridification of the eastern highlands and lowlands
of the EARS (Hardt et al., 2015: 571). When areas of higher elevation block major air currents,
areas of high- or low-pressure form over landmasses and oceans far from the plateaus (Ruddiman
and Kutzbach, 1991), and when this is coupled with greater seasonal variations in heating and
cooling in land regions adjacent to the plateaus, seasonal monsoons of varying strengths are
generated. This is significant in that summer rainfall in East Africa varies according to the westerly
airstream of the African monsoon (Nicholson, 1993), and summer monsoonal runoff drains into
the Omo and the Nile rivers via the capture of moisture by the Ethiopian and Kenyan Highlands
(Hardt et al., 2015).

Tectonic uplift exacerbated orbitally-forced periods of aridification. However, tectonics
were essential for the formation of isolated lake basins in the rift system that would have supported
mosaic environments within restricted geographic regions (Trauth et al., 2007), and possibly
provided refugia for Pleistocene hominins (Shea, 2008). Moreover, evidence from soil carbonates

(Levin et al., 2011; Levin et al., 2004; Quade and Levin, 2013; Wynn, 2001, 2004) and n-alkane
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and n-alkanoic acid biomarker isotopes (Feakins et al., 2005; Feakins et al., 2007; Feakins et al.,
2013) illustrate a progressive proliferation of Cs plants throughout the Pleistocene in response to

increased aridity attributed to rifting in East Africa (deMenocal, 2004).

3.2.7 East African Moisture-Aridity Cycles

Research throughout Africa supports strong precessional-driven moisture-aridity cycles.
Larrasoana et al. (2003) present a high-resolution proxy record of northern Sahara dust supply to
the eastern Mediterranean Sea for the past 3 million years. Their marine-dust record reflects
moisture-aridity cycles that coincide with 400,000-year eccentricity minima and maxima and
41,000-year obliquity variations in dust flux in the eastern Algerian, Libyan, and western Egyptian
lowlands. The dust record proxy shows that moisture-aridity cycles are in direct response to the
northward penetration of the African summer monsoon beyond the central Saharan watershed. The
northward dispersal of the monsoon front is subject to long-term modulation by orbital
eccentricity, whereby precession dictates the northward extent of the monsoon front.
Consequently, stronger monsoons lead to enhanced soil moisture and vegetation cover that inhibit
dust production. Conversely, when the impact of precession weakens, the potential of the African
summer monsoon front to extend beyond the watershed is lessened, and persistently dry, non-
vegetated desert conditions prevail. There has been a tendency for the monsoon front to remain
south of the central Saharan watershed since 0.95 Ma (Larrasoana et al., 2003).

The Homo sapiens fossils Omo I and Omo II from the Kibish Formation in southern
Ethiopia dated to 195 + 5.0 Ka coincide with sapropel formation in the Mediterranean Sea
(McDougall et al., 2008). Rossignol-Strick et al. (1982) proposed that sapropels, or organic-rich

dark colored sediments, develop in the Mediterranean following extensive Nile River freshwater
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discharge; a response to precessional forcing and increased seasonal contrast between the Northern
Hemisphere summer and winter (Rohling, 1994). Increased seasonal contrast intensifies
monsoonal circulation in summer, leading to greater precipitation amounts in East Africa,
especially in the Ethiopian highlands (McDougall et al., 2008). As a result, an upsurge in Nile
discharge brings massive quantities of freshwater into the Mediterranean, promoting organic
productivity and subsequently, the development of anoxic conditions in deeper waters that favor
the preservation of sunken organic-rich sapropels.

McDougal et al., (2008) link sapropel formation in the Mediterranean with heightened
Omo River discharge into Lake Turkana, reflecting greater precipitation in the highlands of
Ethiopia during the deposition of the Kibish Formation. The correlation between the sapropels in
the Mediterranean, greater water levels in Lake Turkana, and sedimentation of the Kibish
Formation stems from a common cause; the intensification of the African monsoon. As the Omo
River drainage network raised Lake Turkana water levels during periods of intensified rainfall in
the eastern Ethiopian highlands, the Nile River system provided huge runoff into the
Mediterranean at the same time from the northern Ethiopian highlands. McDougal et al., (2008)
demonstrate that the link between the deposition of the Kibish Formation and the sapropels in the
Mediterranean Sea was determined by the Milankovitch cycles.

Lepre et al., (2007) provide evidence for lake-level oscillations of Lake Turkana caused by
variations in the intensity of monsoonal rainfall between 1.9 and 1.6 Ma. Lake-margin sediments
of the Koobi Fora Formation in the northeast Turkana Basin of Kenya record climate changes
caused by orbital cycles operating at 20,000- and 40,000-year frequencies. These time intervals
are near the range of precession and obliquity timescales, respectively, and Lepre et al., (2007)

show that stratigraphic shifts in facies environments correspond to transgressions and regressions
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of lake levels, which implies alternating wetter and drier climatic conditions. They also note that
major drops in lake levels repeat on a timescale consistent with obliquity, and that the ancient lake
margin is responsive to changes in monsoonal rainfall resulting from orbital insolation and/or
glacial forcing.

Scholtz et al., (2007) report continental evidence for several periods of pronounced tropical
African aridity in the Late Pleistocene over the last ~145,000-years from cores taken in Lakes
Bosumtwi, Malawi, and Tanganyika. They interpret an interval between 70 and 145,000 years as
a period of enhanced precession-forced variability in the hydrologic cycle, marked by periods of
extreme drought interceded by shorter intervals of greater precipitation. They attribute this
variability to a peak in eccentricity-amplified precession as opposed to tectonic or glacial activity.
In addition, the three lakes equivalently responded to regional changes in the evaporation-
precipitation balance in tropical Africa. Sholtz and coauthors also observed overall wetter, more
stable conditions after 70,000 years ago, which was likely widespread across tropical Africa. This
transition to wetter, more stable conditions coincides with diminished orbital eccentricity and a

reduction in precession-dominated climatic extremes.

3.2.8 Orbital Forcing and Paleo-Lake Olduvai

Hay and Kyser (2001) divided Paleo-Lake Olduvai’s “Central Basin” into four differing
lithologic units representing different lacustrine paleoenvironments. They inferred several
episodes of higher and lower average lake levels in the central basin and eastern and western lake-
margins based on the distribution of chert and calcite nodules, desiccation and cracking of
claystones, extent of lacustrine claystones, and sedimentological chemistry determined using X-

ray diffraction. Because Paleo-Lake Olduvai occupied a broad, shallow basin, it would likely have
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increased to a much greater extent in surface area than in depth; in low-level episodes, the lake
may have only increased to a maximum of 2.0 m deep, whereas in high-stands, the lake level may
only have reached 4.0 m deep. Hay and Kyser determined that the lake of lower Bed Il was larger
than that of upper Bed I, and episodes of wetter climate alternated with drier episodes in which the
lake extent changed accordingly.

Using lake-sediment stratigraphy between Tuff IF (1.803 + 0.002 Ma) and Tuff IIA (1.74
+ 0.03 Ma) exposed in lower Bed II at Olduvai Gorge, Ashely (2007) following the interpretations
of Hay and Kyser (2001), estimated the duration and cause of paleolake expansions and
contractions. She was able to determine three discrete expansions represented by “waxy
claystones” deposited by saline-alkaline lake water and two contractions identified through “earthy
claystones” formed in a lakeshore freshwater wetland. The duration of these expansions and
contractions averaged 21,000 years, consistent with orbital precession cycles. Precession likely
influenced total rainfall amounts, which may have fluctuated between 400 and 800 mm at Olduvai
Gorge for contraction and expansion periods, respectively.

Berry (2012) identified four lake cycles using X-ray fluorescence analyses for Al,03/MgO
ratios, and TiO2 and P,Os between Tuffs IA (1.88 + 0.05 Ma) and IF on sediments collected about
1.0 km west of the Fifth Fault (Location 80 of Hay (1976)). Lake cycles 1 and 4 encompass
approximately 44,250 and 41,500 years, respectively (on par with the 41,000-year-cycle associated
with obliquity), while lake cycles 2 and 3 covered 23,600 and 26,550 years, respectively (slightly
longer than the 21,000-year precession cycle). Interestingly, the impact of obliquity on low latitude
locations such as the Olduvai Gorge is not usually considered as significant as precession (Ashley,

2007; deMenocal, 1995). However, Berry’s lake transgression cycles correlate with Ashley’s
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(2007) and show that orbital forcing likely produced variations in localized lake levels which

would have had specific implications on human evolution.

3.3 Environmental Hypotheses for Human Evolution

Multiple hypotheses have been advanced in an effort to identify the environmental events
that influenced evolutionary change in hominins throughout the Pleistocene (deMenocal, 2004;
Feakins et al., 2005; Potts, 1998b, 20124, b; Reed, 1997; Trauth et al., 2010; Trauth et al., 2006;
Vrba, 1980). Furthermore, because climate in East Africa varied between humid and arid instances
during this period (Potts, 2012a), the ability to deal with “ecological shocks” required that early
humans be mobile and have a flexible diet; a fundamental characteristic to the development of the
genus Homo (Hardy et al., 2015; Wells, 2012). In addition, wet to dry environmental shifts in the
Pleistocene (Potts, 2012a) fragmented local ecosystems into ‘oasis-like’ concentrations of plants
(Ashley et al., 2014; Ashley et al., 2010b; Ashley et al., 2009).

Early explanations of human evolution focused on intrinsic stimuli (Washburn, 1960;
Wilson, 1979; Wolpoft, 1980), whereby a simple transition from one habitat type to another (forest
to grasslands for example) set the stage for specific hominin characteristics like bipedalism and
tool use. These Habitat Specific Hypotheses stipulate that the transition from closed woodlands to
open grasslands underpinned the development of meat-eating, hunting, brain enlargement, fire use,
food distribution, complex sociality, and even language (Potts, 2013). In this scenario, hominin
environments were a passive agent and all that was required for human ancestors was to migrate
into the open, drier environments. Once settled, adaptations such as bipedalism and tool use

initiated the development of more-modern human behavior. Therefore, human traits evolved,
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reinforced, and built upon previous adaptations creating a feedback mechanism for evolutionary
change.

The discourse over the last decade surrounding the environmental impact on early human
evolution however, asserts that grasslands were not the predominant habitat occupied by our
ancestors, and that drier, open environments did not play a significant role in the emergence of
certain evolutionary traits (Dominguez-Rodrigo, 2014). In fact, paleo-reconstructions show that
the earliest, well-known bipedal hominins inhabited a mosaic environment with abundant tree
coverage. For example, floral and faunal analyses and stable carbon isotope ratios in bone or soil
carbonate (White et al., 2009a; White et al., 2009b; WoldeGabriel et al., 2009; WoldeGabriel et
al., 2001; WoldeGabriel et al., 1994) demonstrate that Ardipithecus lived in a relatively wet and
closed woodland/forest habitats. This is supported by bovid assemblages dominated by medium
sized kudu fossils and abundant colobine monkey remains, both of which indicate the presence of
a closed, wooded environment (WoldeGabriel et al., 1994). Furthermore, reconstructions indicate
that both Australopithecus anamensis and Au. afarensis inhabited a mosaic environment and had
access to a variety of habitats. Mammalian faunal analysis at Kanapoi (Kenya) suggest that 4u.
anamensis survived in a gallery forest along a river that supported a variety of primates, including
galagos and colobines, which was surrounded by a fairly dry, open woodland or bushland
landscape (Leakey et al., 1995).

The 1980s saw the focus on evolutionary change transfer to extrinsic factors as
explanations for the environmental influence on key human features (Laporte and Zihlman, 1983),
more than a decade before the above studies investigated the environments of early bipedal
hominins. In opposition to the earlier intrinsic factors, the new paradigm generated the Variability

Selection Hypotheses to examine changes initiated by the external environment. Studies proposed
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that rapid increases in African aridity (deMenocal, 2004; Vrba, 1995a; Vrba, 1985, 2007), short-
term climate variability (Potts, 1996, 1998b, 2013), and spatial unpredictability (Trauth et al.,

2007; Trauth et al., 2010; Trauth et al., 2005) were responsible for human evolutionary change.

3.3.1 Habitat Specific Hypotheses

The most widely studied habitat specific hypothesis is the Savanna Hypothesis. Even
Raymond Dart in as early as 1925 used the open savanna model to explain larger brains and
bipedality in early Homo. The Savanna Hypothesis states that forest reduction and savanna
expansion was a primary driver of hominin bipedalism because it was thought that these two trends
occurred at about the same time (Lee-Thorp and Sponheimer 2007: 299). According to this
hypothesis, adaptation to drier and increasingly open environments was the hallmark of hominin
evolution from the late Miocene through the early Pleistocene. Savannas were believed to have
driven natural selection in human evolution.

Coppens (1994) suggested that it was the formation of the EARS and separation of
equatorial Africa into two distinct ecological regions (wet, forested west vs. dry, open east) that
divided the common ancestor of Homo and Pan apart. Dubbed the East Side Story theory, Coppens
posited that the western descendants of the last common ancestor continued evolving in a humid,
arboreal setting eventually becoming Pan, while the eastern descendants of the same common
ancestor had to “invent” new adaptations to life in open savanna ecosystems, thus becoming
hominins. Coppens argued that the evolution of the australopithecines and Homo was driven by
tectonic activity along the EARS that opened the landscape, and that bipedalism and an

opportunistic diet developed as the most advantageous adaptations to this unfamiliar environment.
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Over the last two decades the Savanna Hypothesis has become less popular due in large
part to the older dating of the evolution of bipedalism in species like Sahelanthropus tchadensis
dated to 7.0-6.0 Ma (Brunet et al., 2002; Vignaud et al., 2002), Orrorin tugenensis at 6.5-5.8 Ma
(Pickford, 1975; Pickford and Senut, 2001b), and Ardipithecus ramidus/kadabba from 5.8-5.5 Ma
(Haile-Selassie et al., 2004). In addition, even though paleoenvironmental reconstructions show
that grasslands were a component at each of the Sahelanthropus, Orrorin, and Ardipithecus sites,
they did not dominate over any other ecological zone. Studies (Boisserie et al., 2005; Le Fur et al.,
2009, 2014; Vignaud et al., 2002) suggest that a mosaic of environments existed at the hominin
bearing Toros-Menalla site 266 (TM 266) in Chad where Sahelanthropus was discovered. The
paleolandscape was ecologically diversified, and composed of permanent aquatic habitats, as
attested by the high abundance of semi-aquatic mammals (Boisserie et al. 2005; Le Fur et al.,
2009) and abundant remains of freshwater fish, crocodiles, and turtles (Vignaud et al. 2002).
Primate fossils (attributed to Colobinae) suggest that dense to moderately- dense woodlands or
gallery forests with trees and bushes (Le Fur et al., 2009; Vignaud et al. 2002) were juxtaposed to
wooded savanna, as demonstrated by the moderate abundance of browsers (such as proboscideans
and giraffids) (Vignaud et al., 2002), and open grasslands, expressed in bovid remains (Vignaud
et al., 2002). Interspersing these settings were both humid zones (floodplains and swamps) and dry
areas.

Paleoenvironmental studies (White et al., 2009a; White et al., 2009b; WoldeGabriel et al.,
2009; WoldeGabriel et al., 2001; WoldeGabriel et al., 1994) of Ardipithecus kadabba and Ar.
ramidus sites present relatively humid and closed woodland/forest habitats with 20-45% grass
biomass. Furthermore, the multiproxy approach taken by WoldeGabriel et al. (2009) suggests that

the Middle Awash Ardipithecus-bearing locality was a former floodplain that supported a wooded
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“biotope” rather than a grassland savanna. Using paleosols isotope data from Aramis, another
Ardipithecus bearing site, Cerling et al., (2010) revealed a high abundance of grasses with only 5-
25% tree cover, a landscape which they refer to as a tree- or bush-savanna, with less woody canopy
cover.

As detailed environmental data reveal more information on the ecological conditions in
which human evolutionary traits emerged, revisions to the Savanna Hypothesis have also
materialized (Dominguez-Rodrigo, 2014). First and foremost is the definition of “savanna”: at
times it is associated with mosaic environments with a strong wooded component (Cerling et al.,
2010; Cerling et al., 2011; White et al., 2009a), whereas others simply use it synonymously with
grassland (White et al., 2009b; White et al., 1994).

The discovery of >3.7 Ma hominins (S. tchadensis, O. tugenensis, Ardipithecus, and Au.
anamnesis) living in woodland mosaics questions the open-landscape version of the Savanna
Hypothesis. The Forest Hypothesis on the other hand, alleges that selective pressures associated
with densely vegetated environments played a key role in the evolution of bipedalism (Potts,
1998a), as Late Miocene-Pliocene hominin species appear to have lived in varied settings. The
available paleoenvironmental data from 7.0-3.7 Ma suggests that early hominins were attracted to
closed habitats and exploited resources from their mosaic surroundings. Heterogeneity of
vegetation is difficult to identify in the archaeological or paleontological record, but it is likely that
differing hydrological conditions, topographic barriers, and volcanism resulted in a patchy network
of wooded habitat that was essential to the development of complex hominin foraging strategies.

Multiyear studies document foraging-based tool making and use by wild chimpanzee
populations throughout Central and West African forests (Boesch and Boesch, 1990, 2000;

Hernandez-Aguilar, 2009). Observations on a population living in a 27 km? home range in western
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Tai National Park, Cote d’Ivoire documented tools used for ant-dipping, killing of wood-boring
bees and nest probing with sticks, honey-fishing, eating of bone marrow, brain, and cleaning of
eye orbits, and nut-cracking. The Tai chimpanzees show the highest known incidence of hunting
and tool use among any wild chimpanzee populations (Boesch and Boesch, 2000), and Boesch-
Achermann and Boesch (1994) argue that key hominin traits — tool use, hunting, social
cooperation, and food sharing — manifest more often in forested-adapted chimpanzees than those
in open environments. These discoveries prompted Boesch and Boesch to suggest that woodlands
or forests provided the initial setting in which hominins evolved.

As previously mentioned, paleoenvironmental reconstructions indicate that both Au.
anamensis and Au. afarensis inhabited a mosaic environment and had access to a variety of
habitats. Mammalian faunal analysis at Kanapoi (Kenya) suggest that Au. anamensis lived in a
gallery forest along a river surrounded by a fairly dry, open woodland or bushland landscape
(Leakey et al., 1995), while evidence from Hadar suggests that Au. afarensis accessed a mixture
of dry bushland and riparian woodland on a seasonal floodplain along riverine forest habitats
(Johanson et al., 1982). Additionally, data from Laetoli propose that Au. afarensis lived in an open
grassland near a densely wooded environment (Andrews, 1989), and in South Africa, fossil pollen
from Makapansgat suggests that Au. africanus inhabited settings resembling that of a tropical
forest (Rayner et al., 1993).

Finally, Cavallo and Blumenschine (1989), using evidence from modern seasonal
scavenging opportunities in riparian woodlands in the Serengeti, propose that toolmakers
exploiting meat and marrow preferentially took advantage of wooded zones within the savanna
mosaic of East Africa. Sikes (1994) then reconstructed hominin environments in lower Olduvai

Bed II at ~1.74 Ma, showing that artifacts were abandoned in a riparian forest adjacent to grassy
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woodland. However, Cerling et al., (2011) attempted to redevelop the Savanna Hypothesis by
widening its foundation to incorporate the “savanna mosaic” as an ecological component that
influenced human evolution. This is interesting in that it changes the fundamental principle of the
hypothesis by saying that human traits evolved with a diverse, variable landscape as opposed to a
relatively open grassland.

Habitat Specific Hypotheses see adaptations as responses to the constant challenges
imposed by a change from one specific habitat to another. Alternate explanations postulate that

important adaptive changes arise in response to climate and environmental variation.

3.3.2 Variability Hypotheses

Laporte and Zihlman (1983) initially argued for the impact environmental change had on
driving early human evolution. They proposed that adaptive changes appearing in the Plio-
Pleistocene represented responses to both changing environments caused by global cooling or
orogeny, or new habitats in which hominins migrated. Vrba (1985) expanded upon these ideas by
introducing the Turnover Pulse Hypothesis, which posits that rapid speciation and extinction
events (turnover) are the result of environmental change.

The Turnover Pulse Hypothesis (TPH) stresses that species turnover and the emergence of
new adaptations were concentrated during periods of heightened aridity and the expansion of open
habitats (Vrba, 1985). It focuses on species’ surroundings and on the dynamic relationships
between physical change, habitats, and species, and that speciation follows rare, large pulses in
response to major environmental changes. Synchronous change in African bovids,
micromammals, and hominins (Vrba, 1995a; Wesselman, 1995) are attributed to a shift from

warm, moist conditions to cooler, drier, and more open habitat due to intense global cooling that

81



led to pulses of aridification in Africa. Therefore, this hypothesis strongly links hominin evolution
with global climatic events; the origins of Homo and of the robust australopithecines around 2.5
Ma were considered part of a turnover pulse, as this pulse coincides with the 2.7-2.5 Ma Northern
Hemisphere glacial intensification and closing of the Isthmus of Panama. Vrba et al. (1989)
advocated that another turnover pulse coincided with the “Mid-Pleistocene Revolution” at 0.9 Ma,
and that this event was responsible for the dispersal of H. erectus into Eurasia. (They also
suggested that this pulse was responsible for the extinction of Paranthropus boisei, but subsequent
fossil discoveries proved this to not be the case.)

The TPH has been modified over the years, first by broadening the range of pulse events
to encompass timeframes as large as 400,000 years (Vrba, 1995b), and second by suggesting that
specialized organisms should experience turnover first, followed later by more-generalized
organisms (Vrba, 1995c). Recent treatises (Vrba, 2007) on the TPH also broaden the hypothesis
by stating that environmental changes that trigger turnover are diverse and vary in nature, intensity,
timing (how long they endure), amount of fluctuation, degree of changes, and geographic extent
(localized to global). In this regard, it is difficult to pinpoint what can be considered a “pulse”.

Behrensmeyer et al. (1997) tested the Turnover Pulse Hypothesis at the Turkana-Omo
basin, a locale containing a fossil mammal assemblage spanning the Plio-Pleistocene transition as
well as the Gelasian and Early Pleistocene periods (i.e. 3.0 to 1.8 Ma). This study found no
statistically significant pulse in either first or last appearances between 2.8 and 2.5 Ma and instead
showed that mammalian lineages displayed a prolonged period of turnover up until 1.8 Ma. The
authors argued that (what is now predominately the case in all recent paleoanthropological

literature) a complex mosaic landscape coupled with global climate fluctuations over hundreds of
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thousands of years explain both the persistence of more-generalized organisms as well as
prolonged periods of turnover.

Bibi and Kiessling (2015) analyzed eastern African Bovidae (antelopes) and Turkana Basin
large mammal fossil databases assembled from the Turkana Public Database and the International
Omo Research Expedition and Omo Group Research Expedition databases to test the TPH for a
period between 3.75 Ma and 1.25 Ma. Their results indicate that speciation and extinction
proceeded continuously throughout the Plio-Pleistocene, as did increases in the relative abundance
of arid-adapted bovids, thereby contesting the Turnover Pulse Hypothesis. The authors did note
however that there was a single pulse present at 2.0 - 1.75 Ma, but other than this, found no
evidence for rapid evolutionary or ecological changes in the East African record. Bibi and
Kiessling’s analyses suggest that African large mammal evolution tracked global climatic trends
over millions of years, with local, Turkana Basin-scale changes (e.g., tectonic or hydrographic)
influencing at shorter timescales.

Important adaptive changes may arise in response to environmental variation in both the
short-term or long-term (Potts, 1998a). Short-term variations are those experienced by an organism
over its lifetime, whether it is seasonal fluctuations or enduring climate trends. Long-term
variations play a critical role in the adaptive processes of a population over generational
timeframes. The long-term, or Variability Selection Hypothesis (VSH) predicts that new
adaptations originate during periods of heightened environmental variability, whether due to
climate or other factors (Potts 1996). In this model, adaptability refers to an organism’s ability to
adjust to changes in its surroundings and the ability to inhabit a wide diversity of environments. In
a general sense, the VSH argues that environmental instability is a main factor of selection among

hominin responses to variable habitats, and that climate-driven habitat fluctuations caused habitat-
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specific adaptations to be replaced by morphological and behavioral adaptations to complex
environmental changes.

The VSH seeks to explain how the ability of an organism to adjust to change in its
surroundings, to inhabit a wide diversity of environments, and to interact with its surroundings in
novel ways may evolve (Potts, 2012b). Interestingly, at its essence, the VSH attempts to explain
the basic principles of evolutionary theory within an environmental framework by stating that
adaptable phenotypes are favored over habitat-specific adaptations. Similar to the TPH, Variability
Selection has been modified over time to include factors such as gene pools and thus the genetic
basis for adaptable phenotypes (Potts, 2013). Furthermore, VSH emphasizes the role of landscape
remodeling, changes in vegetation and animal communities, and regional hydrological fluctuations
as drivers of selective adaptations; ideas which are applicable to the evolutionary history of all
species.

The Variability Selection Hypothesis fits well within the complex intersection of orbitally
forced changes in insolation and feedback mechanisms described above. As orbital forcing and
differing controls on regional climate produce extreme environmental variability, behavioral and
morphological mechanisms that enhance adaptive fitness are therefore selected. Moreover, there
is compelling evidence for the preferential evolution of hominins during periods of highly variable
East African climate between very dry to very wet conditions from 5.0 and 0.5 Ma (Maslin et al.,
2013; Trauth et al., 2005).

Maslin and Trauth (2009) present an update on the Variability Hypothesis through their
Pulsed Climate Variability Hypothesis. From updated paleoclimate records (Garcin et al., 2009;
Garcin et al., 2006; Kingston et al., 2007), they propose that precession-forced lake-level changes

in the East African Rift Valley and ocean-derived wind-borne dust records signify that the long-
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term drying trend in East Africa was punctuated by short episodes of both extreme humidity and
aridity. They attribute these short punctuations (which coincide with Northern Hemisphere
Glaciation (2.7-2.5 Ma), the development of the Walker circulation (1.9-1.7 Ma), and the Mid-
Pleistocene Revolution (1.1-0.9 Ma)), to the compression of the Intertropical Convergence Zone;
consequently, East Africa becomes more susceptible to precessional forcing, resulting in rapid
shifts from wet to dry conditions. Building on The Variability Selection Hypothesis, Trauth and
Maslin suggest that pulsed climate periods provided a catalyst for evolutionary change and drove

key speciation and dispersal events amongst mammals and hominins in Africa.

3.4 Chapter 3 Summary

Multiple hypotheses have been advanced linking climate change and human evolution and
the environmental context of early human biological and technological adaptations in Africa. Our
understanding of these hypotheses results from studies on the controlling factors of climate and
environment in East Africa such as global mechanisms like orbital forcing (Milankovitch Cycles)
and northern hemisphere glaciation, and regional processes like tectonic uplift and moisture-aridity
cycles related to monsoon weather patterns. Both global and regional controls impact precipitation
patterns and thus the available water to both plants and animals, including early humans. For
example, global and regional climatic systems influenced the extent of paleo-Lake Olduvai and
the amount of freshwater flowing from the highlands into the Olduvai basin. In addition, early
explanations of human evolution focused on intrinsic stimuli, but in recent decades, the discourse
has changed in favor of extrinsic impetuses setting the stage for the development of specific
hominin characteristics. This led to the development of both habitat specific and variability

hypotheses such as the Turnover Pulse and Variability Selection hypotheses.
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CHAPTER 4: OLDUVAI GORGE

4.1 Introduction

Olduvai Gorge, the UNESCO World Heritage site in northern Tanzania (2°59'46.87"S,
35°21'7.50"E), has one of the most continuous paleoanthropological records in the world,
exceptional archaeological site preservation due to a low-energy sedimentary environment, and a
timeframe of human evolution that spans the transition from the Oldowan to the Later Stone Age.
Located on the western flank of the Gregory Rift in Tanzania’s Ngorongoro Conservation Area,
Olduvai is situated between the volcanic Crater Highlands to the south and east, metamorphic
topographic complexes to the north, and the celebrated Serengeti Plain in the west. Although
Olduvai is best known for its paleontological and archaeological record, it also contains well-
defined sedimentological strata (Beds I-IV (2.038 + 0.005 - 0.6 Ma), Masek (600,000 - 400,000),
Ndutu (400,000 - 32,000), and Naisiusiu (17,550 = 1,000 - 10,400 + 600 BP) (Deino, 2012; Diez-
Martin et al., 2015; Dominguez-Rodrigo et al., 2013; Hay, 1976; Leakey, 1971), that help situate
two million years of evolutionary and technological history. Today, the primary branch of the
gorge, the Main Gorge, has its origin in Lakes Masek and Ndutu, while the southern branch, named
the Side Gorge, originates on the western slopes of Lemagrut volcano (Fig. 4-1). Both the
intermittent Ndutu and Highlands Tributary (or Norkuman) Streams, originating in Lakes Masek
and Ndutu, and the slopes of Lemagrut, respectively, have exposed the Pleistocene-to-Holocene
aged beds through erosional downcutting over the last ~400,000 years. The Ndutu Stream flows
roughly 40 km eastward from its source lakes in the west before connecting with the ~30 km long
Highlands Tributary Stream at Olduvai’s main confluence, whereby the two combined intermittent

waterways continue for another 10 km before emptying into the Olbalbal Depression. This fault
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graben depression acts as the base level for surface waters draining the northwest slopes of the
Crater Highlands and the eastern Serengeti Plain (Herlocker and Dirschl, 1972). Furthermore,
Pickering, who first geologically mapped Olduvai, used Olbalbal as a modern example of the type
of lake basin in which Beds II and IV were deposited (Pickering, 1960).

In 1931, Louis and Frida Leakey led the Third East African Archaeological Expedition to
Olduvai Gorge, accompanied by German geologist Hans Reck, who previously worked in the
gorge prior to World War I and discovered a human skeleton (Olduvai Hominid 1) (Tobias, 2003).
Soon after their arrival at Olduvai® an Acheulean handaxe was recovered by one of their African
workers, thus proving that Olduvai was a “unique showcase not only of animal fossils, but also of
tool forms and associated human occupation sites over a period of a million and a half years or
more” (Leakey, 1974: 13). This handaxe was the forerunner to the thousands of stone tools that
would be excavated in the Gorge over the next 85 years and would help Leakey establish a
preliminary cultural sequence he named the Chellean (which would later be subsumed into the
Acheulean). Leakey would go on to designate one of the richest fossil and stone tool assemblages
in the gorge “Frida Leakey Korongo” (FLK); korongo being the Swahili word for “gully.”
Coincidently, in 1959, Leakey’s second wife Mary would find the remains of Zinjanthropus
(Paranthropus boisei) at the FLK site, a discovery that would significantly alter the research
history of the gorge; following the find, Louis and Mary entered into a long-standing arrangement
with the National Geographic Society, in which their research was supported through salaries and
the supplying of field equipment. After nearly thirty years of field work in Kenya and Tanzania,

the importance of Zinj ““...convinced the National Geographic Society in the United States that

3 Exaggerated reports claim that within a half hour of arrival at Olduvai, the Acheulean hand axe was found. However,
Philip Tobias, a long-time friend of Louis Leakey, said that in reality, “Leakey won a small wager with Reck when,
within 24 hours of arriving at Olduvai, one of the Kikuyu team-members found a fine hand-axe. Soon after, one was
found in situ” (Tobias, 2003).
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Louis and [Mary] and Olduvai were worth financial support on a scale that exceeded [their] wildest
dreams, starting with $20,200 in 1960.” (Leakey, 1984: 122). In fact, the discoveries at Olduvai
Gorge had perhaps the most important impact in the 20" century on the theories of human
evolution; for example, the discovery of Zinjanthropus in 1959 (Leakey, 1959) was a defining
moment in the history of paleontology as it vindicated Louis Leakey’s decision to work in East
Africa, and was the specimen that convinced people that East Africa was a sensible place to look

for the earliest evidence of human ancestry (Gibbons, 2006: 25).

4.2 Stratigraphic Summary of the Olduvai Beds

The monograph Geology of the Olduvai Gorge by Richard Hay (1976) lay the groundwork
for the current understanding of the geology of Olduvai Gorge. Hay defined seven geological bed
formations within the gorge adopting Reck’s nomenclature for Beds I-IV while replacing Beds V
and VA with the Ndutu and Naisiusiu Beds, respectively (Table 4-1). The sequence of the seven
beds exposed in Olduvai Gorge is as much as 100 m thick, with Bed I being the thickest of the
major subdivisions. In the eastern part of the Main Gorge, Bed I can be up to 60 m thick and
consists of basaltic lavas overlain by lacustrine and alluvial sedimentary deposits. In the Western
Gorge, it is less-exposed at a maximum of 43 m, and to the southwest near the Kelogi inselbergs
(Fig. 4-1), it thins towards the Laetoli Beds. Bed I lavas, tuffs, and claystones are also exposed in
the Fifth Fault about 5.0 km north of the Main Gorge and south of Engelosin. Bed I is dated to
between 2.005 £ 0.007 Ma and 1.803 + 0.002 Ma (Deino, 2012), and six tuffs provide the principal
basis for correlations; Tuffs IA-IF. However, below Bed I lies the pyroclastic Naabi Ignimbrite,
the oldest known stratigraphic unit at Olduvai, which is dated to 2.038 = 0.005 Ma. Additionally,

the lowermost dated unit in Bed I is a ~30 cm thick tuff exposed west of the Fifth Fault in the Main
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Table 4-1. Olduvai Gorge geochronology with selected archaeological sites.

Epoch Stratigraphy Subdivisons Markers Marker Dates Sites
Holocene Namorod Ash 1,250 BP
Naisiusiu Beds Tuff XXX
Ndutu Beds Upper Unit Tuff XXX
Lower Unit Tuff XXX
Norkilili Member
Masek Beds . Tuff XXX
Lower Unit
Tuff XXX
Bed IV TuffIvB
Tuff IVA
Tuff4
Bed Il Tuff3 IK, WK
Tuff 2
Tuff1 1.33+0.06 Ma
Upper Bed II Tuff IID 1.48 £0.05 Ma and 1.338 + 0.024 Ma BK, JK, PLK, TK
TufflIC
Upper Augitic Sandstone CK, EFHR, SHK
Middle Bed I Bird Print Tuff
Middle Augitic Sandstone MNK
Tuff 1IB
Bed Il Upper Lemuta
Tuff FLKW B 1.664 + 0.019 Ma
Lower Augitic Sandstone FLK West, HWK-EE
Lower Bed 11 Tuff FLKW A 1.698 + 0.015 Ma
Pleistocene Tuff lIA 1.74+0.03 Ma
Lower Lemuta
Twiglet Tuff
Tuff IF 1.803 + 0.002 Ma HWK
Tuffs between tuffs IEand IF 1.828 + 0.005 Ma
Tuffs between tuffs IEand IF 1.836 + 0.015 Ma
Tuffs between tuffs IEand IF 1.833+0.005 Ma FLK North
Tuffs between tuffs IEand IF 1.831 + 0.006 Ma
Kidogo Tuff
Upper Bed | Ng’eju Tuff 1.818 + 0.006 Ma
Tuff IE 1.831 +0.004 Ma
Tuff IE Vitric 1.837 + 0.006 Ma
Bed | Tuff ID (Plagioclase) 1.854 +0.011* Ma
TuffIC 1.832 + 0.003 Ma and 1.848 + 0.008* Ma
FLK Level 22, PTK, DS
Chapati Tuff
Tuff IB 1.848 + 0.003 Ma DK Levels 13, FLK NN
Bed I Lavas 1.911 + 0.016 Ma and 1.891 + 0.010 Ma
Tuff above IA 2.060 + 0.018* Ma
Mafic Tuff
Lower Bed | Tuff IA 1.88+0.05 Ma
Coarse Feldspar Crystal Tuff 2,015 + 0.006 Ma
Tuff between NI and CFCT 2,005 + 0.007 Ma
Naabi Ignimbrite 2,038 + 0.005 Ma

Dates from Deino, 2012; Diez-Martin et al., 2015; Dominguez-Rodrigo et al., 2013; Hay, 1976; Leakey et al., 1972; Manega (1993)

*Provisional according to Deino, 2012

Red indicates uncertainty as to stratigraphic position, nomenclature, and age
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Gorge and is dated to 2.005 = 0.007 Ma (Deino, 2012). As for the six marker tuffs, IA (1.88 £0.05
Ma) is only located west of the Fifth Fault, IB (1.848 = 0.003 Ma) is found near the Second Fault
and west of the Fifth Fault, IC (1.832 + 0.003 Ma) is fluvially reworked in the east, but represented
in the west, at the FLK complex, and near the confluence of the Main and Side Gorges, ID (1.854
+ 0.011 Ma) is exposed at the FLK complex and to the west of the Fifth Fault, IE (1.831 + 0.004
Ma) in the eastern part of the Main Gorge, and IF (1.803 = 0.002 Ma), which is widespread and
the most recognizable stratigraphic marker found throughout much of the Olduvai Basin from FLK
to Kelogi, and near to and west of the Fifth Fault (Deino, 2012; Hay, 1976).

Bed II is 20-30 m thick and divided into two deposits below and above a regional
disconformity (named the Lower Disconformity by Hay (1976); below the disconformity, deposits
have many similarities with Bed I, while those overlying are unique within the Olduvai sequence
(Hay, 1976). Moreover, above the Lower Disconformity faunal remains suggest open, wooded
grassland and fluvial-lacustrine and fluvial deposits, counter to the lake, lake-margin, alluvial-fan,
and eolian deposits below. Bed II is widespread and can be observed on the southwestern margin
of Olbalbal, much of the eastern gorge, 5.0 km north of the Main Gorge in the Fifth Fault, and 6.0
km into the Side Gorge. Located just below the disconformity is the Lemuta Member, a
widespread, distinctive sequence of eolian tuffs comprised of reworked tephra mixed with minor
limestone and claystone components that reflect a relatively dry episode that lasted at least 20,000
years (Hay, 1976). Tuff IIA (1.74 + 0.03 Ma) is found within the lower section of the Lemuta
Member, while Tuff [IB (no firm date but <1.66 Ma) caps it and marks the start of Middle Bed II
(Stanistreet, 2012). Tuffs IIC and IID, the two other principal Bed II marker tuffs, are typically
reworked and discontinuous, and not easily recognizable. Dating for Tuff IIC has been problematic

but it is younger than 1.66 = 0.01 Ma (McHenry and Stanistreet, 2018), while Tuff IID has been
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recently dated to 1.338 = 0.024 (Dominguez-Rodrigo et al., 2013). Overall, the stratigraphy of Bed
IT is complex, and correlation is difficult but, it is in Bed II that the transition from the Oldowan to
the Acheulean is documented.

Other marker deposits located within Bed II are the Lower, Middle, and Upper Augitic
Sandstones and the Bird Print Tuff (BPT). After the deposition of Tuff IIA and the Lemuta
Member, a depressed graben formed between the FLK and Fifth Faults, forming the Lower
Disconformity (Uribelarrea et al., 2017). The Lower Augitic Sandstone (LAS) unit is deposited on
top of this disconformity in eastern fluvial lacustrine deposits flowing towards the lake in the
northwest. The MAS can be found near Vivian Evelyn Korongo (VEK) on the south side of the
Main Gorge, and from Juma’s Korongo (JK) west to between the Fourth and KK Faults, while the
UAS forms a continuous deposit in the Side Gorge as far west as Sam Howard Korongo (SHK)
(Hay, 1976). The augitic grains of the sandstones indicate a fundamental change in the pyroclastic
origin of volcanic rock fragments arriving in the Olduvai Basin (Stanistreet, 2012).

The Bird Print Tuff is a 2.5 to 12 c¢m thick yellow laminated, fine- to medium-grained tuff
exposed in outcrops between FLK North North and Henrietta Wilfrida Korongo (HWK) that is
also found west of the Fifth Fault in the Western Gorge at Richard Hay Cliff and Mary Nicol
Korongo (MNK) in the Side Gorge (Hay, 1976; McHenry et al., 2016). This pyroclastic tuff is
characterized by fragmented bits of glass and is always situated above the LAS. The BPT is named
for the presumably abundant trace fossils of shore bird footprints preserved in the tuff (Hay, 1976);
this feature, along with its mineral composition, makes it one of the most easily identifiable marker
tuffs in the gorge.

A widespread episode of faulting affected the Olduvai basin around 1.33 Ma., causing

erosion of Bed II and a change in the topography; Beds III and IV were deposited on this new
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terrain (Hay, 1976). Beds III and IV are only distinguishable in the eastern part of the basin,
specifically at JK, and west of the Fifth Fault where the contact with Bed II is generally sharp. Bed
[T is 4.5 to 11 m thick and Bed IV is 2.4 to 10 m thick (Hay, 1976), but dating for these beds have
been problematic; Tuff IID is dated dated to 1.338 + 0.024 (Dominguez-Rodrigo et al., 2013),
while Tuff IIIA, also designated Tuff 1 of Bed III, was given an age of 1.33 £ 0.06 Ma (Manega,
1993). Bed III is a reddish-brown deposit that is easily identifiable when it is exposed (Fig. 4-2),
and consists of four marker tuffs of which only Tuff 1 is dated. Tuff2 is 15 to 30 cm thick and lies
1.5 to 2.4 m above the base of Bed III, Tuff 3 is 30 to 45 cm thick and about 2.6 m below the top
of Bed III, and Tuff 4 is 30 to 60 cm thick and ony 1.2 to 1.5 m below the top of Bed III (Hay,
1976). Bed IV varies in thickness from 2.4 to 7.3 m in the Main Gorge but up to 10 m in the Side
Gorge; this variation is due to fault movements during the deposition of the bed. Only two tuffs
are identified in Bed IV, IVA and IVB, but these have not be dated radiometrically. However,
based on sedimentation rates and using the Matuyama-Brunhes polarity chron boundary, the
contact between Beds III and IV is estimated at 800,000 years before the present while the top of
Bed IV is about 600,000 years old (Hay, 1976).

The Masek Beds were the last deposited prior to the initial erosion of the gorge ~400,000
years ago. They have a maximum thickness of about 25 m and are found along the rim of the
modern gorge. The Masek Beds are divided into two units that were laid down between 600,000
(contact with Bed IV) and 400,000 years ago; potassium-argon dating of volcanic rocks near the
Kerimasi Volcano east of Olduvai, which provided the Masek tephra, was minimum age dated to
400,000 years ago. The Olduvai basin was an alluvial plain during the deposition of the Masek
Beds, with drainage flowing into the depression between the First and Second Faults. The Ndutu

Beds were deposited over stretches of faulting, erosion, and partial filling of the gorge (Hay, 1976:
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146), during which the Olbalbal Depression became the drainage basin, as it remains today. The
maximum thickness of Ndutu sediments in the Side Gorge is 12 m south of Kelogi, but there are
thicker exposures east of the Second Fault of up to 14 m. The Ndutu Beds is separated into two
units, the Lower and Upper dated to 400,000 to 60,000 and 60,000 to 32,000 years ago,
respectively (Leakey et al., 1972). Deposition of the Ndutu Beds ended with a significant period
of faulting that resulted in further subsidence of the Olbalbal Depression and increased fluviatile
erosion. Finally, the Naisiusiu Beds were deposited after the upper unit of the Ndutu Beds but have
been largely eroded to its current maximum thickness of 1.0 to 3.0 m. These beds are primarily
composed on eolian tuffs and dated between 17,550 + 1,000 and 10,400 = 600 BP (Leakey et al.,
1972). Isolated artifacts of Homo sapiens are found 110 m west of the Second Fault on the northern

rim of the gorge, in which the assemblage contains abundant microliths.

4.3 Chapter 4 Summary

Olduvai Gorge is world-renowned for its archaeological and paleoanthropological record,
but also contains a ~100 m thick sedimentary beds exposed through erosional downcutting over
the last 400,000 years. The Olduvai marker tuffs allow for well-defined dating of Beds I-IV (2.038
+ 0.005 - 0.6 Ma), Masek (600,000 - 400,000), Ndutu (400,000 - 32,000), and Naisiusiu (17,550
+ 1,000 - 10,400 = 600 BP). This helps situate specific archaeological sites and their relative
positioning with one another in each bed. Due to erosion and faulting, the beds are
disproportionally exposed throughout the gorge; Bed I can be up to 60 m thick and is best
represented in the eastern part of the Main Gorge, while in the Western and Southern parts of the
gorge, it is less-exposed at a maximum of 43 m; Bed II is 20-30 m thick and can be observed on

the southwestern margin of Olbalbal, much of the eastern gorge, and in the Fifth Fault north of the
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Main Gorge; Beds III and IV are only distinguishable in the eastern part of the basin, specifically
at Juma’s Korongo, and west of the Fifth Fault where the contact with Bed II is generally sharp,
with Bed III being 4.5 to 11 m thick while Bed IV varies in thickness from 2.4 to 7.3 m in the Main
Gorge but up to 10 m in the Side Gorge; the Masek Beds have a maximum thickness of about 25
m and are found along the rim of the modern gorge; in the Side Gorge, the Ndutu sediments are
about 12 m thick, but exposures east of the Second Fault ae up to 14 m; Finally, the Naisiusiu Beds

have been largely eroded to its current maximum thickness of 1.0 to 3.0 m.
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CHAPTER 5: PLANT LEAF WAX LIPID MARKER MOLECULES

5.1 Leaf Wax Lipid Biomarkers

Biologically specific marker molecules, or biomarkers, diagnostic of a terrestrial plants are
powerful tools for understanding paleoenvironmental processes and the climatic context in which
they originated (Castafieda and Schouten, 2011; Eglinton and Eglinton, 2008; Sachse et al., 2012).
The external surface of vascular plant leaves and other aerial parts are coated with protective waxes
that contain a wide range of organic compounds (Eglinton and Hamilton, 1967). The cuticle, or
the hydrophobic coating on the outer surface of leaves, is a layer of cutin and cutan composed of
polymerized hydroxy (-OH) fatty acids and hydrocarbons (Fig. 5-1 & Table 5-1) that preserve the
water balance of the plant and minimizes damage to leaf cells from fungal and insect attack, wind
abrasion, and excessive ultraviolet radiation (Eglinton and Hamilton, 1967). The lipid components
of the protective waxes are environmentally persistent and typically comprise of mixtures of long,
straight-chain (i.e., normal, n-) alkanes, alkanols, alkanoic acid (Tables 5-2 and 5-3), as well as
ketones, aldehydes, acetals, and esters (Eglinton and Hamilton, 1967). Strong covalent bonds fuse
straight-chain hydrocarbons, making them, for the most part, chemically inert and resistant to
biodegradation in sediments over geologic time and an excellent biomarker proxy measure of the
continental vegetation that synthesized them (Eglinton and Eglinton, 2008). They pass into the
environment as leaf debris and are often transported long distances by wind and water before the
intact molecules are deposited.

Primarily, the leaf lipid components of terrestrial plants are described in terms of carbon-
number range (e.g. C25-Css), or as the most abundant compound (Cmax) in a series containing the

same molecular formula but different carbon—carbon (C—C) chain lengths. For example, n-alkanes
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Figure 5-1. Schematic of leaf anatomy highlighting the location and makeup of the lipid
membrane in leaf cuticles. The CgHis hydrocarbon chain is represented in two formats,
with (bottom) and without (top) the hydrogen atoms represented. Leaf cross-section
adapted from Graham et al., 2006 and Mauseth, 2009.

Table 5-1. Straight-chain leaf wax lipid biomarkers and their molecular and structural formulas.
Molecular Structural

Structure
Formula Formula

Component

n -alkane CuHzn2 CHs(CHz)nCHs H3C /\/\CH3

n -alkanol CHotOH  CHs(CH:)L.CH:OH o~ " “Nop

n-alkanoic acid  C,HeriCOOH  CHs(CH2,CO:H — go” " “NCooH
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have the molecular formula CyHzn+2 (Table 5-1), whereby Cz7Hse (Co7) and CagHeo (Cag) are
homologues with the same formula that differ in the number of repeating carbon units they contain;
often, molecular studies use the most abundant homologue for analysis (e.g. Scheful? et al., 2003;
Tierney et al., 2008). Average chain length (ACL), carbon-number preference index (CPI), and
the stable isotope values of individual homologues or their averages are ancillary techniques for
describing the distribution of long-chain biomarker compounds (Eglinton and Eglinton, 2008).
Additionally, the dominant chain lengths, carbon number distributions, and isotopic compositions
of n-alkanes, n-alkanols, and n-alkanoic acids vary depending on the source of biosynthesis
(Castafieda and Schouten, 2011).

The ubiquitous, well-preserved nature of lipid biomarkers, particularly in lacustrine
sediments (Wang et al., 2014), allows for their distribution to differentiate between homologue
series and sources of production (Castafieda and Schouten, 2011; Eglinton and Eglinton, 2008).
Generally, short-chain homologues (C17-C21 n-alkanes) characterize aquatic algae (Cranwell et al.,
1987), mid-chain homologues (C2:-C2s n-alkanes) characterize submerged and floating aquatic
macrophytes (Barnes and Barnes, 1978; Cranwell, 1984; Ficken et al., 2000), and long-chain
homologues (C27-Css n-alkanes) characterize terrestrial vegetation (Eglinton and Hamilton, 1967).
Furthermore, terrestrial plants generally contain a higher abundance of Ca-C32 n-alkanoic acids
(Chikaraishi and Naraoka, 2007; Ficken et al., 2000; Gao et al., 2011), submerged and floating
aquatic plants display a higher abundance of C20-C24 n-acids (Ficken et al., 2000; Wang and Liu,
2012), while C14-C1g n-acids derive from algae (Liu and Liu, 2017; Liu et al., 2018); however,
submerged and terrestrial plants may also exhibit abundant C16 and Css acid components (Huang

et al., 2004; Huang et al., 2002), as they comprise the two major monomer families of cutin.
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Some other notable exceptions have been observed amongst chain length and biosynthesis
source. Sachse et al., (2006) found that the C»3 n-alkane, often attributed to submerged aquatic
plants, is a significant component of leaf lipids in birch trees (genus Betula), while Aichner and
colleagues (Aichner et al., 2010a; Aichner et al., 2010b) report that emergent macrophyte samples
from Lake Koucha on the Tibetan Plateau contain abundant long-chain Cz7 and C29 n-alkanes.
Regardless of chain length, many organisms exhibit strong odd-over-even carbon number
predominance in n-alkanes, whereas the n-alkanols and n-alkanoic acids exhibit strong even-over-
odd carbon number predominance (Fig. 5-2) (Castafieda and Schouten, 2011; Patalano et al., 2015;

Yang and Leng, 2009).
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Figure 5-2. Typical GC-MS trace of n-alkane odd-over-even carbon chains (top) and n-alkanoic acid even-over-odd
carbon chains (bottom) from a Castle Clay sample at Olduvai Gorge. Note the standard homologues for terrestrial
vegetaton (e.g. grasses) in the n-alkane signature, but the extensive range of the n-acids signal, indicative of both
aquatic and terrestrial vegetation.
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In some instances, the distribution patterns of n-alkanes are used to distinguish between
different vegetation types (Schwark et al., 2002), as the Cs: alkane is often the most-dominant
homologue in grasses, while C27 or C29 abound in deciduous trees (Cranwell, 1973; Schwark et
al., 2002). Vogts et al., (2009) examined 45 savanna* species and 24 rainforest plants from across
Africa and found that the Co9 alkane is the most abundant homologue in five rainforest lianas,
seven shrubs, and five trees (17/24 species; 70.8%), while C31 dominated the distribution patterns
in one liana, four shrubs, and two tree species (7/24 species; 29.2%). In 45 savanna species, they
observed that the Cy7 alkane was most abundant in six trees (6/45 species; 13.3%), the Cz9 alkane
proliferated in two herbs, two shrubs, and 10 trees (14/45 species; 31.1%), the Cz1 was most
dominant in three herbs, seven shrubs, and 12 trees (22/45 species; 48.9%), while three herbs (3/45
species; 6.7%) had Csz as the most plentiful homologue. Vogts et al., (2009) presented the Cy7
homologue to be the most abundant in 8.7% of the total assemblage, whereas C29 accounted for
44.9%, Csy for 42.1%, and Cazs for 4.3% of the 69-plant species dataset. As the Cao alkane is the
most abundant homologue in rainforest species and the Cs1 was most dominant in savanna plants,
plant growing environment, physiographic variables (i.e. latitude, longitude, elevation,
precipitation), and plant type factor into alkane-homologue biosynthesis.

Rommerskirchen et al., (2006) assessed long-chain n-alkanes (Cz7 to Css) of 33 C4 grasses
of the subfamilies Aristidoideae, Chloridoideae, and Panicoideae from southern African grasslands
and savannas® and three C3 grasses of the subfamily Pooideae from Peru and Australia. They found
that wax signatures of C4 grasses are distinguishable from Cs species by the higher C3; and Cas

alkane content, as well as heavier isotopic values (Sections 5.4 & 5.5). Rommerskirchen and

4 “Savanna” is not defined by the authors, but plant species were collected in the Karoo-Namib, Somalia-Masaai, and
Sudanian Regional Centers of Endemism.

5 The authors define “savanna” as ecozones where woody species are significant but do not form a closed canopy or
a continuous cover.
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coauthors’ (2006) data show that the Cs1 compound is most abundant in all nine Aristidoideae
species studied (9/9 species; 100%), whereas for Chloridoideae the C»7 alkane was most abundant
in one plant (1/14 species; 7.1%), Cz9 alkane was also foremost in one plant (1/14 species; 7.1%),
the Cz1 was most dominant in six grasses (6/14 species; 42.9%), while six other grasses (6/14
species; 42.9%) had Css as the most plentiful homologue. The 10 Panicoideae species were evenly
distributed, with five having maximum distributions at Cs1 (5/10 species; 50%), and five others at
Ca3 (5/10 species; 50%). Therefore, for the C4 grasses, the C»7 and C29 homologues only accounted
for 3.0% of the total assemblage each (1/33 species, respectively), whereas Cs; accounted for 61%
of the total assemblage (20/33 species) and Csz for 33.3% (11/33 species) of the 33-Cs-plant
species dataset. In their limited dataset from Cs Pooideae grasses, Rommerskirchen et al., (2006)
identified two species to have Cag as their dominant homologue (2/3 species; 66.7%), while the
third plant had Ca: as the most abundant compound (1/3 species; 33.3%). Although limited, the n-
alkane distribution patterns separate the Pooideae from the subfamilies comprising the C4 grasses
whereby the Cs grasses have slightly shorter-chain homologues than those that characterize the Ca

species.

BOX V-I: HYDROCARBON NOMENCLATURE

e Aliphatic hydrocarbons consist of linear chains of carbon atoms

e Aromatic hydrocarbons contain benzene (CsHe) as a part of their structure

e Branched hydrocarbons are isomers with the same number of C atoms but different
physical and chemical properties

e Cyeclic hydrocarbons have carbon chains that join to itself in a ring

e Saturated (normal) hydrocarbons have only single bonds that contains the maximum
number of hydrogen atoms for each carbon atom

e Unsaturated hydrocarbons contain multiple bonds and contain less than the maximum
number of hydrogens per carbon.
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5.2 Lipid Biosynthesis Table 5-2. Saturated (normal) Alkanoic Acids

5.2.1 Fatty Acid Biosynthesis ii(l;t::l)sn chtl;?g:n OAXé?ﬁsn Systematic Name
Synthesis of Wax 1 2 2 Methanoic acid
2 4 2 Ethanoic acid
compounds occurs in  the 3 6 2 Propanoic acid
4 8 2 Butanoic acid
epidermal cells of the 5 10 ) Pentanoic acid
L 6 12 2 Hexanoic acid
photosynthetic tissue of plants 7 14 5 Heptanokc acid
(Samuels et al., 2008). In 8 16 2 Octanoic acid
9 18 2 Nonanoic acid
vascular  plants, all lipid 10 20 2 Decanoic acid
11 22 2 Undecanoic acid
compounds including n-alkanes, 12 24 2 Dodecanoic acid
. . 13 26 2 Tridecanoic acid
n-alkanols, and n-alkanoic acids 14 28 5 Tetradecanoic acid
form via the fatty acid 15 30 2 Pentadecanoic acid
16 32 2 Hexadecanoic acid
biosynthetic pathway whereby 17 34 2 Heptadecanoic acid
18 36 2 Octadecanoic acid
acetate (C2H3O2), produced by 19 38 2 Nonadecanoic acid

the decarboxylation of pyruvate (CsH4Oz), is subsequently synthesized into straight-chain
hydrocarbons with >Cz carbon atoms (Hitchcock and Nichols, 1971). The first stage of wax
biosynthesis involves the joining of the C. building blocks of acetyl-coenzyme A (acetyl-CoA)®
together to form Cis and Cas fatty acids (FAS) (Table 5-2) within the leucoplasts, the small non-
photosynthetic plastids found in the epidermis (Samuels et al., 2008). The second stage involves
the elongation of Cis and Cig FAs in the endoplasmic reticulum into very-long-chain fatty acids
(VLCFAS) with Cao-Cas carbon atoms. The second stage is responsible for generating cuticular

waxes that are subsequently modified into other major wax products such as alkanes.

® Coenzyme A is the ubiquitous acyl-transfer cofactor in biological systems: its derivatives are known to be necessary
for the activity of a large number of enzymes which catalyze a variety of reactions involving acyl groups (R-C=0
group, where R represents an alkyl group (an alkane missing one hydrogen) that is linked to the carbon atom (C) of
the group by a single bond (Hitchcock and Nichols, 1971).
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Figure 5-3. A. The process by which pyruvate is attached to Acetyl Coenzyme A releases a carbon dioxide
molecule and forms NADPH. B. Acetyl-CoA is the result of acetyl being attached to the carrier molecule
coenzyme A during photosynthesis. C. Malonyl-CoA is produced by acetyl-CoA carboxylase, becoming the
central donor for fatty acid synthesis. Adapted from Mauseth, 2009.

The enzyme Fatty Acid Synthase (FAS) catalyzes the synthesis of de novo Cisand Cig acyl
chains (Jetter and Kunst, 2008). This begins with the oxidation and decarboxylation of pyruvate
(C2H30COO), the anion of pyruvic acid, in which the coenzyme nicotinamide adenine
dinucleotide (NAD") reacts with the pyruvate molecule to liberate CO; and produce a 2-carbon
fragment called acetyl (C2H30) (Fig. 5-3). The acetyl attaches to the carrier molecule coenzyme A
(CoA), resulting in acetyl-CoA (C23H3sN7017P3S), which is subsequently transferred to an

acceptor molecule (the 4-carbon oxaloacetate; C4H20s?) and converted to a six-carbon compound
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- . -3
(citrate;  CeHsO77)  (Mauseth,  rapje 5.2 cont. Saturated (normal) Alkanoic Acids

. . Carbon [Hydrogen| Oxygen .
2009). During synthesis, the Systematic Name
) 9% Atoms | Atoms | Atoms | Y
growing acyl chain is attached to 20 40 2 Eicosanoic acid
21 42 2 Heneicosanoic acid
an acyl carrier protein (ACP), an 22 44 2 Docosanoic acid
) _ 23 46 2 Tricosanoic acid
essential protein component of 24 48 2 Tetracosanoic acid
FAS (Kunst and Samuels, 2003). 25 50 2 Pentacosano.|c ac_ld
26 52 2 Hexacosanoic acid
In this process, the central donor 21 54 2 Heptacosanoic acid
28 56 2 Octacosanoic acid
for fatty acid synthesis is a C» 29 58 2 Nonacosanoic acid
) ) 30 60 2 Triacontanoic acid
moiety  functional ~ group 31 62 2 Henatriacontanoic acid
L 32 64 2 Dotriacontanoic acid
originating from a malonyl-CoA . e
33 66 2 Tritriacontanoic acid
produced by acetyl-CoA 34 68 2 Tetratriacontanoic acid
35 70 2 Pentatriacontanoic acid
carboxylase  (Ohlrogge and 36 72 2 Hexatriacontanoic acid
37 74 2 Heptatriacontanoic acid
Browse, 1995). The malonyl 38 76 2 Octatriacontanoic acid

group is transferred from CoA to malonyl-ACP, where it enters a series of condensation reactions
with acyl-ACP and acetyl-CoA acceptors (Fig. 5-4). After each condensation, the ACP product is
reduced, dehydrated, and reduced again by ACP reductase enzymes, which use NADH or NADPH
to form saturated fatty acids (Ohlrogge and Browse, 1995). The combined action of these reactions
leads to the lengthening of the precursor fatty acid by 2-carbon units and commits them to fatty
acid chain synthesis (Jetter and Kunst, 2008; Samuels et al., 2008). At least three different fatty
acid synthases complexes, which differ in their protein synthase condensing enzyme, participate
in the production of Ci¢ and Cyg fatty acids (Jetter and Kunst, 2008; Kunst and Samuels, 2003;
Ohlrogge and Browse, 1995; Samuels et al., 2008). These enzymes synthesize saturated

hexadecanoic (C16H3202) and octadecanoic (C1sHss0Oz2) acids, but also oleic acid (C1sH3402), the
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most widely distributed and abundant unsaturated fatty acid in nature (Hitchcock and Nichols,
1971).

The second stage of fatty acid synthesis, the extension of the C16 and Cis fatty acids to
VLCFAEs, is carried out by Fatty Acid Elongases (FAE), multienzyme complexes bound to the
endoplasmic reticulum membrane (Kunst and Samuels, 2003). Analogous to primary stage
synthesis, VLCFA formation involves four consecutive enzymatic reactions that results in a 2-
carbon extension of the acyl chain in each elongation cycle (Samuels et al., 2008). However, unlike
the FAS which uses malonyl-ACP as a C» donor, FAE utilizes C> units from malonyl-CoA (Fig.
5-3). Multiple elongation cycles are needed to generate C24 to Cas acyl chains for the production

of straight-chain, saturated wax compounds (Jetter and Kunst, 2008).

5.2.2 Alkane Biosynthesis

Although fatty acids are the biosynthetic precursors of the n-alkanes in plant cuticular wax,
knowledge of the enzymes involved in alkane biosynthesis remains limited (Kunst and Samuels,
2003). However, after elongation, fatty acids are processed according to two different biosynthetic
pathways: the alcohol-forming pathway, yielding fatty alcohols and alkyl esters, and the alkane-
forming pathway, generating fatty aldehydes, alkanes, and their derivatives (Fig. 5-4) (Samuels et
al., 2008). The alkane-forming pathway is responsible for the formation of compounds with
predominantly odd-number carbon atoms and among these, the alkanes are the most ubiquitous in
plant waxes where they accumulate in high concentrations. The primary reaction that makes the

transition from even- to odd-numbered carbon chains is thought to involve the loss of one carbon
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Figure 5-4. Proposed metabolic pathway for leaf wax biosynthesis. VLCFAs are modified into major wax products,
through either the acyl reduction pathway, which gives rise to primary alcohols and wax esters, or through the
decarbonylation pathway that leads to the formation of aldehydes, alkanes, secondary alcohols and ketones. After
Kunst and Samuels, 2003 and Samuels et al., 2008.

atom from acyl precursors rather than an addition of a carbon atom (Samuels et al., 2008).
Biochemical experiments showed that carbon atoms were lost in reactions when Cz and Cs2 acids
were converted into Cog and C3: alkanes, respectively (Khan and Kolattukudy, 1994; Kolattukudy
et al., 1972). Though the overall carbon loss is well established, the reaction details are not fully
understood. One hypothesis suggests that the central C—C cleavage step is through decarbonylation
(the loss of a CO molecule) by an aldehyde intermediate (Bognar et al., 1984). In order to refine
the plant alkane-forming pathway and test the decarbonylation hypothesis, Bernard et al., (2012)

utilized the small flowering plant Arabidopsis thaliana ECERIFERUM1 (CERL1) protein as it is
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Table 5-3. Saturated (normal) Alkanes

Carbon | Hydrogen Systematic Name Carbon | Hydrogen Systematic Name

Atoms Atoms Atoms Atoms
1 4 Methane 28 58 Octacosane
2 6 Ethane 29 60 Nonacosane
3 8 Propane 30 62 Triacontane
4 10 Butane 31 64 Hentriacontane
5 12 Pentane 32 66 Dotriacontane
6 14 Hexane 33 68 Tritriacontane
7 16 Heptane 34 70 Tetratriacontane
8 18 Octane 35 72 Pentatriacontane
9 20 Nonane 36 74 Hexatriacontane
10 22 Decane 37 76 Heptatriacontane
11 24 Undecane 38 78 Octatriacontane
12 26 Dodecane 39 80 Nonatriacontane
13 28 Tridecane 40 82 Tetracontane
14 30 Tetradecane 41 84 Hentetracontane
15 32 Pentadecane 42 86 Dotetracontane
16 34 Hexadecane 43 88 Tritetracontane
17 36 Heptadecane 44 90 Tetratetracontane
18 38 Octadecane 45 92 Pentatetracontane
19 40 Nonadecane 50 102 Pentacontane
20 42 Eicosane 52 106 Dopentacontane
21 44 Heneicosane 54 110 Tetrapentacontane
22 46 Docosane 60 122 Hexacontane
23 48 Tricosane 62 126 Dohexacontane
24 50 Tetracosane 64 130 Tetrahexacontane
25 52 Pentacosane 66 134 Hexahexacontane
26 54 Hexacosane 67 136 Heptahexacontane

an essential element of wax alkane synthesis. The authors identified a physical interaction between
CER1 and CER3 (ECERIFERUMB3) in both yeast and Arabidopsis, suggesting that they associate
to form an enzymatic complex necessary for catalyzing the conversion of VLCFASs to n-alkanes.
In this reaction, CER1 (as an aldehyde decarbonylase) and CER3 (as a fatty acyl reductase)
catalyze a two-step reaction starting with the reduction of acyl-CoA to an intermediate aldehyde
that is subsequently decarbonylated to an alkane with the loss of one carbon, potentially as carbon

monoxide. Therefore, by successfully demonstrating the catalytic functions of CER1 and CER3
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for long-chain alkane production, Bernard et al., (2012) identified the enzymatic components of

plant alkane synthesis in Arabidopsis thaliana.

5.3 Photosynthetic Pathways

In most plants, the series of reactions by which carbon dioxide is reduced is called the
Calvin cycle, the only known pathway for making carbohydrates from carbon dioxide. Because
the first detectable product of the Calvin cycle is the 3-carbon molecule phosphoglycerate (3-PGA)
(CsH707P) (Fig. 5-5), this metabolic pathway is known as Cz photosynthesis. The Cz pathway is
the most widespread carbon-fixation pathway, and of the estimated 250,000 species of land plants,

about 85-89% use the Cz photosynthetic pathway (Sage, 2004). Almost all trees, shrubs, and herbs,

and temperate or shade-adapted
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grasses on the other hand, typically RuBP to yield 3-PGA. ATP and NADPH convert 3-PGA to PGAL, some

of which is used to make sugars and other carbon-containing compounds.

use Cs photosynthesis, an Three turns of the cycle are required to produce one molecule of PGAL.
After Graham et al., 2006.
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adaptation that improves productivity during hot, dry conditions (Fig. 5-6). Most C4 plants are
grasses (4,500 species), followed by sedges (1,500 species) and dicots (1,200 species) (Sage,
2004). Of the 213 major families of Angiosperms, a mere twenty contain Cs plants (Judd et al.,
2007); within the primary C4 biome of grasslands, the average Ca4 contribution is only 36% of the
total species (Raven et al., 2004).

During Cs photosynthesis, carbon dioxide (CO.) and water (H20) are converted into simple
sugars (CeH1206) and oxygen gas (O). This is the result of chlorophyll absorbing visible-light
energy that excites electrons within leaf tissue and splits water molecules through phytolysis into
molecular oxygen (O2), most of which enters the atmosphere, and into electrons and protons. The
organic compound adenosine triphosphate (ATP) (C10H1s6Ns013P3) captures any remaining energy
that does not dissipate as heat, while electrons (e”) and protons (H*) from photodissociated water
combine with the electron acceptor nicotinamide adenine dinucleotide phosphate (NADP™)

(C21H29N7017P3), to form the energy carrier NADPH; the added electron reduces NADP* to

NADPH (Graham et al., 2006). ‘joz
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Figure 5-6. The initial fixation of carbon in the Hatch-Slack pathway is
mediated by the enzyme PEP Carboxylase, which combines CO» with 3-
carbon PEP to form 4-carbon oxaloacetate. The oxaloacetate is
converted to malate, which is transported to specialized bundle-sheath
cells and split into pyruvate and CO; that is used in the Calvin cycle and
fixed by RuBisCO. After Graham et al., 2006.
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The Calvin-Benson cycle (Calvin and Benson, 1948) (Fig. 5-5) begins and ends with a 5-
carbon sugar called ribulose 1,5-bisphosphate (RuBP) (CsH12011P2). The enzyme ribulose 1,5-
bisphosphate carboxylase/oxygenase, better known as RuBisCO, fixes CO- or O to RuBP through
carboxylase or oxygenase reactions, respectively. When RuBisCO enzymes combine CO2 with
RuBP, it creates a 6-carbon sugar that is subsequently fragmented into two molecules of 3-PGA,
the first detectable product of the Calvin cycle (Fig. 5-5). An endergonic reaction that absorbs
energy from ATP and NADPH reduces 3-PGA into the 3-carbon molecule phosphoglyceraldehyde
(PGAL) (CsHsO6P2), which is either converted to starch, the main storage product in plants and
green algae, or exported from chloroplasts and becomes sucrose, the principal transport sugar in
plants.

Warm-season grasses typically use the Hatch-Slack photosynthetic pathway (Slack and
Hatch, 1967) to fix carbon (Fig. 5-6), whereby the first product of carbon fixation is the 4-carbon
compound oxaloacetate (CsH4Os). In the mesophyll cells of C4 plant leaves, CO2 combines with

the 3-carbon molecule phosphoenolpyruvate (PEP) (C3HsOsP) to form oxaloacetate in a reaction

H,0
Photosynthesis : PGA (3C)

o,

PGA (3C) Cycle

Carboxylase

—————————— RuBP (5C) - SCO -—-—m—m oo

Photorespiration

PGA (3C) == [ Calvin
Cycle

Figure 5-7. Photosynthesis (top) and photorespiration (bottom) pathways. When RuBisCO combines RuBP with CO»,
it produces two 3-PGA molecules, which continue through the Calvin cycle. When CO; levels are low, RuBisCO acts
as an oxygenase and combines RuBP with oxygen, yielding only one 3-PGA molecule (and CO;). Therefore,
photorespiration reduces the efficiency of photosynthesis by causing the loss of a carbon. After Graham et al., 2006.
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catalyzed by the PEP carboxylase enzyme. (Because PEP carboxylase is not an oxygenase, it has
a higher rate of carbon assimilation than the Calvin-Benson cycle (Hatch, 1987).) Oxaloacetate is
reduced to malate (C4H4Os?) by a molecule of NADPH, and malate is transported from the
mesophyll into bundle-sheath cells that surround leaf vascular tissue. Malate is broken down into
CO- and the 3-carbon pyruvate (C3HsO03"), whereby CO- enters the Calvin cycle and is fixed to
PGA by RuBisCO, while pyruvate returns to the mesophyll cells and is converted back into PEP
by ATP; water breakdown and oxygen production also occur. Because all the malate from a large
volume of mesophyll decarboxylates in the small volume of bundle-sheath cells, CO:
concentration in the bundle-sheath is very high (Mauseth, 2009). Therefore, C4 plants spatially
separate the Hatch-Slack and Calvin-Benson cycles by operating C4 metabolism in the mesophyll
cells and the Calvin cycle in the bundle-sheath cells.

Plants acquire CO> from the atmosphere through their stomata, but also lose water when
the stomata are open. When Cs plants are stressed during hot or arid periods, they close their
stomata to prevent water loss. As a result, the concentration of leaf CO, decreases, the enzyme
RuBisCO combines oxygen with RuBP rather than carbon dioxide, and only one molecule of 3-
PGA is created instead of two (Fig. 5-7). This process is termed photorespiration because it
consumes oxygen and releases carbon dioxide. In Cs plants, photorespiration increases with light
intensity and temperature making them less-metabolically efficient in hot, dry climates. Under
present atmospheric conditions, high rates of photorespiration in Cz plants reduce the overall
photosynthetic rate by 30-40% (Ehleringer et al., 1986). C4 plants on the other hand, virtually
eliminate photorespiration by concentrating carbon dioxide in the bundle-sheath cells to levels ten
time greater than that in the atmosphere (Graham et al., 2006). With these elevated levels of CO-

available to RuBisCO, C4 vegetation have higher net rates of photosynthesis than Cz plants,
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particularly under increased light and temperature conditions. Concentrating CO2 within bundle-
sheath cells improves water-use efficiency (Llorens et al., 2009) and prevents photorespiration in
high- temperature, light, or salinity environments and in places with limited water supplies or low
CO- concentrations (Ehleringer et al., 1986; Farquhar et al., 1989; Sage, 2004).

Although large areas of Earth’s surface are spatial and temporal mosaics of both
photosynthetic types, Cs4 grasses dominate the grasslands that encircle the globe at sub-tropical
latitudes in Africa, South America, and parts of Australia, India, and Pakistan (Still et al., 2003).
These zones reflect the distribution of arid, open environments that respond to the impact of
prevailing weather patterns on the continents. Still et al., (2003) estimate that the global coverage

of C4 vegetation is 18.8 million km?, while Cs vegetation covers 87.4 million km?,

5.4 Isotope Signatures from Lipid Biomarkers

The biochemical approach for paleoclimate reconstructions is much more widespread now
that techniques for extracting and analyzing leaf wax lipid biomarkers are becoming more precise
(Hilkert et al., 1999). Traditionally, the most common isotope used as both an environmental and
dietary indicator is 8'°C (ratio between carbon-13 and carbon-12 (written *C and !2C,
respectively)). This is due in part to its effectiveness as an environmental proxy, which enables us
to trace plant type, plant water-use efficiency, and relative paleo-temperature based on the distinct
ratio between the *C and 2C isotopes found within leaf lipid compounds (Castafieda and
Schouten, 2011; Cerling et al., 2011; Cerling et al., 1997c; Collister et al., 1994; Farquhar et al.,
1989; Lockheart et al., 1997; Sponheimer and Lee-Thorp, 1999; Sponheimer et al., 2006). Our
understanding of environmental change in East Africa throughout the Pleistocene results from

research that utilizes stable carbon isotopes from both terrestrial and marine sediment sources, as
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well as palynological and terrestrial dust archives (Feakins et al., 2013; Wynn, 2000). The stable
carbon isotopic composition of all higher plants is a function of the carbon isotopic composition
of atmospheric CO2 (8"*Cco,), and the ratio of atmospheric CO- partial pressure (pCO.) inside
leaves relative to atmospheric pCO- (Farquhar et al., 1989; O'Leary, 1981).

Analysis using stable hydrogen isotopes on the other hand, is a relatively new approach for
reconstructing paleoecology (Leng et al., 2010; Liu et al., 2006; Magill et al., 2013a, b; Raynard
and Hedges, 2007; Yang and Huang, 2003). Gas Chromatography — Isotope Ratio Mass
Spectrometry (GC-IRMS) has only recently made the molecular examination of hydrogen isotopes
in modern and fossil plants possible (Burgoyne and Hayes, 1998; Hilkert et al., 1999; Scrimgeour
et al., 1999). Using hydrogen to trace paleoenvironmental conditions is now being seriously
considered because stable hydrogen isotope values, expressed as 6D (ratio between deuterium and
hydrogen (written D/H or 2H/*H)), are well preserved in terrestrial sediments (Epstein et al., 1977;
Estep and Hoering, 1980; Feng and Epstein, 1994; Sessions et al., 1999; Sternberg, 1988; White
et al., 1985; Xie et al., 2000; Yang and Leng, 2009; Yapp and Epstein, 1982). Compound-specific
biomarkers preserve the hydrogen isotopic signature of precipitation as well as relative humidity,
and when combined with the carbon isotopic signature, can help determine paleoenvironmental
conditions of specific geographic regions (Andersen et al., 2001; Huang et al., 2004; Sachse et al.,
2004; Sauer et al., 2001). Furthermore, most lipid hydrogen atoms are covalently bound to carbon
atoms and are not readily exchanged at temperatures below 100°C (Sessions et al., 2004).

When coupled, 8*C and 8D present a unique opportunity to analyze both paleo-
atmospheric and hydrological conditions as well as Cz vs. Cs dominated ecosystems. As
methodologies for paleoenvironmental reconstructions become more advance, particularly those

for analyzing 6D (Burgoyne and Hayes, 1998; Hilkert et al., 1999; Scrimgeour et al., 1999; Yang
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and Leng, 2009), further-detailed information on human
Pleistocene environments will supplement the existing
carbon isotope data from East Africa. In both cases, the
proxies are entirely based on compound-specific isotope
measurements and are therefore completely independent of
the more conventional proxies based on inorganic isotopic

variations (e.g. carbonates).

5.5 Controls on $'3C and 8D of Lipid Compounds

5.5.1 Plant Type

Differences in Cz and C4 plant physiologies result in
distinct stable carbon isotope signatures (Tipple and Pagani,
2007). The carbon isotopic composition (§3C) of leaf lipid
biomarkers is distinguishable between vegetation utilizing
the different photosynthetic pathw