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Abstract of Dissertation
WoodyCover inModern AfricanEcosystems: Implications fétominin Landscape
Dynamics
Knowledge about paleoenvironments is often hampered by the limitations of the

fossil recordwhich only offers a glimpse of ancient ecosystems. To extract as much
environmental and ecological information from the fossil reesrgossiblewe often
rely on moderranalogsas our sole source of information to study biotic and abiotic
components ogcosystems. This dissertation adopted a similar appinestudying
woody cover in modern African ecosystems to have a better understanding of the
landscape dynamics that prevailed in the past. The primary aim is to apply the knowledge
garnered from modern environments to the fossil recb8hungura Formatiorms,
hominin fossitbearing site in the Omdurkana Basin in southern Ethiopia,itaprove
our understanding about the paleoenvironmEhis dissertatios also targeted at better
defining the common "mosaic habitat" interpretafimnmost hominin fossibearing
sites. To this end, carbon isotopic study of soil organic matter and phytolith analysis was
conducted on modern surface soils collected from natjmarés in eastern and southern
Africa with diverse vegetation settingsaimedto calibrate statigtal models for
predicting woody covewith these proxies. The modadalibrated for predicting woody
cover were then used to reconstruct the paleoenvironment of the Shungura Formation
along with information from other proxies such as the diet of theativéeherbivore
fauna. Overall, this study has shown thigpending on the type of proxy used,
guantitative studies in modern environments can be used to make more reliable

interpretations from the fossil record. However, it also highlights and discam®sesof
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the limitations and biased using modern analogs.
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Chapterl: Introduction

Environmental change onsidered a key driver of human evolution in the
Pliocene and PleistocenBdbe & Behrensmeyer 200deMenocal, 2004Behrensmeyer,
2006. This is mainly due tproposedconcurrence between global and regional
environmental changes and major events inihomevolution such as bipedal walking,
dietary flexibility, and tool use (deMenocal, 2011; Levin, 2015). Several hypotheses have
been proposed to explain the outcomes of these environmental changes on the
evolutionary course of our lineage (el§ingston, 2007; Potts, 2@ Maslin, 2015;
Joordens et al., 20L9Vhile some assume a directional change in the environment (e.qg.
increasing aridity) explains the key events in human evolubibrerspredictthat
environmental variability is the main driver (Vrba, 1993; deMenocal, 2004; Potts, 1996).
One approacto testing these hypotheses is to look for evidence of temporal changes in
the faunal and floral composition in the fossil record (ghrensmeyerl997;
Alemseged, 2003; Reed, 2008; Bonnefille, 2004; Barboni, 2DiMaggio et al., 201p

Among the main factors that determine teetebratdaunal composition and
distribution on the landscape is the amount of woody vegetation, edvieh provide
critical ecosystem services such as food, shade, and refuge to animals. Our ancestors
likely benefited from these services and resources provided by woody plants.
Additionally, the degree of woody cover and distribution on the landscape might have
influenced anatomical, physiological, and behavioral adaptive strategies such as bipedal
walking and endurance running, stone tool use for hunting or scavenging, as well as
nesting and shaeseeking behavior (Rags et al., 1994; Wheeler, 1994; Sept, 1998;

Richmond et al., 2001; Pickering & Bunn, 2007). Although a clear understanding of the



adaptive strategies employed by our ancestors requires detailed knowledge of the
preferred niche of the hominins and the overall patterns of vegetation on the landscape,
accuate reconstructions of these habitats and their associated woody cover have been
problematic.

This is mainly due to limitations such as a discontinuous fossil record and
temporal, spatial and analytidahe averaging in the proxies used to reconstruct
paleoenvironments (e.gdifferential preservation of the proxies, dissimilarities in the
informationtheyprovide, disparities in spatial and temporal scales representien)
(Behrensmeyer et aR000;Kingston, 2007). As a result, most paleoenvironmlent
interpretations in homin#bearing sites indicate a mosaic habitat, which simply means a
mix of habitat types (Kingston, 200Rgynolds et al., 2015; O'Regan et al., 2016
Moving beyond the fAimosaic habitat odoesreconstr u
developing proxy datasets andiaterpretive frameworkhat incorporates a lateral
component, which captures spatial habitat heterogeneity, and calibrated with modern
ecosystems (Kingston, 2007). This dissertation aims to fill this gap by using modern
African ecosystems as analogs with the aim of quantitatively defining mosaic
environments, at a higbpatial resolutionwith proxies that can be preserved in the fossil
record. In doing so, it seeks to apply what we learn from contemporary ecosysthes to t
fossil recordo provide refined paletandscape reconstructions tleaicompass lateral
distribution of woody vegetation cover. Using these improved reconstructions and
examining how landscapes changed through time at a given site and across saes, we ¢

then test hypotheses about the impact of environmental changs afldenceon



behavioral and morphological adaptations in our lineggeshifts in the structure of
vegetation on these landscapes

Spacefor-time substitutions, where contemporapatal phenomena are used to
better understand temporal patterns and processes for which we cannot make direct
observations, is a common approach in ecological studies (Walker et al., 2010; Blois et
al., 2013; Lester et al., 2014). The underlying prindiplesing these spader-time
substitutions ishatby studying multiple sites across an environmental gradient, one can
predict temporal ecological changes that are related to changes in the gradient examined
(Pickett, 1989; Johnson, 2008; Tierney et al., 2010). This approach has been mainly used
and apgdked to understand species richness and diversity pattetere likely to show
changes as a function of climate. Although the underlying question, the nustmhend
objectives addressed here are different from studies that commonly use this approach,
this studyusesthe same underlying principle to better understand both contemporary and

paleclandscapg In most paleoecological studies from homibearing sites, in addition

to the coammorhammasat O reconstructeons ment i

generalized environment al reconstructions

Aopen/ gr as s | lHenetlusad similarm@ptoachlto the spaoe-time

substitution to study modern landscagiestcan be characterized in terms of the matrix

(i.e., the vegetation type with the greatest areal extent) as shown in Figure 1. Then, when
we apply what we learned from these modern ecosystems to the fossil record, we would
be able to make inferencaboutrepresentative/equivalent contemporary landscape a

well as associated climatic settifggrameters

0 |

S u



To address these issuas)e national parks from eastern and southern Africa
werestudied (Table 1 and Figure J)o testapplicatiors to the fossil record, selected

the Shungura Formation, a homitiearingpaleontologicaskite in southern Ethiopia

(Figure 3).

Low precipitation

River/lake
Shrubland

Grassland

High precipitation

Y

Figure 1. ASchematic diagram showing of a simplified vegetation pattern in terms of the most
dominant/spatially extensive vegetation type

This dissertation is organized into thesetionghat address different aspects of this
work. The first Chapter 2 addresses thaable isotopic study of soil organicatterin
order tounderstand differences wmoody cover in modern AfricarcesystemsThe
second Chapter 3 explores the use ohptoliths as a proxy for woody cover in modern

African ecosystemsThe third Chapter 4 focuses on the Shungura Formation and uses

IS



paleoenvironmental reconstructiobased orgeochemical proxiet® reconstruchominin
environments.

Chapter 2, entitled "Stable Isotopic Study of Soil Organic Matter: Understanding
differences in woody cover in modern African Ecosysteprsvides a carbon isotopic
study of Soil Organic Mattg/SOM) from national parks in eastenndasouthern Africa to
study the relationship of carbon isotopes variatiowith the distribution of woody
vegetation on the landscape. It presents the first-$pgitiatresolution study from the
region and tests the linear relationship between woody cawerthe carbon isotopic
composition of SOM proposed by Cerling et al. (2011) for African ecosystems across
wide range ofclimatic and edaphic gradients. It examines the relationship between the
isotopic composition of SOM and soil texture within and asrthe study sites and
investigate the correlation with climatic variabl@is studypresents a new model for
predicting woody cover that is based on the spatiaibplved dataset, demonstsate
differences with the existing global model, and appliesive model to paleosol deposits
from the Shungura Formation to examine how the pirdscape changed across time. It
also compares paleovegetation reconstructions of other formations in thd @Wkana

and Awashbasins based on the new model.

Chapter3, entitled"Phytoliths as a proxy for woody cover in modern African
ecosystems" focuses on the use of phytoliths from surface soil samples as a proxy for
woody cover. It tests the application of two phytolith indjces, the D/P tree cover

density index (Alexandre, 199Barboni et al., 199Bremond, 2005) anthe phytolith

Undulation Index (Dunn et al., 2015), that have previously indicated a linear relationship



with tree cover densitylhis study ighe first to apply the Undation Index (Ul) and to

use the two proxies in combination in contemporary African ecosystems. It investigates
the relationship of the two proxies to woody cover within and across sites and examines
the previously suggested impact of altitude (by infeeeiemperature) on the phytolith
signal (Barboni et al., 2007). It also presents comparisons with previous studies and

discusses the limitation of the proxies used.

Chapterd, entitled"Paleoenvironmental reconstructions using geochemical proxies in the
Shungura Formation: Implications for hominin environments" presents the first
comprehensive isotopic study of fossil herbivore fauna and pedogenic carbonates in the
Shungura Formation. It analyzes the diet of eight mammalian families in the formation
and hav their diet and by inference the vegetation on the landscape was changing
throughtime. Comparison with a compiled carbon isotope data of herbivores from
contemporaneous formations is presented and the overall dietary patterns in the Pliocene
and Pleistoene across sitegediscussed. Combining new data on pedogenic carbonates
and previously reported data on pedogenic carbonates (Levin et al., 2011), vegetation
reconstructions are compared with reconstructions based on the diet of herfikeres.
chapterconcludes with discussion ahplications of the inferred environmental changes

for hominin evolution.

In Chaptel5, | synthesize and discuss the miagsults and conclusions from this

study, as well as thbiases in both the modern and fossil recosdimmarizethe proxies



and approaches ushkdre, and theioverall implications fothe study ohuman

evolution Finally, | suggestlirections forfutureresearch.
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National Vegetation formations Climate Zone Mean Mean Elevation

Parks sampled (Kdppen- Annual Annual range covered
Geiger Temperature Precipitation
classification) (°C) (mm)
Awash Forest Hot-semiarid 25.5 587 741m-1059m
Woodland climate (Bsh)
Thicket
Bushlandshrubland
Grassland
Wooded grassland
Bale Forest Temperate, 12.9 1120 1701m 4318m
Mountains = Woodland with no dry
Afroalpine vegetation season and
Grassland warm summer
(Cfb)
Nechisar Forest Tropical 22.1 803 1097m1286m
Woodland savanndAw)
Bushland/Shrubland
Wooded grassland
Grassland

Herbaceous frestvater
swamp and aquatic vegetatic

Mago Forest Tropical 25 884 460m1419m
Woodland savanngAw)
Thicket
Bushland/Shrubland
Wooded grassland
Grassland
Omo Forest Tropical 26.6 843 405m514m
Bushland/Shrubland savanngAw)
Wooded grassland
Grassland
Volcanoes @ Forest Temperate, 12.9 1746 2620m 3634m
Afroalpine vegetation with no dry
Herbaceous frestvater season and
swamp and aquatic vegetatic warm summer
(Cfb)
Akagera Bushland/Shrubland Tropical 20.7 929 1290m1587m
Wooded grassland savanndAw)
Grassland

Herbaceous frestvater
swamp and aquatic vegetatic

Nyungwe @ Forest Temperate, 15.6 1642 2008m 2998m
Bushland/Shrubland dry and warm
Afroalpine vegetation summer (Csb)

Herbaceous frestvater
swamp and aquatic vegetatic

Gorongosa Woodland Tropical 25 1070 19m208m
Wooded grassland savanndAw)
Grassland

Freshwater/aquatic vegetatic
Table 1.National parks included in this study, Climate zones (Kopgpeiger classification after Beck et al.
(2018)); vegetation formations after White (1983). Speetdixl for detailed information on climate and
vegetation classificatiotMean annual precipit&tn and temperature data from Worldclim
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Chapter2: Stable Isotopic Study of Soil Organic Matter: Understanding differences in
woody cover in modern African Ecosystems

Abstract

Understandingvoody covelin modern ecosystems is crucial in inferring
ecological conditions that prevailed in the past. This, in turn, will help us better
reconstructhe changing environmental conditions in the PliocenePagidtocene that
might have contributed to the courdehaman evolutionAlthougha global scalestudy
of woody cover has been conducted previousipregional or landscapscale studies
with a high spatial resolutioare currently lackingAs soilsareoften preserved the
fossil record, a detailed study modern soils@nd proxies in the soils importantto
establish a good referenrameworkfor interpreting paleosols, their associated
vegetation cover, angtructue. We present a stabtarbon isotopistudyof soil organic
matterfrom 8 national peksin eastern and southern Africa. Surface soil samples were
collected from variosi vegetation formations including forestgodlands, bushlands
shrublands, wooded grasslands and grassl&@asples were analyzdxy EA-IRMS and
the associated fractiori woody cover(FWC)was calculated froraatelliteimages. A
strong correlation between thi€C valuesand FWC values was observed and a linear
model for predicting FWC was estimated. When comparing the new model to a previous
model based on a global dagssignificant differences are obseryethich might relate
to underlying differences in the datasesed to build the models. The new model was
applied to pedogenic carbonates from paleosols in the Shungura Formation to estimate
past woody cover and hatvchanged through time. The result shows a consistently high

woody cover (>80% tree cover) in the Shungura Formation from--30Ma.
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1. Background

1.1. Woody cover and its determinants

Vegetation structure, the degree of vegetation cover and distribution on the
landscape, is a key ecological factor that determhaégat heterogeneity, primary
productivityand thusspeciesabundane, distribution and diversity (Burnett et,dl998;
Asner et al., 2003; Tews et al., 2004; Bergen et al., 2609nammés, woody cover
dictates where species can access dietary resofintka,niche space where these
animals caraccesshelter, shadand protection from predators (Gardnerlet E095;
Kay et al., 1997; Sorensen & Fedigan, 2000; Carey & W,ig8081). Several studies
have shown that the degree of fAwoodinesso or
are the two most common addminant plant functional types) on the landscape is
determined bgomplex interactiosm amongesource availability (i.ewater and nutrient
availability), biotic interaction between trees and grassasbr extrinsic factors such as
disturbances due the action ohaturalfire, herbivoes or humanractivity (e.g.Scholes
& walker, 1993 Scholes & Archerl997; Sankarran et.aR005; Sankaran et.aR008.
Out of these main factarsowever, several studies have shown that climatic controls
such as precipitation and potential evapotranspiration,tfieequantity and intensity of
rainfall events mediated by the soil or substrate) are the key deternmohamtsdy cover
(Sankaran edl., 2005; Bucini & Hanan, 20Q7%Good & Caylor2011, Lehmann et al.,
2011; Ladd et al 2014).

Properties of soil such &sxture and nutrient availabilitsgre keymediatorsof

resource availabilityi.e., water and nutrientsggnd thughe distributim, height, diversity
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and cover of woody vegetati¢Bourliere & Hadley, 1979; Huntley & Walker, 1982;
Belsky, 1992; Sankaran et,@&005; Lehmann et al., 2011). These soil properties are a
result of a complex interaction between the geology, topograpmateand amount of
organic litter (Cole, 198@elsky, 1992; Brady & Weil, 2002). For instance, although the
amount of precipitation is the major factor determining water availability in a given area,
soil texture mediates howaterinfiltrates andis maintainedwithin the soil profile (i.e.
determines the available moistuoeplanty. While sandy soils have a higher porosity and
permeability allowing water to infiltrate deep irttee soil profile,thelower permeability

of clay soils prevestwater pecolation deep ito the soi| thus influencinghe vegetation
type, coverand distribution (Tinley, 1982; Williams et al., 1996; Ruggiero et al., 2002;
Sankaran et gl2005. Soil texture also determines nutrient availability by determining
the Cation Exchange Capacity (CHC#.,the accumulation of cations on the bounding
surfaces of the sgilFor instance, sandy soils tend to hagenaller surface arda which
cations(and by inference nutrients) can be bountlereaslayshavea larger surface

area and hence, a higher CEC (Brady & Weil, 2002). Nutrient availability is also affected
by the P" of the soil, the amount of litter produced, presence and frequency afidire a
herbivory For instance, the acidity or alkalinity of the smilntrolsthe presence of
microorganismswhich breakdown organic molecules and determimeat nutriens are
availabk for plants (&g3., nitrogen fixing bacteria)Soil chemistry alsgontrds the

Abi oavail abilityo pmwo$phosoosramdincnwihithraie enord selubkeu c h as
and available to plants in acidic soils compared to alkaline soils (Brady & Weil, 2002

Cech et al., 2008). Thus, at any given spatial scale, a clear undergtahtihe climatic
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and edaphic conditions that prevail in a given areecigtical stepin studyingand

guantifying woody cover.

1.2. Woody cover and vegetation classification

Several approaches have been usetassifyvegetatiorand its distribtion on
the landscapélheseincludecharacteristicef woody vegetation (i.etrees, bushes and
shrubs) such as height, physiognomy, leaf habit, @vgrgreen vs deciduous), spatial
extentand floristic/species composition (e.Beard, (1955), White (1983), Gillison &
Anderson (1981)). Although these classifications have limitationshemdapplication in
the field can be problematic (for example due to varying contributions and structure of
the understory and varying speciesnposition) a universally accepted classification
scheme that can be applied to all vegetationgysributedon a continental scale is
currently lacking (see TorrelBaventos et al., 2013 for a review). In the case of African
vegetation, for examplé, he most commonly used scheme is L
classification (White, 1983), whigbrovides 16 majorpysiognomic typesvegetation
formations)that take intaccount thepercentage of woody cover (i.percentage of the
land covered by woody veggion) and vegetation heiglin distinguishing vegetation
formations.However, this classification has been criticibetausét is notentirely
dependent on vegetation but incls@emixture of form and floristic composition along
with information aboutlimate and substratd_awesson 1994).

Although vegetation classification can be problematic due to its inherently
complex nature and distribution, oway tomake classifications relatively simple and

objective isto use quantitative approaches. Toghend, several indices have been
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developed to quantify woody cover, each providing diffeneethodologiegsee House

et al, 2003). In general, information about woody cover can be acquired using field
measurements by measuring vegetation properties aimgects or quadrants, statistical
estimations using information gathered from the stand measurements (such as basal area,
dbh (diameter at bregheight) and height) or from remotely sensed data such as aerial
photographs, satellite images or laser scanned data (Weltz et al., 1994; Jennings et al.,
1999; Korhonen et al., 200bloyed et al., 2008l orrelo-Raventos et al2013).

Contary tofield-basedmeasuements that are laborious, time intensiaed where the
definition of indices used to quantify woody cover varies among autteonstesensing
approaches offer a relatively simpler approacimeasure thpercentree cover by area
(Defries et al., Q00; Hansen et al., 2002; Bucini & Hanan, 2007). Generally, the index or
approach one us¢o estimate woody cover (either field based or remotely sensed data) is
mainly dependent othe research questions atite area being studiewhile field
measuremds are ideal in detailed descriptions and quantitative estimationsifoaléer
spatial scalgremote sensing approaches provide good estimates for larger spatial scale
studes(e.g. at a regional or continental scale) anddndscape level evaluation

vegetation formations (Cade, 1997).

1.3. Woody cover in hominin environments

A study by Cerling et al. (2011) was the first to quantitatively estimate the degree
of woody cover in hominin sites using a global reference dataset developed from the
carbon isotopic signature of soil organic maf@®M). As arganic carbon in surface soil

is derived directly from plant biomass, its carbon isotopic composition provides the best
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integrated measure of the bulk stable carbon isotopic composition of the overlying
vegetation (Bird et al., 1996; 2003). Bgmbiningthe carbon isotopic signature with the
associated woody cover informatjderling et al. (2011) came up with a model of
predicting the degree of woodypverfrom thepedogenicarbonates in hominin sites,
which tookinto account th@redictable offset between the isotopic compositib8§OM
versussoil carbonateéCerling,1984; Cerling et al., 1991). Although this dataset
provideda good startit usedglobal data (i.e with coarse spatial resolution) from several
geographic regions with different soil types. For instance, Amtabak(2011)
suggestedhat theCerling et aldataset is biased towards sandy soils, whiemat

similar to the fine grained soils usually found in African rift valley settiagsl previous
studies have showthe carbon isotop&alues are also affected by soil textwiéh a
preferential incorporation of&Xerived carbon in coarse grainedsaompared to fine
grained soilswhich preferentially incorporates&ierived carbon (Bird & Pousai, 1997,
Wynn 2008). Thus, it is critical to refine the woody cover estimation model based on data
from sites and environmentsatarelikely analogous tohte environmentsand the habitat

scalesjn which our ancestors lived.

1.4. Objectives and research questions

The main objective of the present study igémeratea statistical model for
predicting woody covethat uses high-spatial resolution datasebim modern African
ecosystemsThis dataseincorporats a lateral componenivhich captures spatial habitat
heterogeneityso as to makmore accurate paldandsape reconstructionshen using

paleosols. The present work tries to address the following research questions.

23



1.

Is there a consistent, approximately linear relationship between woody cover and
the carbon isotopic signature of soil organic matter acroess?si

As mentioned above, previous studies (e.g., Cedtiral., 2011; Ladd et al.,

2014) have shown that there is an approximately linear relationship between
woody cover and the carbon isotopic signature of soil on a global scale. Here, we
predict that this relationship will be maintained across sites di-eegional

scale.

What is the extent of soil textural differences between different vegetation
formations within a single site and across sites?

Based on the assumption that soils forming under a similar lithologic, climatic
and environmental settingdll be more similar] predict that soil textural

differences will be greater among sites compared to vegetation formations within
a single site.

Is there a correlation between climatic variables (such as precipitation and
temperature) and the carb@oiopic signature of soil organic matter?

Previous studies have shown that the carbon isotopic signature of plants, and by
extension soil organic matter, is related to climatic variables such as precipitation
and temperature on a global scale (e.g. Eideri et al., 1997; Kohn, 2010; Ladd

et al., 2014)Here,| predict that on a sufegional scale, there should be a strong
correlation between climatic variables and the carbon isotopic signature of the

soil.
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4. What kind of vegetation formations were avalitain theShungura Formation
(hereafter SF)a homininbearing site in the Om®durkana basin, and how did its
vegetation structure change through time?

Based on data from other proxies, several studies (e.g., F#¥d Bobe & Eck,

2001; Alemseged, 2008gvin et al., 2011) have shown that the environment of

the SFchanged from a relatively closed (i.e., more wooded habitats) to more open
conditions (relatively less woody habitats with increasing components of
grassland) with time. Thus heltgyredict that the vegetation formations
reconstructed using the newly developed model will reflect a pattern where

woody cover decreases with time.
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2. Materials and Methods

2.1. Sample collection
2.1.1.Sample collection of modern soil samples
Surveys were conducted to identifjnich vegetation formations arepresented
in each parland to identifythe sampling location in each habitat typ€smce sampling
locations weredentified soil samples were collected atransect with a 10heter
interval. In each sampling location, 6 samples were randomly collecteti5-i@ters
from the first ample. Thus, for example, in a 500 m transect, there saenpling
locations 100m apart with 6 samples taken fronaeh locationmakinga total of 30
sampes for that specific transedtigure 1A). Among the 6 samples collected at a single
sampling locationstratified samplingvas used when possibla which 3 of the samples
were taken near or under a crown etfakem tree (
away from a tree crown (AGO0 sBrh@hlgl®97, f ol | ow
2003) and Wynn et al. (2006; 2008jdure 1B). The parks were selected to test specific
guestions (e.g. differences along an altitudinal gradneBale Mowntains, Volcanoes
and Nyungwe Forestandthis protocol was modified to account for elevation differences
instead of spatial distangéhere appropriate
In each sampling location the togb@m of soil (AHorizon) was collected using
a PVC core and a glvgic hammer. The samples were kept in paper bags and air dried
for several days to remove any moisture. The six samples from a single sampling location
were then combinetbulked) into two samples (i,esamples 43 which were collected

underatreecrow ( A TO s amp | e6Gwhichaverd collecec pwaefom dtree
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crown ( AGO s anpblsa sajnples weke collecteciftom e 9 national
parks. Slightly differenbulking protocols were used for soil samples from Neclasar

Gorongosanational park, which were collected during a previous pilot study

A 500 meter transect

maximum distance between trees

(@ ® © @«r\@]
® disance betwoen ampling
© @/@
® G

distance between sampling
locations = ~10-15 meters

Figure 1. Sampling strategy used modified after Wynn ¢2aD6)

2.1.2. Sample collection for paleosols

Several &yers of paleosols were identifiedaach nember of theSFduring field
surveys. In each identified layer a horizon where there is a high concentration of CaCO
noduleswas selected. However, carbonate nodules are dispersed throughout thd paleoso
layers and the soil profiles A and B and the transition between them is mostly not clear.
To investigate differences in the spatial distribution of pakegetation represented in
each paleosol layer, samples were collected inB080neter intervaln each paleosol
layer. Samples were collecte80cm from the upper boundary of the paleosol and ~50
60 cm inwardson the outcropo avoid the influence of alteration due to atmospheric
interaction. A 10% HCI (Hydrochloric acidplutionwas used in the fid to identify and
test for carbonate nodules and their reaction. Sample collection tooKrplacpaleosols

in members B, C and F of ti&F, and atotal of 2 paleosol samples were collected
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Figure 2. Palesol sampling in th&F

2.2. Soil texture test

To determinesoil textural differences in soils collected frdhe national parks
andto investigatedifferences between vegetation formatienghin a given national
park, a texture by feel method (Thid®79) was used. This method was selected because
of the small sample siZee., <20 grams of soil for each soil samplé€}he available soll
material (as other methods of determining soil texture such as the hydrometer and the
pipet method require a salagsize greater than 50 grams). Fortiadure by feel
method, about-2 grams of soil was used to perform the textureltg$tandoased on the
grit and clay content while wefollowing the procedures outlined (fthien, 1979) and

samples were placed in the correspond®PA soil texture categorghown in Figure 3
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Silt / Percent

Figure3. USDA soil textureclassificationtriangle

2.3. Estimation of woody cover

Thefraction of woody cover (hereafter FWC) at each sampéingtionis based
onimages from Google Earth (Google Earth Pro, version 7.3.2.5491). At each sampling
location an image that covers a I@®area was used. This spatial scale was chosen as it
provided an optimum scale that is representative of vegefatiorations in most
sampling sites. Also, this spatial scale helps to account for some slight differences in
image quality and spatial resolution between some sites as noted in Yu & Gong (2012).
Once the image area was delineated, the images were conutatadjrey scale and a
threshold was set to convert grey values into black and white pixels based on the
threshold. Then, the FWC was calculated using the proportion of black pixels (which
represent area covered by woody vegetation) versus white pixeth(represent open
ground with no woody vegetation) using Adobe Photoshop software (version 19.1.2). To
assess if there has been a change in the vegetation settings in each samplungesite
the historical image option provided by Google Earth, whitdws comparisons with

historical/past images that range from-a @p to 37 years in some cases. In a few cases,
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sites that had old satellite imageries (i.e. older than 7 years) with a very low resolution

were not included in the analysis.

& o TR
3;’_‘%‘
A J

'\
e 2

Figure 4 An example ofmageused to calculate FWC. GoogleEarth image (left) and eonvertedl-bit
(black and white) bitmap used to calculate woody cover

2.4. Samplereparation for stable isotopic analysis
2.4.1. Samplereparation for SOM

In the laboratoryroots and other plant matesal0.5 inch werepicked out and
removed.
The samplesvere crushed with a mortar and pestle and ground usdivig4.-Bug. The
organc matter content was first gauged by color (with the expectation that darker soll
samples will have high organic matter contemdlight colored samples will have low
organic matter content). Then, test runs were conducted on a variety of samples to
detemine the organic matter content and the relative am@eight) that can produce
good sample pealis the mass spectrometer. Based on the results from the test runs,
between 285 mg of SOM was weighed on a Sartorius SE2 ultra microbalance and were
put in tin foils. To check for reproducibility of the results and for linear corrections after

the analysis, internal standards (Acetanilide D and Urea with kabi@nvalues of
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26.3 ,-11.7a respectively) previously normalized to US@®and USG%1 were
placedbetweerevery 10 samples. Samples were then combusted in Elementar Vario
Isotope Cube elemental analyzer to produce &@ N gases ardt*C values were
measured using a Thermo Delta V Advantage continuous flow stable isotope ratio mass
spetrometer. The'*C values were then linearly corrected (a-4@aont linear correction)
using the Acetanilide D and Urea reference standards. Althdfdytvalues are
simultaneously reported with tlig*C values most of the samples did not have enough
nitrogen to produce a reliable peagsulting in unreliable™N values, and are not used

or reported herel'he precision of replicate analyses of the standards for both C and N

used within a given run is generally <0.

reported datais+0 . 2a f or both the SOM and carbonate

daily variability and the inherent uncertainty in reported values of the primary reference

materials.

2.4.2. Sample preparation for soil carbonates

Carbonate nodugewere selected from paleosol samples argQig of
carbonate powder was subsammeddrilled using a diamond tipped drittleaning the
drill between sampling to avoid contamination. To testfé€ differences between
carboratenodules in a singleodl sample, a few additional samples were taken from
separate noduleB.4-0.6 mg of powder carbonate samples were weighed on a Sartorius
SE2 ultra microbalance and putlid ml glass Exetainerials. 0.3-0.5mg of Carrara
Marble and NBSL8, with knownd®*C (2.108 and-5.01& respectively) andO (-

2.01a and-23.2a ) valueswere also measuregdnalyzedand used in a-point linear
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correction to normalize the results. The sample vials were then flushekelitim to
remove any gas, acidified in phosphoric acid wiipecific gravity>1.92 at 28C for 24
hours and measured using a Thermo Gas bench Il Delta V Advantage contimeus fl

isotope ratio mass spectrometer.

2.5. Principles of stable isotope analysis

The use of carbon isotopes as geochemical proxies in paleoecological and
paleoenvironmental studies lies in the understanding that plants use different
photosynthetic pathwaye produce glucosé\s reviewed in several studies (e §mith
& Epstein, 1971; Van der Mer we, 1982; OobéLear
Koch, 1998; Schoeninger, 1995; Cerling et al., 1997; Ehleringer et al., 368alen et
al., 2007; Kohn, 2010_eeThorp & Sponheimer, 20} 3there are three main
photosynthetic pathways in plants, namely the@ and CAM (Crassulacean Acid
Metabolism). Gplants (i.e.trees, shrubs and high altitude grasses) follow the C
photosynthetic pathway or the Calenson cycle) where carboxylation takes place in
the mesophyll cell by catgation of an enzyme called RUBISCfib(lose biphosphate
carboxylase). This process results in a higher discriminatibfCaigainst>C (i.e,
resulting in lowed'3C values) producing a-8arbon molecule as an initial produthus,
Cs plants havei'*C values that range fror2 2 & -3520, with aglobalmeanvalueof ~
26a. On t hespattdie.grasses)rdotlow th€Lphotosynthet pathway
or theHatch Slack pathwayvhere carbon fixation takes place first in the mesophyll cell
with the help of the enzymes PEP{®hosphoenolpyruvatg)roducing an initial 4

carbon molecul¢hatthen enters the Calvin cycle. Compared to thpltsynthesis, @
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photosynthesis is considered more efficient,(water, light and nitrogen use efficiency)
and results in a lower discrimination’8€ against®C (i.e, higherd'C values).
Accordingly, G plants havef'*C values that range frord 9 & -@ & w igtoltal a
meanvalueof ~-1 2 aCAM plants (usually desert plants and succuleioig)w the less
common CAM pathway and alternate between thar@ G pathways during the day and

night these plantbaved'C valuesthat range from2 0 & -1t (oa .

The carbon isotopic signature is denoted usinglticgation and is expressed as
the ratio of heavy to light isotopeSC/*°C). As isotopic fractionations are very small,
isotopic abundances are reported as parts perahdypermil) using thd notation

where

d13C = (lSC/lZC sample/ 13C/12C standardl 1) * 1000

As plants are the main source of organic carbon to the underlying soil, the carbon
isotopic signature of soil organic mat{&0OM) has shown to reflect the isotopic
signature of aboveground vegetation with high fidelity and no significant fractionation
(e.g, Balesdent et al., 1993; Kingston et al., 1994; Wedin et al., 1995; Bird & Pousali,
1997).0n the other hand, pedogeniclmamates that form at depth within the soil profile
arein isotopic equilibrium with soil Cederived from the abovground vegetation.
However, unl i ke SOM, pedogenic carbonates
duetodi f fusi on ( ~4a)ataendprceadicp iutma t¢ci®84p o(h~10 a)

Cerling et al., 1989; Quade et al., 1989). Although preservation of organic matter is less
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common compared to soil carbonates, isotopic studies of both organic carbon and
pedogenic carbonates have been used to palkeenvironmental inferences from
paleosols (e.gBehrensmeyer et al., 2007; Aronson et al., 2008ldeGabriekt al.,

2010; Levin et al., 2011).
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3. Results

A total of 266 soil samplesvas used for stable carbon isotopic analysis in this study and
results from each national park are reported below. For datht ttreg assumptions of
ANOVA, a oneway ANOVA test was used to test for significant differences between
vegetation formationsmal a poshoc testite., Tuk ey és Honest Significan
test/HSD test) is conducted tievealsignificant differences between two vegetation
formation types. For data points that did naetthe ANOVA assumption, a Kruskal
Wallis test was used test for statistically significant differences among groups and
pairwise ManAwWhitney tests were used for pairwise comparisons. Statistical analysis
was conducted using Rstudio version 1.0.F2#.thepedogenic carbonate samples from
SFpaleosols, 26 sangs were analyzed. To test for statistically significant differences,
Wilcoxon ranksumMannWhitney testwas usedResults for eachational park studied

and used in the analysase presented in Table 1.

3.1. Akagera National Park

In AkageraNationalPark, 26 soil samplesvereanalyzed for theid'C values.
Thesamples were collected from fomajor vegetation formations; grassland (n=6),
bushland (n=8), woded grassland (n=6) afréshwater/aquaticegetation(n=6). The
bushlandsamplesad a mediard'*C value of-16.441 with minimum and maximum
values 0f-20.8% and-14.7a , while samples fronthe grasslantiad a mediard*3C value
of -16.6 with minimum and maximum values dff7.58 and-12.5 respectivelyThe

grassland samples were taken gla400 m transect which transitioned from a
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freshwater/aquatigegetation to a grassland, with very tall grasses closer to the
freshwater/aquatigegetation transitioning to short grasses with increasing distance.
Thus, the wide range *C values obsered in the grassland, unlike the other sites, may
reflectdifferences in proximity to a moisture source or water availability and associated
differences in grass species. The wooded grasskamgleshada median value of

12.3 that ranged from10.8 to-17a , while samples fronthefreshwater/aquatic
vegetatiorhad awider range off*3C values with a median value df7.44 and
minimumand maximumd'C values of -23.74 and-15.13 respectivelyHere also,

wider ranges in the'3C valuesmay be attributed to differences in the associated
vegetation structure. That is, while most of tteshwater/aquaticegetation was
dominated by short aquatic vegetation growing around the lakes, a few sampes

from settings in which tall trees and shrubs were growing around the lake, resembling a
gallery forestA oneway ANOVA was conducted and showed a statistically significant
difference p<0.05) between theegetation formations A T poktbog t&sindicated

a statistically significant difference between th@oded grassland and bushland and
between wooded grassland dneshwater/aquatic habitat samples. However, no

significant differencesvereobserved between the other habitat types.
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Figure5. d**C values of SOM in four vegetation formations from Akagera National
Park, Rwanda

3.2. Mago National Park

In Mago NationaPark, 34 soil samplesereanalyzed for theid™*C values. This
includes samples frofoushland and shrubland (n=10), grasslémel), riverine forest
(n=8), thicket(n=2), wooded grassland (n=6) and woodland (n¥#4& bushland and
shrublandsamplesrom Mago ha a mediard**C value of-18.74 wi t h mmandh i mu
maximumvaluesof2 5. 6a-1d4n8a. The gr damedianvaluesfampl e ha
12.2& with ad®Gvaladflom-1 4 n § & 2i. @vAile samples from
the riverine forests tiba mediand™®*Cvalueof-2 5. 3& wi t h val-L%.s8& angi n(
to-2 4 . &amples fromtte thicket hda medianvalueoR 2. 6 a wi t h mi ni mum
maximumvaluesof2 2 . 8a-2an8a r e swpile the woeded grassland
samplehad a medianvalueofl 4 . 7 a weastahgingfeoml 8. 0&al 3t.ata. The

woodlandsampes on the other handhad a mediard™*C value of-21.9% with minimum

and maximum values 2.8 and-17.4a4 r e s p eAconéwayeAN@VA was
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conducted and showed a statistically significant differepe8.05) between the

vegetation formations andedsth oc Tukeydés test showed that t|
differences between most vegetation formations. Howewestatistically significant

differences were observed between thicket versus forest, woodland, bushland/shrubland;

bushland/shrubland versusrést and woodland; and wooded grassland versus grassland.

Grassland 4 L]

Wooded grassland — B

Bushland/Shrubland - —_— I

Woodland 4 ~[|: L]
Thickets - l
Forest 4 ~|[|—

55 20 15 10
3'%c som

Figure6. d*C values of SOM in vegetation formations from Mago National Park, Ethiopia

3.3. Omo National Park
A total of 31 soil samplesereanalyzed from OmadlationalPark including
samples from bushlarshirubland, wooded grassland, grass|amd riverine forest. The
bushlandand shrubland sampl&®m Omo had a median valued6.44a ( n=10) wi t h
values ranging from2 0 . 2 dl 3t. 8 a w hrasklandampledrad amedian value
of-12.2a (n=10) with mini Adbm ammd 2axi mum val u.
respectivelySamples fromltte riverine foresarequite distinct from the other habitat
types with a mediad*C value of-2 5 . 1 & , With &verysmall range in the*C
values from2 4 . 0 & 6t. dllGe wooded grasslarshmplegn=4) hal a mediard**C
valueof-14 . 4a with val-lué.sld 8nd a n-wayANQ)m
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indicated a statistically significant difference between the vegetatiorations and a
posthoc Tukeyos HSighifidarglssignifisahtdifierend (p<0.05between
theforest andall othervegetatiorformations and betweebushland/shrublandnd

grassland.

Grassland ‘H]f
Wooded grassland 4 .
Bushland/Shrubland 4 +

Forest - *“ |~

55 20 5 10
8"%C soM
Figure7. d*3C values of SOM in vegetation formations from Omo National Park, Ethiopia

3.4. Bale Mountains National Park
The 29 soil sampleanalyzed from Bale Muntains National Park includes
samples from foregh=9), woodland (n=6), @issland(n=6) andfroalpinevegetation
(n=8). Samples from thafroalpine vegetatiohada median value cf4.2a with values
ranging from-25.3 to-23.81 , while samples fronthe foresthada mediard**C value
of -25a8 with minimum and maximum values €#5.88 and-24.1a , respectively. The
grasslandamplesiad a median value e19.44 , with values ranging frori22a to -
19.4a , while samples fronthe woodland héia mediard**C value of-23.63 , with
values ranging fror25.4a to-20a. A-warye ANOVA and a post hoc

test showed statistically significant differencps(.05) between the grassland versus
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afroalpinevegetation and woodlangss well as between the foregrsusgrassland and

woodland.

Grassland « %
Woodland A m L]

Afro—Alpine 4 -—]
Forest 4 ~|:|:—

25 20 s T
3'%c som
Figure8. d'*C values of SOM in vegetation formations from Bale Mountains National Park,
Ethiopia

3.5. Volcanoes National Park
Data from Volcanoes NationRhrk, specifically from Bisok&lountain, comprise
21 samples fronforest(n=10),herbaceous vegetation (n=4froalpinevegetation (n=6)
andfreshwater/aquaticegetation(n=1). Theforest sample hita mediard'C value of-
254 with a rel at d®Ceausgfrommadl. |1 &8 4. rlykdle | n
samples fronthe herbaceous vegetation also fall in a similar range with a median value
of-25. 6a with mini mum amd 3maxainduam rveaslpueecst i ovfe | y
Samples fronafroalpinevegetation hd.a mediard*3C value of-24.61 with values
ranging from25.3 to-24a , while the single feshwater/aquaticegetatiorsample hd
ad®Cvalue of-25.74 . A-warye ANOVA and a post hoc Tukeybd
statistically signifiant difference (p<0.05) between thkeoalpinevegetationversus

forest and herbaceous vegetation.
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Figure9. d*C values of SOM in vegetation Formations from Volcanoes National Park, Rwanda

3.6. Nyungwe National Park
Vegetation formationsampled from NyungwBlationalPark include primary and
secondary foregh=19),afroalpinevegetation (n=2), freshwater swamp/aquatic
vegetation (n=2) and bushland/shrubland (nSanples from the forest Ha narrow
range in theid'3C values with a median value o25.74 , with values ranging from
26.7a to-24.9 . Although these samples are collected from primary and secondary
forest, a Wilcoxon rank sum test did not show any significant differences between the
two (P>0.05). Soilamples from thafroalpinevegetation hda mediard*3C values of
2 4 . Avidh minimum and maximum vales € 4 . 4 a-2 4 n ,@vhile samples from
freshwater swamp/aquatic settingslldamedian value o 2 . ,2vdh values ranging
from-23. 520t.84. The one s amgpddéC vilueofh 8a 8sihr ubl an
Aoneway ANOVA and a post hoc Tukeyds HSD test
differences (p<0.05) for all vegetation formations except betweertdaerdafroalpine

vegetation (p=0.06).
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Figure 1. d'*C values of SOM vegetation formations from NywegNational Park, Rwanda

3.7. Gorongosa National Park

30

s 10

3'3c som

The 18 samples from Gorongosa NatioRatk are derived fromvoodland

(n=12),grasslandn=2), wooded grasslar{d=3), andreshwater swamp/aquatic

vegetationn=1). Thewoodlandsamplesad awide range ird**C, with a median value

of -1 8 . andvalues ranging from2 1 . 4 &l 3t. alSamples from the eoded

grassland also Bawithin the range observed for the woodland with a medid@ value

of -1 8 . ,Wwih minimum and maximum valuesaf 9 . 4 8-1 a2 n d a

while samples fronthe grassland lika medianvalueofL 2. 3a wi t h a

d'3C values from1 2 . @&l 2 . Te.singldreshwater swamp/aquatic vegetation

samplehad ad'®C value of-1 3

.3

-

a .

A p adrankvsunstest sNdiwvs ac 0 x

statistically significant difference between the grasslands and woodlands.

42

s ma |

r

respectivel.y

a



Grassland o |

Fresh water swamp/Aquatic < ‘

Wooded grassland — S

Woodland 4 L]

25 20 15 _10
3%c som

Figure 1. d'3C values of SOMegetation formationsom Gorongosa National Park,
Mozambique

3.8. Nechisar National Park

The55 samples from Nechisar Natiorark include samples from riveririerest
(n=13), grassland (n=15), woodland (n=15), wooded grassland (n=6), bushtabthnd
(n=4) andfreshwater swap/aquatic vegetatiom=2). Theriverine forestsamplesad a
mediand**C value of-21.93 , with values ranging fron25.13 to-17.94 , while
sanples from the woodlandad a median value 6f19.5 with minimum and maximum
values of-22.5 and-15.4a respectivelySamples fromhe wooded grassland ta
mediand™®C value of-1 3 . @ith values ranging froml 3 . 1 & 3t. givkile the
grasslandamples had a median value ofL 1 . With values ranging froml 1 . ®a
1 0 . Samples fronfreshwater swanp/aquatic vegetatiohad a mediard'*C value of
-1 4 . ,2vdh minimum and maximumvaluesdf 4 . 6 a-18@8nda r e svpilecti vely,
samples from a bushland/shrubland hanedian value ofL 7 . Swih values ranging
from-18 . 2 &l 6t. b a . -way ANQVA test showed a statistically significant

difference forthey e get ati on f or mati ons and a post hoc
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statistically significant differencep<0.05) for most vegetation formation pairs except
for bushland/shrubland ve&/oodland andreshwater swanp/aquatic vegetation; fresh
water swamp/aqui& vegetation vswoodedgrassland and grasslandsd between

wooded grasslands vs grasslands.

Grassland 5 {I—

Wooded grassland ] |

Fresh water swamp/Aquatic ‘Il~

Bushland/Shrubland 4 . }

Woodland — —

Forest 4 L]

25 20 15 10
8'%c som
Figure 2. d'3C values of SOM in vegetation formations from Nechisar National Park, Ethiopia

3.9. Awash National Park
A total of 28 samples were analyzed from Awash National Park including
samples from a riverine foregt=6), woodland (n=7), bushland and shrubléameB),
wooded grassland (n=3) and grassland (n=4). While samples from theeif@est had
a mediard*®C value of-214 3, with minimum and maximum valueseéf 0 . 9 8- and
224, sampl es f r o rmadbigherdt®C galues ivith mediab Valaerot
23.7a andrangingfrom2 5. 4 #2230 The woodl and samples had
of -21.2a , with values ranging fror2 3 & -1t 9. Wwhile samples fromvooded

grassland and grasslanddhmedian valuesofl 7. 5a-1&@&n8a with mini mum a
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maximumvaluesof2 1 . and-1 6. 7a ( f or woaoddle8d. 3ga-1&Snsd and)
(for grassland) respectivebh oneway ANOVAand a post hoc Tukeyods
showed statistically significant differerecbetweernhe vegetation formations considered

(p<0.05) However, analysis of soils from Awash showed a high&(rpostly >7.5)

indicating that there is a chanoka secondary carbonasggnal(not representative of the
vegetation cover). Even though secondary carbon removal techniques such as treating the
samples with hydrochloric acid and Acetic acid was conducted in the laboratory, results

from AwashNationalPark are not included in analysis and discussions that follow.

Grassland 4 ~|:|:|~
Wooded grassland - —
Forest + I

Woodland l
Bushland/Shrubland -+ l

25 20 _15 10
5'%C SOM
Figure B. d**C values of SOM in vegetation formations from Awash National Park, Ethiopia

Habitat types

3.10. Pedogenic carbonates from the Shungura Formation

A total of 26 pedogenic carbonate samples were analyzed from members B, C and
F.Samples fronMemberB had ame d i 2Crvalugof-1 0 . 1 & , With mimimum
and maximum valuesel 0 . 9 & a nSamps f®rMember Chda me diCan
valueof-<9. 1a (n=13) with-10al-&a.023a remmpldsrom f r om
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Member F hda medianvalueePa (n=8) with mini mum and maxi
valuessrangingfroml 1a &@&ndia. While the transition fron
indicates a statistically significant difference (Wilcoxon r&uikn, test, p < 0.05), no
significant difference is observed between Member C and Member F. Despite the

di f f er eQvalses indicdtecasibminated environment in all the members
consi der e valuessamplestfronblember B hd a median valueob . 6 &

with values ranging frodb . 9 a-5 t @ a samplds #onMember C hd a median

valueof-4 . 4 a wiedrangingdrombd . 9 a-3 t bBampledrom MemberF had

ame d i ®onvalueis3a& with val ues lradnd® g fAsombserved

t h €C values, Wilcoxon rankum test shows statistically significant differences

between Members B and C.

Members
O
Members
(9]

B |l B ‘|‘
-15 -10 -5 0 5 -10 -5 0 5

53¢ 5180
Figurel4. B o x pYiCo ta @ faliigs of pedogenic carbonates
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Sample.No

AKNP-BL-T1-123
AKNP-BL-T1-456
AKNP-BL-T2-123
AKNP-BL-T2-456
AKNP-BL-T3-123
AKNP-BL-T3-456
AKNP-BL-T4-123
AKNP-BL-T4-456
AKNP-GL-T1-123
AKNP-GL-T1-456
AKNP-GL-T2-123
AKNP-GL-T2-456
AKNP-GL-T3-123
AKNP-GL-T3-456
AKNP-SW-T1-123

AKNP-SW-T1-456
AKNP-SW-T2-123
AKNP-SW-T2-456
AKNP-SW-T3-123
AKNP-SW-T3-456

AKNP-WG-T1-123
AKNP-WG-T1-456

National
Park
Akagera

Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera
Akagera

Akagera
Akagera
Akagera
Akagera
Akagera

Akagera
Akagera

Vegetation
Formation
Bushland/Shrubland

Bushland/Shrubland
Bushland/Shrubland
Bushland/Shrubland
Bushland/Shrubland
Bushland/Shrubland
Bushland/Shrubland
Bushland/Shrubland
Grassland
Grassland
Grassland
Grassland
Grassland
Grassland

Fresh water
swamp/Aquatic
Fresh water
swamp/Aquatic
Fresh water
swamp/Aquatic
Fresh water
swamp/Aquatic
Fresh water
swamp/Aquatic
Fresh water
swamp/Aquatic
Wooded grassland

Wooded grassland

FwC

0.73
0.73
0.83
0.83
0.27
0.27
0.43
0.43

O O O O o o

0.02
0.02
0.15
0.15
0.68
0.68

0.05
0.05

a7

Soil texture MAT MAP water
availability
Sandy clay loam  20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.6 917 839
Sandy clay 20.6 917 839
Sandy clay 21 910 832
Sandy clay 21 910 832
Sandy clay 21 910 832
Sandy clay 21 910 832
Sandy clay 21 910 832
Sandy clay 21 910 832
Sandy clay loam 20.9 904 827
Sandy clay 20.9 904 827
Sandy clay 20.7 955 877
Sandy clay 20.7 955 877
Sandy clay 20.3 935 857
Sandy clay loam 20.3 935 857
Sandy clay 20.3 935 857
Sandy clay 20.3 935 857



AKNP-WG-T2-123
AKNP-WG-T2-456
AKNP-WG-T3-123
AKNP-WG-T3-456
BMNP-AM-T1-123

BMNP-AM-T1-456

BMNP-AM-T2-123

BMNP-AM-T2-456

BMNP-AM-T3-123

BMNP-AM-T3-456

BMNP-AM-T4-123

BMNP-AM-T4-456

BMNP-EF-T1-456

BMNP-GL-T1-123

BMNP-GL-T1-456

BMNP-GL-T2-123

BMNP-GL-T2-456

BMNP-GL-T3-456

BMNP-GL-T3-123

Akagera
Akagera
Akagera
Akagera

Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains
Bale
Mountains

Wooded grassland
Wooded grassland
Wooded grassland
Wooded grassland
Afro-Alpine

Afro-Alpine
Afro-Alpine
Afro-Alpine
Afro-Alpine
Afro-Alpine
Afro-Alpine
Afro-Alpine
Forest
Grassland
Grassland
Grassland
Grassland
Grassland

Grassland

0.02
0.02
0.05
0.05
0.09

0.09
0.01
0.01
0.03

0.03

0.01

0.01
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Sandy clay
Sandy clay
Sandy clay
Sandy clay
Sandy loam

Sandy loam
Sandy clay
Sandy clay loam
Sandy clay
Sandy loam
Sandy clay loam
Sandy clay
Sandy loam
Sandy clay loam
Sandy clay loam
Sandy clay
Sandy clay
Sandy clay

Sandy clay

20.3
20.3
20.3
20.3

9.4

9.4

6.2

6.2

6.2

6.2

7.4

7.4

10.5

10.5

10.5

10.5

10.5

10.5

10.5

935
935
935
935
1138

1138

1294

1294

1294

1294

1233

1233

1074

1089

1089

1089

1089

1089
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GNP-T1-CKW- Gorongosa Woodland 0.77 Sandy clay 28.4 43 -60

Al12

GNP-T1-MMW - Gorongosa Wooded grassland 0.69 Sandy loam 24.8 1107 1023
A34

GNP-T1-ARW- Gorongosa Woodland 0.83 Sandy clay 25.1 1047 963
Al2

GNP-T1-WG-A12 Gorongosa Wooded grassland 0.12 Sandy clay 25.1 1045 961
GNP-T1-AXW - Gorongosa Woodland Old Sandy clay 25.1 1045 961
A123 image

Table 1. mmary table focarbon isotopic study of Soil Organic Matter (SOM) from eight national parks. FWC=Fraction of Woody cover,
MAT=Mean Annual Temperature, MAP=Mean Annual Precipitation
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4. Discussion

4.1. Stable isotopic signatures in different vegetation formations

The stable carbon isotopic results from each national pakidegen discussed in
the results section. Here, eaaygetation formatiostudied in the parks is discussed
separately to look at the range of variation in the isotopic sighattB8®bfacrosssites.

As used in the previous sectidth it (E&3¥vegettion classification is used.

4.1.1.Afroalpine vegetation

White (1983) defineéfroalpinevegetatiorformation as vegetation confined to
the highest mountains of Afridhat is physiognomically mixedn the current datas,
this vegetationdrmaion is represented by the afrontane vegetation from Bale
Mountains National Park, subalpine vegetation from Biddkentainin Volcanoes
National Parkand a few samples along Mount Bigugu from NyundgweestNational
Park. Asnoted in the definition of theofmation by White (1983), thafroalpine
vegetation from these three study sits are also different. For instamsples from Bale
Mountains mainly represeafroalpinemeadows consisting of shrubs and herbaceous
vegetation at altitudes >3500 meters above sea level (hereafteralsle)samples from
NyungweForestand Volcanoearecharacterizé by a subalpinehrubland and
vegetation intermixed witforest treesife., HageniaandHypercuntreeswhich typically
grow in these afromontane settihgsspectively, at atudes greater than 2900eters
a.s.| Thed'*C values fronBale Mountains, Volcanoes and Nyungwe national parks all

havea narrow rangaroundmedianvaluesof2 4 . 2 a (-4 86 a ( R2=46.)5 aa n d
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(n=2) respectively. While all the soils frodyungwe and Volcanoes national parks are
sandy loam sod, samples from Ble Mountainsareclassified asandy loamsandy clay
loam andsandy claysoils. Regardless differencesn vegetation structure, altitude and

soil texture, no significant differences are observed imtf@ values.

Volcanoes A

Nyungwe 1

Bale Mountains

25 20 15 -10
8'%C som
Figure 15. d**C values of SOM fronafroalpinevegetation

4.1.2. Herbaceous frestater swamp and aquatic vegetation
According to Whiteds (1983) <classificatio
herbaceous vegetation that grows in areas wienmanent water accumutabr floods
the surfaceln this study, this vegetation formation includes habitat types assigned as
wetlands or swamps in Akagera, Gorongosa, Nechisamgwe and Volcanoes national
parks. While some of these samples are catefitom swamps ne&reshwaterlakes
(for instance samples form Akagera and Nechisar), other samples are collected from
marstes Samples from Akagera Hamediand*C valueof-1 7. 448 (n=6) wi th va

rangingfrom2 3. 7d 5t.dda. Two samples each drom Nyunc

d*Cvaluesof2 3. 5a-28n04-18nd@a-14n68a regsvhilectively
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individual samples from Gorongosa and Volcanoes Natiea hal d'C valuesof -
13.3a28nda respectively. The swamp vegetatia
dominated by sedges and short grasses at the edge/extremes of freshwater lakes, while the
sample from Gorongosa is from a sedge wetland. These areas lie below anretévatio

1300m a.s.l. and the aboveground vegetation is mainly composegdptdi@s which

explains the relatively highet:*C values, except for a few sites in Akagera that support

trees near the lake.

On the other hand, the sample from Volcanoéois a wetland close to a perennial

stream with short grasses, small shrubs and herbaceous vegetation an-£8600

which explains the €signal in this sample. The two samples from Nyungwe are from a

site dominated by tall grasses, sedges and herbasegetation at an elevation of ~2000

m a.s.l. The relatively lowat'*C values here mighieflecta mix of herbaceous £and

CAM plants in this site. Except farsinglesoil sample from Volcanoeghichhas a

sandy loam texture, soils under this vegetaformation are dominated by sandy clay

and sandy clay loam.

Gorongosa 4

Nechisar 5

Akagera

National park

Nyungwe o

Volcanoes 4

25 50 15 10
3'%c som
Figure 5. d**C values of SOM from herbaceous fraghter swamp and aquatic vegetation
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4.1.3. Forests
I n  Whi t )evégetatipniclas8ifcation, a forest is defined as a continuous
stand of treethatare at least 1fheters tall and have interlocking crownluding all
types of brests such as rain forests, seasonally dry foaestsparian forests. Soil
samples fom foressin this study includesamples from afroontane rain forests in
Nyungwe Forestto the afromontanefests in Volcanoes and Bale Mountaiasd
riparian and gallery forests in Omo, MagiadNechisar national parks. These forests
exhibit diversespecies composition amtifferences in sulcanopy structure ardegree of
interlocking canopyFor instance, while some fore¢¢sg, Nyungwe and Bale
Mountairs) have several layersf canopiesmost riparian forests hawesingle
canopy/crown layer. Also, there are significant differencesdetstory and ground
layer composition and structufiee., sirub vs grass and open vs closed understory) as
well asdifferences irtree heightsFor example, forest trees in Nyungvi@rest can reach
up to 30meters or more while mosparian forest trees are on the lower efthe height
spectrumi(e., 10-15m). The66 samples analyzed frofarests had a median value-of
25.3 with values ranging from26.7a to-17.99 . A -waymrAROVA anda pothoc
Tukeydéds HSD shows no major differences betwe
but indicated that sample from Nechisar are significantly diffefrom the other parks
(Tuk ey d p<0.6bpIamples from Nechisar ianedian valuesfo2 1 . 9a wi t h
valuesrangingfro)2 5. 18 7t.®a, with three samples (out
within the G category (i.,ed®Cvalues<1 94 | i mi t ) . Re gerceptdforng s oi |
few specimens, most forest samples from rain forestafionhontaneforestsweresandy

loamsoilswhile the majority of riverine forestseresandy clayandsilty clay soib.
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Despite the observed vegetation structural and compositional differences as well as soil
texture differences, no major differenwereobserve in thed'C values except for the

few outliers from Nechisar.

Volcanoes A

Omo

Nyungwe o

$ Forest

i
s
_I:_
Nectisar] _|:|]_ . B Riverine Forest
i
{

National park

Mago o

Bale Mountains o

25 50 _is 10
3'3c som
Figure 7. d*C values of SOM fronfiorests

4.1.4. Woodlands

UNESCOOGs vegetation classification define
that are at least 8 meters thlatcovernot less thad0 percent of the surface. The
woodlands covered inihstudy have a relatively smalpatialextent, except for the
Zambezian woodlands (Miombo woodlandg)m Gorongosa. As observed in forests
from several sites, differencesspeciecomposition and physiognonag well as
understoryegetatiorstructure and compositiareobserved in the woodlandsor
instance, the woodlands in Mago and Bale Mountains are located on hill slopes and
consist of thick boles with relatively closed/thickinderstory with some shrubs aad
ground layer covered with herbacemagetation, witta more closed canopy due to the
topographic sting (andcloserto a tansitional woodland structurallglthough this

formation is not considered stalalecording to Whit€1983). On the other hand,
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woodlands from low altitudes such as those from Gorsagmd Nechisdrave relatively

thinner bolesvery wide spacing between trees resulting in a much more open canopy

with the ground layer covered with grasses. It is also important to note here that there are
altitudinal difference as the woodlands frofale Mountains are from elevations >3000

m a.s.| while woodlands from Mago, Nechisar and Gorongosa are from elevations <1600

m. Thed®*C values of SOM from all the woodlands combined (n=3@d)zmedian value

of-19. 9a showing a veruymnamimdenum ealugse? Swidtah mi ni m
and-1 3. 1a, r efsopevatANOVAlandaposhoc Tukeybdés HSD show
woodlands from Bal®&ountain are significantly different (p<0.05) from woodlands in

Nechisar and Gorongosa but are not different from woodlanéisiga which might be

due to thevegetatiorstructue similarities in the two parks. Also, the wide rangefifC

values observed migheflectdifferences in tree cover and relative contribution of the

understory Gbiomass to the soi**C signature as explained in section 4.6. Despite the

wide range in the*C values, no differences in soil texture are observed between the

sites asmost ofthe samples have a sandy clay to sandy clay loam texture.
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Gorongosa 4 L

Nechisar 4 — —

Bale Mountains - e = L]

National park

25 20 15 10
8'°C SOM
Figure B. d*C values of SOMrom woodlands

4.1.5. Bushland and shrubland

Wh i t(E83}pvegetation classification recognize bushlandshnebland as
separate vegetatidormations bushlandepresergan open stand of bush that are-3
m tall and &rubland an open alosed stand of shrubs up tor2 Here these two
vegetation formations are combined following the procedure used by Cerling et al
(2011). These vegetatiorofmations camlsobe sometimes hard to distinguish in the
field as they sometimes occur in gradgeand ofterareintermixed. The bshland
formationsfrom thestudysiteswereslightly different in their structurassome were
open with a grass understory, while others were closed and very difficult to access with
bare grounds. Looking at the comhingampls from the twovegetation formations
together, the overall median valuel§d.5 (n=33) with values ranging fror25.68 to
-13.& . No statistically significant dfG¢ fference
values of the bushlarghrubland fornations between the different parks or between

bushland and shrubland within a single park (such as Omo and Mago), which further
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supports merging these two habitat types for this specific study. Except for a few samples

(4 out of 33) the soils under thesegetatiorformations had a sandy clay texture.

Nechisar « ~|:|:|>
i -
<
g
r_’g Nyungwe - E Bushland
1]
2 E3 shrubland
=
Akagera —
Mago 4 | I | I |
25 20 15 10
8'3C soMm

Figure19. d'3C values of SOM from bushlands astdublands

4.1.6. Wooded grassland

This vegetation classification stands for grasslahdrewoody plants cover
between 10 to 40% of the grousdrface (White, 1983). Compared to the other
vegetation formations, are relatively easier to identify in the field and are structurally
(bothvertically and horizontally; i.ebased on the height and distribution of the woody
plants) less complex hey ae alsosimilar in most of the national parkathough the
species composition of the woody plants varies betwi#es On the other hand, the
surfacegrass cover varies from tall grasses that can reachlmtm medium size (50
30cm tall)to short gasses (<3@m). Looking at the*C values of SOMrom wooded
grasslands frorall the parksthe overall median isl3.2a (n=25 with minimum and
maximum values 0f19.44 t0-10.8a . A -wayrABIOVA shows no statistically

significant difference between tHisrmation in the different national parks (p=0.09).

With regards to soil texture, almost all the soil samplesandy claysoilsexcept two
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specimens that ka a sandy loam téure and one specimen with a sandy clay loam

texture.

Akagera ° m—

Nechisar L]

Mago _l

Omo —

National park

Gorongosa — —

25 20 15 10
8'%c som
Figure D. d'3C values of SOM fromvooded grasslars

4.1.7. Grassland

UNESCOO s d erhsslandstisiatamd cavéred gvith grasses where the tree
cover is less than 10 percent of the ground cover. All the grassland sites in this study have
<5% tree cover and the grassesmainly medium sized (580 cm) to short grasses
(<30cm).However, thee are altitudinal differences between the grassland sites in the
national parksanging from 6001,345 m a.s.in the lowlands to the highland grasslands
of Bale Mountainswhich areabove 3000 m a.s.Overall, thegrasslands had a median
value of-1 2 . (na43) with values rangingfror2 2 & -1 . 2a, showing a wi
range which is biased by the loo3C values of the highland grasslands from Bale
Mountains. This is apparent when looking at results from Nechisar, Mago and Omo,
which have a more constraohd'*C values despite the larger sample size from these
parks. A oneway ANOVAandaposhoc Tukeyds test al so shows
difference (p<0.05) between samples from Bale Mountains and the other national parks.

66



Samples from Akagera also show atistically significant difference from samples from
Mago, Nechisar and Omo due to the relatively wider rangé®6fvalues in the Akagera

grassland sampled from different moisture settings.

Nechisar 4 ~|]~

Mago 4 L]

Gorongosa 4

oo AD;

Akagera 4 1 —

Bale Mountains 4 —[I7

25 20 5 10
a'3Cc soM
Figure 2. d*3C values of SOM frongrasslands

National park

4.1.8. Herbaceous vegetation
Soil samples from a herbaceous vegetation site, which do pogdiselywith the
gr oups i(¥83wWégetatien&lassification, were collected from Volcanoes
National park from elesons of ~2900m a.s.l. This site consisted of abundant
herbaceous vegetatiovith some shrubs occasionally reagha height of > 2m.
According to Dondeyne et al. (1993), this site is covered with secondary herbaceous
vegetatiorand it is believed that ltadbeen forested in the recent past. A total of 4
samples were analyzed and show a medi#@valueof-2 5. 6 & wi th mi ni mum a

maximumvaluesof2 6 . 3 a-2&8nd a.
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4.1.9. Thickets
White (1983) definethickets as a close standlafshes that are between 3 and 7
meters tall. Onlywo samples from MagblationalPark are reported here that hal#éC

valueof-2 2. 3a-228n8a.

4.2. Statistical approaches used in estimating Fraction of Woody o)

A statistical model to estimak8VC using the carbon isotopic signature of SOM
has been previoustjevelopedy Cerling et al. (2011) and has been used to estimate
Apal eoshadeodo from pedogeni c catoproduceztes .
model,with higher spatialresolutionand on data frortropical African ecosystems. As
this dataset consists of samples collected from sevegeatation formationat varying
altitudinal settingsit is modified here to only include samples that were colleaémb
an elevation of 2500m (to avoid high altitudedtasses) antb include the most
common vegetatiorofmations that can be characterizedhmy degree of woody cover
(i.e. forest, woodland, bushland/shrublandpded grasand andgrassland). After
removing certain egetatiorformationsandsamples from high altitude, total of 152
samplesvas usedWhen comparing the isotopic signature of SOM of these 152 samples
from the selected vegetatibormations, a clear patterntine d**C valuesis observed in
the transition fronforest to grassland. A oiweay ANOVA conducted on #seselected
samplesndicatestatisticallysignificant difference (p<0.05) ind'*C valuesbetween the
differentformations and posth o ¢ = T WHBetgsttalsshowssignificant differences

for mostformations. However, th@*3C signals from woodlandierenot significantly
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different from bushlandhrublandp=0.33) and/alues forgrasslandvere not

significantly different fromwooded grassland (p=0.07).

Grassland - o 4m~

Wooded grassland < L)

Bushland/Shrubland ° e —

Woodland —

Forest - —

s 0 RE o
3"%c som

Figure 2. d'3C values of SOM from the selected five vegetation formations

The 152 samples consisted of ATO0O or treel
samples as discussed in section 2.1.1. FigBshows the strong correlation between the
canopy and gap samples. Similar to what is observed from previous studies, the
differences btween canopy and gap samples are smaller in closed (>80% tree cover)
versus open (<10% tree cover) vegetation settigiare more pronounced in vegetation
formations such as woodland, bushland, shrubland and wooded grassland. This is
expected as the impfrom G (woody) vegetation is higher right under a canopy while
inputfrom C4 (grassy) vegetation is higher where there is no shade or trees nearby. Also,
differences ird**C values might be expected between shade and sun loving understory
vegetation. ldre, to produce a model for predicting FWC fromdH€ values, canopy
weighted values for the ATO and AGO0 sampl es
manner to previous work (e.g., Wynn, 2006; Cerling et al., 2011) where camglyted
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d'3C values foareas with FWC greater than 0.5 were calculated as an arithmetic mean of

canopy and gap samplaghereasi®*C values for areas with FWC less than 0.5 were

calculated as,

d'*C = FWC*d"*C(canopy)+ ((1-FWC)*d"*C(gap).

This resulted in 76 spatially averagd/dC values that were used in the model. The

statistical approaches used to produce a model for predicting FWC are discussed below.

8'%c canopy
\
\

20
8% gap

Figure23. Correlation of**C values between gap and canopy samples showing thétliesthe
ordinary least square regressioC canopy= 0.84*d'3C gapi 4.3; P=0.84) (Dashed line
showing a 1 to torrelatior)

25

4.21. Ordinary leassquare regression
Similar tothe approach used @erling et al. (2011)anordinary leassquare

regressioranalysis with theanopyweightedd**C and FWC valuewas conducted. To
meet the regression assumption (i.e., to make the residuala havenal distributiorand

to stabilize the varianggthe response variable (i.e., FWC) was transfor(ded 1984).
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As FWC is a proportion that falls between 0 anthgre are two approaches commonly
used for transforming this type of proportion datae first one is an arcsine
transformationwhich consist®f taking the arcsine of the square root of the number (in
our case FWC, thus arcs{tlWC), thatgives results in radians (fronpi/2 to +pi/2)

(Zar, 1984). The secondneis the logit transformatin, the log of the odd ratios, or the
logarithm of the proportion divided by omminus the proportiofi.e., log (FWC/ 1

FWC). Recent literature (e.gVarton & Hui 2011)indicated that logit transformation
has advantages fdatainterpretability. Hereboth transformations are applied and
compared. Howeveno major differences are obseniadhe resultbetween the two
transformations.

Using the an ordinary least square regression, FWC can be given as,

FWC= sin(¢0.08%65d*C -0.890778)?

with an R=0.74 for the arcsine transformation and as

FWC :e(—0.40588d13C'|' 7.63339 /1 + e(—0.4f588d13C'|' 7.63339

with an R=0.74 for the logit transformation.

71



2.04
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Figure 2. Ordinary least square regression analysis usiegrcsine transformed values showing
the best fit lingblue) and the 95% confidence inter¢edd dotted line)

4.2.1.1. Cross validation of regression models
4.2.1.1. AData split into training and test sets

As no major differences between the madas$ing the arcsine and logit
transformations were observdgre the regression model based on arcsine transformed
FWC values was used to perfommodelcrossvalidation. One approach of cress
validation technique i® split the data into training and tesets,use thdraining dataset
to construct the modehnd therusethe test dataset to validate the model and estimate
prediction error. Here, the datgeresplit into various sets with different proportsto
see how the model and model prediction error change along with thasglthe results

are presented in the table below.
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Split Model 2
(n=152)

!(5399:12% FWC= {sin¢0.0D6d Ci 0.867)" 068
?fé???@ FWC= {sin(0.09211d Ci 0.90933)" 067
(7505:’:3201) FWC= {sin(0.09495d Ci 095983) 0-72
‘(3(?11:2105) FWC= {sin(-0.0949a] C i 0.96403) 07
?;’&16? FWC= {sin(0.00135d Ci 0.92233)° 0P

Table 2. Model based on training and test sets (estimated prediction error based on the test set for various

data splits)

RMSE

0.23

0.24

0.23

0.23

0.2

r2= Correlation coefficientow well the model is fitting the actual data)

RMSE = Root mean squared erfaverage prediction error by the model in predicting an outcome)

R2
081
0.85
0.84
0.85

0.87

MAE

0.18

0.16

0.18

0.2

0.18

R?= Squared correlation coefficierdgrrelation between the observed outcome values and the predicted

values)

MAE = Mean absolute erroaf alternative to the RMSE

To visualize the modél s

performance

n

the test

test set were plotted against the predicted values, usimgatiel built on 80% of the

data(F WCE s i0n (0 6409 6 . 96 402} )

1.64

1.24

0.8 1

predictions

0.4 1 e

0.0,

0.5 1.0
Measured FWC

Forest
Grassland
Wooded grassland

Woodland/Bushland/Shrubland

set

Figure 5. Measuredrersuspredicted FWC values of the test data set (20% of the data) using the ordinary

least square regression model (dashed line showing a 1 to 1 prediction)
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4.2.1.1. B. Kfold cross validatiomndbootstrapping

Although the validation set approach hasdbeantage of testing the model using
the reserved (test) set, disadvantages of this-sa&tation technique are highly variable
error rates depending on the observations included in the training set and overestimation
of test errors when there are fevabiservations in the training set (James et al., 2014).
This pattern is also shown fable 2, where th80:10 split (i.e, 90 % of the data used to
build the model and0% of the data used to test the model) produced the snralbst
mean squared error (i.e. lowest prediction errorhpared to the other models. This
indicates that including the whole dataset might increase the model perforiamse.
here,l usethek-fold cross validation and bootstrapping technifprehe whole dataset
to create and test the model using resampling appeeakite kfold cross validation
randomly splits the data inte Bubsets, reserves one as a validation set, uselttas k
trainingset, test the model and prediction error, repdahks and report the average of
the recorded errors as the cresdidation error. This is advantageoas all the subsets
will be used in training the model. The repeatddld validation in R (Caretgckage:
(Kuhn etal., 2018)) offers a repeateefdd cross validation where the process/validation
is repeated Ando times and mean error is calc
bootstrap method is another resampling approach where samples are yeselented
and used to evaluate the model by repeating the procedure multiple times to calculate the
standard errofJames et al., 2014). Here théold cross validation, the repeateddtd
crossvalidation and the bootstrapping method aikused to stimate the model
prediction errorwith the arcsingransformed=WC as an independent variable and the

canopyweightedd™*C values as a dependent variakdecompare differences in the
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prediction error using different technigu€mpared to the-kold and repeated-fold

cross validations, the bootstrapping technique provides a relatively small prediction error.

Method Model r2 RMSE R? MAE
K-fold cross validation (K=5) (sin(-0.089765ﬂ13C-0.890778)2 0.74 0.26 0.76 0.21

K-fold cross validation (k=10 0.74 0.5 0.76 0.21

2
fwe= (sin(0.08976541C -0.890779)

Repeated Kold cross 0.74 0.26 0.76 0.21

2
ine 13C _
validation (K=5, n=10) fwe= (sin(-0.089765d'3C -0.890778)

Repeated Kold cross 0.74 0.25 0.78 021

2
ine 13C -
validation (K=10, n=10) fwe= (sin(-0.089765d'C -0.890779)

Bootstrapping 0.74 0.2 0.74 0.16

2
- 13
(n=500) fwe= (sin(-0.089765d'3C -0.890778)

Table 3. Cross validation methods used to estimate prediction error

r2= Correlation coefficient{ow well the model is fitting the actual data)

RMSE = Root mean squared error (average prediction error by the model in predicting an outcome)
R?= Squaredtorrelation coefficientdorrelation between the observed outcome values and the predicted
values)

MAE = Mean absolute erroaf alternative to the RMSE

4.22. Five parameter/generalized or asymmetric logistic regression model

Although the ordinary leastquare regression explains most of the variance in the
data,it does not capturthe observeds-shaped pattern. To account for this pattérn,
employed ageneralized logistic regression mo@&KA, asymmetric, five parameter or
Ri chardds curve), whi c hhatimprovaesthfeaccuracyof | ogi st i
prediction by allowing the model fd to a wide range of Shaped curves. Although
developed for mod#lg growth curves, this model can be easily appliechyomodern
ecosystendataset. Tamodel is based on five parameters (top and bottom asymptotes, a
hill slope, inflexion point and aasymmetric coefficienfwith the goabf minimizing the
weighted sum o$quaresindprovides a goodness of fit estimates (similar to an R
reported in a linear regression). To perform this generalized logistic regrebsioplr

package in R statisticabftware was used (Commo & Bot, 2016). As shawigure
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26, thismodel also captures both thesBaped pattern and asymmetry observed in the
data,and it does sbetter than the other models discussed above.

Based on this regression model,

FWC= -0.008744632 (0.9662174-0.00874463p

[1 + 10 A(-0.150061 (-10.3349 di*C))] » 7.757294 goodness of fit =

0.76

A cross validation of the model using 80% of the data generated a model,

FWC= -0.00373459% (0.95645560.003734591

[1+ 10 A(--0.1610015 (-5.521093 d°C))] ~ 48.09374 goodness of fit =
0.73
[« 0]
®
.
= < |
w o
o
SE |
_25 —20 _15 ~10
8°C SOM

Figure26. Fitted curves using an asymmetric (five

curve)
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Figure27. Measured versus predictBilVC values of the test data set (20% of the dagagg an
asymmetric logistic regressigdashed line showing a 1 to 1 prediction)

4.3. Model comparison with the Cerling et al. (2011) dataset

To assess how the new model performs on a different dataset, the data reported in
Cerling et al. (2011) was usdeigure28 shows a comparison of measured versus
predicated FWC values using the ordinary lest square and five parameter logistic
regression models on the data reported in the Cerling et al. (2011). As the figure shows,
despite some differences betweentthe models, both overestimate FWC as almost all
data points fall above the 1 to 1 prediction line. As discussed in section 4.2.3, although
both models had relatively similar goodness of fit, the asymmetric logistic regression
model appeared to fit the ddiatter than the ordinary lest square regression model.
However, Figur&8 shows that for a given dataset, (the Cerling et al. (2011) data in this
case), there is more ovprediction when using the asymmetric logistic regression model
than the ordinary st square regression model. Moving forward, to avoid any risk of
over fitting (which can be an issue when using multiple parameters as in the asymmetric

logistic regression) and to keep the model simple and reproducible, the ordasary le
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square regressin model is chosen as the best model and used in predicting FWC from
paleosols below.

To test how the model reported in Cerligigal. (2011) performs in predicting FWC with
new data, the dataset from the present study and the model from Cerling et al. (2011)
wereused as shown in figu9. Contraryto the new model, the model reported in
Cerling et al. (2011) appears to unddrmeate FWC values indicating that both models
have limitationdor estimating FWCSeveral factors can contribute to this issue.
Differences in the datasets used to build the modéis:first and probably the majpr
factor resulting in these differences is the underlying differences in the datasets used to
build the models. When comparing the median values of the vegdiatinations

reported in the Cerling et 4dR011) dataversus the dataset from this stuthe median
valuesfor some vegetation formatiomase different. For instance, while the

bushland/erubland samples from the Cerling et(@011)dataset have a median value of

-19.94 , those from tls study have a median value-éa7.5a . Si mi | arl 'y, whil e
grasslands from Cerling et 42011)dataset have median valuesdf5 . 7a, t he
grasslands from this study have medianvalue§ & . 1a. As the outputs of

rely on the underlyingataset, the observed differences can probably be explained by
relatively low d'3C values in the Cerling et al. (2011) dataset or relatively it

values in this study.

Historical vegetation changéin additional factor that could potentially lead to higher

d'3C values in the current dataset coulchistorical vegetation change in the anehere

for instance, it was originally covered by grasslands and have been recently replaced or

encroached by woody vegetati@&ven thougtthis is a common phenomenon in some
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parks, the aerial images used to cateiFWC alloved meto assess changes in

vegetation cover in the last 10 years (and in some cases up to 30 years using historical
images), and do not show major changes in vegetation cover. As tropical soils have a
turnover rate of about 10 years (Bird bt #996), the historical (i.eolder than 105

years) change in vegetation cover is not expected to affect the isotopic signature, unless
itdéds mediated by soil texture as discussed
Differences in spatial scaleYet another factor that might berdtributing to these

differences could be the spatial scale used to calculate the FWC from aerial imageries.
Here aerial imageries that cover I80are used for FWC estimations. However, if this
spatial scale is increased or decreased, there can bécsighdfifferences in the

estimated FWC values as most habitats occur in patches and are not spatially extensive.
Also, the spatial scale used in the Cerling et al. (2011) dataset is not repogteshting
further comparisongdowever, FWC estimations wemade for the Cerling et al. (2011)
dataset using the spatial scagedin this study (i.e., 100 frand show significant

differences (sometimes up to 50%) between the reported and estimated FWC values for
some data points highlighting the impact of sggatcale used in the analysis.

Soil texture:Another factor that could potentially contribute to this pattern could be
differences in soil texture between the two datasets. As discussed in detatiam 46,

most of the soils from th studyare sandy clay soils (i,el0-60% of sand and clay,

each). Although the texture of the soils used in the Cerling et al. (2011) is not reported,
Ambrose et al. (2011) ka mentioned it might be biased towards sandy soils. Previous
work by a Bird &Pousai (1997) has shown thatd@rived carbon is preferentially

incorporated in coarse grained soils compared to fine grained soils which preferentially
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incorporate @derived carbon. Studies by Wynn et al. (2007, 2008) have also shown that
while C; derived carbon decomposes faster compared tte@ved carbon and in terms

of soil texture, sandy clay soils might protect tf@ enriched old and stable organic
carbon. In other words, this means that while sandy soils can be biased towards C
derived carbo due to rapid decomposition and no medium for prote¢tien clay), clay
dominated soils can be biased towardsi€rived carbon mainly due to

fixation/stabilization by adsorption on the clay minerals. This is partly in agreement with
the point raisethy Ambrose et al. (2011). However, the bias towarddetived carbon

in clay dominated soils may not be solely due to the presenceveig€tation but rather,
incorporation of old carbon. That is, although the mean residence time of tropical soils is
corsidered to be on a decadal scale due to relatively higher decomposition rates in the
tropics compared to temperate regions, it could be that a higher clay content is resulting
in a longer mean residence time and thus, providing adweeaged signal whiamay

not accurately represent the overlying vegetation. Thus, both models are subject to

different biases.
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Figure28. Comparison of measured vs predicted FWC for the Cerling et al. (2011) datas¢hesingy
models from this study. l@dinary least square regressimodel(left) andfive-parameter logistic regression
model (right) (dashed line showing a 1 to 1 prediction)
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4.4. Prediction of past woody cover frgpaleosols

As the main objective of the present workiste const r uct

Afpal eoshad

woody cover from homintbearing sites, the model produced from the modern dataset

was used to reconstruct past woody cover from pedogenic carbonates collected from the

three members of tHeF. In addition, isotope data compilation from Levin (2013) and

Quinn et al. (2013) was used to make comparisons with other Pliocene and Pleistocene

sites in eastern Afric&igure30 shows comparison of FW@stimation in the three

members of th&Fusing he Cerling et al. (2011) model and the new model from this

study.As shown in the figure, the differendestween the Cerling et al. (2011) model

and the new model noted above are also observed here. While the FWC reconstruction

using the Cerling et al. (A1) dataset shows lower FWC estimates that indicate a

woodland/bushland/shrubland setting across the selected members, the reconstruction

using the new model shows a consistent forest setting across time. A similar pattern is

observed when looking at Arasn(Figure 3), for which therenave been two different

paleoenvironmental reconstructions. While a study by Cerling et al. (2010) has shown the
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paleoenvironment was dominated by treebushsavanna, with 25% or less woody
canopy cover, others (e.§VoldeGabriekt. al., 2009; Ambrose et al., (2011)) have
argued thait was dominated by woodlands and wooded grasslands. Although the new
model appears tsupportthe woodlandvooded grassland reconstruction, the old model
is in favor of the wooded grasslagdassland reconstruction. Leavitig disparity
between the two models aside comparing the reconstructed FWC of 8ig(including
data from this study and previous data from Levin gR8&l11))to other PliePleistocene
Formations in the Omdurkana and Awash basins, the new model indicates a
consistently higher FW@ theSFuntil ~1.9 Ma after which the reconstructed FWC
resembles the other sites.

A recent study by Du et.gR018) hasypothesizedhat pelogenic carbonates from
paleosols in hominkearing sites might be biased towards floodplain woodlands in
fluvial settings, whictcould potentiallyexplain the consistent forestoodland signal we

are observingrom most sites
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C (n=13), and Member F (n=8), using the FWC model from this study ¢tefinary least square

regression) and right (using the Cedprobabilitydessity al 6s ( 20
functions after Cerling et al. (2011)
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from this study (left) and using the Cerlingetas ( 2011) model (right) shown wusi
density functions after Cerling et al. (2011)
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4.5. Isotopic signature along altitudinal gradients
Previous studies that looked at differenced'fiC of soil and plant samples across
topographic gradients have shown that there are changes in the isotopic signature related

to associated differences in vegetation type and cover, differences in temperature and
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partialpressuref CO, as well as differeres in soil decomposition rates (Korner et al.,

1991; Bird et al., 199/ieleman et al., 20)3Here, to test for differences #°C values

across elevation gradientsjseda total of 45 samples (17 samples from Bale Mountains,

15 samples from Volcanoasd 13 samples from Nyungwe Forest). A total elevation

gradient of ~2,500metér.e., from 1,700m up to 4,200m a.s.l) was covered for Bale

Mountains, while Volcanoes and Nyungwe Fosgsinnedhn elevation gradient of

(~1000m) and (~950m) respectivelyoking at each park individually, Baldountains
hasamediad®Cvalue-2 4. 6 4 wi th valu3®.s8®and@gangwhi bm
Volcanoes and Nyungweeoresthave medianvaluese2 5. 3a-28n8a with value
ranging from2 4 a -260. 3a-2d4nd &6 B8orespectively. Combine
sites have an overall medidhC valueof2 5. 14 wi t h v al-u6.s7 & atna@i ng
23.84a. ThRCramgeéexa.l9a) is a result of,sampl es
which has the highest elevation gradient. Hosvethis difference is not reflected in a

continuous pattern (i.en a continuously increasing or decreasing pattern). When

looking at the vegetation settings in the three parks, there is an overall similar, pattern
whereafromontandorests occur at lower elevations grading istibalpineand alpine

vegetation at higher altitudes. However, despite the vast differences observed in

vegetation type and structure, no major trends or differena#éGrare observedmong

the three parkdn comparison to previous studies that have shown significant differences

in d'3C across elevation gradients, this might be explained by the lack of dense forests in

our samples, where recycling of €@ccurs in the understory resulting in lovefC

values at lower elevation, which then show an increas® values as vegetation type,

cover, temperature and pressure change along an elevation gradient.
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4.6. Differences in soil texture

The majority of the 2380il samples analyzed for their soil textuwere sindy
claysoils (n=143. The next dominat soil type is sandy loam (n=pfbllowed by sandy
clay loam soils (n=24 silty clay soils very rar¢n=10). Figure & is a bubble plot that
shows the distribution of these soil types among the vaviegstation formations
studied here. This figure indicates that the natsindant soilype (i.e., sandy clay)
occurs almost in all habitat types but is morend@nt in soils from grassland, bushland,
shrubland, woodland, wooded grassland and riverine forest (in some sites) while sandy
loams are more dominant in foresIs.test for soil textural differences among national
parks and across vegetation formatidnssedthe 152 samples with known FWC
estimation. Achi-square test shows a statistically significant (p<0.05) association
between soil texture and the national pamkdbetween soil texture and vegetation
formations.A correspondence analysis perfornmedsoil texture and the national parks,
Omo, Akagera, Nechisar and Mago sls@strong association with sandy clay soils

whereas Nyungwe Forest and Bale Mountains are associated with sandy loam and sandy
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clay loam soilMy working hypotheis was that saél formed under similar lithologic and
climatic settings will be more similar, and by extension will have similar soil textural
properties. Howevethe strong association between for instance, Akagera and Omo or
Nyungwe and Bale Mountainthataregeographically distant from each otheonfirms

that is not the case. On the other hand, the correspondence analysis between soil texture
and vegetation formations shows a strong association where sandy clay soils are
dominant in relatively open habitgise., grassland, bushland, shrubland, woodland and
wooded grasslandf)atsupport a significant grass componaentile sandy loam and

sandy clay loam soils are dominant in relatively closed habitatS¢rests).

This is expected as grademinated hbitatspreferfine-textured soils where the
fine-grass roots can penetrate and access water and nutrients at a relatively shallow soil
depth whereas treglominated habitats are more abundant where, unlike grasses, they
can access water from deeper samdyn soils (where water/soil moisture recharges
deeper into the soil profile due to its higher porosity and permeability) using their
extensive roots3choles & Archerl997. This pattern is also apparent in most riverine
forest settings where soils clawethe river bankwhich often get flooded during river
high stands, are dominated by sandy loams with no grass understory, whereas samples
away from the river bank are dominated by sandy clay loams or sandyveteys the
vegetation becomes more operl gnasses become more common. To evaluate if soil
texture is a good predictor of the FWdiseda multiple linear regression model that
included soil texture as an explanatory variablee model indicated no significant
relationship (p>0.05) between FWADd sandy clay, sandy clay loam and sandy loam

soils butdid indicate a significant relationship with silty clay soils (p<0.05). However,
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attribute this tdahe fact that all silty clay soils are from a single riverine forestliségs

not representate of other sites. Overall, even though there is a significant association of
soil texture with the vegetation formations, a single soil texture is not limited to a certain
vegetation formatiorbut rather can occur across several sites and vegetatioations.

In addition, soil texture can be variable even within a small spatial extent, within a single

vegetation setting, and is not a good predictor of FWC.
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Bushland/Shrubland 33
Forest 66
Fresh water swamp/Aquatic 12
Grassland 43
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143 24 61 10 238

Figure 3% A bubble plot showing the soil texture distribution in differeegetation formationwith row
and column sums shown in the bottom and right margin238)
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Figure 3. Correspondence analysis plot showing the association of soil texture with the different national
parks(left) and selected vegetation formations (rigntL52)

88



4.7. Climatic variables and carbon isotopic signature
Several studies have shown thatdf€ values of plant leaves and soils are
correlated with climatic variables such as precipitation and temperature at the global scale
(e.g, Ehleringer et al., 1997; Diefendorf et al., 2010; Kohn, 2010; Ladd et al., 2014). To
assess this relationship witie high spatial resolution SOM isotopic détam this
study on a sukregional scale, climatic data was extracted from Worldclim Version 2.
used two of théioclimatic variables (i.e meanannualtemperature (MAT) anthean
annualprecipitation(MAP)) with a5-minuteresolution (i.e.about 9 Kni at the
equators). Annual solar radiation data (global horizontal irradiation data) was extracted
from SOLARGIS(The World Banksolar resource dat&OLARGIS(2017) and was
used to calculate water availability following the approach used in Berry et al. (2002)
where water availability is defined in terms of precipitation and solar radiation.
Thus, W= Pi QsftL
Where W = water availability

P = annual prepitation (m/year)

Qs = annual incident solar radiation (Fhyear)

r = density of liquid water (1000kg/fn

L = latent heat of evaporation (~2.5 *1.0

As the water availability (W) for the tropical African environments was negative,

adopting he same approach used in Wynn et al. (2006), an offset ofd80% was
used to make the calculated water availability index positive. This #0Q9r offset is
the maximum evaporation rate of water assuming a maximum amount of solar radiation

(i.e. 1 * 10710 J/ndfyr).
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After removing ambiguous data from some sites, a total of 206 selected samples
from several vegetation formationssused to investigate the relationship between the
climatic variables and the carbon isotopic signature. A regression israyslucted on
d'3C values against the three climatic variables (MAP, MAT and water availability)
indicated a low correlation (Adjusted Bf 0.27, 0.37 and 0.4 respectively) between the
carbon isotopic signatures and the climatic varialihescating nosignificant
relationship. Another regression analysis was also conducted on a subset of the data
(n=137) includingonly samples from 5 vegetatidormations collected from altitudes
<2500m. Here alsdhe d*3C values in the four vegetation formatione {iforest,
woodlandbushlandshrubland wooded grassland amglassland)across different
temperature (1%€-28°C) and precipitation (600mHh200mm) rangesndicated no

relaionship (Figure36).
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Figure 3. A biplot showing Mean Annudlemperaturgleft) and Mean Annual Precipitation (right)
against SOMC values. (n=206)
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5. Conclusions

Severalpreviousstudies have shown that the carbon isotopic signature of SOM is
areliableproxyfor estimatinghe overlying vegetation and more recently a model for
predictingthe percentage of woody cover from the isotopic signature of a global soil
dataset has been developehisBtudyinvestigatedhe carbon isotopic signature of SOM
from tropical African ecogtemswith the aim of developing wellcalibrated statistical
model for predicting woody cover using a high spatial resolution da@set
developed, thenodel can then be appliedgedogenicarbonates from paleosdtom
hominin-bearing sitegfteraccounting for the organic mattearbonate offset, to make
more accurate paleovegetation and pddeaniscape reconstructiorfil samples were
collected from several vegetation formations fnoime national parksfrom different
climatic, edaphic and t@graphic settingsand carbon isotopic analysis of SOM was
conductedThe isotopic results show that while téC values from some vegetation

formations show digtict isotopic signatus(especially for engmenbersin the tree
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cover spectrum such &srest and grassland), there is also a substantial overt##gan
valuesobserved in otheregetation formations (e.g. in woodland, bushland and
shrubland)Investigating differences in the isotopic signature of soils along altitudinal
gradients showed no nuaijdifference or patterns with elevatidith regards to

differences in soil texturé predicted that textural differences will be higher between
different sites but lower/similar within a single site, across vegetation formations.
However, the resulthew that there are fewer differences across sites and more
differences in solil texture across vegetation formations within a given site. While sandy
loam soils were more common in forest and afroalpine settings, sandy clay soils were the
most dominant sotlype, occurring in most vegetation formations including woodlands,
bushlands, shrublands wooded grasslands and grasslands. Considering climatic variables
such as precipitation, temperature and water availability, despite our prediction that there
will be a correlation between climatic variables and the carbon isotopic signature of the
soil at a sukregional scale, no significant correlation was observed. Thus, although on a
global and regional scale it is clear that factors such as precipitation arekgoit

might be the major determinants of woody cover, these strong relationships may not be
evident at the subegional andocal scales.

To produce a statistical modek predicting woody cover, several models and
approaches were usddredicted that there will be an approximately linear relationship
between woody cover and the carbon isotopic signature gpaadilthis relationship will
be maintained across sites andhva larger dataset. As predicted, the best fitting model
for my dataset indicated an approximately linear relationship. Comparisons of the current

model with the model proposed by Cerling et al. (2011) indicated significant differences
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between the two mails which could be explaineid partby systematic differences in

the underlying datasets. When applying the new model to predict woody cover from
paleosols in th&hunguraFormation contrary tamy predictionsthatwoody cover will
decrease witlgeologial time, | observed a consistently high woody cover (>80%) across
time in some members. Compared to contemporaneous sites in the Turkana and Awash
basins, it appears tt8&F had a consistently higher woody cover until ~1.9, Which

might indicate the presee of broad gallery forests thaereavailable for hominins and

other mammals along the pal@mo river.
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Chapter 3: Phytoliths as a proxy for woody cover in modern African Ecosystems
Abstract

Phytoliths are siliceous, microscopic bodies fedimside plant cells thare
liberated into the sodfter the plants dieAs they are frequently preserved in tbedil
record, they have been used as a proxy for past vegetation cover. To study woody cover
using phytoliths, indices such as the tree cover density index (which looks at the
proportion of morphotypes indicative of woody vegetation to that of grassdshen
phytolith undulation index (that uses the degree of undulation/waviness-gf ass
epidermal cells as an indicator of the degree of shade) have been previously developed.
These indices have been applied to both modern and fossil settings apdovado be
good predictors of woody cover. However, they have not been tested and valglated
a high spatial resolution dataset in modern eastern and southern African settings, which
have a different phytogeographic setting compared to arfeaetheindices were
originally calibrated. Herd,use these two indices to quantitatively study woody cover
from modern African ecosystenBo do so, surface soil samples were collected from
vegetation formations with varying tree cover density frone natioral parks.
Phytoliths were extracted from the soil samptesinted and photographed under the
microscopeResults from this study showed no strong correlation betinelependently
measuredavoody cover and the twghytolithindices of woody coveiThere ae several
explanations fothis lack of strong relationship including issues related to preservation,
inherent biases in the morphotypes used, phytolith inheritance in the soil providing a

time-averaged signal, and the small sample size used in this sdiyional researchs
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required to validate the applicability of the proxies to modern eastern and southern
African settings and to the fossil record.

Keywords: Phytolith, tree cover density index, undulation index, eastern Africa, southern

Africa
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1. Background

1.1. Phytolithsas a paleoecological tool

Phytoliths are microscopic silica bodies that form in the cells and tissues of plants.
They are formed from hydrated or opaline silica (§60) that is absorbed from the
soil by plant roots angrecipitate within and betweeplant cells. Phytolithare foundn
the vegetative parts of plants such as leaves, stem, and roots as well as reproductive
organs such as fruits and seeds. While thegllystorm a cast or replica of plant cells
and tissueswvhich produces distinct morphotypes that can be used for identification,
incomplete silicification of cells or precipitation in between cells can result in non
distinctive shapes (Rovner, 1971; LewiiS81; Bozarth, 1987; Pipernt988; Barboni,
1999; Stromberg, 2002). Phytoliths serve structural {(nereasing strength and rigidity),
physiological (i.e.mitigating the effect of toxic elements), and protective functions (i.e.
offering resistancera toughness from herbivore and fungal attack) (Piperno, 2006).
When plants die and decompose, these microscopic bodies are liberated and deposited
into the soi] oftenmaking it into the plant fossil record (Piperno, 1988; Mulholland &
Rapp, 1992; Stromlbg, 2004).

Compared to organic plant maesnd micre remains that do not preserve well in
oxidizing environments, phytoliths have a better chance of preservation due to their
siliceous composition (Rovner, 1971; Lewis, 1981; Retallack, 1990; Stromioév), 2
They also provide a fossil record of grassesich are less represented in the micro and
macrofossil record due to their inherent nature (i.e., degradation of pollen and plant
tissue) and for which identification to lower taxonomic levels is nasiptes(Jacobs,

1999). Thus, in addition to increasing the preservation potential of grasses in the fossil
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record, phytolithalso allow identification of grasses to lower taxonomic levels
(Stromberg, 2005)n addition, compared to other micro remains saglpollenwhich
generallyprovide a regional vegetation signal, phytoliths are considered to be more
spatially constrained and provide a relatively localized vegetation signal (Fredlund and
Tieszen, 1994; Kerns et al., 2001; Blinnikov et al., 20023PMHowever, despite their
advantageghere are also disadvantages the same plant can produce multiple
morphotypes (i.emultiplicity) and the same morphotype can be produced by multiple
plants (i.e.redundancy) (Strémberg, 2004; 2@)7 In addition dissolution can occur in
alkaline environments (Cabanes & Shahé&akss, 2015).

To account for these biases, paleobotanists have used different approaches to
makepaleoecological inferences from phytolith assemblages in the fossil record. Among
these inalde qualitative approaches such as looking at the presence of key indicator taxa
(i.e., morphotypes derived from plants that are environmergalhgitive(e.g, Runge,

199; Alexandre et al., 1997), and quantitative approachestbasurehe relative

frequency of different morphotypes, to garner information about the vegetation and
climatic conditions (see Stromberg, 2004 and Wen et al., 2018 for a review). Among the
indices that have been used in these quantitative staditise tree cover density index

(D/P index), which looks at the proportion of morphotypes produced by woody
dicotyledons to that of Poaceae (grasses); the aridity index (Iph), which assesses the
proporton of G grass morphotypes indicative of arid conditions to that of all grass
morphotypes; the climatic index (Ic), which compares the ratio of cool temperature C
grass morphotypes to that of bothdhd G grasses, and the water stress index (Fs),

which compares farshaped grass morphotypes indicative of water stress to all grass
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phytoliths (e.g, Twiss, 1992 Bremond et al., 2005a; Bremond et al., 2005b, Barboni et
al., 2007; Novello et al., 2012). Despite the abmantioned limitations, these indices

have been calibrated in modern environments and have been used to provide a reliable
interpretation of the vegetation and climatic conditions from fdmsaring sites (e.g.

Barboni et al., 1999; Stromberg et al., 2007; Aleman et al., 2012).

1.2.Phytolth indices as a proxyf woody cover
1.2.1.TheD/Ptree cover densityndex

TheD/Pindex was developed by Alexandre et al. (1997) to assess the density of
treecover from six modern soil sampleswestern Africa. In this study, the index was
calculatel as the ratio of globular granulate morphotypes (which are known to form in
woody dicotyledons) to the sum of elongate, acicular hair cell, bulliform, bilobate, cross
and saddle morphotypes. Barboni et al. (1999) applied the origfiRatdex to analyze
modern and fossil soil samples from Ethiopia, but this study was limited to four modern
soil samples. Bremond et al. (2003, 2005) usedfendex to come up with a
guantitative measure of tree cover using LAI (Leaf Area Index) witlglzehisample size
(n=26), excluding the use of elongates whiah bias the index (i.e., they multiply when
broken). Although a subsequent study by Barleb@il. (2007) has shown that a sum of
all globular morphotypes (i.ehe sum of globular granulatglobular psilate and
globular echinate morphotypes) is a better predictor of tree cover density than using only
the globular granulate morphotypes, including these morphotypes in thenadéater
avoidedbecause¢he globular psilate morphotypes can dedormed in grass roots.

Also, the globular echinate morphotyp@gich are characteristic of palpwan alsdorm
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in open settings and might introduce a bias due fo ligh phytolith production (Kahn,
1987; Alexandre 2000; Strombe2§04; Albert et b, 2009).

Bremond et al. (2008) excluded phytoliths other than short cells (i.e., changing it
to a ratio of globular granulate to short cells that includes bilobates, cross, saddle,
rondels, polylobates and trapeziforms) and renamed DAPENndex, bu noted that its
use should be limited to low elevation tropical areas. Further, in a more recent study
Bremond et al. (200 modified the index yet again to avoid infinite values to a ratio of
globular granulate morphotypes to the sum of globular moypkstplus only the grass
silica short cells as used in the Bremond 2008 paper. In this stusky themodified tree

cover density index by Bremond et al. (ZR1

1.2.2.Phytolith Undulation index

The phytolith undulation index is another way of cédting tree/canopy cover
(Dunn et al., 2015). It is based on differences in morphological and cellular structure
between sun and shade leaves (i.e., plants of the same species or even leaves of the same
plant subjected to different intensities of sunljgfihese differences have been known
since the late T9century and experimental and observational studies have shown that the
size of the leaf, the morphology (i.e., the degree to which leaves are lobed or toothed), the
amount of chlorophyll developmerthe thickness of the cuticle, acid and ash content of
plants, the number of stomata, the color and hairiness of leaves and the shape of
epidermal cell walls vary between sun and shade leaves as a result of modifications
during ontogeny (Hanson, 1917; Wa/li1951; Talbert & Holch, 1957; Uhl & Walther,

2000; Thomas et. al., 2003). Ngnass epidermal cells of plants that grow in shade are

112



wavier (have pronounced undulation) and have a larger cell area because the cuticle
hardens less rapidly during growthus leaving more time for greater expansion, while
those growing in the sun have a less wavy outline and smaller cell area due to rapid
thickening and hardening of the cell walls (Watson, 1942sé&hner, 1997). To quantify
these morphological differencesthe epidermal cells, the Undulation Index (Ul), a
dimensionless index independent of cell ahes been developed byischner (1997) to
differentiate sun and shade morphotypes. Applying the same principle to phytoliths that
form a replica of the egermal cell outline, Dunn et al. (201&¢velopeda multivariate
model using both the undulation index and epidermal cell area on modern phytolith
assemblages across canopy density gradients to predict canopy cover from fossil
phytolith assemblages. Untibw this method for reconstructing tree/canopy cover has

not been applied, tested or validated in modern African ecosystems.

1.3.0bjectives and research questions
The main objective of this study is to produce a statistical modpléalicting
woody cover using a higgpatial resolution phytolith dataset from modern African
ecosystems. This involves applying previously used indices of estimating tree/canopy
cover density to phytolith assemblage collected from diverse vegetatiogséttin
eastern and southern Africa with the aim of generating more accurate reconstructions of
palecvegetation and landscape dynamics in felssdring sites.
This study addresses the following research questions.
1. Is there a consistent relationship betwa@ody cover (tree cover density) and

the D/P phytolith ratio?
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As discussed above, several studies have shown a significant relationship between
the phytolith assemblage (i.e., specifically DY@ ratio) and woody cover

(Bremond et al., 2005; Barboni@t, 2007; Aleman et al., 2012). However, this
relationship has not been tested on highly spatially resolved datasets from eastern
and southern Africa, regions that have a different vegetation composition and
structure compared to west African siteserethe model hapreviouslybeen

calibrated and used. Also, there is evidence that vegetation composition (i.e.,
taxonomic composition) and climatic factors (e.g., temperature) might affect the
production of certain phytolith morphotypesich as the globulgranulate
morphotypes used in calculating théP ratio (Bremond et al., 2004; 2008hus,

| propose to test the applicability of the index to eastern and southern African
vegetation settings.

Is there a linear relationship between woody cover and |itntmdulation and

area? Unlike th®/P ratio, this relationship is a taxon free approach that does not
rely on species composition, or climatic factors such as temperahise.

approach of estimating woody cover is based on a recent work in CentratAmer
and has not been applied to either modern or fossil phytolith assemblages in
Africa. Thus,herel test this relatively new method and predict that there will be a

linear relationship between woody cover and the phytolith undulation and area.
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2. Materials and Methods

2.1.Sample collection, preparation and phytolith extraction

Surface soil samples (i.e., togp@ms) from the A horizon were collected from 9
national parks from vegetation formations that had differing tree cover densities. Soil
sampes were air dried and plant remains larger than >0.5 inches were removed. In the
laboratory, 11.2 grams of soil were measured for phytolith extracliaised the
extraction protocobf Stromberg (2004) to separate the phytoliths from bounding soil and
mineral particles, oxides and organic matter to facilitate their study under the microscope.
This procedure (aka the general method) includes larger size fractions (phytolith sizes
<25Cm), whichare more effective than just using smaller size fractiore ftak specific
method) (Strémberg, 2002). First, the weighed samples were reacted with concentrated
hydrochloric acid (37%) for c.10 minutes to remove any carbonates in the soil, then
c.15ml of potassium hydroxide (10%) was added to the sample andriedictdor 1
minute to remove any humic acid after which the sample was treated with a 1:1 mix of
hydrochloric acid (37%) and nitric acid (42%) in a hot bath feB@G@ninutes or until the
reaction is completed, to remove any sesquioxides, such as iratuamdum oxides.
Organic matter was removed by treating the sample with Schultze's solution, a mixture of
nitric acid (42%) and 0.33gram of potassium chlorate, in a hot bath 480 A%inutes.
Afterwards, larger size fractions (>258) were removed by weieving then zinc
bromide (SG = 2.3) was used for density separation and isolation of the phytdighs. T
samples were rinsed and washed in purified water, centrifuging repeatedly, between each

extraction step. After clay was removed through centrifuduedfér et al., 2003) the
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phytoliths were washed in purified water, rinseetinanol (97%)dried and mounted on

a microscope slide. Two mounting techniques were used. The first one used immersion
oil, which allows rotation of the phytoliths tdbserve their thredimensional structure

under the microscope. The second techniqud agdgastic medium (Cargille Meltmount
1.539) and di not allow rotation of the phytoliths. Both mounting techniques were used

and between-8 slides were made for eashmple.

2.2. Microscopic studyindex calculation andnage processing

The extracted phytoliths were studied undeQdympus CX41 light microscope
at 400x magnificationTo calculate th®/P index, morphotypes indicative of woody
dicotyledons (i.e., gloular granulates) and grasses (i.e., all the grass silica shot
cells/GSSCs) were counted (see figure 3 for morphotypes used). A total of 215 phytoliths
(i.e., including both woody dicotyledons and grass morphotypes but excluding globular
echinate phytolith) were counted for each samgt@lowing the minimum count size
requirement outlined in Stromberg (B)0To calculate th®/P index, | usedthe
procedure followed by Bremond et al. (ZDin which the ratio is calculated B¢(D+P)
asoutlined aboveEach slide was screened for rgrass epidermal phytolithe study
the degree of phytolith undulation and ardéhen encountered, photographs of these
epidermal phytoliths were taken for image processing. The images were then imported to
ImageJ image procsing software, the outlines of selected epidermal cells treced,
and the perimeter and area of the cells were calculated.
The phytolith undulation index was then calculated using the formula outlined by

Klrschner (1997) as,
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Ul= Ce=Ce
Co 2*P*QAJP
Where Ul= undulation index
Ce= the circumference of the cell

Co = the circumference of the circle; where Ae is the area of the cell

2.3. Estimation of tree cover density

To estimate tree cover density in the study sites, ppocaches are used. The
first, which is the fraction of woody cover (hereafter FWC), uses images from the freely
accessible Google Earth (Google Earth Pro, version 7.3.2.5491). At each sampling
location an image that covers a 1GGmea was chosen becaitsgrovides a scale that
optimizes vegetation formations at most sampling sites. Once the image has been
delineated, it was converted into a grey scale and a threshold was set to convert grey
values into black and white pixels based on the threshold. TreeRWC was calculated
using the proportion of black pixels (which represent area covered by woody vegetation)
versus white pixels (which represent open ground with no woody vegetation) using
Adobe Photoshop software (version 19.1.2). To assess if thgtaelen a recent change
in the vegetation settings at each sampling kiisedthe historical image option
provided by Google Earttthatallowed me tdook at historical imageries that range from
a 35 up to 37 years in some cases. In a few casesilstieisad old satellite imagé.e.,

older than 7 years) with a very coarse spatial scale were excluded from the analysis.
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Figure 1. An example of image used to calculate FWC. AAGoogIe Earth-imagery (left) aﬁd a converted 1
bit (black and white) bitmap used to calculate woody cover

The second approach uses hemispherical photography to estimate LAI (Leaf Area
Index). The LAlcan be defined simply as the singided leaf area of the canopy per
ground area (Asner et al., 2003&rBen et al., 2009). Hemispherical photography, which
is an indirect method of estimating LAl by using a-fi@ztion assessment that applies
the same concept as the FWC estimation method discussed above (Cournac et al., 2002).
Thus, despite the slight firences between the two methods, while FWC attempts to
guantify tree cover density with tagown approach covering a higher spatial coverage,
the LAI estimation quantifies tree cover density with a bottgurapproach, with a lower
spatial coveragélo caktulate LAl in this study, hemispherical photographs were taken
one meter above the ground using a fisheye lens attached to a Nikon D3300 camera. The
hemispherical photographs were then imported into GAP light analyzing software
(version 2), an imaging sefare used to extract canopy structure from fisheye
photographs (Fraser, 1999). Once imported into the software, the images were registered,
and similar to the FWC estimatioa threshold was set to convert the image into a two

color bitmap. Calculations we run to compute different attributes. Out of these results,
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the LAI (5 ring) output, which calculates the effective leaf area index integrated over the

0-7%° zenith angle is used as outlined in Dunn et al. (2015).

Figure 2. An example of imagused to calculate LAI from hemispherical photography with the original
hemispherical photograph (left) and a convertdiit Iblack and white) image used to calculate LAI

N\ (1)
o

10um 5 6

Figure 3. Micrographs of Phytolith morphotypes studiedrtdss 2i bilobate, 3rondel, 4polylobate, 5
saddle, eglobular granulate,-globlar echinate
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3. Results

3.1.Awash National Park

Three vegetation formations were sampled from Awash National Park; riverine
forest (n=2), a wooded grassland (n=1) and a grassland (n=2). All five soil samples have
a sandy clay texture and the calculdigB ratios for these vegetation formations ranged
from 0 to 0.05 indicating no differences in the inferred tree cover density frddiRhe
ratio (Table 1). Only two samples (one of the two from grassland and the only wooded
grassland sample) included epidermal phytoliths that had undulation indices ahd.11

1.15 respectivelyTable 2)

3.2.Bale Mountains National Park

A total of 4 samples were collected; forest (n=2), woodland (n=1) and grassland
(n=1). While soil samples from the forest have a sandy loam texture, samples from the
woodland and grassid sites have a sandy clay loam texture. DHeratios ranged from
0-0.13 showing no difference between vegetation format{@able 1) Only the single
woodland sample produced an epidermal phytaith an undulation index of 1.25

(Table 2)

3.3.Nechisar National Park
Riverine forest (n=1), bushland (n=2), grassland (n=1) and wetland (n=1) samples were
collected from Nechisar National Park. ThefP ratios ranged from-0.02 showing no

distinction among the vegetation formatid@igable 1) Exceptfor the riverine forest
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sample that has a silty clay soil texture, all the other samples have a sandy clay soll

texture. None of the samples analyzed produceegnass epidermal phytoliths.

3.4.Mago National Park

Riverine forest (n=2), woodland (n=1), wooded grassland (n=1) and grassland
(n=1) vegetation formations were sampled from Mago National Park. While the sample
from the wooded grassland has a sandy clay loam texture, the other 4 samples have a
sandy clay teture. TheD/P ratio ranged from 0.7 for one riverine forest sample to less
than 0.05 for the other sampl@&ble 1) Two samples, one of the two from riverine
forest and the one woodland sample, have mean Ul values of 1.48 and 1.56, respectively
(Table 3. Despite having a high/P ratio, the riverine forest sample has an undulation
index slightly lower than the woodland sample. However, the number of epidermal cells
analyzed is different (i.e., an average of 28 epidermal phytoliths for the riverine fores

and an average of 9 epidermal phytoliths for the woodJanalking conclusions difficult.

3.5.0mo National Park

Riverine forest (n=1), bushland (n=1), wooded grassland (n=1) and grassland
(n=2) were sampled. All the samples have a sandy clay soil texture dbtPtiaios
rangeal from O to 0.3 indicating no significant differences between the vegetation

formations(Table 1)
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3.6.Volcanoes National Park

All the samples from Volcanoes National Park come from-afomtane forests
(n=4). All have a sandy loam texture amP ratios that ranged from 0.29 tqDable 1)
Epidermal phytoliths were recovered from 2 séwa@nd had undulation indices of 1.3

and 1.14Table 2)

3.7.Akagera National Park

Bushland (n=2), wooded grassland (n=2), grassland (n=2) and freshwater/aquatic
vegetation formations (n=1) were sampled. Except for one bushland and the
aguatic/freshwater soil samples that had a sandy clay loam texture, the others have a
sandy clay texture. THe/P ratios ranged from-0.26(Table 1) One wooded grassland
sample and the sample from the freshwater/aquatic vegetation had epidermal phytoliths,

with unduldion indices of 1.2 and 1.45, respectiv€lable 2)

3.8.Nyungwe National Park

All of the samples were from forest (n=4) and except for one with a sandy clay
loam texture, the other three had a sandy loam texturee danples hadveide range
of D/P values (0.240.8) thatwas not observed at the other sites. Two of the samples
come from a primary forest and haWéP values of 0.86 and 0.84, while the other two
samples are from a secondary forest and have much Mwemalues of 0.24 and 0.06
(Table ). Despite the similarity in vegetation structure between these forests, the
observed differences might be due to differences in species composition and issues

related to disturbance discussed below. Contrary tDtReatios, higher undulation
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indices (174 and 1.81) were observed for samples from the secondary forest while lower

undulation indices (1.28 and 1.53) are observed for the primary f¢festie 2)

3.9.Gorongosa National Park

Woodland (n=11), wooded grassland (n=2), grassland (n=2), ahcufi=1) and
freshwater/aquatic vegetation (n=1) were sampled. Except for the one shrubland sample
that has a sandy loam texture, all of the other soil samples have a sandy clay soil texture.
Despite the larger sample size from this park compared tahbesptheD/P value shows
a narrow range between €03Table 1) The undulation index from 5 woodland samples

had mean values that range from 11157 (Table 2)

Volcanoes -
Omo o
Bushland/Shrubland
Nyungwe 1 Forest
X .
= Nechisar 4 ®  Fresh water/aquatic
%‘ Grassland
Mago 4
_5 ’ Wooded grassland
% Gorongosa 1 » Woodland

Bale Mountains 4

Awash

Akagera A .
0.00 0.25 0.50 0.75 1.00
D/p ratio
Figure 4.D/P ratios of samples from nine national parks (n=56)
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Figure 5. Examples of negrass epidermal phytoliths used to calculate Ul (undulation index)
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NNP-PFT1-456 Forest Nyungwe 0.9 2.08 0.86
NNP-PRT5-456 Forest Nyungwe 0.88 200 o0.84
NNP-SFT2-123 Forest Nyungwe 0.9 181 0.24
NNP-SFT3-123 Forest Nyungwe 0.9 1.97| 0.06
ANP-RF-T1-123 Forest Awash 0.49 1.30 0.03
ANP-RF-T2-123 Forest Awash 0.56 1.21| 0.01
ANP-WG-T1-123 Wooded grassland | Awash 0.01 0.06 0.01
ANP-GL-T1-123 Grassland Awash 0.02 0.00 0.00
ANP-GL-T2-34 Grassland Awash 0.01 0.00 0.05
ONP-WG-T1-123 Wooded grassland | Omo 0.04 0.22 0.03
ONP-RFT3-123 Forest Omo 0.96 1.48 0.30
ONP-GL-T2-123 Grassland Omo 0.00, 0.00
ONP-BL-T3-456 Bushland/Shrublanc Omo A 0.14 0.07
ONP-GL-T4-123 Grassland Omo N/%.Ol 0.00, 0.00
NSNRPWTL-T1-123 | Fresh water/aquatic Nechisar 0.02 0.00 0.00
NSNRBL-T1-123 Bushland/Shrublanc Nechisar 0.18 0.37, 0.00
NSNPRBL-T2-456 Bushland/Shrublanc Nechisar 0.4 0.79 0.00
NSNPRFK-T1-B56 | Forest Nechisar 0.9 2.22, 0.02
NSNRP-GL-T1-A56 | Grassland Nechisar 0 0.00 0.00
VNP-HF-T1-123 Forest Volcanoes 0.95 1.30| 0.02
VNP-HYF-T1-123 = Forest Volcanoes 0.72 1.20 0.09
VNP-MDF-T1-123 | Forest Volcanoes 0.95 1.53| 0.01
VNP-MHF-T1-123  Forest Volcanoes 0.69 1.14 0.29
AKNP-BL-T1-123 | Bushland/Shrublan¢ Akagera 0.73 0.17| 0.00
AKNP-BL-T3-123 | Bushland/Shrublanc Akagera 0.27 0.04 0.01
AKNP-GL-T2-456 | Grassland Akagera 0 0.00 0.01
AKNP-GL-T3-456 @ Grassland Akagera 0 0.00 0.00
AKNP-SW-T3-456 | Fresh water/aquatic Akagera 0.68 0.96| 0.26
AKNP-WG-T2-123 = Wooded grassland | Akagera 0.02 0.24 0.00
AKNP-WG-T3-456 | Wooded grassland | Akagera 0.05 0.00 0.01
BMNP-GL-T1-456 @ Grassland Bale 0 0.00 0.00
Mountains
BMNP-WL-T3-123 @ Woodland Bale 0.86 1.36| 0.01
Mountains
BMNP-HF-T1-456 | Forest Bale 0.97 1.82 0.00
Mountains
BMNP-HF-T4-123 | Forest Bale 0.94 1.73| 0.13
Mountains
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MNP-RF-T2-123 Forest Mago 0.93 1.99 0.04
MNP-WL-T1-456 Woodland Mago 0.87 1.60, 0.02
MNP-WG-T1-123 | Wooded grassland Mago 0.02 0.47 0.02
MNP-RF-T4-456 Forest Mago 0.92 1.79 0.70
MNP-GL-T2-456 Grassland Mago 0 0.00 0.00
GNP-T1-AJW-A12 | Woodland Gorongosa 0.77 0.00| 0.13
GNP-T1-AXW - Woodland Gorongosa 0.23 0.07
A123 N/A

GNP-T1-CKW-A12 | Woodland Gorongosa 0.77 0.51 0.00
GNP-T1-CW-A12 Woodland Gorongosa 0.23 0.33 0.23
GNP-T1-DG-A12 Grassland Gorongosa 0 0.00| 0.14
GNP-T1-MCW-A12 Woodland Gorongosa 0.19 0.26 0.03
GNP-T1-MMW - Woodland Gorongosa 0.69 037 011
é?\IAfP—Tl-MTW—AlZ Woodland Gorongosa 0.64 0.12 0.05
GNP-T1-MWG- Wooded grassland | Gorongosa 0.07 0.27| 0.22
é%\IZPS:Tl—PW—Alz Woodland Gorongosa 0.26 0.29 0.13
GNP-T1-RW-A12 Woodland Gorongosa N/A 0.30
GNP-T1-SGA12 Grassland Gorongosa A 0 0.00 0.25
GNP-T1-SSA1 Bushland/Shrublan¢ Gorongosa 0.18 0.19
GNP-T1-SWT-A12  Fresh water/aquatic Gorongosa N/A0.4 N/A 0.15
GNP-T1-TEW-A12 | Woodland Gorongosa 0.4 0.52| 0.03
GNP-T1-WG-A12 Wooded grassland = Gorongosa 0.12 0.01 0.04
GNP-T1-ARW-A12 | Woodland Gorongosa 0.83 0.08 0.11

Tablel. Summary table for thB/P ratios calculated for all the samples along with FWC and LAl estimates
(N/A recent images and hemispherical photographs not available
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AKNP-SW-T3-456 219.75 67.81 Riverine forest/ 1.45 0.29 2 0.68 0.96
fresh water
AKNP-WG-T2-123 | 188.10 0.00 Wooded 1.20 0.00 1 0.02 0.24
Grassland
ANP-GL-T2-34 387.00 0.00 Grassland 1.11 0.00 1 0.01 0
ANP-WG-T1-123 290.60 0.00 Wooded 1.15 0.00 1 0.01 0.06
Grassland
BMNP-WL-T3-123 243.10 20.41 Woodland 1.25 0.06 1 0.86 1.36
GNP-T1-CKW-A12 321.85 192.26 Woodland 1.22 0.10 13 0.77 0.51
GNP-T1-CW-A12 294.30 0.00 Woodland 1.57 0.00 1 0.23 0.33
GNP-T1-MCW-A12 192.93 33.69 Woodland 1.19 0.02 2 0.19 0.26
GNP-T1-MTW-A12 132.30 0.00 Woodland 1.15 0.00 1 0.64 0.12
GNP-T1-TEW-A12 @ 362.63 250.93 Woodland 1.42 0.26 8 0.4 052
MNP-RF-T2-123 612.71 218.60 Forest 1.48 0.20 28 0.93 1.99
MNP-WL-T1-456 720.34 318.46 Woodland 156 0.23 9 0.87 1.6
NNP-PFT1-456 185.75 69.65 Forest 1.28 0.10 2 0.9 2.08
NNP-PFT5-456 355.29 304.98 Forest 1.53 0.40 3 0.88 2
NNP-SFT2-123 586.71 357.94 Forest 1.81 0.37 7 0.9 1.81
NNP-SFT3-123 589.00 14.71 Forest 1.74 0.12 2 0.9 1.97
VNP-HF-T1-123 233.55 143.19 Forest 154 0.56 2 0.95 1.3
VNP-MHF-T1-123 | 460.60 0.00 Forest 1.47 0.00 1 0.69 1.14

Table2. Summary table for measurement of sgrass epidermal phytoliths. Phytolith are&€im?, Ul=
Undulation index, SD=standard deviation, FWC=Fraction of woody cover calculated from imageries from
GoogleEarth. LAI= Leaf area indegalculated using-@5° zenith angle.
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4. Discussion

4.1.D/Pratio and tree cover density

Out of the 56 soil samples analyzed in this study from the 9 national gagkes,
were53 samples (i.eexcluding samples from freshwater/aquatic vegetation formations)
from forest (n=16), woodland (n=13), bushland and shrubland (n=6), wooded grassland
(n=7) and grassland (h=11Jhesewnere grouped into their respective vegetation
formation types to look at the variations in I ratios across different tree cover
densities. Despite differences in the woody cover/tree cover density between the five
vegetation formations, all the medi@iP ratios fall below 0.25, showing no statistically
significant difference between the vegetation formationg(vay ANOVA, p=0.06).
Estimates of tree cover density from hemispherical photography (LAI) and satellite
images (FWC) were compared to th#/P ratios. There was no linear relationship
between LAI estimates and tBéP ratios (Figure 7a). Barboni et al. (2007), who looked
at intertropical Africa modern phytolith assemblages usingdfferatio, indicated that
the ratio might not be applicable to hightitude forests because of the lower production
of globular granulate morphotypes at high elevation. So, high altitude samples (i.e.,
samples collected above 1,500 m above sea level) were removed and the analysis wa
conducted on only low elevation samples, but even this change did not result in a linear
relationship with estimated LAI (Figure 7b). Similarly, no linear relationship was
observed when thB/P ratios were compared with FWC, for all the samples (Figaje 8
and for just the low elevation samples (Figure 8b). Both the top down (satellite images)

and bottom up (hemispherical photography) methods for estimating tree cover density
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were used to assess tree cover density at different spatial scales. WhiléiAtess

from hemispherical photographs are spatially confined, FWC estimates from the satellite
imageshavea relatively larger spatial coverage (1(dmthis case). The two techniques

are compared in Figure 9. As expected, higher tree cover densities judged from the
images for a specific sample might show a lower LAI estimation if the hemispherical
pictures were taken between tree canopies, or intlslighen settings within the 106m

while lower tree cover densities from images might show up as a high LAI estimate if the

hemispherical photographs were taken close to tree canopies.

Woodland 4 =1 f—- @
5 Wooded grassland 4 <|l L]
©
S
2
c Grassland 4 - L] [ ]
o
S
©
o
g Forest4 4 [

Bushland/Shrubland - D [ ]
0.00 0.25 0.50 0.75 1.00
D/p ratio

Figure 6. Box and whisker plot &f/P ratios across vegetation foations
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Figure 7. PhytolittD/P tree cover density index versus LAl estimation from hemispherical photography

calculated using-F5° zenith angle. A. including all sampl@gs=52, R= 0.17) B. excluding high altitude

samplegn=38, R=0.09
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Figure 9. Comparison between tree cover density estimation seiejteimages (FWC) versus
hemispherical photograplfizAl)

4.2.Phytolith undulation and tree cover density

Despite the abundance of grass epidermal phytoliths in the sammbegass
epidermal phytoliths were very rare. Out of the 56 samples, only 18 hagtass
epidermal phytolith preservation. Of these 18 samples, only 5 samples had more than 5
non-grass epidermal phytoliths per sampifile most had only 2 or less. Ometother
hand,only one forest sample from MadtationalPark produced more than 25 epidermal
phytoliths (see tabl2 for the number of epidermal phytoliths used in each sample).
Overall, the abundance of ngmass epidermal phytoliths from the study sites very
low. Figure 10 shows the relationship between LAI with both phytolith undulation and
phytolith area indicating no relationship between the parameters. A multiple regression
that included both variables (undulation index and phytolith area)radgmated a weak
linear relationship (R=0.4). The study by Dunn et al. (2015) which established the

phytolith undulation index and phytolith area to estimate LAl used a minimum of 25
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epidermal phytoliths per sample and a total of 45 samples. Thus, thewafysample

size of norgrass epidermal phytoliths from this study impedes definitive conclusions.

. 200 400 600
ul Phytolith area(um)

Figure 10. A. Phytolith undulation index versus L(aF18, R= 0.4) B. Phytolith area versus LAl (n=18,
R?=0.23)
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Figure 11. Phytolith undulation index versus F\W&18, R= 0.29)
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4.3.Comparison with previous studies

To assess how the samples from this study correspond to previous studies, data on
modern soil phytolith assemblag@as compiled from the literature. This includes
mainly samples used in Bremond et al. (2005), a total of 23 samples collected from
western Africa that were used to produce tree cover density model, and additional
samples reported in Bremond (2003) andbBar et al. (1999). The proportion of
globular granulate, globular echinate and GSSC morphotypes are used here to represent
woody dicots, palms, and grasses respectively. Figure 12a presents a ternary diagram of
phytolith assemblages from the present stutich shows that most samples from the
present study indicate a phytolith assemblage dominated by gfa66és of grasses in
most cases). That is, despite the wide variation in the represented tree cover density in the
samples, most samples indicate asgdominated signal. On the other hand, figure 12b
shows compiled data from the literature that indicates a rather wide gradient in the
proportion of woody dicots and grasses. Figure 13, which combines the two datasets (i.e.
new and compiled dataset)arsingle ternary plot clearly shows the absence of samples
that have sutequal proportions of grasses and woody dicots {i40-60% of each) and
the lower proportion of samples dominated by woody dicots (with >60% of woody

dicots) in the current dataset.

133



Woody dicot
100

Bushland/Shrubland
Forest

Fresh water/aquatic
Grassland

Wooded grassland
Woodland

Ecotone

Forest

Mosaic

River bank
Riverine forest
Steep

Wooded grassland
Woodland

Grass ¥ » & S S Palm

B.
Figure 12. Ternary diagrams showing phytolith assemblages. A. The present study, B. Compilation from
the literature
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Figure 13. Ternary diagrams showing phytolith assemblages from the current study along with compiled
data from the literature

To look at theD/P ratios and the associated tree cover density, estimation of FWC
was conducted for samples in the compilethsiet using the method discussed in section
2.2 (Fig. 14) This method was usdmkcausehe originalD/P versus tree cover density
model was based on LAI estimates and 1/3 of the data in the literature does not have LAl
estimates reported. AlsD/P ratioswere calculated for the dataset using the new
approach outlined in Bremond et al., (2017) (i.e. D/(D+P) instead of tHg/Bldatio that
was used to calibrate the model). Unlike what is observed from data from the current

study, a strong correlation ibgerved between tree cover density andtireratio.
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FWC= 0.86D/P + 0.23 R?=0.72
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Figure 14. Correlation between FWC dbiP ratio from the compiled dataset (n= 33)

4.4.Limitations of phytolith indices as a proxy of tree cover density

Although previous studies at other sites have demonstrated a correlation between
the phytolith indices used in this study and tree cover density, our study did not find
support for the hypbesis that the indices are good proxies for the density of tree cover.
There are several possible explanations for the differences in the results.
Inherent nature of the phytolith recor@ne explanation may be that because grass
phytolith production is igh compared to dicots (Piperno, 1988), this higher productivity
and the shorter life span of grasses means that grass dominates the signals in most
assemblages (Albert et al., 201Specifically,for theD/P ratio used here, because
grasses are represedtby several phytolith morphotypes, whereas woody vegetation is
represented only by one (globular granulates), this might bias the estimates. Even within

woody plants, it has been noted previously there is a wide variation in silica production.
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While sone species are good silica accumulators and phytolith producers, many woody
plants can be silica poor. This has, for instance, been shown from the Miombo woodlands
in Mozambique in a study conducted by Maeter et al. (2009). The same study also

noted thaadditional morphotypes can be used to account for the proportion of woody
vegetation which might potentially improve the index.

Preservation: Another potential explanation is preservation bias. Although phytoliths are
considered to have a higher presgion potential than other organic plant micro

remains, preservation potential is different for different morphotypes. For instance,

Albert et al. (2015) mention that while grass silica short cells and globular morphotypes
are robust and well silicified tker morphotypes that are poorly silicified may not be
durable. Wilding &Drees 1974) have also indicated that phytoliths of forest origin are
more soluble than that of grass origin. This and the relatively lower silica production
mentioned above might phain the low levels of epidermal phytolith preservation (which
are thin and planar in their nature) in this study (Mulholland & Rapp, 1992; Piperno,
2006).

Time averagingA further explanation may be bias introduced by time averaging. As
phytoliths ae more durable than organic plant remains, they have a higher chance of
preservation in the soil profile. Although it is assumed that they are a good representative
of the overlying vegetation, several studies have discussed the issue of time averaging in
modern soil assemblages. This is often referred to as the "inheritance effect" where
phytoliths in modern soils can represent a temgn (hundreds of years) assemblage
resulting in a vegetation signal different from what is observed on the contemporary

landscape (Fredlund & Tieszen, 1994). For example, the disparity between the phytoliths
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obtained from overlying plants versus underlying soil has been shown in studies by
Mercader et al. (2011). Furthermore, Albert et al. (2015) have shown that grassthhlytoli
were abundant in soil samples collected from areas where living grasses are absent,
suggesting a timaveraged signal. A similar pattern is observed in the current study
where grasses are absent from sampling areas such as dense forests (e.gudew ali
sampling sites from Bale Mountains and Nyungwe forests), but the phytolith assemblage
is dominated by grass morphotypes. Time averaging could potentially contribute to the
grassdominated signal we are observing even in forested sites in this study.

Transport and disturbanc&€ompared to other plant miecremains phytoliths provide a
more localized vegetation signal but they tooravemmune from transport. Transport of
phytoliths can occur by the action of wind, especially in open vegetatiomgsett

herbivores (removal and deposition), and by water erosion and surfac# (Eredlund

& Tieszen, 1994; Montti et al., 2009; Blinnikov et al., 3DAlbert et al., 2015). Fire and
human disturbance also contribute to phytolith translocation aptbeyte wind and

water transport (Morris et al., 2009). This is also something that needs to be considered in
the current study. For example, samples from riverine forests (e.g., Awash, Mago, Omo,
and Nechisanverecollected in areas that might haween subjected to river over

flooding and surface ruaff during times of high precipitation. If we take riverine forest
samples from Mago Nati@hPark for example, while samples collected close to the river
had a lowD/P ratio (0.04), a single sample tmdted farther away from the river had a

much higheD/P ratio (0.7) The presence of local people in some areas of thegtsok
mears that transport by herbivores (both wild and domestic) and fire cannot be ruled out.

The results from Nyngwe NationBaik are also consistent with the impact of
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anthropogenic disturbance. Despite the fact that all the samples are from a relatively
higher altitude (> 2000 m above sea level), the two samples from a primary forest
(section of the forest that is thought to lo¢ affected by human disturbanceythe
highestD/P ratios (0.86 and 0.84), while two of the samples from the secondary forest
(part of the forest that has been affected by human disturbance in the last few decades)
had D/P ratios of 0.24 and 0.06. Distbance and transport are among the factors that may
be causing the lowdd/P ratios observed in most sites in this study.

Sample sizeAlong with all the potential biases considered above, small sample size may
also be a contributing factor. Despite thetfinat vegetation formations from a range of
latitudinal and altitudinal settings are considered in this study, the number of samples
from a single vegetation formation in a specific site is low. Even though there is a good
sample size for one nationalrgdi.e. Gorongosa, n=17), an average of 4 samples is used
for 8 out of the 9 of the national parks consideRegardinghe phytolith undulation

index, the number of epidermal phytoliths recovered is much lower than the samples used

to produce the mod&h Dunn et al. (2015).

5. Conclusion

A quantitative estimation of tree cover density using proxies in the soil is among
the techniques currently used in modern environmehigoliths are often preserved in
the fossil recorénd havébeen used to recetruct past vegetation cover. The aim of the
present study was to produce a statistical model for predicting woody cover using a high
spatial resolution phytolith dataset from modern African ecosystems, with the aim of

applying the model to fossllearingsites. To do so, surface soil samples were collected
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from vegetation formations with varying tree cover density from several national parks.
Phytoliths were extracted from the soil samples and counted and photographed under the
microscope. The study addses! two main research questions and predictions using two
phytolith indices that have been previously used in other sites. The first research question
is whether there is a relationship between tree cover density abéRpaytolith ratio in

the study ges. However, no relationship was found. The second research question asked
if the linear relationship between tree cover density and the phytolith undulation index
observed in other studies would be found in sites sampling diverse vegetation settings in
eastern and southern Africefound no evidence of a linear relationship between tree

cover density and the phytolith undulation index. Several factors might be contributing to
thisresult. Among these are biases in the morphotypes used to calculatdidas, in

issues related to preservation of some morphotypes, phytolith inheritance resulting in a
time averaged phytolith record, transport or translocation and disturbance by hamdans
herbivoreswhich further contribute to a biased and #ocal vegetatin signal. Lastly,

despite the range of vegetation formasiand sites covered in the study, the sample size
from each national park is relatively small. Increasing the sample size and sampling from
sites with very limited or no evidence of human distadea might help address these

problems.
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Chapterd: Paleoenvironmental reconstructions using geochemical proxies in the
Shungura Formation: Implications for hominin environments

Abstract

Environmental change in the Pliocene and Pleistocene is among the key drivers
thatare believed to have shaped the course of human evolution-d&feltl, continuous
and prolific homininbearing sites which span this critical time period in human evolution
offer the unique opportunity of investigating temporal trends in the paleoenvironment.
Among thecommonly use@pproacheto make paleoenvironmental reconstructions
from fossitbearing sites are stable isotopic studies of fossil herbivores to studgi¢teir
and how it changes through time, and pedogenic carbonates from paleosols to garner
information about the paleovegetation settindgste,combining the two approaches, we
present the first comprehensisgable isotopic study from the Shungura Formation,
which is a welldated site with abundant fossil record in the ©furkana BasinBased
on the stable carbon isotiopstudy of from fossil herbivoreshe time period from 3:2.9
Ma comprised a higher proportion of mixezkeders compared to grazers aovsers.
From ~29-~2.0Ma, there appears to be an increase in the proportionres@urce
consumption with some decline in the proportion of mixed feeders while the time period
after 1.8 Ma is represented by a further decline in browsers and an incrédase |
proportion of grazing taxa@n the other hand, results from pedogenic carbonates indicate
a forested environment fror8.42.0 Ma. Combining the information we get from the
two proxies, we conclude that while the landscape was eventually becomie@peor
and dominated by {grasslands, potentially broad gallery forest was consistently

available along the paledmo river. This supports previous hypothesis that proposed
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the paleeOmo river might have provided a relatively stable refugium for the mmaan
community.

Keywords: Stable isotopes, herbivores, palegsoteth enamel, Shungura Formation
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1. Background

1.1. The Shungura Formation

The OmeTurkana Basin consists of Pliocene and Pleistocene age sedimentary
deposits in southern Ethiopia and northern Kenya. These deposits have contributed a
great deal to our understanding of mammalian and hominin evolatidip a better
understandingf changes in the ecological and climatic conditions across time. The
Shungura Formatiothereafter SK)which is part of th@orthern sectionis well known
for its abundant mammalian and hominin fossil record. The continuity of the sequence
and availability of tuffaceous deposisthe base adach stratigraphic unit make tB&
unique, enabling us to have precise radiometric age estimatbe fassociated fossil
fauna.lt consists of sedimentary deposits that are exposed on the eastern side of the Omo
river. These deposits have a composite thickness greater than 760 meters and are divided
into twelve members (i.e., Basal, A, B, C, D, EG;- H, J, K, and L)The base ofach
member igdesignatedby a volcanic ash layer that is labeled the same way as the member
above it which has facilitated precise age estimates for each meBitmvrf & de
Heinzelin,1983; Feibel et al., 1989; BrokaMcDougall, 2011). In addition to the
major tuff units that define the members, there are numerous minor tuffs in the sequence
that enable further subdivision of the members into units that range f&irmi&ters in
thicknesswith an average thickness of 7ithe sedimerstthat make ugheformation
consist of fluvial, lacustrine and deltaic depo#iten the Plioceneand Pleistocen®mo

river. K/Ar, Ar/Ar and magnetostratigraphic dating provide an age estimate that ranges
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from ~3.61.16Ma for the sedimentarsequenceNMicDougall and Brown, 2008;

McDougall et al., 201.2Kidane et al., 2014).

1.2. Previous studies using geochemical proxies

Previous stable isotopic studies conductetth@SFinclude analysis of pedogenic
carbonates and herbivore tooth enamel. Carbon iscdopiysisof pedogenic carbonates
from the lower Omo valley was conducted by Levin et al. (2011) and indicated a
relatively closed environment dominated kyvEgetationhat prevailed during the late
Pliocene and early Pleistocene. Estimates of the percentage of woody cover based on this
carbon isotopic study conducted by Cerling et al. (2011) also indicated relatively dense
woody cover in th&Fthat was later dominated lopen vegetation settings. On the other
hand, analysis of clumped isotope thermometer to measure the temperature of formation
of pedogenic carbonates has indicated temperatures >30°C, contrary to a relatively cooler
temperature expected for a more cloaad wet settings inferred from other proxies used,
indicating conditions that resemble what is observed in the modern lower Omo river
valley (Passey et al., 2010). With regard to isotopic studies of tooth enamel, Ericson et al.
(1981) performed the firstable isotopic analysis on ogeaffid and oneequid molar
that indicated a browsing and grazing signal, respectively.

A more recent study that looked at two lineaJeagelaphusiakuaeand
Kolpochoerus limneteacross the Ssequence by Bibi et al. (2013) indicateuincrease
in C4 consumption at ~2.Bla, consistentvith previous interpretations given by Bobe &
Eck (2001) that reported significant environmental change in the depositionaldrakin

other studies that repaxh overall increase ins«egetation. Also, analysis of the dietary
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adaptations of four bovid tribés different members of th8F showedn increase in £
vegetation inferred from dietary shifts across several taithh a more pronounced
abundance of Qvegetation especially after 2MBa (Negash et al., 2015). Furthermore,
seasonal variation in diet that result in differing proportionszar@ G vegetation has
also been addressed from a fswle serial isotopic sampling of canines from
hippopotamidgrom theSF (Souren et al., 2012and a similar approach extengdto

other taxa is currently underway (Boissepersonal communication).

1.3. The Hominin fossil record in the Shungura Formation

Thehominin fossil record from th8Fis dominated bysolated dental remains
and while some have been attributed to the genus and speciesntewrsl,areassigned
only to the family level. Cranial and postcranial elements are also known frdi-the
that have provided good information about the differentiiinin species, the taxonomic
diversity and the associated ecology that prevailed in the Pliocene and Pleistocene. Four
hominin taxa have been reported from 8te The genud\ustralopithecuss known
from stratigraphic units that span the time period fre8tMa to ~2.7Ma. From2.7
Ma onwardsSuwa et al. (199&uggest there is evidence of babbust and nomobust
hominin lineages. The robust hominin species from223Ma is assigned to
Paranthropus aetimpicus(Arambourg& Coppens, 1968whereas after 2.3 Ma the
robust hominin evidence &tributed toParanthropus boiseiThe appearance of the
genusHomo(Homosp.) has also been reported in units younger thaM2.4Suwa et

al., 1996).
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1.4. Objective and research gsgons
This chapter presengspaleoecological study that employs geochemical proxies
to study the diet of mammalian herbivores from dental remains and the vegetation setting
from pedogenic carbonatekhis includesa new suie ofisotopic analysis of biltooth
enamel samples from eight herbivore mammalian families acroSs-tued pedogenic
carbonatefrom selected member§he main objective of the study is to expand the
existing geochemical data to be able to address paleoecological questions more
acarately.For instance, instead of using data from a few selected taxa for
paleoenvironmental reconstructiopas employed in Bibi et al. (2013) and Negash et al.
(2015), studying the collective fauna willovidea more complete picture of the
ecological onditions and vegetation settings that existed on the paleolandscape. Also, in
addition to amplifying the information garnered from the geochemical proxissttiay
allows better comparisons with other proXi@sreconstructing paleoenvironments.
This study addressthree main research questions.
1. What doeghe carbon isotopic composition thie tooth enamebf fossil
herbivoresndicate about thediet acrosshe SF?
Previous studiesf herbivoredietsin the SF(e.g, carbon isotopic studies @n
few selected taxa and studies that looked at dental and morphological correlates of
diet) have indicated a change in some herbivore taxa towards increased grazing
(e.g, Spencer1997; Bibi et al., 2013; Negash et al., 2015). Based on this, we
predict hat the G resource consumption will increagpward in timeacrossa

wider diversity oftaxa.
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2. What do data from pedogenic carbonates and tooth enamel imply about the
paleovegetatioacrosghe 3-?

Several lines of evidence from the macro and micro faamdlfloral assemblages
in theSFhave indicated relatively closed and wet environments in the earlier
members progresgy) to more open and dry settinigger intime (e.g, Bonnefille

& Dechamps, 1983Reed, 1997; Bobe & Eck, 2001; Alemseged, 2003). Tihus,
this study, we expect to see an increasing trend towardisn@nated
environmentovertime.

3. How do the two geochemical proxies corrobo@teontrast witkeach other?
Despite differences in the spatiotemporal scale represented in the two fbaxies
et al. 2018)both proxies (i.etooth enamel and pedogenic carbonates) provide
similar stable isotopdasednformation and have been used to make inferences
about paleovegetatidnrom several fossibearing sites. However, due to the
inherent nature of pedogenic carbonate formation licth time and place), some
studies (e.gBreecker et al., 2009) have indicated tliais might provide &iCs
biasedrecord of paleovegetatiohus here, we predict that data from pedogenic
carbonates will indicate a slightlysBiased signal compared to data from fossil

tooth enamel.
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2. Materials and Methods

2.1. Sample collection
2.1.1. Fossil tooth enamel

Samples for isotopic study were selected from dental remains collected during
field seasons in the late 1960s and early 1970s by both American and French teams of the
International Omo Research Expedition (IORE), who worked in the northern and
southern pds of theSF, respectively. The fossil collections are well documented and are
currently housed in the National Museum of Ethiopia in Addis Ababa. Printed and
electronic versions of databases housed in the National Museum of Ethiopia with detailed
informaion on the taxonomic and provenance attributes of each fossil specimen were
used to identify the specimeri@axonomically diagnostic isolated molars and molar
fragments were selected for sampling. A few premolars and deciduous dentitions were
also samplednd analyzed to study differences in the isotopic signature of these teeth
compared to the molars. To collect powder enamel samples, the surface of each tooth
was cleaned with a diamottighped drill to remove adhering sediments, secondary
carbonates, andigface alterations. Approximately 29 mg of powdered enamel was
extracted by scraping the surface of each tooth along the growth axis with the 0.5 mm

diamondtipped drill, cleaning the drill tip between each sampling.

2.1.2. Pedogenic carbonates
Severapaleosolayers (i.e.,ancient soils that have been incorporated into the

geologicalrecord(Tabor & Myres, 2015))were identified irselectednembes of the SF
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during field surveys. In each identified layéselecteda horizon with a high
concentration of CaC{hodules, but carbonate nodules are dispersed throughout the
paleosad and the soil profiles A and B and the transition between them is mosietot
defined To investigate differences in the spatial distribution of paleovegetation
represented in each paleosol layer, samples were cole&6d 00 meter interval

along the layer, atepths of~- 50 cm from the upper boundary of the paleoSdie
samples werdug outfrom ~50-60 cmbelow the outcrop surfade avoid the influence
of alteration due tonodernatmospheric interaction. A 10% HCI (Hydrochloric acid
solution) was used in the field to identify and test for carbonate nodutetal of 26

samplesvere collectedrom paleosols imembers B, C and F of ti&F.

2.2. Samplereparation for stable isotopic analysis
2.2.1. Fossil tooth enamel
The extracted powdede namel sampl e w@ghydrogeeat ed i n 3a
peroxide) for 30 minutes to remove any organic matter, rinsed thoroughly with deionized
water, then subjected to a second pretreatment solution of 0.1 M acetiakoin
acetate buffer for 1 h to remove any secondary carbonates. About Spnmegreéted
powder was reacted with 103a phosfohoric aci o
isotopic analysis. Isotopic ratios were measured on a Thermo Fisher Scientific (Finnigan)
Delta V IsotopeRatio Mass Spectrometer. Results are reported usirggahdard per mil

(a) notation,
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U '¢C or*®0) = [R sample/R standard] * 10°

where R sample and R standard are't8¢%C or'80/*%0 ratios of the sample and a
reference st an #@arf0) values sf patrcenamel are negported ¢n the
VPDB scale, which was normalized using replicate analyses of IAEA and internal
reference materials NB83, NBS19, and Carrara marblejtv knownt!3C values of

5013 ,+19% and +2. 0% daluesaf@ 8. 023.,2 & -2a.n4d3 a
respectively. The precision of replicate analyses of these standards within a given run

was | ess than 0. 1a.

2.2.2. Pedogenic carbonates

Pedogenic carbonate ndds were selected from paleosol samples ar20lmg
of carbonate powder was ssampled and drilled using a diametipped drill, cleaning
the drill bit between sampling. To test @lfC differences between carbonate nodules in
a single soil sample, few additional samples were taken from separate n@dde$
mg of powder carbonate samples were weighed on a Sartorius SE2 ultra microbalance
and put in12ml glass Exetainesials. 0.3-0.5 mg of Carrara Marble and NBSS, with
knownd®®C (2.108 and-5.01& respectively) and'®O (-2.01% and23.23 ), were also
measureganalyzed and used in godint linear correction to normalize the results. The
sample vials were then flushed with Hegh to remove any gas, acidified in phosphoric

acid with a specific gravity >1.92 (i,e2100%) at 28C for 24 hoursand measured using
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a Thermo Gas bench Il Delta V Advantage continuous flow isotope ratio mass

spectrometer. Resulésereported usingthe t andar d per mi | (a) notat

2.2. Principles of stable isotope geochemistry
2.2.1. Fossil tooth enamel

The use of stable carbasotopes in reconstructing vertebrate paleodiet is based
on our understanding of carbon isotope fractionation dyofmegosynthesis. During
photosynthesis, plants discriminate against €@taining*C because of differences in
chemical and physical properties imparted by the differences in mass ofi@€zules
containing®*C versus?C. The amount adiscrimination dffers between plants usingC
and G photosynthetic pathwaysz@lants (i.e., trees, shrubs, herbs, and temperate and
high-altitudegrasses) follow the £photosynthetic pathway that result in large isotopic
fractionat i on b °Cwvatusshdt rarigmfgm22 w-365dawe wi i h a gl obeé
meanof2 6 a. On t h esplantshireainly thopiceldgrass€s and sedges) follow
theGphotosynthetic pat hway, Hewludsthatranmge i n c o mp
from-19t0-9a, with a ¢l2abdlSmdean & fEpstei n, 1971,
Epstein, 1978; Tieszen et al ., 1-Bhérp,; Van der
2002; Ehleringer & Monson, 1993; Koch, 1998; Schoeninger, 1995; Cerling et al., 1997,
Ehleringer et al., 1997; LeEhorp & Sponheimer2013). As plants are the primary
source of car b o' valuesohcensumedptantsease recordbdan the
body tissues of the herbivores, with a relatively consistent fractionation {eegaiting
in a ~14a di f f er e mineea)tisshes,sugteas teethtanddanp,at i t e

compared to diet (Cerling, 1992; Koch, 1998; Sponheimer and’hes, 2003; Van der
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Merwe et al., 2003). Hence, carbon isotopic studies of body tissue from herbivores has
been widely used to make dietary inferenftem both extant and fossil mammalian
species (e.gAmbrose and DeNiro, 1986; Lehorp et al., 1989Sponheimer & Lee
Thorp,1999; Cerling, 2003; Sponheim@003; Cerling et al., 2015; Levin et al., 2015;
Robinson et al., 20).

The oxygen isotopic coposition of environmental water (i.e, water available for
animals to drink) is determined by a multitude of factors including the isotopic signature
of precipitation (which in turn is determined by factors including moisture source,
continentality, altitud, precipitation amount, temperature & humidity), evaporation and
mixing of different sources (e,g@roundwater vs surface water or mixing of water of
different residence times) (See GE296 and Pederzagi Britton, 2018 for a review).
However, several studies have shown that the isotopic signature of body tissues of
mammals varies predictably with the isotopic composition of environmental, water
indicating its potential to reconstruct environmental aimdatic conditions (e.g.

Longinelli, 1984; Luz et al., 1984). This predictatlference lies in the fact that oxygen

in body tissue forms in an isotopic equilibrium with body watdrich is a result of

influxes (e.g.drinking water, oxygen and waterfimod and inhaled oxygen) and

outfluxes (water vapour, water in feces and oxygen in respireji @@he body

mediated by physiology, metabolisand drinking behavior (Luz et al., 1984; Luz &
Kolodny, 1985; Kohnl1996; Pederzani & Britton, 2018). Despite multiple sources of

body water and hence sources of oxygen, drinking vigtke main contributor to the

oxygen isotopic signature of body tissue in mammals (Bryant & Froelich, 1995, Podlesak

et al., 2008)and studies have used the oxygen isotopmspmsition of these body tissues
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to make environmental inferencaisouthomininbearing sites (e.glLevin et al., 2006;

Aronson et al., 2008)VoldeGabriekt al., 2009; Bedaso et al., 2013).

2.2.2. Pedogenic carbonates
Pedogenic carbonates are calcilarbonate nodules, coatings or horizons that
precipitate in soils over hundreds to thousands of years thwsmid to arid regions,
when the soil water content is low (Cerli@gQuade,1993; Cerling, 1998 Breecker et
al., 2009; Quade et al., 2013). Asmtkare the main source of carbon in the solil, the
carbon isotopic composition of soil G@presents the isotopic composition of the local
vegetation (Cerling, 1984). Since pedogeardadbonates form in isotopic equilibrium with
soil COx (with an averagerfact i onati on of ~14a after accoun
to of diffusion ~4a and c a,ltheyicanibeusaalasaonat e pr
paleovegetation proxy (Cerling et al., 1989; Quade et al., 1989a). Compared to biogenic
carbonates such as bjmatite which provide a spatially broader snapshot of what is
available on the landscape, they provide a more spatially constrained (limited area of ~10
m?) but temporally averaged (3Q0°yearg vegetation signal (Levin et al., 2011; Quade
& Levin, 2013 Du et al., 2018 Similarly, the oxygen in pedogenic carbonates forms in
isotopic equilibrium with soil wateand studies hav&hown that it is related to the
isotopic composition of meteoric water (Cerling, 1984; Cerling & Quade 1993).
Although more recent studies have shown that formation of these pedogenic carbonates
can be slightly biased towards warm and dry periods indicating a seasonally biased

vegetation and precipitation record, (eRyreeker et al., 2009; Quade et al., 2083)
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recent study by Huth et al. (2019) has also shown that despite these seasonal biases, there
is also a potential fax combinedignal from multiple events throughout the year

reflecting a balance. Hence, carbon and oxygen isotopes in pedogenic carbonages can b
and have been used to make paleoenvironmental inferences from paleosd®(kng.

et al., 1988; Quade et al., 1989b; Levin et al., 2004; Wynn 2004; Behrensmeyer et al.,

2007; Aronson et al., 2008; White et al., 2011)

162



3. Results

3.1. Family Bovidae

A total of 457 fossil tooth enamel samples were analyzed from specimens
assigned to thEamily Bovidae. Out of these, 418 specimérswere accurately
designated as molars or molar fragments with known stratigragbreniation (i.e,
both member and unit information) were selected. The bovid tribes included in this
study are Aepycerotini (n=97), Alcelaphini (n=68), Bovini (h=58), Reduncini (n=90)
and Tragelaphini (105). Antilopini (n=4) and Hippotradim=1) were als@nalyzed but
not included in this study due to the taxonomic uncertainty of the specimens and the
very small sample size. This dataset includes previously published data (Negash et al.,
2015) which consisted of 173 samples from the four bovid tribes fiepycerotini,
Alcelaphini, Reduncini, and Tragelaphingith additionalnewdata (n=245) that
includes gpreviously unrepresentedxon (i.e,t r i be Bovilitvauesame di an
reported for each member and Wilcoxon rankn tes{Mann-Whitney test) is used to
test for significant differences between members and species represented in some cases.
Below, results from each tribe in the order of their taxonomic abund&noemarized

results for each taxon and member are presenteable 1.

3.1.1. Reduncini
Extantreduncirs (e.g, reedbucks and waterbucks) are mediorarge sized
grazers that mainly occur in wellatered areas and valley grasslands (Kingdon, 1997;

Gagnon & Chew, 2000). In tH&F, thereduncirs are the most abundarovid tribe
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followed byAepycerosTo study the dietary adaptation of tleeluncirs across th&F

sequencel0 specimens were analyzédl of the specimens were assigned to the tribe

level and no lower taxonomic designations were available, viittle case for most

fossil bovid tribes where taxonomic designations are based mainly on isolated teeth.

Throughout the SF sequensamples fronthe tribeReduncini hae ame d i 8Cn

valueof-0. 7a with vald8s 4raan@i g 2f 6@amumal t hough t
values are driven by two outliers). The dietary pattern inferred from these results

indicate that Reduncini incorporated a mixefidz diet during the time portrayed by

the earlier member of tHermation (i.e.Member B) and shifted to a pure C

dominated di et dur i vpludsahe sampEbReduncmidrem For the
theSFhas a median value of-3+0a7andi as Wwalghe ;asa
+ 7 . ZI'Be.transitions from Member D to E and G to H show a statistisaghificant

difference (Wilcoxon rarkum test, p = 0.04). As no major shift in diet is observed in

thesemembers, the observed difference might reflect changes in local climatic

conditions.
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Figurel. B o x p'fCo ta #@ faliiés of tribe Reduncifblack dots represent outliers)
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3.1.2. Aepycerotini
According to Kingdon (1997), the modern representatives dfitiee
Aepycerotin (Aepycerosnelampugare highly residential, mediusized antelopes
that occupy ecotones betwegmnasslands and dense woodlands, with some
opportunistic seasonal feeding to fulfileir demand fohigh-quality foodby grazing
in the rainy seasons and browsing in the dry season. Gagnon & Chew (2002) also
classify them as browsgrazer intermediatefat incorporate 39 0 a of di cot s i n
their diet. In theSF, Aepyceraotiniis the second most abundant bovid tribe followed by
thetragelaphis. From the fossil dental remains assigned to the tribe Aepycerotini, 96
specimens were analyzed for this studyt of the 96 specimens reported here, 67
were assigned tAepyceros shungurgehich is considered a direct ancestor of the
extant speciedepyceros melampuysyhile 30 specimens were assigned only to the
tribe level, which might be due to similarities to tiwing species (Gentryl1985;
2010). For the time span represented in the stratigraphic seqeamgees fronthe
tribe Aepycerotinihavea me d'3C salue af2 . 2 with values ranging from
9. 2a t oloakihg dthe overall dietary pattern Ag&pyceros it appears that
thar dietwasdominated by a mixed4C; diet in the earlier members of the formation,
shifted to a @dominated diet and show a slight change back to incorporating a diet
dominated by mixed £C4 resources in the latenembers othe SF. For the respective
it®0 valuessamples fronthe tribe haean over al | medi an value of
rangingfrom7 . 34 t oAKtZThddgh no maj offOvaluefafeer ences i
observed between masembers, there issgnificant difference in the transition from

F to G (p < 0. 01)*®wluesisobserved.Thisecoincides wita o f U
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the slight change to a mixed/C, diet in thismemberAlso,t he mor e®posi ti ve
values in uppemembers of théormation(i.e.,, members H, J, K and L) compared to

the lowermembers, might be related to the slight changes in dietary adaptation. For
instancethis could be a result of an increasing component of browsel@ames) that

might have more positive values duest@porationHowever, other environmental

factors cannot be ruled out.
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Figure2.Bo x p | &G affd vilies of tribe Aepycerotini

3.1.3. Tragelaphini
Extanttragelaphis are mediurrto-large sized antelopes that reside in a variety
of habitats from forestandswamps tohickets along wide moisturgradients
(Kingdon, 199). The tribe Tragelaphini in tHeFis represented iree species,
Tragelaphugastafari(n=10), Tragelaphus nakuagn=57), andTragelaphus gaudryi
(n=37) two of which (.e., Tragelaphus nakuaandTragelaphus gaudryiare
temporally over | ap p natue for Thlsanplesvrenthattibkis me d i an
-5. 24 WG valbes ianging from al ues o f1 1+ Fndidaling & diet
dominated by mixed £Csresourcesln general, it can be saibatthe dietary

adaptation of thé&ragelaphis was dominated mainly by a mixedC; dietacross the

166

u

~

L



SF.Regarding the tweemporally overlappingpecies represented, although no

statistically significant differences are observed in most members, (except in member C

whereT. gaudryifalls closer to the mixed feeder/browser boundeingreasr. nakuae

is closer to the mixed feeder/grazer boundary shgwatatistically significant

difference, p=0.04fhereares | i ght d i fCfvaueswithinghe samae dietary

category (Figurd). This could indicate varying responses to environmental change by

different species, i.e., evavithin the same genus, different species might behave

differently overtime (as indicated by scenariosFigure4). F o r  ¥Ohresults] the

overall mediarvalueis-0 . 5a wi th values +amRd@in@vferaml| +5. 6
al t h o u'fonvalueshide noiishow a wide range of variatioross most members,

there isa statistically significant differendeetween members F and(= 0.094. This

mightberelated t he sl i ght ¢ hange®vdlues, assomated i nf er r e c
changes in drinking behaviors or other environmental cha@gber factors such as

changes in precipitation source and amount, as well as changes in the basin hydrology,

~

mightalsoinf uence t he si gn#loftdoth&énamerasddcanhotbem t he 0

rejected.
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Fig. 5. Possible scenarios on how twtosely relatedaxa might behave in relation to changes in their
dietary adaptations

3.1.4. Alcelaphini

Extant alcelaphinare mediurto-large sized watedependent obligate grazers
adapted mainly to open plains (Kingdon, TR9n theSF, alcelaphis are thdourth
most abundant tribe followed by tribe Bovii total of 68 specimens, all identifiely
to the tribe levelwere analyzed in this studlcelaphirs are sampled from most
members of the Formation, with the exception of members A, H, and L. Throughout the
SF, thesamples fronalcelaphis haveamei aid¢ ¥ al ue of +1.0& with v

ranging from6 . 9 @ t o Compared ta the other bovid tribes studied here,
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alcelaphis appear to be the only tribe with a consistendi€t throughout the Shungura
sequencewith no major differences across the difnt membergexcept for the
statisticallysignificant(p < 0.0 difference observed betwe&hembes B and C where
thereappears to baslights hi ft t owar d'¥valuey e positive U
Thealcelaphirsampledh a v e  p &G valuegtwaaighdut the semnce with a

me di0n vial ue aodamikirbum@®@d maximumvaluese8 . 148 and +9. 94

respectivelywith no major differenceacross the members
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Figure6. B o x¥d oat ¥dwdlilesiof tribe Alcelaphini
3.1.5. Bovini

Modernrepresentatives of this tribe are laigjeed grazers that occur in savannas
with patches of thickets or forest (Kingdon, T9Bovini from theSFis represented by
57 specimensll of which were identified only to the tribe level. Most members of the
SFare represented with the exceptiome& mber s H, K, afQof L. The me«
samplesfromt he tri be is +0.6a-1Wi. 6& V aloakisgatdrdangi ng
the overall dietary patterexcept foMember Athat shows anixed G/Csdiet, the tribe
Bovini appears to have had a relatively consisterddninated diet throughout the

sequenceT h e meliDivadue forsiamples from theibeis+ 1. 3a wi t h val ues
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ranging from4 . 98 t o Ot+h8e r6 at.h a n 180 hatuesrolesegraed Wember U
A (that ae statistically significant from Member B =0.02),a relatively consistent

p o s i Y0 valees are observed for most members of the Formation.
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Figure?. B o x A oat dwdliiesiof tribe Bovini

3.1.6 Summary for the bovids

Figure9pr ovi des a s namesifoythedévid trites distussed
above across members of tBE Taken all together, an overall increase iré€source
consumptioroccursin the bovidswith major shifts in some members. The transition
from Member A (r7) toMember B(n=53)showsa notable shift (p = 0.02) from a&C
andmixed G/C, diet to a relatively broad dietary spectrum af @ixed G/Cs, and G
diet, while the transition frooMember B to Gn=50) also shows a statistically
significant shift towadls a G dominated diet {test, p< 0.01). Similarly, there is a
significant shift (ttest, p <0.@) from Member E (n=50) tMember F (n=66) towards
hi gh®€rvalues foll owed Yyaluasirsnemtdet®=93p wa r d
(t-test, p = 0.04). With the additional samples from the present shedg, areslight
differences in the median values reported for some tribes across the different members

compared to previousork (Negash et al., 20)5However, the overall diary trends
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appear to be very similafhesegradualchanges irietaryhabits are similar to what

has been observed in other sites (e.g. Badgley et al., 2008; Cerling et al., 2015).
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3.2. Family Hippopotamidae

B 0 x pHCwaluesmf bovitl tribeBom theSF

Extant hippopotamidare large seraquatic mammals that inhabit swamps,

rivers, and lakes and are thought to feed mainly on grass (and some herbs in the case

of the pygmy hippopotamusiingdon, 1997 Boisserie et al., 2011). However,

mesowear and stable isotopic studiesshstvown that they consume a significant

component of gvegetation in closed to moderately open habitats (Boisserie et al.,

2005; Cerling et al., 2008, Souroun et al., 2012). IrStRehe family Hippopotamidae

is the second most abundant taxon nextedotbvids. For the stabisotopic study, a

total of 81 specimens were us€it of these, 54 are assigned to the family level while

27 are assigned #&ff. Hippopotamus protamphibius T h e

Hippopotamidsamples from the SE-3 . 3 a
+1.
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significant difference within the same dietary category (p=0.03), no major differences

in theG**C values are obsrved. Overallit appears thatippopotamidgrom the SF

had a diet dominated by mixed/Cs resourceshat included a higher percentage af C

resources at timesmilar to extantippopotamidsThe hippopotamidsamplegrom

the Shungura sequence havea d i Orvalueof4 . 04 wi th values rangi
10. 5& t dOverfal, thdyshova r el at %@ walueg commaned tdiother
contemporaneous tax@hese values are morensistent in the earlier members

(members A through G) of the Formatiandshowmaorevariation in the upper

members (H through L}-or instance, there is a statistically significant difference

between Member G and H (p=0.04) and between Member H @+®.02).However,

the sample size for these members is relatively small.
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Figure9. B o x p'iCo ta @ faliiés of Hippopotamidae

In addition to the 81 molar specimens included in the previous analysis,
additional 15 specimens in the analysis to examine the differences between molars and
otherdentab | e ment s and to asses taM@vallesgr ee of sy
This included 3 specimens that could be molars, 9 specimens assigned to premolars, 1
tooth fragment, 1 possible canine, and 1 deciduous premolar. In general, the additional
specimensincluding the deciduous premolar and possible canine fall within the range of
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a H@d valiles observed from the molars and the overall dietary pattern appears

the same.
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Figure D. B o x pYCo ta #@ faliigs of Hippopotamidae (including molapsemolars, and

canines)

3.3. Family Suidae

Extant members of thiamily Suidae are mediuto-large sized artiodactyls that
include omnivorous species that dwell in rainforests and woodland habitatse@.g.
river hog and bush pig) as well as grazing species adapted to deserts, grasslands and
woodlands (e.gthe desert warthog and common warthog) (Kingdon, 1990). 8uttie
SFare represented by four mostly contemporaneous gearatahe fossil teetbf these
taxa are relatively abundant and identifialdlbis includes the geneNyanzachoerus,
Notochoerus, MetridiochoeruandKolpochoerusA total of 266 identified molar
specimengre used for stable isotopic analy&slow, results from each genus are

discussed and a summary of the results for the family is presented.

3.3.1.Nyanzachoerus
The genudNyazachoeruss represented in the earlier members of the Formation
over a¥d medi

(i.e., Members A, B, and C) arghmples from thisenus hava n an
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valueof-3. 6 a. Co mp ar Budgeanaera, thehsample sidkNyazachoerus
is small and falls mainly in the mixed feeding categonnnembers A and Bwhile the
singlesample fromMember C shows a/Qrazing signalT he o v e r a0l medi an U
value forsamples fronNyazachoerus-0 . 580 si gni fi cant®di fferenc

o r180tare observed between the three members.
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Figure . B o x pYiCo ta @ falligs oNyanzachoerus

3.3.2.Notochoerus

The genudNotochoeruss represented by a total of 93 specimens across members
A through H.Across the Shungura sequensanples froniNotochoerusave an overall
mediani**C valueofl . 2& wi th val dés tmoarmgtiBogn. fr om
Members A and Bvhich show some a mixeds(Cad i e t 3C reshlts indicate that
the diet ofNotochoerusvas mainly dominated bysCesources with no significant
differences across the differene mb e r s . T ¥Gvaluedodsamplas frém
Notochoeruscross the segnceisO . 6 a wi t h val H$és toalmepiang fron
i'®0 values show a statistically significant shift (p<0.01) in the transitions from Member
A to B and from Member G to FAs no major shift in diet is observed between these

member s, t he %0 hauesgnalst reflect changes in the local climatic
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tectonc conditionssuch aghe appearance of a lake that change the oxygen isotopic

composition of drinking water
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Figure 2. B o x p'fCo ta i@ falies oNotochoerus

3.3.3 Metridiochoerus
Metridiochoeruds represented by &pecimens out of which 63 specimens are
assignedo the specieMetridiochoerus jacksonB are assigned tdetridiochoerus
andrewsj 1 is assigned thletridiochoerus compactumnd 7 are assigned only to the
genuslevelT h e o v er aClvalumfersainmen froth thgenusMetridiochoerus
is-0. 9a with minimum a8dla@amaandumlyv@adauesspéct i\
Overall, Throughout theSF, it appears thatletridiochoerushad a relatively consistent
Cs-dominated dietwith the transition from Member G td marked by a significant
shift (p=0.01) towards mone 0 s i 3G valeesTih e me'iivadur foramples
from Metridiochoerus s +0. 5a wi t h w7a.l ludée st aAawwégthtnagg. f r om
different memberghere isa significant shift towards positivié® O in the transition
from Member E to F{ = 0.0) and a shift back tb o w &® valliefrom Member F to

G (p<0.01)
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Figure B. B o x pYCo ta #@ fallies oMetridiochoerus

3.3.4.Kolpochoerous

Samples from the genk®lpochoerusomprise 82 specimens, among which 22
are assigned tidolpochoerus limnetegl toKolpochoerus heselomaind 56 only tdhe
genuslevelT h e o v er aYClivalumfersamp@enfroniKolpochoerughroughout
theSFis-0.88 wi t h val ue-8. t anug o loekihg a8 therdietary
pattern across the different members, it appearKiblppchoerusstarted out as a mixed
feeder in the lower members of t8€ (i.e.,membes A and B)and later shifted
(showing a statistally significant difference between Member B and C, p<01013, G
dominated diet in the upper membats t h r e s % wvaluessamplds fromthel
genusKolpochoerushhavea me d¥ aatuesof0. 94 wi t h val ues
5.8a+5t.08Na. significant di ff é% ealuesasossahe e

di fferent members even wh¥Qvalgehi fts in
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3.3.5. Summary for the suids

Figure Gpr ovi des

above. As observed in the bovids, there appears to be an overall increasesioue

Members
> W O O m = @ I x r

B o x pHCo ta #¥@ faliies oKolpochoerus

K. heseloni
* K. limnetes
Kolpochoerous

a s'%C nainesrfoy all thé suidstliscusged

consumption in the suids with some significant shifts in sorembers. For instance,

the transition frorMember B (n=36) tdlember C(n=31) is signified by a notable shift

(p < 0.01)thatindicates a change from a mixed € to C4 dietary adaptation in

Member B to a dominantlys&liet inMember C. Also, the transition fromember G

(n=52) toMember H( n =2 3)

values. Overall, it can be concluded that suids, in general, had a significant portion of

mixed G/C4 diet in the lower membesrof the Formation but shifted to an increasingly

shows

a

Cs diet in the upper members of the Formation.
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3.4. Family Elephantidae

Extant elephants are megaherbivores tlatih a wide range of habitats and feed
on grass and browse with varying proportions of each in different seasons (Kingdon,
1991 Cerling et al., 1999). In theSF, the family is represented by specimens mainly
identified to the specidslephas reckwith five subspecies that show an evolutionary
trend towards bigger and longer teeth, with an increasing number of plates (Coppens,
1978; Be@n, 1980). For the stable isotopic analy8®,samples were used in this
analysis (and one specimen assigneg tmProboscidea). Out of these 92 specimens, 86
were assigned only to the family level, 2 specimens were assigned to the species level
(i.e., Elephas recRi 3 specimens were assigned to the subspEteghas recki atavus
and 1 specimen was assignedh® subspecieSlephas reckshungurens

The over aiChalumesampesfronihe elephantids-1. 8 & wi t h
valuesrangingfroml 2. 4a t o + 1. Géphantdvfem thd Shyngutah e

sequence show a mixed/Cs and some &diet in the lowemembers (A througk,
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excluding the significant shift to a higher incorporation ef€sources observed tine
transition from Member B to C, p=0.)2hat changed to a predominantlyr€source
consumption in the upper members (F through L). This isistems$ with previous
isotopic work that has shown a @ominated diet in the Pliocene and Pleistocene in
Africa (Cerling et al. 1999) and dental morphology changes (iiecrease in the

number of plates, a decrease in enamel thickness and increaseaddmyy) that
indicated increasing £liet especially afteMember F (Coppens 1978; Sanders & Haile

Sel assie, 2011; Li st €90 valugd fordadples oElephantidaes e r a | | n

fromtheSFis-0. 9a with mini mum a6Gd4d ama&kn@um val ues

respecti vel yvhues pe awideadnge oftvdlues, dspecially in some
members such as B and G, and tend to have more positive values in the upper members
of the Formation. Also, the significant change in diet observétfC in Member C

be by®valses.i ght change

appears to accompani ed

However, no statistically significant differences are observed between consecutive

members.
] 0 J -
KA | KA |
A T} A [
61 s & —L
g & . 2 Elephanitidae
g i {;L Bé’ F H -D-}' » Elephas recki
g E 1 } 3 2 = —D. H ® Elephas recki atavus
D4 —I I R o D o e _| g Elephas recki shungurensis
c de L}- cd _I_Eu_
. 7 o L. iy
A [ } iD‘— Ad [ U L]
15 10 5 0 o i) 0 5 10
8'3c 5150
Figure 5. B o x p'iCo ta i@ faliies of Elephantidae
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3.5. Family Giraffidae

Extantgiraffids are largesized, highquality foliage browsers that live in
savannaandopen woodlandéingdon, 1991; Cerling «dl., 2015). In theSF, the
family Giraffidae is represented by specimens identified only to theydeviel as well
as specimens assigned to two generg;Gieaffa andSivatheriumWhile thegerus
Giraffa hasthreetemporally overlapping speci€s gracillis, G. jumae G. pygmaeus
Sivatheriumhad one recognized speci&s,maurusiumFor this stablésotopic study of
the giraffids,a total of 45 specimerisom members C, E, F, G andvere used for
analysis. Out of these, 25 were molars or molar fragments whereas 20 were identified as
premolars, tooth fragments or deciduous premofaus.ofthe totald5 specimens, 35
were assigned only to the family level (j.@iraffidae), 8 specimens were assigned to
the genusGiraffa and 2 specimens were assigned to the sp&iraffa pygmaeus
Here, two separate analyses, one looking only at the n{alarsh has a relatively
small sample size, n=25) and one including all the specimens sampldti€iraolars,
premolars, deciduous premolars and tooth fragments combined together) are presented
and discussed.

When looking at just the molars and molagfrme nt s, t he Rver al | me
value ofsamples frongiraffidsis-1 2. 4a wi t h val-lue.s9d 8tndiang fr on
In the members studied here, the giraffids show a consistenfy@vse dominated)
diet as do their modern counterparts and fossil veatirom several eastern African
sites (e.g.Uno et al., 2011; Cerling et al., 2015; Rowan et al., 2A®).r fOh e U
val ues, the overal/l medi an value i-s +1.7a wi

3.9a and + 9. Owvdhno sgsifcantdifferaneatrgss the members.
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Whenincluding specimens identified as premolars, tooth fragments or deciduous
premol ars in the analysis did nifferences gni f i can

i n t he Péealdds were obiserved) or the dietary patterns observed. However,
h i g H*€ values are observed for 2 of the deciduous premolars and 1 premolar. For

t h®0  valuesal t hough t @ values stayed the $ama]j thedima value

changed by ~1.6a.

A
{1
Element
= ® Decideous premolar
D—”rr!:]—E; A Molar/molar fragment
b = Premolar/Premolar fragment

[
[0}

) »
8 o - + tooth fragment
A A
'g FA ‘E F . 1R
) o N u
= =
Taxa
EA Giraffa

m
——

® Giraffa pygmaeus

- ® Giraffidae
° ) [oF | L] "y
° A Al m A

5 0 5 10 5 0 5 10

8'%c 5'%

Figure B. B o x pYiCo ta #f@ faliigs of Giraffidae (including molars premolars and tooth
fragments)
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3.6. Family Equidae
Modern representatives of the family Equidae such as the African Wild Ass and
Zebra ardargesized exclusive grazers that live in open habitats such as grasslands and
bush/grass mosaics (Kingdon, 1990). In$kethe family is represented by two genera:
Hipparion, which occurs throughout thiermation with an increase in hypsodontyer
time andEquus (true Equug that appears iMember G (Coppens, 1978). For the
isotopic analysis69 specimens were used. Throughout3kesamples fronthe family
Equidachavea medi an value of +0.-baz2@aithbh wval 2as 1 a
general, exeptfor the mixed G/C4 diet observed by some individuals\tember B
(which is significantly different from Member C, p<0.0i)e equids had a relatively
consistent @diet. This is in agreement with previous Isotopic stutidgatingthat
equids had aredominantly @diet in the Pliocene (Cerling et al., 1997; Sponheimer et
al., 2001; Kingston & Harrison, 200Both EquusandHipparion are representeit
Member Gand the two generghow a statistically significant difference (p = 0.04)
within the G diet categoryF o r fOhvauedwhile samples fronthe lower members
oftheSFhad r el at?® vwedlyudso,w al wOdauesse@seyain i n t he U
Me mber G, f ol I'% wetues indemben li. Ghie significant differences
observed inthe G*3C values ofEquusandHipparionis also reflected in thé'®O values
(p<0.01) which might furtherindicate reliance on different dietary resources within the

C4 diet cdegory.
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As many premolars were sampled but not included in the analysis above, a
separate analysis was conduihawtenthe i nvesti ga
premolars and molars. Here, in addition to the 69 molars reported above, 28 premolar
specimens are included. The boxplotFegure 2 shows the analysis (n=9K&)hen the
premolars are included in the analysisly slight differences (a maximum difference of
0. 9ian t he Paeldds)are observed. No statistically significant difference
between the molars and premolarsobserved and the dietary pattern stayed the same.

A similar pattern was observed ¥ %@ \alues with nanajordifference in the

overall medi an val ues (oabetweerhe malansari f f er ence
premolars.
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o F |3 a  F1 . . J 3 . ® Equus
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Figure D. B o x p'¥Co ta Af@ faliiés of Equidae (including molars and premolars)

183



3.7. Family Deinotheriide
Deinotheres are extinct proboscideans that lived in the Miocene to the Pleistocene
in theOld World (Huttunen, 2000; Poulakakis et al., 2005). Out of the recognized
deinothee species, most of the specimens from3lkare assigned tbeinotherium
bozas (Arambourg, 1947Coppens, 1978Fven tooth fragments are highly identifiable
for this taxon, resulting in a relatively large sampleotal of 67 specimens were
analyzed for their stable carbon and oxygen isotopic composiAgrtbe sample size for
just the molars was relatively small, molars, molar fragments, and tooth fragments are
included in tle analysis(Figure 2). Overall,samples frontdeinotheres have a median
iCvalueof1 4. 0&a with a miSimummndalaemaoaXi mum valu
1 1 . showing verysmall rangeeompared to what is observed in the other tdkes
indicates that throughout th&F,the deinotheres were consistent browsstewing no
change in their diet. The resu#tgreewith previous isotopic work from Pl&leigocene
sites that also show a consistent browsing diet, (¢iiggston & Harrison, 2007; Uno et
al., 2011; Cerling et al., 2019.0 r  fOhvalued] the overall median value?s. 1 &
with valuesrangingfrom6 . 2a t o +1. 9a i ndApardfromang a wi der
significant shift (p < 0.01) in the transitidrom MemberA to B, no major differences

are observed across the members.
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Figure 2. B o x pYiCo ta #f@ taliiés of Deinotheriidae

3.8. Family Rhinocerotidae

Extant African rhinocerotids itede the black rhinocero®{cerog and the white
rhinoceros Ceratotheriun), both of which are largbodied species only surpassed in
size by elephants. While the black rhinoceros is slightly smaller in size, prefers edges of
thickets and woodgavannas and favors lelevel browse, the larger white rhinoceros is
a short grass grazer that prefers open grasslands (Kingdon, 1990; Cerling et al., 2015). In
the SF, the family Rhimcerotidae is represented by b@lttterosandCeratotherium,
both of whth show a trendver timetowards higher crowned teeth (Coopens, 19#8).
isotopic analysis, a total @B specimens assigned to Rhinocerotidae were sampled and
analyzed. Out of thes& specimen was assigned to the gdbiggros( whi c h¥th ad a
valueof-1 0. 4a) whi I7specimbns weretassignmedd@ratotherium simum
Out ofthe 27 specimenE3 are molars, 6 are premolargrdtoothfragments and 1 is
described as a deciduoustodtho o ki ng at just t he Bowmuar s,
is-0. 9&8 with vald8&s 7/@an gdvaed .ad#ovaluds indicate a
Cs dominated diet with some mixed/C4 diet in somamemberswith a few outliers that
have a @dominated diet. It might be possible that thestiers belong t®icerosbut
wereidentified asCeratotheriumas distinction between the two genera is considered
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difficult based on fragmentary remaifiGeraads, 2004). Previous isotopic data from
other PliePleistocene sites has shown that the two gedécarosandCeratotheium,
had a relatively consistens@nd G diet respectivelySponheimer et al., 2001; Cerling
et al., 2015) while others studies have shown a wide dietary range wstimix€d G/Ca
and G diet (Levin et al., 2008; Uno et al., 2011; Bedaso et al., 2616)r ¥Oh e U

val ue s, the overall medi an vala&d e +®. Ha

with no significant differences across the members.
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Figure 2. B o x pYCo ta %@ falliés of Rhinocerotidae

When including the molars, premolars, deciduous tooth and tooth fragments in the
analysisexcept for thenajor change observaa Member Fdue to the inclusion of 1
deciduous tootkthat had a lowi'3C value,the overall dietar pattern observed is similar.

Similarly, the general pattern observied t h €O vialue stayed the same.
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3.9. Pedogenic carbonates from the Shungura Formation

A total of 26 pedogenic carbonate samples were analyzed from members B, C and

F. Samples from Mmber Bhas amediani®C valueof-1 0 . 1

maximum values 0f10.9%% and 9.8 . Sampls fromMembers C hae a mediani**C

value of-9.1a (n=13) with values ranging frori0a to-8.24 while samples from

v

a

Decideous tooth

® Molar/molar fragment

® Premolar/premolar fragment

Tooth fragment

(n=5)

B o x pHCo ta A@ falie€s of Rhinocerotidae (including molars premolars and tooth

Wi

Member F hae a median value oPa (n=8) with minimum and maximum valuasth

values ranging froml1la and-8.1a . While the transition fronMember B to C

indicates a statistically significant difference (Wilcoxon r&uikn, test, p < 0.05), no

t h

significant difference is observed between Member C and Member F. Despite these

differences, théi'*C values indicate a4lominated environment in atie members
considered. For th&®0 valuessamples fronMember B hae a median value o6 . 6
with values ranging frorl5.98 to-5.2a while samples fronMember C has a median

value of-4.44 with values ranging fron5.93 to-3.14 . In Member F, the mediait®0

valueof the sampleg -3a with values ranging fronb.1a to-1.8a . As observed in

the U*3C values, Wilcoxon rantsum test shows statistically significant differences

between Members B and C.
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Family

Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae

Bovidae

Tribe/ Genus

Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Reduncini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Aepycerotini
Tragelaphinin
Tragelaphinin

Tragelaphinin

Genus /Species

indet

indet

indet

indet

indet

indet

indet

indet

indet

indet

Aepyceros shungurae
Aepyceros shungurae
Aepyceros shungurae
Aepyceros shungurae
Aepyceros shunguraéepyceros
Aepyceros shunguraéepyceros
Aepyceros shunguraéepyceros
Aepyceros

Aepyceros

Aepyceros

Aepyceros

Tragelaphis gaudryi

Tragelaphus gaudryi
Tragelaphus Rastafari
Tragelaphus gaudryi
Tragelaphus nakuae
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9
10
10
10
10
11
10

9

14
10
10
10
12
20

11

13

12

Median
(d13C)
-2.3

-1.3
-1.8
0

-1
-0.3
-0.7
-1.8
-0.2
0.3
-4.5
-3.7
-2.6
-1.8
-1.1
-0.6
-2.3
1.6
-3.5
-2.7
-3.3
-9.6
-7.4

-3.7

Median
(d180)
-0.3

-1.6
-1.3
2
0.2
21
0.4
0.2
3.2
2.5
11
0.2
11
-0.3
1.7
1.9
-0.7
59
3.4
4.1
3.7
11
0.7

-1.2



Bovidae
Bovidae

Bovidae
Bovidae

Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Bovidae
Hippopotamidae
Hippopotamidae

Hippopotamidae
Hippopotamidae

Tragelaphinin
Tragelaphinin

Tragelaphinin
Tragelaphinin

Alcelaphini
Alcelaphini
Alcelaphini
Alcelaphini
Alcelaphini
Alcelaphini
Alcelaphini
Alcelaphini
Bovini
Bovini
Bovini
Bovini
Bovini
Bovini
Bovini
Bovini

N/A

N/A

N/A
N/A

Tragelaphus nakuae

Tragelaphus gaudryi
Tragelaphus nakuae
Tragelaphus gaudryi
Tragelaphus nakuae
Tragelaphus gaudryi
Tragelaphus nakuae
indet

indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
indet
aff. Hippopotamus protamphibiu:

aff. Hippopotamus protamphibiu:
and genus indet
indet

indet
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16
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16

10

-3.4
-4.5

-0.6
1.4
0.7
11
0.7
1.4

-1.4

-5.9
-0.6
1.1
0.7
1.1
0.8
0.7
-0.6
-5.7
-4.7

-4.2
-2.6

-0.7
-0.6

0.5

-1.1

0.7

2.3
1.8

15
5.7

-3.8
1.9
-0.5
-0.1
1.8

2.4
-3.9
-4.4

-3.7
-4.3



Hippopotamidae

Hippopotamidae
Hippopotamidae

Hippopotamidae
Hippopotamidae
Hippopotamidae
Hippopotamidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae
Suidae

Suidae

Suidae
Suidae

Suidae

N/A

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A

aff. Hippopotamus
protamphibius and genus indet
aff. Hippopotamus protamphibiu:

aff. Hippopotamus
protamphibius and genus indet
indet

indet

indet

indet

Nyanzachoerus
Nyanzachoerus
Nyanzachoerus

Notochoerus euilus
Notochoerus euilyfNotochoerus
Notochoerus euilysNotochoerus
Notochoerus

Notochoerus euilydNotochoerus
Notochoerus euilyfNotochoerus
Notochoerus euilysNotochoerus
Notochoerus

Metridiochoerugacksoni;
Metridiochoerus
Metridiochoerugacksoni;
Metridiochoerus
Metridiochoerugacksoni

Metridiochoerugacksoni;
Metridiochoerus
Metridiochoerugacksoni;
Metridiochoerus
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-1.2
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-15

-1.8
-0.6

-3.8
-4.5

-1.6
-5.6
0.8
-0.3
-0.7
-3.6
0.9
-1.2
1.8

-0.3
0.2
2.8

-0.3

-2.6

-0.3
0.4
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Suidae
Suidae
Suidae

Suidae
Suidae

Suidae
Suidae

Suidae
Suidae

Suidae

Suidae

Suidae

Suidae
Suidae
Suidae
Suidae
Elephantidae
Elephantidae
Elephantidae
Elephantidae

N/A

N/A

N/A

N/A
N/A

N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Metridiochoerugacksoni;
Metridiochoerus
Metridiochoerugacksoni;
Metridiochoerus
Metridiochoerusandrews;j
Metridiochoerus
Metridiochoerusandrewsi

Metridiochoerusandrewsj
Metridiochoerugacksonj
Metridiochoeruscompactus
Kolpochoerus limnetes

Kolpochoerus limnetes
Kolpochoerus
Kolpochoerus limnetes
Kolpochoerus
Kolpochoerus heseloni
Kolpochoerus
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Deinotheriidae
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indet

Hipparion
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Hipparion

Hipparion aff.stifense
Hipparion
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Equus grevyi; Equus; Hipparion

Deinotherium bozasi
Deinotherium bozasi
Deinotherium bozasi
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4. Discussion

4.1. Herbivore dietary patterns in the Shungura Formation

Taking all theartiodactyl, perissodactyl angroboscidean taxa in all the members
together, therappears to be no linear trend towards an increasimp@inated diet
(Figure 25a)oranyt r end t owa r d ¥O valoes a&crogs tinsei(Rigure 25b). U
Also, there is no statistically significant difference in the transition between the different

memlers (oneway ANOVA, p>0.05 for all the consecutive member pairs), which is

mainly due to the presence of consistesbd ows er s and tGealuesi de r ang

observed in some taxa. However, the trend towardsda@inated diet in thencluded
taxaismoreclearirfi gur e 26 when | o€ kaluespfalhithe t he medi
herbivore fauna in each member, across time. As shown in the figure, although there are
consistent gbrowsertaxathroughout the sequengeith their abundance being very low

in theupper members) t here is a shift in ¥dvaluemedi an
towards a @dominated diet through time. Also, the proportion efgtazers irthefauna

becomes higheespecially in the upper members of tbemation(Figure ).
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Figure 25a Al i near mo d e'fC vdlues (R=€.05, §<@.05) ahbe %0 values (R= 0.04,
p<0.05) to show dietary patterns across time for the herbivore taxa (n=1034)
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Figure 26. A boxplot showing the tempotar e n d *°C walués lofall thie mammalian families studied
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As mentioned above, orveay ANOVA was conducted to test for significant
differences between members of fbamation and a posthoc test, (Tukey's Honest
Significant Difference test/Tukey's HSD test) was conducted to determine significant
di f f er é°@ vakes between the mammalian families in each member. Here,
results from each member greesented in Figuress2and significant differences (i,e.
Tukey's HSDp <0.05) between taxa in each member are reportddember A,
althoughthe el ati ve sample size is PEvamdsthat t her e i s
span the & mixed G/C4, and G dietary spectrunSi gni f i cant ¥®@vafuédser ences
occurbetween the deinotheres (browsers) versus the bovids, equids, suids, elephantids,
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and hippopotamids (which are mixed feeders/grazers). Statistically significant differences
are also observed between the bovids (mainly mixed feeders/grazers) versus the equids
and suids (mostly grazer). Member B, there is a significant difference betwte
deinotheres (which are pure Browsers) and the other mammalian famjlas no
major differences are observed between the other taxa which cover the eftire C
dietary spectrum. Looking at the proportion of individuals that fall in either theiQed
Cs/C4 and G categories, it appears that there is a high proportion of mixed feeders in
Members A and B. This is also true for takatare considered as mainly-Grass
grazers (such as the suids and the equidsdre several individuals fall #iin the
mixed-feeding category. This patteisievident when looking at the ternary plotHigure
28, which shows thahembersA and Bare dominated by a high proportion of mixed
feeders (i.e.>60%) with a low proportion of grazers (<20%), a patterry dfferent
from what is observed in tteicceedinglemberC, or in modern ecosystems

While the giraffids and deinotheres (both pure browsers) are distinct from the
other taxa in Member C, there is also a significant difference between the bovids and
equds (most of which are grazers in this member) and the hippopotémadtdy mixed
feeders in this membedn Member D, deinotheres are again significantly different from
all the other taxa, and the elephantids (which are mainly mixed feeders in thismnembe
are different from the suids and bovids (which are mainly grazers). Compaviehtber
C, Member D appears to have a higher proportion of mixed feeders and a lower
proportion of grazers based on the isotopic results. Members E and F are very similar in
that, except for the significant differences observed between the deinotheres and giraffids

compared to the other taxa, there are no major differences among the other taxa
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Figure 28. Ternary diagram showing the proportion of grazers, browser and mixed feeders in the different
membergtop) andin modern ecosystentbottom) redrawn based on data reported in Cerling et al. (2015)

andshown forcomparisonDietary category isdsed on classification given by Cerling et al. (2015) where

C,grazers, mixed §£C, feeders,or€ébr owser s are classifi e¥¥vahessed on t he
1T1a, > 11a and <18a, and <18a, respectively)

In Member G, in addition to the differencalsserved between the deinotheres and

giraffids compared to the other taxa, significant differermaesirbetween the equids
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