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Abstract of Dissertation 

 

 

Woody Cover in Modern African Ecosystems: Implications for Hominin Landscape 

Dynamics 

 

Knowledge about paleoenvironments is often hampered by the limitations of the 

fossil record, which only offers a glimpse of ancient ecosystems. To extract as much 

environmental and ecological information from the fossil record as possible, we often 

rely on modern analogs as our sole source of information to study biotic and abiotic 

components of ecosystems. This dissertation adopted a similar approach by studying 

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 record of Shungura Formation, a 

hominin fossil-bearing site in the Omo-Turkana Basin in southern Ethiopia, to improve 

our understanding about the paleoenvironment. This dissertation is also targeted at better 

defining the common "mosaic habitat" interpretation for most hominin fossil-bearing 

sites. To this end, carbon isotopic study of soil organic matter and phytolith analysis was 

conducted on modern surface soils collected from national parks in eastern and southern 

Africa with diverse vegetation settings. I aimed to calibrate statistical models for 

predicting woody cover with these proxies. The models calibrated 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 the collective herbivore 

fauna. Overall, this study has shown that, depending on the type of proxy used, 

quantitative studies in modern environments can be used to make more reliable 

interpretations from the fossil record. However, it also highlights and discusses some of 
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the limitations and biases of using modern analogs.   
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Chapter 1: Introduction  

Environmental change is considered a key driver of human evolution in the 

Pliocene and Pleistocene (Bobe & Behrensmeyer 2004; deMenocal, 2004; Behrensmeyer, 

2006). This is mainly due to proposed concurrence between global and regional 

environmental changes and major events in hominin evolution, 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 (e.g., Kingston, 2007; Potts, 2012; Maslin, 2015; 

Joordens et al., 2019). While some assume a directional change in the environment (e.g., 

increasing aridity) explains the key events in human evolution, others predict that 

environmental variability is the main driver (Vrba, 1993; deMenocal, 2004; Potts, 1996). 

One approach to testing these hypotheses is to look for evidence of temporal changes in 

the faunal and floral composition in the fossil record (e.g., Behrensmeyer, 1997; 

Alemseged, 2003; Reed, 2008; Bonnefille, 2004; Barboni, 2014; DiMaggio et al., 2015).   

Among the main factors that determine the vertebrate faunal composition and 

distribution on the landscape is the amount of woody vegetation cover, which provides 

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 shade-seeking behavior (Rogers et al., 1994; Wheeler, 1994; Sept, 1998; 

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

accurate 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 analytical time averaging in the proxies used to reconstruct 

paleoenvironments (e.g., differential preservation of the proxies, dissimilarities in the 

information they provide, disparities in spatial and temporal scales represented by them) 

(Behrensmeyer et al., 2000; Kingston, 2007). As a result, most paleoenvironmental 

interpretations in hominin-bearing sites indicate a mosaic habitat, which simply means a 

mix of habitat types (Kingston, 2007; Reynolds et al., 2015; O'Regan et al., 2016). 

Moving beyond the ñmosaic habitatò reconstruction of hominin environments requires 

developing proxy datasets and an interpretive framework that 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 high-spatial resolution, with proxies that can be preserved in the fossil 

record. In doing so, it seeks to apply what we learn from contemporary ecosystems to the 

fossil record to provide refined paleo-landscape reconstructions that encompass lateral 

distribution of woody vegetation cover. Using these improved reconstructions and 

examining how landscapes changed through time at a given site and across sites, we can 

then test hypotheses about the impact of environmental change and its influence on 
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behavioral and morphological adaptations in our lineage via shifts in the structure of 

vegetation on these landscapes.  

Space-for-time substitutions, where contemporary spatial 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 principle in using these space-for-time 

substitutions is that by 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 applied to understand species richness and diversity patterns that are likely to show 

changes as a function of climate. Although the underlying question, the method used, and 

objectives addressed here are different from studies that commonly use this approach, 

this study uses the same underlying principle to better understand both contemporary and 

paleo-landscapes. In most paleoecological studies from hominin-bearing sites, in addition 

to the common ñmosaic habitatò reconstructions mentioned above, we often make 

generalized environmental reconstructions such as ñclosed/woodland dominatedò or 

ñopen/grassland dominatedò. Here I use a similar approach to the space-for-time 

substitution to study modern landscapes that can 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 inferences about representative/equivalent contemporary landscape as 

well as associated climatic settings/parameters.   
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To address these issues, nine national parks from eastern and southern Africa 

were studied (Table 1 and Figure 2). To test applications to the fossil record, I selected 

the Shungura Formation, a hominin bearing paleontological site in southern Ethiopia 

(Figure 3).  

 

          

 
Figure 1. A Schematic diagram showing of a simplified vegetation pattern in terms of the most 

dominant/spatially extensive vegetation type  
 

 

This dissertation is organized into three sections that address different aspects of this 

work. The first (Chapter 2) addresses the stable isotopic study of soil organic matter in 

order to understand differences in woody cover in modern African ecosystems. The 

second (Chapter 3) explores the use of phytoliths as a proxy for woody cover in modern 

African ecosystems. The third (Chapter 4) focuses on the Shungura Formation and uses 
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paleoenvironmental reconstructions based on geochemical proxies to reconstruct hominin 

environments.   

Chapter 2, entitled "Stable Isotopic Study of Soil Organic Matter: Understanding 

differences in woody cover in modern African Ecosystems" provides a carbon isotopic 

study of Soil Organic Matter (SOM) from national parks in eastern and southern Africa to 

study the relationship of carbon isotopes variation with the distribution of woody 

vegetation on the landscape. It presents the first high-spatial-resolution study from the 

region and tests the linear relationship between woody cover and the carbon isotopic 

composition of SOM proposed by Cerling et al. (2011) for African ecosystems across a 

wide range of climatic and edaphic gradients. It examines the relationship between the 

isotopic composition of SOM and soil texture within and across the study sites and 

investigate the correlation with climatic variables. This study presents a new model for 

predicting woody cover that is based on the spatially-resolved dataset, demonstrates 

differences with the existing global model, and applies the new model to paleosol deposits 

from the Shungura Formation to examine how the paleo-landscape changed across time. It 

also compares paleovegetation reconstructions of other formations in the Omo-Turkana 

and Awash basins based on the new model.  

 

Chapter 3, 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 indices, i.e., the D/P tree cover 

density index (Alexandre, 1997; Barboni et al., 1999; Bremond, 2005) and the phytolith 

Undulation Index (Dunn et al., 2015), that have previously indicated a linear relationship 
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with tree cover density. This study is the first to apply the Undulation Index (UI) 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 inference temperature) on the phytolith 

signal (Barboni et al., 2007). It also presents comparisons with previous studies and 

discusses the limitation of the proxies used.  

 

Chapter 4, 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 how their diet and by inference the vegetation on the landscape was changing 

through time. Comparison with a compiled carbon isotope data of herbivores from 

contemporaneous formations is presented and the overall dietary patterns in the Pliocene 

and Pleistocene across sites are discussed. 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 herbivores. The 

chapter concludes with discussion of implications of the inferred environmental changes 

for hominin evolution. 

 

In Chapter 5, I synthesize and discuss the main results and conclusions from this 

study, as well as the biases in both the modern and fossil record. I summarize the proxies 
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and approaches used here, and their overall implications for the study of human 

evolution. Finally, I suggest directions for future research.  
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Figure 2. Location of the study sites. National parks included in the study (green) and Shungura Formation 

(red). 
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Figure 3. A geologic map of Shungura Formation showing the paleosol sampling locations as white circles on map (left) and chronostratigraphy of 

members of the Formation (right) redrawn after Blondel et al. (2018)  
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Table 1. National parks included in this study, Climate zones (Köppen-Geiger classification after Beck et al. 

(2018)); vegetation formations after White (1983). See Appendix I for detailed information on climate and 

vegetation classification. Mean annual precipitation and temperature data from Worldclim 

 

National 

Parks 

Vegetation formations 

sampled  

Climate Zone 

(Köppen-

Geiger 

classification) 

Mean 

Annual 

Temperature 

(0C) 

Mean  

Annual 

Precipitation 

(mm) 

Elevation 

range covered 

Awash  Forest 

Woodland 

Thicket 

Bushland/Shrubland 

Grassland 

Wooded grassland 

Hot-semi-arid 

climate (Bsh) 

25.5 587   741m -1059m 

 

Bale 

Mountains  

Forest 

Woodland 

Afroalpine vegetation 

Grassland 

Temperate, 

with no dry 

season and 

warm summer 

(Cfb) 

 

12.9 1120  1701m- 4318m 

Nechisar  Forest 

Woodland 

Bushland/Shrubland  

Wooded grassland 

Grassland 

Herbaceous fresh-water 

swamp and aquatic vegetation 

Tropical 

savanna (Aw) 

22.1 803 1097m-1286m 

Mago  Forest 

Woodland 

Thicket 

Bushland/Shrubland  

Wooded grassland 

Grassland 

Tropical 

savanna (Aw) 

25 884 460m-1419m 

Omo  Forest 

Bushland/Shrubland  

Wooded grassland 

Grassland  

Tropical 

savanna (Aw) 

26.6 843 405m-514m 

Volcanoes  Forest 

Afroalpine vegetation 

Herbaceous fresh-water 

swamp and aquatic vegetation   

Temperate, 

with no dry 

season and 

warm summer 

(Cfb) 

 

12.9 1746 2620m- 3634m 

Akagera  Bushland/Shrubland  

Wooded grassland 

Grassland 

Herbaceous fresh-water 

swamp and aquatic vegetation   

Tropical 

savanna (Aw) 

20.7 929 1290m-1587m 

Nyungwe  Forest 

Bushland/Shrubland 

Afroalpine vegetation 

Herbaceous fresh-water 

swamp and aquatic vegetation   

Temperate, 

dry and warm 

summer (Csb) 

15.6 1642 2008m- 2998m 

Gorongosa  Woodland 

Wooded grassland 

Grassland 

Freshwater/aquatic vegetation   

Tropical 

savanna (Aw) 

25 1070 19m-208m 
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Chapter 2: Stable Isotopic Study of Soil Organic Matter: Understanding differences in 

woody cover in modern African Ecosystems   

 
Abstract  

 
Understanding woody cover in modern ecosystems is crucial in inferring 

ecological conditions that prevailed in the past. This, in turn, will help us better 

reconstruct the changing environmental conditions in the Pliocene and Pleistocene that 

might have contributed to the course of human evolution. Although a global scale study 

of woody cover has been conducted previously, sub-regional or landscape scale studies 

with a high spatial resolution are currently lacking. As soils are often preserved in the 

fossil record, a detailed study of modern soils and proxies in the soils is important to 

establish a good reference framework for interpreting paleosols, their associated 

vegetation cover, and structure. We present a stable carbon isotopic study of soil organic 

matter from 8 national parks in eastern and southern Africa. Surface soil samples were 

collected from various vegetation formations including forests, woodlands, bushlands, 

shrublands, wooded grasslands and grasslands. Samples were analyzed by EA-IRMS and 

the associated fraction of woody cover (FWC) was calculated from satellite images. A 

strong correlation between the ŭ13C values and 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 dataset, significant differences are observed, which might relate 

to underlying differences in the datasets used to build the models. The new model was 

applied to pedogenic carbonates from paleosols in the Shungura Formation to estimate 

past woody cover and how it changed through time. The result shows a consistently high 

woody cover (>80% tree cover) in the Shungura Formation from ~3.4 - 2.0 Ma.  
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Keywords: Woody cover, carbon isotopes, soil organic matter, Shungura Formation, 

paleosol.  
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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 determines habitat heterogeneity, primary 

productivity and thus species abundance, distribution and diversity (Burnett et al., 1998; 

Asner et al., 2003; Tews et al., 2004; Bergen et al., 2009). For mammals, woody cover 

dictates where species can access dietary resources, find a niche space where these 

animals can access shelter, shade, and protection from predators (Gardner et al., 1995; 

Kay et al., 1997; Sorensen & Fedigan, 2000; Carey & Wilson, 2001). Several studies 

have shown that the degree of ñwoodinessò or the distribution of trees and grasses (which 

are the two most common and dominant plant functional types) on the landscape is 

determined by complex interactions among resource availability (i.e., water and nutrient 

availability), biotic interaction between trees and grasses, and/or extrinsic factors such as 

disturbances due to the action of natural fire, herbivores, or human activity (e.g. Scholes 

& walker, 1993; Scholes & Archer, 1997; Sankarran et al., 2005; Sankaran et al., 2008). 

Out of these main factors, however, several studies have shown that climatic controls 

such as precipitation and potential evapotranspiration, (i.e., the quantity and intensity of 

rainfall events mediated by the soil or substrate) are the key determinants of woody cover 

(Sankaran et al., 2005; Bucini & Hanan, 2007; Good & Caylor, 2011; Lehmann et al., 

2011; Ladd et al., 2014).   

 Properties of soil such as texture and nutrient availability are key mediators of 

resource availability (i.e., water and nutrients) and thus the distribution, height, diversity, 
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and cover of woody vegetation (Bourlière & Hadley, 1979; Huntley & Walker, 1982; 

Belsky, 1992; Sankaran et al., 2005; Lehmann et al., 2011). These soil properties are a 

result of a complex interaction between the geology, topography, climate and amount of 

organic litter (Cole, 1986; Belsky, 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 how water infiltrates and is maintained within the soil profile (i.e., 

determines the available moisture to plants). While sandy soils have a higher porosity and 

permeability allowing water to infiltrate deep into the soil profile, the lower permeability 

of clay soils prevents water percolation deep into the soil, thus influencing the vegetation 

type, cover, and distribution (Tinley, 1982; Williams et al., 1996; Ruggiero et al., 2002; 

Sankaran et al., 2005). Soil texture also determines nutrient availability by determining 

the Cation Exchange Capacity (CEC) (i.e., the accumulation of cations on the bounding 

surfaces of the soil). For instance, sandy soils tend to have a smaller surface area to which 

cations (and by inference nutrients) can be bound, whereas clays have a larger surface 

area and hence, a higher CEC (Brady & Weil, 2002). Nutrient availability is also affected 

by the PH of the soil, the amount of litter produced, presence and frequency of fire and 

herbivory. For instance, the acidity or alkalinity of the soil controls the presence of 

microorganisms, which break down organic molecules and determine what nutrients are 

available for plants (e.g., nitrogen fixing bacteria). Soil chemistry also controls the 

ñbioavailabilityò of some nutrients such as phosphorous and zinc, which are more soluble 

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 understanding of the climatic 
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and edaphic conditions that prevail in a given area is a critical step in studying and 

quantifying woody cover.  

 

1.2. Woody cover and vegetation classification  

 Several approaches have been used to classify vegetation and its distribution on 

the landscape. These include characteristics of woody vegetation (i.e., trees, bushes and 

shrubs) such as height, physiognomy, leaf habit (e.g., evergreen vs deciduous), spatial 

extent and floristic/species composition (e.g., Beard, (1955), White (1983), Gillison & 

Anderson (1981)). Although these classifications have limitations and their application in 

the field can be problematic (for example due to varying contributions and structure of 

the understory and varying species composition), a universally accepted classification 

scheme that can be applied to all vegetation types distributed on a continental scale is 

currently lacking (see Torrelo-Raventos et al., 2013 for a review).  In the case of African 

vegetation, for example, the most commonly used scheme is UNESCOôs vegetation 

classification (White, 1983), which provides 16 major physiognomic types (vegetation 

formations) that take into account the percentage of woody cover (i.e., percentage of the 

land covered by woody vegetation) and vegetation height, in distinguishing vegetation 

formations. However, this classification has been criticized because it is not entirely 

dependent on vegetation but includes a mixture of form and floristic composition along 

with information about climate and substrate (Lawesson 1994).  

 Although vegetation classification can be problematic due to its inherently 

complex nature and distribution, one way to make classifications relatively simple and 

objective is to use quantitative approaches. To this end, several indices have been 
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developed to quantify woody cover, each providing different methodologies (see House 

et al., 2003). In general, information about woody cover can be acquired using field 

measurements by measuring vegetation properties along transects or quadrants, statistical 

estimations using information gathered from the stand measurements (such as basal area, 

dbh (diameter at breast height), 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., 2006, Lloyed et al., 2008; Torrelo-Raventos et al., 2013).  

Contrary to field-based measurements that are laborious, time intensive, and where the 

definition of indices used to quantify woody cover varies among authors, remote sensing 

approaches offer a relatively simpler approach to measure the percent tree cover by area 

(Defries et al., 2000; Hansen et al., 2002; Bucini & Hanan, 2007). Generally, the index or 

approach one uses to estimate woody cover (either field based or remotely sensed data) is 

mainly dependent on the research questions and the area being studied. While field 

measurements are ideal in detailed descriptions and quantitative estimations for a smaller 

spatial scale, remote sensing approaches provide good estimates for larger spatial scale 

studies (e.g. at a regional or continental scale) and for landscape level evaluations of 

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 matter (SOM). As organic 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). By combining the carbon isotopic signature with the 

associated woody cover information, Cerling et al. (2011) came up with a model of 

predicting the degree of woody cover from the pedogenic carbonates in hominin sites, 

which took into account the predictable offset between the isotopic composition of SOM 

versus soil carbonates (Cerling, 1984; Cerling et al., 1991). Although this dataset 

provided a good start, it used global data (i.e., with coarse spatial resolution) from several 

geographic regions with different soil types. For instance, Ambrose et al. (2011) 

suggested that the Cerling et al. dataset is biased towards sandy soils, which are not 

similar to the fine grained soils usually found in African rift valley settings, and previous 

studies have shown the carbon isotope values are also affected by soil texture with a 

preferential incorporation of C3-derived carbon in coarse grained soils compared to fine 

grained soils, which preferentially incorporate C4-derived carbon (Bird & Pousai, 1997; 

Wynn 2008). Thus, it is critical to refine the woody cover estimation model based on data 

from sites and environments that are likely analogous to the environments, and the habitat 

scales, in which our ancestors lived.  

 

1.4. Objectives and research questions  

The main objective of the present study is to generate a statistical model for 

predicting woody cover that uses a high-spatial resolution dataset from modern African 

ecosystems. This dataset incorporates a lateral component, which captures spatial habitat 

heterogeneity, so as to make more accurate paleo-landscape reconstructions when using 

paleosols. The present work tries to address the following research questions.  
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1. Is there a consistent, approximately linear relationship between woody cover and 

the carbon isotopic signature of soil organic matter across sites?  

As mentioned above, previous studies (e.g., Cerling et al., 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 at a sub-regional 

scale.    

2. 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 settings will be more similar, I predict that soil textural 

differences will be greater among sites compared to vegetation formations within 

a single site.    

3. Is there a correlation between climatic variables (such as precipitation and 

temperature) and the carbon isotopic 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. Ehleringer et al., 1997; Kohn, 2010; Ladd 

et al., 2014). Here, I predict that on a sub-regional 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 available in the Shungura Formation 

(hereafter SF), a hominin-bearing site in the Omo-Turkana basin, and how did its 

vegetation structure change through time?  

Based on data from other proxies, several studies (e.g., Reed, 1997; Bobe & Eck, 

2001; Alemseged, 2003; Levin et al., 2011) have shown that the environment of 

the SF changed 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 here, I predict 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 identify which vegetation formations are represented 

in each park and to identify the sampling location in each habitat types. Once sampling 

locations were identified, soil samples were collected on a transect with a 100 meter 

interval. In each sampling location, 6 samples were randomly collected ~10-15 meters 

from the first sample. Thus, for example, in a 500 m transect, there are 5 sampling 

locations, 100 m apart, with 6 samples taken from each location, making a total of 30 

samples for that specific transect (Figure 1A). Among the 6 samples collected at a single 

sampling location, stratified sampling was used when possible  in which 3 of the samples 

were taken near or under a crown of a tree (ñTò samples) and 3 of the samples were taken 

away from a tree crown (ñGò samples), following the protocol stated in Bird et al. (1997, 

2003) and Wynn et al. (2006; 2008) (Figure 1B). The parks were selected to test specific 

questions (e.g. differences along an altitudinal gradient in Bale Mountains, Volcanoes 

and Nyungwe Forest), and this protocol was modified to account for elevation differences 

instead of spatial distance where appropriate.  

 In each sampling location the top 0-5 cm of soil (A-Horizon) was collected using 

a PVC core and a geologic 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 combined (bulked) into two samples (i.e., samples 1-3 which were collected 

under a tree crown (ñTò samples) and samples 4-6 which were collected away from a tree 
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crown (ñGò samples)). A total of 256 soil samples were collected from the 9 national 

parks. Slightly different bulking protocols were used for soil samples from Nechisar and 

Gorongosa national parks, which were collected during a previous pilot study.  

 

 
Figure 1. Sampling strategy used modified after Wynn et al. (2006) 

 

2.1.2. Sample collection for paleosols 

Several layers of paleosols were identified in each member of the SF during field 

surveys. In each identified layer a horizon where there is a high concentration of CaCO3 

nodules was selected. However, carbonate nodules are dispersed throughout the paleosol 

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 paleo-vegetation represented in 

each paleosol layer, samples were collected in a 50-100 meter interval in each paleosol 

layer. Samples were collected ~50 cm from the upper boundary of the paleosol and ~50-

60 cm inwards on the outcrop to avoid the influence of alteration due to atmospheric 

interaction. A 10% HCl (Hydrochloric acid) solution was used in the field to identify and 

test for carbonate nodules and their reaction. Sample collection took place from paleosols 

in members B, C and F of the SF, and a total of 26 paleosol samples were collected.  
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                  Figure 2.  Paleosol sampling in the SF  

 

2.2. Soil texture test  

To determine soil textural differences in soils collected from the national parks 

and to investigate differences between vegetation formations within a given national 

park, a texture by feel method (Thien, 1979) was used. This method was selected because 

of the small sample size (i.e., <20 grams of soil for each soil sample) of the available soil 

material (as other methods of determining soil texture such as the hydrometer and the 

pipet method require a sample size greater than 50 grams). For the texture by feel 

method, about 1-2 grams of soil was used to perform the texture test by hand based on the 

grit and clay content while wet, following the procedures outlined in (Thien, 1979) and 

samples were placed in the corresponding USDA soil texture category shown in Figure 3.  
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   Figure 3. USDA soil texture classification triangle  

 

 

2.3. Estimation of woody cover  

The fraction of woody cover (hereafter FWC) at each sampling location is based 

on images from Google Earth (Google Earth Pro, version 7.3.2.5491). At each sampling 

location an image that covers a 100 m2 area was used. This spatial scale was chosen as it 

provided an optimum scale that is representative of vegetation formations 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 converted into a grey 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 pixels (which 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 sampling site, I used 

the historical image option provided by Google Earth, which allows comparisons with 

historical/past images that range from a 3-5 up 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.  

 

              
  

Figure 4. An example of image used to calculate FWC. A Google Earth image (left) and a converted 1-bit 

(black and white) bitmap used to calculate woody cover  

 

 

2.4. Sample preparation for stable isotopic analysis  

2.4.1. Sample preparation for SOM 

In the laboratory, roots and other plant materials >0.5 inch were picked out and 

removed.  

The samples were crushed with a mortar and pestle and ground using a Wig-L-Bug. The 

organic matter content was first gauged by color (with the expectation that darker soil 

samples will have high organic matter content and light colored samples will have low 

organic matter content).  Then, test runs were conducted on a variety of samples to 

determine the organic matter content and the relative amount (weight) that can produce 

good sample peaks in the mass spectrometer. Based on the results from the test runs, 

between 20-35 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 known d13C values of -
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26.3ă, -11.7ă respectively) previously normalized to USGS 40 and USGS 41 were 

placed between every 10 samples. Samples were then combusted in Elementar Vario-

Isotope Cube elemental analyzer to produce CO2 and N gases and d13C values were 

measured using a Thermo Delta V Advantage continuous flow stable isotope ratio mass 

spectrometer. The d13C values were then linearly corrected (a two-point linear correction) 

using the Acetanilide D and Urea reference standards. Although d15N values are 

simultaneously reported with the d13C values, most of the samples did not have enough 

nitrogen to produce a reliable peak, resulting in unreliable d15N values, and are not used 

or reported here. The precision of replicate analyses of the standards for both C and N 

used within a given run is generally <0.1ă on a given day. The uncertainty in all 

reported data is +/- 0.2ă for both the SOM and carbonate data, which accounts for the 

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

materials.    

 

2.4.2. Sample preparation for soil carbonates  

Carbonate nodules were selected from paleosol samples and 15-20 mg of 

carbonate powder was subsampled and drilled using a diamond tipped drill, cleaning the 

drill between sampling to avoid contamination. To test for d13C differences between 

carbonate nodules in a single soil sample, a few additional samples were taken from 

separate nodules. 0.4-0.6 mg of powder carbonate samples were weighed on a Sartorius 

SE2 ultra microbalance and put in 12 ml glass Exetainer vials. 0.3 -0.5 mg of Carrara 

Marble and NBS-18, with known d13C (2.10ă and -5.01ă respectively) and d18O (-

2.01ă and -23.2ă) values were also measured, analyzed, and used in a 2-point linear 
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correction to normalize the results. The sample vials were then flushed with helium to 

remove any gas, acidified in phosphoric acid with a specific gravity >1.92 at 250C for 24 

hours, and measured using a Thermo Gas bench II Delta V Advantage continuous flow 

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 pathways to produce glucose. As reviewed in several studies (e.g., Smith 

& Epstein, 1971; Van der Merwe, 1982; OôLeary, 1988; Ehleringer & Monson, 1993; 

Koch, 1998; Schoeninger, 1995; Cerling et al., 1997; Ehleringer et al., 1997; Ségalen et 

al., 2007; Kohn, 2010; Lee-Thorp & Sponheimer, 2013), there are three main 

photosynthetic pathways in plants, namely the C3, C4 and CAM (Crassulacean Acid 

Metabolism). C3 plants (i.e., trees, shrubs and high altitude grasses) follow the C3 

photosynthetic pathway or the Calvin-Benson cycle) where carboxylation takes place in 

the mesophyll cell by catalyzation of an enzyme called RUBISCO (ribulose biphosphate 

carboxylase). This process results in a higher discrimination of 12C against 13C (i.e., 

resulting in lower d13C values) producing a 3-carbon molecule as an initial product. Thus, 

C3 plants have d13C values that range from -22ă to -35ă, with a global mean value of ~ 

-26ă. On the other hand, C4 plants (i.e., grasses) follow the C4 photosynthetic pathway 

or the HatchïSlack pathway where carbon fixation takes place first in the mesophyll cell 

with the help of the enzymes PEPCO (Phosphoenolpyruvate), producing an initial 4-

carbon molecule that then enters the Calvin cycle. Compared to the C3 photosynthesis, C4 
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photosynthesis is considered more efficient (i.e., water, light and nitrogen use efficiency) 

and results in a lower discrimination of 12C against 13C (i.e., higher d13C values).  

Accordingly, C4 plants have d13C values that range from -19ă to -9ă with a global 

mean value of ~-12ă. CAM plants (usually desert plants and succulents) follow the less 

common CAM pathway and alternate between the C3 and C4 pathways during the day and 

night; these plants have d13C values that range from -20ă to -10ă. 

 

 The carbon isotopic signature is denoted using the d notation and is expressed as 

the ratio of heavy to light isotopes (13C/12C). As isotopic fractionations are very small, 

isotopic abundances are reported as parts per thousand (permil) using the d notation 

where  

 

                         d13C = (13C/12C sample / 
13C/12C standard ï 1) * 1000  

 

As plants are the main source of organic carbon to the underlying soil, the carbon 

isotopic signature of soil organic matter (SOM) 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 & Pousai, 

1997). On the other hand, pedogenic carbonates that form at depth within the soil profile 

are in isotopic equilibrium with soil CO2 derived from the above ground vegetation. 

However, unlike SOM, pedogenic carbonates show an average fractionation of ~14ă 

due to diffusion (~4ă) and calcium carbonate precipitation (~10ă) (Cerling, 1984; 

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 make paleoenvironmental inferences from 

paleosols (e.g., Behrensmeyer et al., 2007; Aronson et al., 2008; WoldeGabriel et al., 

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

 

A total of 266 soil samples was used for stable carbon isotopic analysis in this study and 

results from each national park are reported below. For data that fit  the assumptions of 

ANOVA, a one-way ANOVA test was used to test for significant differences between 

vegetation formations and a post-hoc test (i.e., Tukeyôs Honest Significant difference 

test/HSD test) is conducted to reveal significant differences between two vegetation 

formation types. For data points that did not meet the ANOVA assumption, a Kruskal-

Wallis test was used to test for statistically significant differences among groups and 

pairwise Mann-Whitney tests were used for pairwise comparisons. Statistical analysis 

was conducted using Rstudio version 1.0.136. For the pedogenic carbonate samples from 

SF paleosols, 26 samples were analyzed. To test for statistically significant differences, 

Wilcoxon rank-sum/Mann-Whitney test was used. Results for each national park studied 

and used in the analysis are presented in Table 1.  

 

3.1. Akagera National Park  

In Akagera National Park, 26 soil samples were analyzed for their d13C values. 

The samples were collected from four major vegetation formations; grassland (n=6), 

bushland (n=8), wooded grassland (n=6) and freshwater/aquatic vegetation (n=6). The 

bushland samples had a median d13C value of -16.4ă with minimum and maximum 

values of -20.8ă and -14.7ă, while samples from the grassland had a median d13C value 

of -16.6ă with minimum and maximum values of -17.5ă and -12.5ă respectively. The 

grassland samples were taken along a 400 m transect which transitioned from a 
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freshwater/aquatic vegetation to a grassland, with very tall grasses closer to the 

freshwater/aquatic vegetation transitioning to short grasses with increasing distance. 

Thus, the wide range in d13C values observed in the grassland, unlike the other sites, may 

reflect differences in proximity to a moisture source or water availability and associated 

differences in grass species. The wooded grassland samples had a median value of -

12.3ă that ranged from -10.8ă to -17ă, while samples from the freshwater/aquatic 

vegetation had a wider range of d13C values with a median value of -17.4ă and 

minimum and maximum  d13C values of -23.7ă and -15.1ă respectively. Here also, 

wider ranges in the d13C values may be attributed to differences in the associated 

vegetation structure. That is, while most of the freshwater/aquatic vegetation was 

dominated by short aquatic vegetation growing around the lakes, a few samples were 

from settings in which tall trees and shrubs were growing around the lake, resembling a 

gallery forest. A one-way ANOVA was conducted and showed a statistically significant 

difference (p<0.05) between the vegetation formations. A Tukeyôs post-hoc test indicated 

a statistically significant difference between the wooded grassland and bushland and 

between wooded grassland and freshwater/aquatic habitat samples. However, no 

significant differences were observed between the other habitat types.  
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  Figure 5. d13C values of SOM in four vegetation formations from Akagera National 

Park, Rwanda  
 

 

 

3.2. Mago National Park  

In Mago National Park, 34 soil samples were analyzed for their d13C values. This 

includes samples from bushland and shrubland (n=10), grassland (n=4), riverine forest 

(n=8), thicket (n=2), wooded grassland (n=6) and woodland (n=4). The bushland and 

shrubland samples from Mago had a median d13C value of -18.7ă with minimum and 

maximum values of -25.6ă and -14.5ă. The grassland sample had a median value of -

12.2ă with a small range in d13C values from -11.8ă to -12.2ă, while samples from 

the riverine forests had a median d13C value of -25.3ă with values ranging from -25.8ă 

to -24.4ă. Samples from the thicket had a median value of -22.6ă with minimum and 

maximum values of -22.8ă and -22.3ă respectively, while the wooded grassland 

samples had a median value of -14.7ă with values ranging from -18.0ă to -13.1ă. The 

woodland samples, on the other hand, had a median d13C value of -21.9ă with minimum 

and maximum values of-22.6ă and -17.4ă respectively. A one-way ANOVA was 
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conducted and showed a statistically significant difference (p<0.05) between the 

vegetation formations and a post-hoc Tukeyôs test showed that there are significant 

differences between most vegetation formations. However, no statistically significant 

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

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

      
               Figure 6. d13C values of SOM in vegetation formations from Mago National Park, Ethiopia  

 

3.3. Omo National Park 

A total of 31 soil samples were analyzed from Omo National Park including 

samples from bushland/shrubland, wooded grassland, grassland, and riverine forest. The 

bushland and shrubland samples from Omo had a median value of -16.4ă (n=10) with 

values ranging from -20.2ă to -13.8ă while the grassland samples had a median value 

of -12.2ă (n=10) with minimum and maximum values of -15ă and -10.2ă 

respectively. Samples from the riverine forest are quite distinct from the other habitat 

types with a median d13C value of -25.1ă (n=7), with a very small range in the d13C 

values from -24.0ă to -26.1ă. The wooded grassland samples (n=4) had a median d13C 

value of -14.4ă with values ranging from -16.1ă to -13.2ă. A one-way ANOVA 
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indicated a statistically significant difference between the vegetation formations and a 

post-hoc Tukeyôs HSD test showed a significantly significant different (p<0.05) between 

the forest and all other vegetation formations, and between bushland/shrubland and 

grassland. 

 

                      
               Figure 7. d13C values of SOM in vegetation formations from Omo National Park, Ethiopia 
 

 

3.4. Bale Mountains National Park  

The 29 soil samples analyzed from Bale Mountains National Park includes 

samples from forest (n=9), woodland (n=6), grassland(n=6) and afroalpine vegetation 

(n=8). Samples from the afroalpine vegetation had a median value of -24.2ă with values 

ranging from -25.3ă to -23.8ă, while samples from the forest had a median d13C value 

of -25ă with minimum and maximum values of -25.8ă and -24.1ă, respectively. The 

grassland samples had a median value of -19.4ă, with values ranging from -22ă to -

19.4ă, while samples from the woodland had a median d13C value of -23.6ă, with 

values ranging from -25.4ă to -20ă. A one-way ANOVA and a post hoc Tukeyôs HSD 

test showed statistically significant differences (p<0.05) between the grassland versus 
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afroalpine vegetation and woodlands, as well as between the forest versus grassland and 

woodland.  

 

                           
Figure 8. d13C values of SOM in vegetation formations from Bale Mountains National Park, 

Ethiopia 

 

 

3.5. Volcanoes National Park  

Data from Volcanoes National Park, specifically from Bisoke Mountain, comprise 

21 samples from forest (n=10), herbaceous vegetation (n=4), afroalpine vegetation (n=6) 

and freshwater/aquatic vegetation (n=1). The forest sample had a median d13C value of -

25.4ă with a relatively small range in d13C values from -26.1ă to -24.9ă, while 

samples from the herbaceous vegetation also fall in a similar range with a median value 

of -25.6ă with minimum and maximum values of -26.3ă and -25.4ă respectively. 

Samples from afroalpine vegetation had a median d13C value of -24.6ă with values 

ranging from -25.3ă to -24ă, while the single freshwater/aquatic vegetation sample had 

a d13C value of -25.7ă. A one-way ANOVA and a post hoc Tukeyôs HSD test showed a 

statistically significant difference (p<0.05) between the afroalpine vegetation versus 

forest and herbaceous vegetation. 
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Figure 9. d13C values of SOM in vegetation Formations from Volcanoes National Park, Rwanda 

 

 

3.6. Nyungwe National Park  

Vegetation formations sampled from Nyungwe National Park include primary and 

secondary forest (n=19), afroalpine vegetation (n=2), freshwater swamp/aquatic 

vegetation (n=2) and bushland/shrubland (n=1). Samples from the forest had a narrow 

range in their d13C values, with a median value of -25.7ă, with values ranging from -

26.7ă to -24.9ă. 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). Soil samples from the afroalpine vegetation had a median d13C values of -

24.5ă, with minimum and maximum vales of -24.4ă and -24.6ă, while samples from 

freshwater swamp/aquatic settings had a median value of -22.2ă, with values ranging 

from -23.5ă to -20.8ă. The one sample from a shrubland had a d13C value of -18.8ă. 

A one-way ANOVA and a post hoc Tukeyôs HSD test showed statistically significant 

differences (p<0.05) for all vegetation formations except between forests and afroalpine 

vegetation (p=0.06).  
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 Figure 10. d13C values of SOM vegetation formations from Nyungwe National Park, Rwanda 

 

 

3.7. Gorongosa National Park  

The 18 samples from Gorongosa National Park are derived from woodland 

(n=12), grassland (n=2), wooded grassland (n=3), and freshwater swamp/aquatic 

vegetation (n=1). The woodland samples had a wide range in d13C, with a median value 

of -18.1ă and values ranging from -21.4ă to -13.1ă. Samples from the wooded 

grassland also fall within the range observed for the woodland with a median d13C value 

of -18.1ă, with minimum and maximum values of -19.4ă and -12.1ă respectively, 

while samples from the grassland had a median value of -12.3ă with a small range in 

d13C values from -12.5ă to -12.1ă. The single freshwater swamp/aquatic vegetation 

sample had a d13C value of -13.3ă. A pairwise Wilcox-rank sum test shows a 

statistically significant difference between the grasslands and woodlands. 
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 Figure 11. d13C values of SOM vegetation formations from Gorongosa National Park, 

Mozambique 

 

 

3.8. Nechisar National Park 

The 55 samples from Nechisar National Park include samples from riverine forest 

(n=13), grassland (n=15), woodland (n=15), wooded grassland (n=6), bushland/shrubland 

(n=4) and fresh-water swamp/aquatic vegetation (n=2). The riverine forest samples had a 

median d13C value of -21.9ă, with values ranging from -25.1ă to -17.9ă, while 

samples from the woodland had a median value of -19.5ă with minimum and maximum 

values of -22.5ă and -15.4ă respectively. Samples from the wooded grassland had a 

median d13C value of -13.2ă with values ranging from -13.1ă to -13.7ă, while the 

grassland samples had a median value of -11.1ă with values ranging from -11.8ă to -

10.5ă. Samples from fresh-water swamp/aquatic vegetation had a median d13C value of 

-14.2ă, with minimum and maximum values of -14.6ă and -13.7ă respectively, while 

samples from a bushland/shrubland had a median value of -17.5ă, with values ranging 

from -18.2ă to -16.5ă. A one-way ANOVA test showed a statistically significant 

difference for the vegetation formations and a post hoc Tukeyôs HSD test also showed 
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statistically significant differences (p<0.05) for most vegetation formation pairs except 

for bushland/shrubland vs. woodland and fresh-water swamp/aquatic vegetation; fresh-

water swamp/aquatic vegetation vs. wooded-grassland and grasslands; and between 

wooded grasslands vs grasslands.  

 

         
Figure 12. d13C 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 forest (n=6), woodland (n=7), bushland and shrubland (n=8), 

wooded grassland (n=3) and grassland (n=4). While samples from the riverine forest had 

a median d13C value of -21.4ă, with minimum and maximum values of -20.9ă and -

22ă, samples from bushland/shrubland had higher d13C values with median value of -

23.7ă and ranging from -25.4ă to -22.3ă. The woodland samples had a median value 

of -21.2ă, with values ranging from -23ă to -19.7ă, while samples from wooded 

grassland and grassland had median values of -17.5ă and -16.3ă with minimum and 
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maximum values of -21.1ă and -16.7ă (for wooded grassland) and -18.3ă and -19.9ă 

(for grassland) respectively. A one-way ANOVA and a post hoc Tukeyôs HSD test 

showed statistically significant differences between the vegetation formations considered 

(p<0.05). However, analysis of soils from Awash showed a higher pH (mostly >7.5), 

indicating that there is a chance of a secondary carbonate signal (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 Awash National Park are not included in analysis and discussions that follow.  

                                         
Figure 13. d13C values of SOM in vegetation formations from Awash National Park, Ethiopia 

 

 

3.10. Pedogenic carbonates from the Shungura Formation  

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

F. Samples from Member B had a median ŭ13C value of -10.1ă (n=5), with minimum 

and maximum values of -10.9ă and 9.8ă. Samples from Member C had a median ŭ13C 

value of -9.1ă (n=13) with values ranging from -10ă to -8.2ă while samples from 
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Member F had a median value of -9ă (n=8) with minimum and maximum values with 

values ranging from -11ă and -8.1ă. While the transition from Member B to C 

indicates a statistically significant difference (Wilcoxon rank-sum, test, p < 0.05), no 

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

differences, the ŭ13C values indicate a C3 dominated environment in all the members 

considered.  For the ŭ18O values, samples from Member B had a median value of -5.6 ă 

with values ranging from -5.9ă to -5.2ă while samples from Member C had a median 

value of -4.4ă with values ranging from -5.9ă to -3.1ă. Samples from Member F had 

a median ŭ18O value is -3ă with values ranging from -5.1ă to -1.8 ă. As observed in 

the ŭ13C values, Wilcoxon rank-sum test shows statistically significant differences 

between Members B and C.   

 

       
Figure 14. Boxplot of ŭ13C and ŭ18O values of pedogenic carbonates 
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Sample.No National 

Park 

Vegetation 

Formation 

FWC Soil texture MAT MAP water 

availability 

AKNP-BL-T1-123 Akagera Bushland/Shrubland 0.73 Sandy clay loam  20.7 955 877 

AKNP-BL-T1-456 Akagera Bushland/Shrubland 0.73 Sandy clay 20.7 955 877 

AKNP-BL-T2-123 Akagera Bushland/Shrubland 0.83 Sandy clay 20.7 955 877 

AKNP-BL-T2-456 Akagera Bushland/Shrubland 0.83 Sandy clay 20.7 955 877 

AKNP-BL-T3-123 Akagera Bushland/Shrubland 0.27 Sandy clay 20.7 955 877 

AKNP-BL-T3-456 Akagera Bushland/Shrubland 0.27 Sandy clay 20.7 955 877 

AKNP-BL-T4-123 Akagera Bushland/Shrubland 0.43 Sandy clay 20.6 917 839 

AKNP-BL-T4-456 Akagera Bushland/Shrubland 0.43 Sandy clay 20.6 917 839 

AKNP-GL-T1-123 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-GL-T1-456 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-GL-T2-123 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-GL-T2-456 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-GL-T3-123 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-GL-T3-456 Akagera Grassland 0 Sandy clay 21 910 832 

AKNP-SW-T1-123 Akagera Fresh water 

swamp/Aquatic 

0.02 Sandy clay loam  20.9 904 827 

AKNP-SW-T1-456 Akagera Fresh water 

swamp/Aquatic 

0.02 Sandy clay 20.9 904 827 

AKNP-SW-T2-123 Akagera Fresh water 

swamp/Aquatic 

0.15 Sandy clay 20.7 955 877 

AKNP-SW-T2-456 Akagera Fresh water 

swamp/Aquatic 

0.15 Sandy clay 20.7 955 877 

AKNP-SW-T3-123 Akagera Fresh water 

swamp/Aquatic 

0.68 Sandy clay 20.3 935 857 

AKNP-SW-T3-456 Akagera Fresh water 

swamp/Aquatic 

0.68 Sandy clay loam  20.3 935 857 

AKNP-WG-T1-123 Akagera Wooded grassland  0.05 Sandy clay 20.3 935 857 

AKNP-WG-T1-456 Akagera Wooded grassland  0.05 Sandy clay 20.3 935 857 
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AKNP-WG-T2-123 Akagera Wooded grassland  0.02 Sandy clay 20.3 935 857 

AKNP-WG-T2-456 Akagera Wooded grassland  0.02 Sandy clay 20.3 935 857 

AKNP-WG-T3-123 Akagera Wooded grassland  0.05 Sandy clay 20.3 935 857 

AKNP-WG-T3-456 Akagera Wooded grassland  0.05 Sandy clay 20.3 935 857 

BMNP-AM-T1-123 Bale 

Mountains  

Afro-Alpine 0.09 Sandy loam 9.4 1138 1047 

BMNP-AM-T1-456 Bale 

Mountains  

Afro-Alpine 0.09 Sandy loam 9.4 1138 1047 

BMNP-AM-T2-123 Bale 

Mountains  

Afro-Alpine 0.01 Sandy clay 6.2 1294 1203 

BMNP-AM-T2-456 Bale 

Mountains  

Afro-Alpine 0.01 Sandy clay loam  6.2 1294 1203 

BMNP-AM-T3-123 Bale 

Mountains  

Afro-Alpine 0.03 Sandy clay 6.2 1294 1203 

BMNP-AM-T3-456 Bale 

Mountains  

Afro-Alpine 0.03 Sandy loam 6.2 1294 1203 

BMNP-AM-T4-123 Bale 

Mountains  

Afro-Alpine 0 Sandy clay loam  7.4 1233 1142 

BMNP-AM-T4-456 Bale 

Mountains  

Afro-Alpine 0 Sandy clay 7.4 1233 1142 

BMNP-EF-T1-456 Bale 

Mountains  

Forest 0.91 Sandy loam 10.5 1074 985 

BMNP-GL-T1-123 Bale 

Mountains  

Grassland 0 Sandy clay loam  10.5 1089 998 

BMNP-GL-T1-456 Bale 

Mountains  

Grassland 0 Sandy clay loam  10.5 1089 998 

BMNP-GL-T2-123 Bale 

Mountains  

Grassland 0 Sandy clay 10.5 1089 998 

BMNP-GL-T2-456 Bale 

Mountains  

Grassland 0 Sandy clay 10.5 1089 998 

BMNP-GL-T3-456 Bale 

Mountains  

Grassland 0.01 Sandy clay 10.5 1089 998 

BMNP-GL-T3-123 Bale 

Mountains  

Grassland 0.01 Sandy clay 10.5 1089 998 
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BMNP-HF-T1-456 Bale 

Mountains  

Forest 0.97 Sandy loam 15.9 947 859 

BMNP-HF-T1-123 Bale 

Mountains  

Forest 0.97 Sandy loam 15.9 947 859 

BMNP-HF-T2-123 Bale 

Mountains  

Forest 0.9 Sandy loam 15.9 947 859 

BMNP-HF-T2-456 Bale 

Mountains  

Forest 0.93 Sandy loam 15.9 947 859 

BMNP-HF-T3-123 Bale 

Mountains  

Forest 0.94 Sandy loam 18.5 995 904 

BMNP-HF-T3-456 Bale 

Mountains  

Forest 0.94 Sandy loam 18.5 995 904 

BMNP-HF-T4-123 Bale 

Mountains  

Forest 0.94 Sandy loam 19.5 979 887 

BMNP-HF-T4-456 Bale 

Mountains  

Forest 0.94 Sandy clay loam  19.5 979 887 

BMNP-WL-T1-123 Bale 

Mountains  

Woodland 0.82 Sandy clay loam  10.5 1089 998 

BMNP-WL-T1-456 Bale 

Mountains  

Woodland 0.82 Sandy clay loam  10.5 1089 998 

BMNP-WL-T2-123 Bale 

Mountains  

Woodland 0.92 Sandy clay loam  11.5 1046 955 

BMNP-WL-T2-456 Bale 

Mountains  

Woodland 0.92 Sandy clay 11.5 1046 955 

BMNP-WL-T3-456 Bale 

Mountains  

Woodland 0.86 Sandy clay 11.5 1046 955 

BMNP-WL-T3-123 Bale 

Mountains  

Woodland 0.86 Sandy clay loam  11.5 1046 955 

MNP-BL-T1-456 Mago Bushland/Shrubland 0.66 Sandy loam 27 677 581 

MNP-BL-T1-123 Mago Bushland/Shrubland 0.66 Sandy loam 27 677 581 

MNP-BL-T2-456 Mago Bushland/Shrubland 0.74 Sandy loam 25.3 814 720 

MNP-BL-T2-123 Mago Bushland/Shrubland 0.74 Sandy clay loam  25.3 814 720 

MNP-BL-T3-123 Mago Bushland/Shrubland 0.65 Sandy clay 26.7 747 652 

MNP-BL-T3-456 Mago Bushland/Shrubland 0.65 Sandy clay 26.7 747 652 
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MNP-BL-T4-456 Mago Bushland/Shrubland 0.35 Sandy clay 27 677 581 

MNP-BL-T4-123 Mago Bushland/Shrubland 0.35 Sandy clay 27 677 581 

MNP-GL-T1-123 Mago Grassland 0 Sandy clay 27 677 581 

MNP-GL-T1-456 Mago Grassland 0 Sandy clay 27 677 581 

MNP-GL-T2-123 Mago Grassland 0 Sandy clay 27 677 581 

MNP-GL-T2-456 Mago Grassland 0 Sandy clay 27 677 581 

MNP-RF-T1-123 Mago Forest 0.89 Sandy clay 27 677 581 

MNP-RF-T1-456 Mago Forest 0.91 Sandy clay 27 677 581 

MNP-RF-T2-123 Mago Forest 0.93 Sandy clay 27 677 581 

MNP-RF-T2-456 Mago Forest 0.93 Sandy clay 27 677 581 

MNP-RF-T3-123 Mago Forest 0.89 Sandy clay loam  27 677 581 

MNP-RF-T3-456 Mago Forest 0.89 Sandy clay loam  27 677 581 

MNP-RF-T4-456 Mago Forest 0.92 Sandy clay 27 677 581 

MNP-RF-T4-123 Mago Forest 0.92 Sandy clay 27 677 581 

MNP-SL-T1-123 Mago Bushland/Shrubland 0.26 Sandy clay 24.6 932 838 

MNP-SL-T1-456 Mago Bushland/Shrubland 0.26 Sandy clay 24.6 932 838 

MNP-TI-T1-123 Mago Thickets 0.76 Sandy clay 27 677 581 

MNP-TI-T1-456 Mago Thickets 0.88 Sandy clay 27 677 581 

MNP-WG-T1-456 Mago Wooded grassland  0.02 Sandy loam 24.6 932 838 

MNP-WG-T1-123 Mago Wooded grassland  0.02 Sandy clay loam  24.6 932 838 

MNP-WG-T2-123 Mago Wooded grassland  0.03 Sandy clay 24.6 932 838 

MNP-WG-T2-456 Mago Wooded grassland  0.03 Sandy clay 24.6 932 838 

MNP-WG-T3-123 Mago Wooded grassland  0.04 Sandy clay 24.6 932 838 

MNP-WG-T3-456 Mago Wooded grassland  0.04 Sandy clay 24.6 932 838 

MNP-WL-T1-123 Mago Woodland 0.8 Sandy clay 22.9 1091 998 

MNP-WL-T1-456 Mago Woodland 0.87 Sandy clay 22.9 1091 998 

MNP-WL-T2-123 Mago Woodland 0.79 Sandy clay 22.9 1091 998 

MNP-WL-T2-456 Mago Woodland 0.92 Sandy clay 22.9 1091 998 
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NNP-PF-T1-123 Nyungwe Forest 0.9 Sandy loam 16.8 1568 1499 

NNP-PF-T1-456 Nyungwe Forest 0.9 Sandy loam 16.8 1568 1499 

NNP-PF-T2-123 Nyungwe Forest 0.94 Sandy loam 14.4 1718 1652 

NNP-PF-T2-456 Nyungwe Forest 0.94 Sandy loam 14.4 1718 1652 

NNP-PF-T3-123 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-PF-T3-456 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-PF-T4-123 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-PF-T4-456 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-PF-T5-123 Nyungwe Forest 0.88 Sandy clay loam  16.8 1566 1497 

NNP-PF-T5-456 Nyungwe Forest 0.88 Sandy clay loam  16.8 1566 1497 

NNP-PF-T6-123 Nyungwe Forest 0.9 Sandy clay loam  16.8 1566 1497 

NNP-SAS-T1-123 Nyungwe Afro-Alpine 0.24 Sandy loam 14.4 1718 1652 

NNP-SAS-T1-456 Nyungwe Afro-Alpine 0.24 Sandy loam 14.4 1718 1652 

NNP-SF-T1-123 Nyungwe Forest 0.97 Sandy loam 15 1662 1595 

NNP-SF-T1-456 Nyungwe Forest 0.97 Sandy clay loam  15 1662 1595 

NNP-SF-T2-123 Nyungwe Forest 0.9 Sandy loam 15 1662 1595 

NNP-SF-T2-456 Nyungwe Forest 0.9 Sandy loam 15 1662 1595 

NNP-SF-T3-123 Nyungwe Forest 0.9 Sandy loam 14.4 1718 1652 

NNP-SF-T3-456 Nyungwe Forest 0.9 Sandy loam 14.4 1718 1652 

NNP-SF-T4-123 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-SF-T4-456 Nyungwe Forest 0.93 Sandy loam 16.1 1597 1529 

NNP-SL-T1-123 Nyungwe Bushland/Shrubland 0.27 Sandy loam 15 1662 1595 

NNP-SW-T1-123 Nyungwe Fresh water 

swamp/Aquatic 

0 Silty clay 16.8 1568 1499 

NNP-SW-T1-456 Nyungwe Fresh water 

swamp/Aquatic 

0 Sandy clay loam  16.8 1568 1499 

NSNP-BL-T1-123 Nechisar Bushland/Shrubland 0.18 Sandy clay 21.5 905 809 

NSNP-BL-T1-456 Nechisar Bushland/Shrubland 0.18 Sandy clay 22.8 757 661 

NSNP-BL-T2-123 Nechisar Bushland/Shrubland 0.4 Sandy clay 22.8 757 661 
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NSNP-BL-T2-456 Nechisar Bushland/Shrubland 0.4 Sandy clay 22.8 757 661 

NSNP-GWF-T1-

123 

Nechisar Forest 0.96 Sandy clay 21.5 905 809 

NSNP-GWF-T1-

456 

Nechisar Forest 0.96 Sandy clay 21.5 905 809 

NSNP-GWF-T2-

123 

Nechisar Forest 0.94 Sandy clay 21.5 905 809 

NSNP-GWF-T2-

456 

Nechisar Forest 0.95 Sandy clay 21.5 905 809 

NSNP-WTL-T1-

123 

Nechisar Fresh water 

swamp/Aquatic 

0.02 Sandy clay 22.6 755 657 

NSNP-WTL-T1-

456 

Nechisar Fresh water 

swamp/Aquatic 

0.02 Sandy clay 22.6 755 657 

ONP-BL-T1-123 Omo Bushland/Shrubland 0.57 Sandy clay 26.5 810 717 

ONP-BL-T1-456 Omo Bushland/Shrubland 0.57 Sandy clay 26.5 810 717 

ONP-BL-T2-123 Omo Bushland/Shrubland 0.66 Sandy clay 26.5 810 717 

ONP-BL-T2-456 Omo Bushland/Shrubland 0.66 Sandy clay 26.5 810 717 

ONP-BL-T3-123 Omo Bushland/Shrubland Old 

image  

Sandy clay 26.5 781 688 

ONP-BL-T3-456 Omo Bushland/Shrubland Old 

image  

Sandy clay 26.5 781 688 

ONP-GL-T1-123 Omo Grassland Old 

image  

Sandy clay 26.5 810 717 

ONP-GL-T1-456 Omo Grassland Old 

image  

Sandy clay 26.5 810 717 

ONP-GL-T2-123 Omo Grassland Old 

image  

Sandy clay 26.5 781 688 

ONP-GL-T2-456 Omo Grassland Old 

image  

Sandy clay 26.5 781 688 

ONP-GL-T3-456 Omo Grassland Old 

image  

Sandy clay 26.5 781 688 

ONP-GL-T3-123 Omo Grassland Old 

image  

Sandy clay 26.5 781 688 

ONP-GL-T4-123 Omo Grassland 0.01 Sandy clay 26.7 823 729 
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ONP-GL-T4-456 Omo Grassland 0.01 Sandy clay 26.7 823 729 

ONP-GL-T5-123 Omo Grassland 0 Sandy clay 26.7 823 729 

ONP-GL-T5-456 Omo Grassland 0 Sandy clay 26.7 823 729 

ONP-RF-T1-456 Omo Forest Old 

image  

Sandy clay 26.5 810 717 

ONP-RF-T1-123 Omo Forest Old 

image  

Sandy clay 26.5 810 717 

ONP-RF-T2-123 Omo Forest Old 

image  

Sandy clay 26.5 810 717 

ONP-RF-T2-456 Omo Forest Old 

image  

Sandy clay 26.5 810 717 

ONP-RF-T3-123 Omo Forest 0.96 Sandy clay 26.6 877 785 

ONP-RF-T3-456 Omo Forest 0.96 Sandy clay 26.6 877 785 

ONP-RF-T5-123 Omo Forest 0.93 Sandy clay loam  26.5 810 717 

ONP-SL-T1-123 Omo Bushland/Shrubland Old 

image  

Sandy clay 27.1 715 621 

ONP-SL-T1-456 Omo Bushland/Shrubland Old 

image  

Sandy clay 27.1 715 621 

ONP-SL-T2-123 Omo Bushland/Shrubland 0.02 Sandy clay 26.7 823 729 

ONP-SL-T2-456 Omo Bushland/Shrubland 0.08 Sandy clay 26.7 823 729 

ONP-WG-T1-123 Omo Wooded grassland  0.04 Sandy clay 26.5 810 717 

ONP-WG-T1-456 Omo Wooded grassland  0.06 Sandy clay 26.5 810 717 

ONP-WG-T2-123 Omo Wooded grassland  0.03 Sandy clay 26.5 810 717 

ONP-WG-T2-456 Omo Wooded grassland  0.04 Sandy clay 26.5 810 717 

VNP-HF-T1-123 Volcanoes Forest 0.95 Sandy loam 14.4 1611 1545 

VNP-HF-T1-456 Volcanoes Forest 0.95 Sandy loam 14.4 1611 1545 

VNP-HV-T1-123 Volcanoes Herbaceous 

vegetation  

0.06 Sandy loam 11.3 1880 1815 

VNP-HV-T1-456 Volcanoes Herbaceous 

vegetation  

0.06 Sandy loam 11.3 1880 1815 

VNP-HV-T2-123 Volcanoes Herbaceous 

vegetation  

0.11 Sandy loam 11.3 1880 1815 
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VNP-HV-T2-456 Volcanoes Herbaceous 

vegetation  

0.11 Sandy loam 14.4 1611 1545 

VNP-HYF-T1-123 Volcanoes Forest 0.72 Sandy loam 11.3 1880 1815 

VNP-HYF-T1-456 Volcanoes Forest 0.72 Sandy loam 11.3 1880 1815 

VNP-MDF-T1-123 Volcanoes Forest 0.95 Sandy loam 14.4 1611 1545 

VNP-MDF-T1-456 Volcanoes Forest 0.95 Sandy loam 14.4 1611 1545 

VNP-MHF-T1-123 Volcanoes Forest 0.69 Sandy loam 11.3 1880 1815 

VNP-MHF-T1-123 Volcanoes Forest 0.69 Sandy loam 11.3 1880 1815 

VNP-MHF-T1-456 Volcanoes Forest 0.69 Sandy loam 11.3 1880 1815 

VNP-MHF-T2-456 Volcanoes Forest 0.56 Sandy loam 11.3 1880 1815 

VNP-MSA-T1-123 Volcanoes Afro-Alpine 0.6 Sandy loam 11.3 1880 1815 

VNP-MSA-T1-456 Volcanoes Afro-Alpine 0.6 Sandy loam 11.3 1880 1815 

VNP-SAV-T1-123 Volcanoes Afro-Alpine 0.07 Sandy loam 11.3 1880 1815 

VNP-SAV-T1-456 Volcanoes Afro-Alpine 0.07 Sandy loam 11.3 1880 1815 

VNP-SAV-T2-123 Volcanoes Afro-Alpine 0.08 Sandy loam 11.3 1880 1815 

VNP-SAV-T2-456 Volcanoes Afro-Alpine 0.08 Sandy loam 11.3 1880 1815 

VNP-WTL-T1-123 Volcanoes Fresh water 

swamp/Aquatic 

0 Sandy loam 11.3 1880 1815 

NSNP-RFK-T1-

A12 

Nechisar Forest 0.89 Silty clay 22.6 755 657 

NSNP-RFK-T1-

A34 

Nechisar Forest 0.89 Silty clay 22.8 757 661 

NSNP-RFK-T1-

A56 

Nechisar Forest 0.89 Silty clay 22.8 757 661 

NSNP-RFK-T1-

B12 

Nechisar Forest 0.9 Silty clay 22.8 757 661 

NSNP-RFK-T1-

B34 

Nechisar Forest 0.9 Silty clay 22.8 757 661 

NSNP-RFK-T1-

B56 

Nechisar Forest 0.9 Silty clay 22.8 757 661 

NSNP-RFK-T1-

C12 

Nechisar Forest 0.94 Silty clay 22.8 757 661 
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NSNP-RFK-T1-

C34 

Nechisar Forest 0.94 Silty clay 22.8 757 661 

NSNP-RFK-T1-

C56 

Nechisar Forest 0.94 Silty clay 22.8 757 661 

NSNP-RF-T1-A12 Nechisar Woodland 0.94 Sandy clay 21.4 851 755 

NSNP-RF-T1-A34 Nechisar Woodland 0.94 Sandy clay 21.4 851 755 

NSNP-RF-T1-A56 Nechisar Woodland 0.94 Sandy clay loam  21.4 851 755 

NSNP-RF-T1-B12 Nechisar Woodland 0.89 Sandy clay 21.4 851 755 

NSNP-RF-T1-B34 Nechisar Woodland 0.89 Sandy loam 21.4 851 755 

NSNP-RF-T1-B56 Nechisar Woodland 0.89 Sandy loam 21.4 851 755 

NSNP-RF-T1-C12 Nechisar Woodland 0.87 Sandy clay 21.4 851 755 

NSNP-RF-T1-C34 Nechisar Woodland 0.87 Sandy clay loam  21.4 851 755 

NSNP-RF-T1-C56 Nechisar Woodland 0.87 Sandy loam 21.4 851 755 

NSNP-RF-T1-D12 Nechisar Woodland 0.85 Sandy loam 21.4 851 755 

NSNP-RF-T1-D34 Nechisar Woodland 0.85 Sandy loam 21.4 851 755 

NSNP-RF-T1-D56 Nechisar Woodland 0.85 Sandy loam 21.4 851 755 

NSNP-RF-T1-E12 Nechisar Woodland 0.82 Sandy clay 21.4 851 755 

NSNP-RF-T1-E34 Nechisar Woodland 0.82 Sandy clay 21.4 851 755 

NSNP-RF-T1-E56 Nechisar Woodland 0.82 Sandy clay 21.4 851 755 

NSNP-WG-T1-A12 Nechisar Wooded grassland  0.18 Sandy clay 22.6 755 657 

NSNP-WG-T1-A34 Nechisar Wooded grassland  0.18 Sandy clay 22.6 755 657 

NSNP-WG-T1-A56 Nechisar Wooded grassland  0.18 Sandy clay 22.6 755 657 

NSNP-WG-T1-B12 Nechisar Wooded grassland  0.27 Sandy clay 22.6 755 657 

NSNP-WG-T1-B34 Nechisar Wooded grassland  0.27 Sandy clay 22.6 755 657 

NSNP-WG-T1-B56 Nechisar Wooded grassland  0.27 Sandy clay 22.6 755 657 

NSNP-GL-T1-A12 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-A34 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-A56 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-B12 Nechisar Grassland 0 Sandy clay 22.6 755 657 
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NSNP-GL-T1-B34 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-B56 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-C12 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-C34 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-C56 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-D12 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-D34 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-D56 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-E12 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-E34 Nechisar Grassland 0 Sandy clay 22.6 755 657 

NSNP-GL-T1-E56 Nechisar Grassland 0 Sandy clay 22.6 755 657 

GNP-T1-AJW-A12 Gorongosa Woodland 0.77 Sandy clay 28.4 43 -60 

GNP-T1-CAW-

A12 

Gorongosa Woodland 0.77 Sandy clay 28.4 43 -60 

GNP-T1-MMW-

A12 

Gorongosa Woodland 0.51 Sandy clay 24.8 1107 1023 

GNP-T1-SG-A12 Gorongosa Grassland 0 Sandy clay 25.1 1045 961 

GNP-T1-PW-A12 Gorongosa Woodland 0.26 Sandy clay 25.1 1047 963 

GNP-T1-MCW-

A12 

Gorongosa Woodland 0.19 Sandy clay 28.5 31 -72 

GNP-T1-TEW-A12 Gorongosa Woodland 0.4 Sandy clay 28.5 31 -72 

GNP-T1-CW-A12 Gorongosa Woodland 0.23 Sandy clay 25.1 1033 948 

GNP-T1-RW-A12 Gorongosa Woodland Old 

image  

Sandy clay 25.1 1064 980 

GNP-T1-SWT-A1 Gorongosa Fresh water 

swamp/Aquatic 

0.4 Sandy clay 28.5 31 -72 

GNP-T1-MWG-

A123 

Gorongosa Wooded grassland  0.07 Sandy clay 25.1 1045 961 

GNP-T1-MTW-

A12 

Gorongosa Woodland 0.64 Sandy clay 28.4 34 -69 

GNP-T1-DG-A12 Gorongosa Grassland 0 Sandy clay 25.1 1045 961 
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GNP-T1-CKW-

A12 

Gorongosa Woodland 0.77 Sandy clay 28.4 43 -60 

GNP-T1-MMW-

A34 

Gorongosa Wooded grassland  0.69 Sandy loam 24.8 1107 1023 

GNP-T1-ARW-

A12 

Gorongosa Woodland 0.83 Sandy clay 25.1 1047 963 

GNP-T1-WG-A12 Gorongosa Wooded grassland  0.12 Sandy clay 25.1 1045 961 

GNP-T1-AXW-

A123 

Gorongosa Woodland Old 

image  

Sandy clay 25.1 1045 961 

Table 1. Summary table for carbon 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 park have been discussed in 

the results section. Here, each vegetation formation studied in the parks is discussed 

separately to look at the range of variation in the isotopic signature of SOM across sites. 

As used in the previous section, Whiteôs (1983) vegetation classification is used.  

 

4.1.1. Afroalpine vegetation  

White (1983) defines Afroalpine vegetation formation as vegetation confined to 

the highest mountains of Africa that is physiognomically mixed. In the current dataset, 

this vegetation formation is represented by the afromontane vegetation from Bale 

Mountains National Park, subalpine vegetation from Bisoke Mountain in Volcanoes 

National Park, and a few samples along Mount Bigugu from Nyungwe Forest National 

Park. As noted in the definition of the formation by White (1983), the afroalpine 

vegetation from these three study sits are also different. For instance, samples from Bale 

Mountains mainly represent afroalpine meadows consisting of shrubs and herbaceous 

vegetation at altitudes >3500 meters above sea level (hereafter a.s.l.), while samples from 

Nyungwe Forest and Volcanoes are characterized by a subalpine shrubland and 

vegetation intermixed with forest trees (i.e., Hagenia and Hypercum trees which typically 

grow in these afromontane settings) respectively, at altitudes greater than 2900 meters 

a.s.l.  The d13C values from Bale Mountains, Volcanoes and Nyungwe national parks all 

have a narrow range around median values of -24.2ă(n=8), -24.6ă (n=6) and -24.5ă 
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(n=2) respectively. While all the soils from Nyungwe and Volcanoes national parks are 

sandy loam soils, samples from Bale Mountains are classified as sandy loam, sandy clay 

loam and sandy clay soils. Regardless of differences in vegetation structure, altitude and 

soil texture, no significant differences are observed in the d13C values. 

             

   
              Figure 15. d13C values of SOM from afroalpine vegetation 

 

 

 

4.1.2. Herbaceous fresh-water swamp and aquatic vegetation  

According to Whiteôs (1983) classification, this vegetation formation refers to 

herbaceous vegetation that grows in areas where permanent water accumulates or floods 

the surface. In this study, this vegetation formation includes habitat types assigned as 

wetlands or swamps in Akagera, Gorongosa, Nechisar, Nyungwe and Volcanoes national 

parks. While some of these samples are collected from swamps near fresh-water lakes 

(for instance samples form Akagera and Nechisar), other samples are collected from 

marshes. Samples from Akagera had a median d13C value of -17.4ă (n=6) with values 

ranging from -23.7ă to -15.1ă. Two samples each from Nyungwe and Nechisar had 

d13C values of -23.5ă and -20.0ă and -13.7ă and -14.6ă respectively, while 
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individual samples from Gorongosa and Volcanoes National Park had d13C values of -

13.3ă and -25.7ă respectively. The swamp vegetation from Akagera and Nechisar are 

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 an elevation of 

1300 m a.s.l. and the aboveground vegetation is mainly composed of C4 plants, which 

explains the relatively higher d13C values, except for a few sites in Akagera that support 

trees near the lake.  

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

stream with short grasses, small shrubs and herbaceous vegetation at ~3000 m a.s.l., 

which explains the C3 signal in this sample. The two samples from Nyungwe are from a 

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

m a.s.l. The relatively lower d13C values here might reflect a mix of herbaceous C3 and 

CAM plants in this site. Except for a single soil sample from Volcanoes, which has a 

sandy loam texture, soils under this vegetation formation are dominated by sandy clay 

and sandy clay loam. 

     
         Figure 16. d13C values of SOM from herbaceous fresh-water swamp and aquatic vegetation 
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4.1.3. Forests  

In Whiteôs (1983) vegetation classification, a forest is defined as a continuous 

stand of trees that are at least 10 meters tall and have interlocking crowns, including all 

types of forests such as rain forests, seasonally dry forests and riparian forests. Soil 

samples from forests in this study includes samples from afromontane rain forests in 

Nyungwe Forest, to the afromontane forests in Volcanoes and Bale Mountains, and 

riparian and gallery forests in Omo, Mago and Nechisar national parks. These forests 

exhibit diverse species composition and differences in sub-canopy structure and degree of 

interlocking canopy. For instance, while some forests (e.g., Nyungwe and Bale 

Mountains) have several layers of canopies, most riparian forests have a single 

canopy/crown layer. Also, there are significant differences in understory and ground 

layer composition and structure (i.e., shrub vs grass and open vs closed understory) as 

well as differences in tree heights. For example, forest trees in Nyungwe forest can reach 

up to 30 meters or more while most riparian forest trees are on the lower end of the height 

spectrum (i.e., 10-15 m). The 66 samples analyzed from forests had a median value of -

25.3ă with values ranging from -26.7ă to -17.9ă. A one-way ANOVA and a pot-hoc 

Tukeyôs HSD shows no major differences between the samples from most national parks 

but indicated that sample from Nechisar are significantly different from the other parks 

(Tukeyôs HSD, p<0.05). Samples from Nechisar had median values of -21.9ă with 

values ranging from -25.1ă to -17.9ă, with three samples (out of 13) falling around and 

within the C4 category (i.e., d13C values < -19ă limit). Regarding soil texture, except for 

few specimens, most forest samples from rain forests and afromontane forests were sandy 

loam soils while the majority of riverine forests were sandy clay and silty clay soils. 



62 

 

Despite the observed vegetation structural and compositional differences as well as soil 

texture differences, no major difference were observed in the d13C values except for the 

few outliers from Nechisar.  

 

   
     Figure 17. d13C values of SOM from forests  

 

 

4.1.4. Woodlands  

UNESCOôs vegetation classification defines woodland as an open stand of trees 

that are at least 8 meters tall that cover not less than 40 percent of the surface. The 

woodlands covered in this study have a relatively small spatial extent, except for the 

Zambezian woodlands (Miombo woodlands) from Gorongosa. As observed in forests 

from several sites, differences in species composition and physiognomy as well as 

understory vegetation structure and composition are observed in the woodlands. For 

instance, the woodlands in Mago and Bale Mountains are located on hill slopes and 

consist of thick boles with a relatively closed/thick understory with some shrubs and a 

ground layer covered with herbaceous vegetation, with a more closed canopy due to the 

topographic setting (and closer to a transitional woodland structurally, although this 

formation is not considered stable according to White (1983)). On the other hand, 
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woodlands from low altitudes such as those from Gorongosa and Nechisar have relatively 

thinner boles, very 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 differences as the woodlands from Bale Mountains are from elevations >3000 

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

m. The d13C values of SOM from all the woodlands combined (n=37) had a median value 

of -19.9ă showing a very wide range with minimum and maximum values of -25.4ă 

and -13.1ă, respectively. A one-way ANOVA and a post-hoc Tukeyôs HSD shows that 

woodlands from Bale Mountain are significantly different (p<0.05) from woodlands in 

Nechisar and Gorongosa but are not different from woodlands in Mago, which might be 

due to the vegetation structure similarities in the two parks. Also, the wide range in d13C 

values observed might reflect differences in tree cover and relative contribution of the 

understory C4 biomass to the soil d13C signature as explained in section 4.6.  Despite the 

wide range in the d13C values, no differences in soil texture are observed between the 

sites, as most of the samples have a sandy clay to sandy clay loam texture.   
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   Figure 18. d13C values of SOM from woodlands  
 

 

4.1.5. Bushland and shrubland   

Whiteôs (1983) vegetation classification recognize bushland and shrubland as 

separate vegetation formations; bushland represents an open stand of bushes that are 3-7 

m tall and shrubland an open or closed stand of shrubs up to 2 m. Here, these two 

vegetation formations are combined following the procedure used by Cerling et al. 

(2011). These vegetation formations can also be sometimes hard to distinguish in the 

field as they sometimes occur in gradients and often are intermixed. The bushland 

formations from the study sites were slightly different in their structure as some were 

open with a grass understory, while others were closed and very difficult to access with 

bare grounds. Looking at the combined samples from the two vegetation formations 

together, the overall median value is -17.5ă (n=33) with values ranging from -25.6ă to 

-13.8ă. No statistically significant differences were observed when comparing the d13C 

values of the bushland/shrubland formations 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 these vegetation formations had a sandy clay texture. 

 

   
  Figure 19. d13C values of SOM from bushlands and shrublands  

 

 

4.1.6. Wooded grassland 

This vegetation classification stands for grassland where woody plants cover 

between 10 to 40% of the ground surface (White, 1983). Compared to the other 

vegetation formations, are relatively easier to identify in the field and are structurally 

(both vertically and horizontally; i.e., based on the height and distribution of the woody 

plants) less complex. They are also similar in most of the national parks, although the 

species composition of the woody plants varies between sites. On the other hand, the 

surface grass cover varies from tall grasses that can reach up to 1 m to medium size (50-

30 cm tall) to short grasses (<30 cm). Looking at the d13C values of SOM from wooded 

grasslands from all the parks, the overall median is -13.2ă (n=25) with minimum and 

maximum values of -19.4ă to -10.8ă. A one-way ANOVA shows no statistically 

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

With regards to soil texture, almost all the soil samples are sandy clay soils except two 
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specimens that have a sandy loam texture and one specimen with a sandy clay loam 

texture.  

   
   Figure 20. d13C values of SOM from wooded grasslands  

 

 

 

4.1.7. Grassland  

UNESCOôs definition of grasslands is a land covered with 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 grasses are mainly medium sized (50-30 cm) to short grasses 

(<30 cm). However, there are altitudinal differences between the grassland sites in the 

national parks ranging from 600 -1,345 m a.s.l in the lowlands to the highland grasslands 

of Bale Mountains, which are above 3000 m a.s.l. Overall, the grasslands had a median 

value of -12.1ă (n=43) with values ranging from -22ă to -10.2ă, showing a wide 

range, which is biased by the low d13C values of the highland grasslands from Bale 

Mountains. This is apparent when looking at results from Nechisar, Mago and Omo, 

which have a more constrained d13C values despite the larger sample size from these 

parks. A one-way ANOVA and a post-hoc Tukeyôs test also shows this significant 

difference (p<0.05) between samples from Bale Mountains and the other national parks. 
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Samples from Akagera also show a statistically significant difference from samples from 

Mago, Nechisar and Omo due to the relatively wider range of d13C values in the Akagera 

grassland sampled from different moisture settings.    

   
                 Figure 21. d13C values of SOM from grasslands  

 

 

 

4.1.8. Herbaceous vegetation  

Soil samples from a herbaceous vegetation site, which do not fit precisely with the 

groups in Whiteôs (1983) vegetation classification, were collected from Volcanoes 

National park from elevations of ~2900 m a.s.l. This site consisted of abundant 

herbaceous vegetation with some shrubs occasionally reaching a height of > 2m. 

According to Dondeyne et al. (1993), this site is covered with secondary herbaceous 

vegetation and it is believed that it had been forested in the recent past. A total of 4 

samples were analyzed and show a median d13C value of -25.6ă with minimum and 

maximum values of -26.3ă and -25.4ă.  
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4.1.9. Thickets 

White (1983) defines thickets as a close stand of bushes that are between 3 and 7 

meters tall. Only two samples from Mago National Park are reported here that have d13C 

value of -22.3ă and -22.8ă.  

 

4.2. Statistical approaches used in estimating Fraction of Woody Cover (FWC) 

 A statistical model to estimate FWC using the carbon isotopic signature of SOM 

has been previously developed by Cerling et al. (2011) and has been used to estimate 

ñpaleoshadeò from pedogenic carbonates. Here, a similar approach is used to produce a 

model, with higher spatial resolution and on data from tropical African ecosystems. As 

this dataset consists of samples collected from several vegetation formations at varying 

altitudinal settings, it is modified here to only include samples that were collected below 

an elevation of 2500m (to avoid high altitude C3 grasses) and to include the most 

common vegetation formations that can be characterized by the degree of woody cover 

(i.e. forest, woodland, bushland/shrubland, wooded grassland and grassland). After 

removing certain vegetation formations and samples from high altitude, a total of 152 

samples was used. When comparing the isotopic signature of SOM of these 152 samples 

from the selected vegetation formations, a clear pattern in the d13C values is observed in 

the transition from forest to grassland. A one-way ANOVA conducted on these selected 

samples indicate statistically significant differences (p<0.05) in d13C values between the 

different formations and a post-hoc Tukeyôs HSD test also shows significant differences 

for most formations. However, the d13C signals from woodland were not significantly 
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different from bushland/shrubland (p=0.33) and values for grassland were not 

significantly different from wooded grassland (p=0.07).        

  

      
 Figure 22. d13C values of SOM from the selected five vegetation formations  

 

 

The 152 samples consisted of ñTò or tree/canopy samples and ñGò grass/gap 

samples as discussed in section 2.1.1. Figure 23 shows the strong correlation between the 

canopy and gap samples. Similar to what is observed from previous studies, the 

differences between canopy and gap samples are smaller in closed (>80% tree cover) 

versus open (<10% tree cover) vegetation settings but are more pronounced in vegetation 

formations such as woodland, bushland, shrubland and wooded grassland. This is 

expected as the input from C3 (woody) vegetation is higher right under a canopy while 

input from C4 (grassy) vegetation is higher where there is no shade or trees nearby. Also, 

differences in d13C values might be expected between shade and sun loving understory 

vegetation. Here, to produce a model for predicting FWC from the d13C values, canopy-

weighted values for the ñTò and ñGò samples were used. This was done in a similar 

manner to previous work (e.g., Wynn, 2006; Cerling et al., 2011) where canopy-weighted 
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d13C values for areas with FWC greater than 0.5 were calculated as an arithmetic mean of 

canopy and gap samples, whereas d13C values for areas with FWC less than 0.5 were 

calculated as,  

 

d13C = FWC*d13C(canopy) + ((1-FWC)*d13C(gap)).  

 

This resulted in 76 spatially averaged d13C values that were used in the model. The 

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

 

 

 
Figure 23. Correlation of d13C values between gap and canopy samples showing the best-fit for the    

   ordinary least square regression (d13C canopy = 0.84* d13C gap ï 4.3; r2=0.84). (Dashed line     

showing a 1 to 1 correlation) 

 

 

4.2.1. Ordinary least-square regression  

Similar to the approach used in Cerling et al. (2011), an ordinary least-square 

regression analysis with the canopy-weighted d13C and FWC values was conducted. To 

meet the regression assumption (i.e., to make the residuals have a normal distribution and 

to stabilize the variance), the response variable (i.e., FWC) was transformed (Zar, 1984).  
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As FWC is a proportion that falls between 0 and 1, there are two approaches commonly 

used for transforming this type of proportion data. The first one is an arcsine 

transformation, which consists of taking the arcsine of the square root of the number (in 

our case FWC, thus arcsineÕFWC), that gives results in radians (from ïpi/2 to +pi/2) 

(Zar, 1984). The second one is the logit transformation, the log of the odd ratios, or the 

logarithm of the proportion divided by one- minus the proportion (i.e., log (FWC/ 1-

FWC). Recent literature (e.g., Warton & Hui, 2011) indicated that logit transformation 

has advantages for data interpretability. Here, both transformations are applied and 

compared. However, no major differences are observed in the results between the two 

transformations.  

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

 

      FWC= sin((-0.089765 d13C -0.890778))2  

 

 with an R2=0.74 for the arcsine transformation and as  

 

          FWC = e (-0.40588 d13C ï 7.63339)  / 1 + e (-0.40588 d13C ï 7.63339)  

 

with an R2=0.74 for the logit transformation. 
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Figure 24. Ordinary least square regression analysis using the arcsine transformed values showing 

the best fit line (blue) and the 95% confidence interval (red dotted line) 

 

 

4.2.1.1. Cross validation of regression models  

4.2.1.1. A. Data split into training and test sets 

As no major differences between the models using the arcsine and logit 

transformations were observed, here the regression model based on arcsine transformed 

FWC values was used to perform model cross-validation. One approach of cross-

validation technique is to split the data into training and test sets, use the training dataset 

to construct the model, and then use the test dataset to validate the model and estimate 

prediction error. Here, the data were split into various sets with different proportions to 

see how the model and model prediction error change along with the split, and the results 

are presented in the table below. 
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Split 

(n=152) 

Model  r2 RMSE R2 MAE  

50 :50  

(39:37) 
FWC= {sin(-0.0906d

13

C ï 0.8670})
2

 
0.68 0.23 0.81 0.18 

60:40 

(46:30) 
FWC= {sin(-0.09211d

13

C ï 0.90933})
2

 
0.67 0.21 0.85 0.16 

70:30 

(55:21) 
FWC= {sin(-0.09495d

13

C ï 0.95982})
2

 
0.72 0.23 0.84 0.18 

80:20 

(61:15) 
FWC= {sin(-0.09496d

13

C ï 0.96402})
2

 
0.72 0.23 0.85 0.2 

90:10  

(70:6) 
FWC= {sin(-0.09135d

13

C ï 0.92231})
2

 
0.73 0.2 0.87 0.18 

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

data splits) 

 

r2 = Correlation coefficient (how well the model is fitting the actual data) 

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

R2 = Squared correlation coefficient (correlation between the observed outcome values and the predicted 

values)  

MAE = Mean absolute error (an alternative to the RMSE) 

 

To visualize the modelôs performance in the test set, the measured FWC values from the 

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

data. (FWC= {sin(-0.09496d
13

C ï 0.96402})
2

).  

 

 

     
Figure 25. Measured versus predicted 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. K-fold cross validation and bootstrapping  

Although the validation set approach has the advantage of testing the model using 

the reserved (test) set, disadvantages of this cross-validation technique are highly variable 

error rates depending on the observations included in the training set and overestimation 

of test errors when there are fewer observations in the training set (James et al., 2014). 

This pattern is also shown in table 2, where the 90:10 split (i.e., 90 % of the data used to 

build the model and 10% of the data used to test the model) produced the smallest root 

mean squared error (i.e. lowest prediction error) compared to the other models. This 

indicates that including the whole dataset might increase the model performance. Thus 

here, I use the k-fold cross validation and bootstrapping technique for the whole dataset 

to create and test the model using resampling approaches. The k-fold cross validation 

randomly splits the data into k- subsets, reserves one as a validation set, use the k-1 as 

training set, test the model and prediction error, repeat k-times and report the average of 

the recorded errors as the cross-validation error. This is advantageous, as all the subsets 

will be used in training the model. The repeated k-fold validation in R (Caret package: 

(Kuhn et al., 2018)) offers a repeated k-fold cross validation where the process/validation 

is repeated ñnò times and mean error is calculated from the number of repeats. The 

bootstrap method is another resampling approach where samples are randomly selected 

and used to evaluate the model by repeating the procedure multiple times to calculate the 

standard error (James et al., 2014). Here the k-fold cross validation, the repeated k-fold 

cross validation, and the bootstrapping method are all used to estimate the model 

prediction error, with the arcsine transformed FWC as an independent variable and the 

canopy-weighted d13C values as a dependent variable, to compare differences in the 
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prediction error using different techniques. Compared to the k-fold and repeated k-fold 

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

Method  Model  r 2 RMSE R2 MAE  

K-fold cross validation (K=5) 
fwc= (sin(-0.089765 d13C -0.890778))

2

 
0.74 0.26 0.76 0.21 

K-fold cross validation (k=10) 
fwc= (sin(-0.089765 d13C -0.890778))

2

 
0.74 0.25 0.76 0.21 

Repeated K-fold cross 

validation (K=5, n=10)  
fwc= (sin(-0.089765 d13C -0.890778))

2

 
0.74 0.26 0.76 0.21 

Repeated K-fold cross 

validation (K=10, n=10) 
fwc= (sin(-0.089765 d13C -0.890778))

2

 
0.74 0.25 0.78 0.21 

Bootstrapping  

(n=500) 
fwc= (sin(-0.089765 d13C -0.890778))

2

 
0.74 0.2 0.74 0.16 

   Table 3. Cross validation methods used to estimate prediction error  

 

r2 = Correlation coefficient (how well the model is fitting the actual data) 

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

R2 = Squared correlation coefficient (correlation between the observed outcome values and the predicted 

values) 

MAE = Mean absolute error (an alternative to the RMSE) 

 

 

4.2.2. Five parameter/generalized or asymmetric logistic regression model  

Although the ordinary least-square regression explains most of the variance in the 

data, it does not capture the observed S-shaped pattern. To account for this pattern, I 

employed a generalized logistic regression model (AKA, asymmetric, five parameter or 

Richardôs curve), which is a form of logistic regression that improves the accuracy of 

prediction by allowing the model to fit to a wide range of S-shaped curves. Although 

developed for modeling growth curves, this model can be easily applied to my modern 

ecosystem dataset. The model is based on five parameters (top and bottom asymptotes, a 

hill slope, inflexion point and an asymmetric coefficient), with the goal of minimizing the 

weighted sum of squares and provides a goodness of fit estimates (similar to an R2 

reported in a linear regression). To perform this generalized logistic regression, the nplr 

package in R statistical software was used (Commo & Bot, 2016). As shown in Figure 



76 

 

26, this model also captures both the S-shaped pattern and asymmetry observed in the 

data, and it does so better than the other models discussed above.   

Based on this regression model,  

  FWC= -0.008744632+ (0.9662174+0.008744632) 

                   [1 + 10 ^( -0.150061* (-10.3349- d13C))] ^ 7.757294  goodness of fit = 

0.76 

 

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

  FWC= -0.003734591+ (0.9564556+0.003734591) 

                   [1 + 10 ^( --0.1610015* (-5.521093- d13C))] ^ 48.09374  goodness of fit = 

0.73 

 

       
            Figure 26. Fitted curves using an asymmetric (five parameter) logistic regression (Richardôs  

   curve) 
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Figure 27.  Measured versus predicted FWC values of the test data set (20% of the data) using an  
     asymmetric logistic regression (dashed 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 used. Figure 28 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 between the two 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 data better than the ordinary lest square regression model. 

However, Figure 28 shows that for a given dataset, (the Cerling et al. (2011) data in this 

case), there is more over-prediction when using the asymmetric logistic regression model 

than the ordinary least 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 ordinary least 
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square regression model is chosen as the best model and used in predicting FWC from 

paleosols below.  

To test how the model reported in Cerling et al. (2011) performs in predicting FWC with 

new data, the dataset from the present study and the model from Cerling et al. (2011) 

were used as shown in figure 29. Contrary to the new model, the model reported in 

Cerling et al. (2011) appears to underestimate FWC values indicating that both models 

have limitations for estimating FWC. Several factors can contribute to this issue. 

Differences in the datasets used to build the models: The first, and probably the major, 

factor resulting in these differences is the underlying differences in the datasets used to 

build the models. When comparing the median values of the vegetation formations 

reported in the Cerling et al. (2011) data versus the dataset from this study, the median 

values for some vegetation formations are different. For instance, while the 

bushland/shrubland samples from the Cerling et al. (2011) dataset have a median value of 

-19.9ă, those from this study have a median value of -17.5ă. Similarly, while the 

grasslands from Cerling et al. (2011) dataset have median values of -15.7ă, the 

grasslands from this study have median values of -12.1ă. As the outputs of the model 

rely on the underlying dataset, the observed differences can probably be explained by 

relatively low d13C values in the Cerling et al. (2011) dataset or relatively high d13C 

values in this study.  

Historical vegetation change: An additional factor that could potentially lead to higher 

d13C values in the current dataset could be historical vegetation change in the area, where 

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

encroached by woody vegetation. Even though this is a common phenomenon in some 
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parks, the aerial images used to calculate FWC allowed me to 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 et al., 1996), the historical (i.e., older than 10-15 

years) change in vegetation cover is not expected to affect the isotopic signature, unless 

itôs mediated by soil texture as discussed above. 

Differences in spatial scale:  Yet another factor that might be contributing to these 

differences could be the spatial scale used to calculate the FWC from aerial imageries. 

Here aerial imageries that cover 100 m2 are used for FWC estimations. However, if this 

spatial scale is increased or decreased, there can be significant differences 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 reported, preventing 

further comparisons. However, FWC estimations were made for the Cerling et al. (2011) 

dataset using the spatial scale used in this study (i.e., 100 m2) and show significant 

differences (sometimes up to 50%) between the reported and estimated FWC values for 

some data points highlighting the impact of spatial scale 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 detail in section 4.6, 

most of the soils from this study are sandy clay soils (i.e., 40-60% 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) have mentioned it might be biased towards sandy soils. Previous 

work by a Bird & Pousai (1997) has shown that C3 derived carbon is preferentially 

incorporated in coarse grained soils compared to fine grained soils which preferentially 
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incorporate C4 derived carbon. Studies by Wynn et al. (2007, 2008) have also shown that 

while C4 derived carbon decomposes faster compared to C3 derived carbon and in terms 

of soil texture, sandy clay soils might protect the 13C enriched old and stable organic 

carbon. In other words, this means that while sandy soils can be biased towards C3 

derived carbon due to rapid decomposition and no medium for protection (i.e., clay), clay 

dominated soils can be biased towards C4 derived carbon mainly due to 

fixation/stabilization by adsorption on the clay minerals. This is partly in agreement with 

the point raised by Ambrose et al. (2011). However, the bias towards C4 derived carbon 

in clay dominated soils may not be solely due to the presence of C4 vegetation but rather, 

incorporation of old carbon. That is, although the mean residence time of tropical soils is 

considered 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 a time-averaged signal which may 

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

different biases.  

  

 

 

 

 

 

Figure 28. Comparison of measured vs predicted FWC for the Cerling et al. (2011) dataset using the new 

models from this study. Ordinary least square regression model (left) and five-parameter logistic regression 

model (right). (dashed line showing a 1 to 1 prediction) 
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Figure 29. Comparison of measured vs predicted FWC using the model from Cerling et al. (2011) and 

dataset from this study (dashed line showing a 1 to 1 prediction) 

 
 

4.4. Prediction of past woody cover from paleosols  

 As the main objective of the present work is to reconstruct ñpaleoshadeò or past 

woody cover from hominin-bearing sites, the model produced from the modern dataset 

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

three members of the SF. 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 Africa. Figure 30 shows, comparison of FWC estimation in the three 

members of the SF using the Cerling et al. (2011) model and the new model from this 

study. As shown in the figure, the differences between 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. (2011) 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 Aramis (Figure 31), for which there have been two different 

paleoenvironmental reconstructions. While a study by Cerling et al. (2010) has shown the 
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paleoenvironment was dominated by tree- or bush-savanna, with 25% or less woody 

canopy cover, others (e.g., WoldeGabriel et. al., 2009; Ambrose et al., (2011)) have 

argued that it was dominated by woodlands and wooded grasslands. Although the new 

model appears to support the woodland-wooded grassland reconstruction, the old model 

is in favor of the wooded grassland-grassland reconstruction. Leaving the disparity 

between the two models aside, in comparing the reconstructed FWC of the SF (including 

data from this study and previous data from Levin et al. (2011)) to other Plio-Pleistocene 

Formations in the Omo-Turkana and Awash basins, the new model indicates a 

consistently higher FWC in the SF until ~1.9 Ma, after which the reconstructed FWC 

resembles the other sites. 

A recent study by Du et al. (2018) has hypothesized that pedogenic carbonates from 

paleosols in hominin-bearing sites might be biased towards floodplain woodlands in 

fluvial settings, which could potentially explain the consistent forest-woodland signal we 

are observing from most sites.   
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Figure 30. Comparison of paleoshade from paleosol carbonates for the SF from Member B (n=5), Member 

C (n=13), and Member F (n=8), using the FWC model from this study (left- ordinary least square 

regression) and right (using the Cerling et alôs (2011) model) shown using normalized probability density 

functions after Cerling et al. (2011)  

 

 

 
Figure 31. Comparison of paleoshade from paleosol carbonates for Aramis (n=44) using the FWC model 

from this study (left) and using the Cerling et al.ôs (2011) model (right) shown using normalized probability 

density functions after Cerling et al. (2011)  
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Figure 32. Comparison of paleoshade from paleosol carbonates from contemporaneous sites in the Omo-

Turkana and Awash Basins. Normalized probability density functions shown using members of the 

Shungura Formation (middle) as a reference using data reported in Levin (2013) and Quinn et. al. (2013)   

 

 

4.5. Isotopic signature along altitudinal gradients  

Previous studies that looked at differences in d13C 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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partial pressure of CO2 as well as differences in soil decomposition rates (Körner et al., 

1991; Bird et al., 1994; Dieleman et al., 2013). Here, to test for differences in d13C values 

across elevation gradients, I used a total of 45 samples (17 samples from Bale Mountains, 

15 samples from Volcanoes and 13 samples from Nyungwe Forest). A total elevation 

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

Mountains, while Volcanoes and Nyungwe Forest spanned an elevation gradient of 

(~1000m) and (~950m) respectively. Looking at each park individually, Bale Mountains 

has a median d13C value -24.6ă with values ranging from -23.8ă to -25.8ă, while 

Volcanoes and Nyungwe Forest have median values of -25.3ă and -25.5ă with values 

ranging from -24ă to -26.3ă and -24.4ă to -26.7ă respectively. Combined, the three 

sites have an overall median d13C value of -25.1ă with values ranging from -26.7ă to -

23.8ă. The overall d13C range (i.e., 2.9ă) is a result of samples from Bale Mountains, 

which has the highest elevation gradient. However, this difference is not reflected in a 

continuous pattern (i.e., in a continuously increasing or decreasing pattern). When 

looking at the vegetation settings in the three parks, there is an overall similar pattern, 

where afromontane forests occur at lower elevations grading into subalpine and alpine 

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

vegetation type and structure, no major trends or differences in d13C are observed among 

the three parks. In comparison to previous studies that have shown significant differences 

in d13C across elevation gradients, this might be explained by the lack of dense forests in 

our samples, where recycling of CO2 occurs in the understory resulting in lower d13C 

values at lower elevation, which then show an increase in d13C values as vegetation type, 

cover, temperature and pressure change along an elevation gradient.  
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  Figure 33. Changes in d13C values across elevation gradients  

 

 

4.6. Differences in soil texture  

The majority of the 238 soil samples analyzed for their soil texture were sandy 

clay soils (n=143). The next dominant soil type is sandy loam (n=61) followed by sandy 

clay loam soils (n=24); silty clay soils very rare (n=10). Figure 34 is a bubble plot that 

shows the distribution of these soil types among the various vegetation formations 

studied here. This figure indicates that the most abundant soil type (i.e., sandy clay) 

occurs almost in all habitat types but is more dominant in soils from grassland, bushland, 

shrubland, woodland, wooded grassland and riverine forest (in some sites) while sandy 

loams are more dominant in forests. To test for soil textural differences among national 

parks and across vegetation formations, I used the 152 samples with known FWC 

estimation. A chi-square test shows a statistically significant (p<0.05) association 

between soil texture and the national parks and between soil texture and vegetation 

formations. A correspondence analysis performed on soil texture and the national parks, 

Omo, Akagera, Nechisar and Mago shows a 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 soil. My working hypothesis was that soils formed under similar lithologic and 

climatic settings will be more similar, and by extension will have similar soil textural 

properties. However, the strong association between for instance, Akagera and Omo or 

Nyungwe and Bale Mountains, that are geographically distant from each other, confirms 

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 habitats (i.e., grassland, bushland, shrubland, woodland and 

wooded grasslands) that support a significant grass component, while sandy loam and 

sandy clay loam soils are dominant in relatively closed habitats (i.e., forests). 

This is expected as grass-dominated habitats prefer fine-textured soils where the 

fine-grass roots can penetrate and access water and nutrients at a relatively shallow soil 

depth, whereas tree-dominated habitats are more abundant where, unlike grasses, they 

can access water from deeper sandy loam soils (where water/soil moisture recharges 

deeper into the soil profile due to its higher porosity and permeability) using their 

extensive roots (Scholes & Archer, 1997). This pattern is also apparent in most riverine 

forest settings where soils close to the river bank, which 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 sandy clays, where the 

vegetation becomes more open and grasses become more common. To evaluate if soil 

texture is a good predictor of the FWC, I used a multiple linear regression model that 

included soil texture as an explanatory variable. The model indicated no significant 

relationship (p>0.05) between FWC and sandy clay, sandy clay loam and sandy loam 

soils, but did indicate a significant relationship with silty clay soils (p<0.05). However, I 
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attribute this to the fact that all silty clay soils are from a single riverine forest site that is 

not representative 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 formation, but rather can occur across several sites and vegetation formations. 

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. 

 

 
                      
Figure 34. A bubble plot showing the soil texture distribution in different vegetation formations with row 

and column sums shown in the bottom and right margins (n=238) 

 

     
Figure 35. Correspondence analysis plot showing the association of soil texture with the different national 

parks(left) and selected vegetation formations (right) (n=152) 
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4.7. Climatic variables and carbon isotopic signature  

Several studies have shown that the d13C 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 with the high spatial resolution SOM isotopic data from this 

study, on a sub-regional scale, climatic data was extracted from Worldclim Version 2. I 

used two of the bioclimatic variables (i.e., mean annual temperature (MAT) and mean 

annual precipitation (MAP)) with a 5-minute resolution (i.e., about 9 Km2 at the 

equators). Annual solar radiation data (global horizontal irradiation data) was extracted 

from SOLARGIS (The World Bank, solar resource data: SOLARGIS (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= P ï Qs/rL 

   Where W = water availability  

     P = annual precipitation (m/year) 

    Qs = annual incident solar radiation (J/m-2/year) 

    r = density of liquid water (1000kg/m3) 

    L = latent heat of evaporation (~2.5 * 106) 

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

adopting the same approach used in Wynn et al. (2006), an offset of 4000 mm/yr was 

used to make the calculated water availability index positive. This 4000 mm/yr offset is 

the maximum evaporation rate of water assuming a maximum amount of solar radiation 

(i.e. 1 * 10^10 J/m2/yr).  



90 

 

After removing ambiguous data from some sites, a total of 206 selected samples 

from several vegetation formations was used to investigate the relationship between the 

climatic variables and the carbon isotopic signature. A regression analysis conducted on 

d13C values against the three climatic variables (MAP, MAT and water availability) 

indicated a low correlation (Adjusted R2 of 0.27, 0.37 and 0.4 respectively) between the 

carbon isotopic signatures and the climatic variables, indicating no significant 

relationship.  Another regression analysis was also conducted on a subset of the data 

(n=137), including only samples from 5 vegetation formations collected from altitudes 

<2500m. Here also, the d13C values in the four vegetation formations (i.e., forest, 

woodland/bushland/shrubland, wooded grassland and grassland), across different 

temperature (140C-280C) and precipitation (600mm-1200mm) ranges, indicated no 

relationship (Figure 36).  

 

 
 

Figure 36. A biplot showing Mean Annual Temperature (left) and Mean Annual Precipitation (right) 

against SOMd13C values. (n=206)  
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 Figure 37. A biplot showing water availability against SOMd13C values. (n=206)  
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Figure 38.  A biplot showing MAT (top), MAP (middle) and water availability (bottom) and SOMd13C 

values. (n=137) by vegetation formation  

 

 

5. Conclusions   

Several previous studies have shown that the carbon isotopic signature of SOM is 

a reliable proxy for estimating the overlying vegetation and more recently a model for 

predicting the percentage of woody cover from the isotopic signature of a global soil 

dataset has been developed. This study investigated the carbon isotopic signature of SOM 

from tropical African ecosystems with the aim of developing a well-calibrated statistical 

model for predicting woody cover using a high spatial resolution dataset. Once 

developed, the model can then be applied to pedogenic carbonates from paleosols from 

hominin-bearing sites after accounting for the organic matter-carbonate offset, to make 

more accurate paleovegetation and paleo-landscape reconstructions. Soil samples were 

collected from several vegetation formations from nine national parks, from different 

climatic, edaphic and topographic settings, and carbon isotopic analysis of SOM was 

conducted. The isotopic results show that while the d13C values from some vegetation 

formations show distinct isotopic signatures (especially for end-members in the tree 
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cover spectrum such as forest and grassland), there is also a substantial overlap in d13C 

values observed in other vegetation formations (e.g. in woodland, bushland and 

shrubland). Investigating differences in the isotopic signature of soils along altitudinal 

gradients showed no major difference or patterns with elevation. With regards to 

differences in soil texture, I predicted that textural differences will be higher between 

different sites but lower/similar within a single site, across vegetation formations. 

However, the results show that there are fewer differences across sites and more 

differences in soil 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 soil type, 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 sub-regional scale, no significant correlation was observed. Thus, although on a 

global and regional scale it is clear that factors such as precipitation and soil texture 

might be the major determinants of woody cover, these strong relationships may not be 

evident at the sub-regional and local scales.  

To produce a statistical model for predicting woody cover, several models and 

approaches were used. I predicted that there will be an approximately linear relationship 

between woody cover and the carbon isotopic signature of soil, and this relationship will 

be maintained across sites and with a 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 models, which could be explained in part by systematic differences in 

the underlying datasets. When applying the new model to predict woody cover from 

paleosols in the Shungura Formation, contrary to my predictions that woody cover will 

decrease with geological time, I observed a consistently high woody cover (>80%) across 

time in some members. Compared to contemporaneous sites in the Turkana and Awash 

basins, it appears the SF had a consistently higher woody cover until ~1.9 Ma, which 

might indicate the presence of broad gallery forests that were available for hominins and 

other mammals along the paleo-Omo river.  
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Chapter 3: Phytoliths as a proxy for woody cover in modern African Ecosystems  

 

Abstract 

Phytoliths are siliceous, microscopic bodies formed inside plant cells that are 

liberated into the soil after the plants die. As they are frequently preserved in the fossil 

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 grasses), and the 

phytolith undulation index (that uses the degree of undulation/waviness of non-grass 

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 and have proved to be 

good predictors of woody cover. However, they have not been tested and validated using 

a high spatial resolution dataset in modern eastern and southern African settings, which 

have a different phytogeographic setting compared to areas where the indices were 

originally calibrated. Here, I use these two indices to quantitatively study woody cover 

from modern African ecosystems. To do so, surface soil samples were collected from 

vegetation formations with varying tree cover density from nine national parks. 

Phytoliths were extracted from the soil samples, counted and photographed under the 

microscope. Results from this study showed no strong correlation between independently 

measured woody cover and the two phytolith indices of woody cover. There are several 

explanations for this 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 study. Additional research is 
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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. Phytoliths as 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 (SiO2.nH2O) that is absorbed from the 

soil by plant roots and precipitated within and between plant cells. Phytoliths are found in 

the vegetative parts of plants such as leaves, stem, and roots as well as reproductive 

organs such as fruits and seeds. While they usually form a cast or replica of plant cells 

and tissues, which 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; Lewis, 1981; Bozarth, 1987; Piperno, 1988; Barboni, 

1999; Stromberg, 2002). Phytoliths serve structural (i.e., increasing strength and rigidity), 

physiological (i.e., mitigating the effect of toxic elements), and protective functions (i.e., 

offering resistance and toughness from herbivore and fungal attack) (Piperno, 2006). 

When plants die and decompose, these microscopic bodies are liberated and deposited 

into the soil, often making it into the plant fossil record (Piperno, 1988; Mulholland & 

Rapp, 1992; Stromberg, 2004). 

Compared to organic plant macro- and micro- 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; Stromberg, 2004). 

They also provide a fossil record of grasses, which 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 not possible (Jacobs, 

1999). Thus, in addition to increasing the preservation potential of grasses in the fossil 
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record, phytoliths also allow identification of grasses to lower taxonomic levels 

(Stromberg, 2005). In addition, compared to other micro remains such as pollen, which 

generally provide 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., 2002; 2013). However, despite their 

advantages, there are also disadvantages, as the same plant can produce multiple 

morphotypes (i.e., multiplicity) and the same morphotype can be produced by multiple 

plants (i.e., redundancy) (Strömberg, 2004; 2007a;). In addition, dissolution can occur in 

alkaline environments (Cabanes & Shahack-Gross, 2015). 

To account for these biases, paleobotanists have used different approaches to 

make paleoecological inferences from phytolith assemblages in the fossil record. Among 

these include qualitative approaches such as looking at the presence of key indicator taxa 

(i.e., morphotypes derived from plants that are environmentally sensitive (e.g., Runge, 

1999; Alexandre et al., 1997), and quantitative approaches that measure the 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 studies are the 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 

proportion of C4 grass morphotypes indicative of arid conditions to that of all grass 

morphotypes; the climatic index (Ic), which compares the ratio of cool temperature C3 

grass morphotypes to that of both C3 and C4 grasses, and the water stress index (Fs), 

which compares fan-shaped 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 above-mentioned 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 fossil-bearing sites (e.g., 

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

 

1.2. Phytolith indices as a proxy for woody cover 

1.2.1. The D/P tree cover density index 

The D/P index was developed by Alexandre et al. (1997) to assess the density of 

tree-cover from six modern soil samples in western Africa. In this study, the index was 

calculated 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 original D/P index to analyze 

modern and fossil soil samples from Ethiopia, but this study was limited to four modern 

soil samples. Bremond et al. (2003, 2005) used the D/P index to come up with a 

quantitative measure of tree cover using LAI (Leaf Area Index) with a higher sample size 

(n=26), excluding the use of elongates which can bias the index (i.e., they multiply when 

broken). Although a subsequent study by Barboni et al. (2007) has shown that a sum of 

all globular morphotypes (i.e., the sum of globular granulate, globular psilate and 

globular echinate morphotypes) is a better predictor of tree cover density than using only 

the globular granulate morphotypes, including these morphotypes in the index was later 

avoided because the globular psilate morphotypes can also be formed in grass roots. 

Also, the globular echinate morphotypes, which are characteristic of palms, can also form 
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in open settings and might introduce a bias due to their high phytolith production (Kahn, 

1987; Alexandre 2000; Stromberg 2004; Albert et al., 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 it the D/Po index, but noted that its 

use should be limited to low elevation tropical areas. Further, in a more recent study, 

Bremond et al. (2017) modified the index yet again to avoid infinite values to a ratio of 

globular granulate morphotypes to the sum of globular morphotypes, plus only the grass 

silica short cells as used in the Bremond 2008 paper. In this study, I use the modified tree 

cover density index by Bremond et al. (2017).   

 

1.2.2. Phytolith Undulation index  

The phytolith undulation index is another way of calculating 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 sunlight). These differences have been known 

since the late 19th century 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 development, the 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; Wylie, 1951; Talbert & Holch, 1957; Uhl & Walther, 

2000; Thomas et. al., 2003). Non-grass epidermal cells of plants that grow in shade are 
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wavier (have pronounced undulation) and have a larger cell area because the cuticle 

hardens less rapidly during growth, thus 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, 1942; K¿rschner, 1997). To quantify 

these morphological differences in the epidermal cells, the Undulation Index (UI), a 

dimensionless index independent of cell area, has been developed by K¿rschner (1997) to 

differentiate sun and shade morphotypes. Applying the same principle to phytoliths that 

form a replica of the epidermal cell outline, Dunn et al. (2015) developed a 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. Until now this method for reconstructing tree/canopy cover has 

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

 

1.3. Objectives and research questions   

The main objective of this study is to produce a statistical model for predicting 

woody cover using a high-spatial 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 vegetation settings in 

eastern and southern Africa with the aim of generating more accurate reconstructions of 

paleo-vegetation and landscape dynamics in fossil-bearing sites. 

This study addresses the following research questions. 

1. Is there a consistent relationship between woody 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 the D/P ratio) and woody cover 

(Bremond et al., 2005; Barboni et al., 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 sites where the model has previously been 

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 morphotypes, such as the globular granulate 

morphotypes used in calculating the D/P ratio (Bremond et al., 2004; 2008). Thus, 

I propose to test the applicability of the index to eastern and southern African 

vegetation settings.  

2. Is there a linear relationship between woody cover and phytolith undulation and 

area? Unlike the D/P ratio, this relationship is a taxon free approach that does not 

rely on species composition, or climatic factors such as temperature. This 

approach of estimating woody cover is based on a recent work in Central America 

and has not been applied to either modern or fossil phytolith assemblages in 

Africa. Thus, here I 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., top 0-5cms) from the A horizon were collected from 9 

national parks from vegetation formations that had differing tree cover densities. Soil 

samples were air dried and plant remains larger than >0.5 inches were removed. In the 

laboratory, 1-1.2 grams of soil were measured for phytolith extraction. I used the 

extraction protocol of Strömberg (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 

<250ɛm), which are more effective than just using smaller size fractions (aka the specific 

method) (Strömberg, 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 and left to react for 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 for 20-30 minutes or until the 

reaction is completed, to remove any sesquioxides, such as iron and aluminum 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 for 45-60 minutes. 

Afterwards, larger size fractions (>250ɛm) were removed by wet sieving then zinc 

bromide (SG = 2.3) was used for density separation and isolation of the phytoliths. The 

samples were rinsed and washed in purified water, centrifuging repeatedly, between each 

extraction step. After clay was removed through centrifuging (Letfer et al., 2003) the 
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phytoliths were washed in purified water, rinsed in ethanol (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 to observe their three-dimensional structure 

under the microscope. The second technique used a plastic medium (Cargille Meltmount 

1.539) and did not allow rotation of the phytoliths. Both mounting techniques were used 

and between 4-8 slides were made for each sample. 

 

2.2. Microscopic study, index calculation and image processing 

The extracted phytoliths were studied under an Olympus CX41 light microscope 

at 400x magnification. To calculate the D/P index, morphotypes indicative of woody 

dicotyledons (i.e., globular 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 phytoliths) were counted for each sample, following the minimum count size 

requirement outlined in Stromberg (2009). To calculate the D/P index, I used the 

procedure followed by Bremond et al. (2017) in which the ratio is calculated as D/(D+P) 

as outlined above. Each slide was screened for non-grass epidermal phytoliths to study 

the degree of phytolith undulation and area. When encountered, photographs of these 

epidermal phytoliths were taken for image processing. The images were then imported to 

ImageJ image processing software, the outlines of selected epidermal cells were traced, 

and the perimeter and area of the cells were calculated. 

The phytolith undulation index was then calculated using the formula outlined by 

Kürschner (1997) as,  
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UI= Ce = Ce 

        Co    2 *P*ÕAe/P 

Where UI= 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, two approaches 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 100m2 area was chosen because it provides 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. Then, the FWC 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 there has been a recent change 

in the vegetation settings at each sampling site, I used the historical image option 

provided by Google Earth, that allowed me to look at historical imageries that range from 

a 3-5 up to 37 years in some cases. In a few cases, sites that had old satellite images (i.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. A Google Earth imagery (left) and 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 LAI can be defined simply as the single-sided leaf area of the canopy per 

ground area (Asner et al., 2003; Bergen et al., 2009). Hemispherical photography, which 

is an indirect method of estimating LAI by using a gap-fraction assessment that applies 

the same concept as the FWC estimation method discussed above (Cournac et al., 2002). 

Thus, despite the slight differences between the two methods, while FWC attempts to 

quantify tree cover density with top-down approach covering a higher spatial coverage, 

the LAI estimation quantifies tree cover density with a bottom-up approach, with a lower 

spatial coverage. To calculate LAI 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 software used to extract canopy structure from fisheye 

photographs (Fraser, 1999). Once imported into the software, the images were registered, 

and similar to the FWC estimation, a threshold was set to convert the image into a two-

color bitmap. Calculations were 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 

0-750 zenith angle is used as outlined in Dunn et al. (2015).  

 

       
 
Figure 2. An example of image used to calculate LAI from hemispherical photography with the original 

hemispherical photograph (left) and a converted 1-bit (black and white) image used to calculate LAI 

 

 
 

Figure 3. Micrographs of Phytolith morphotypes studied. 1-cross, 2ïbilobate, 3ïrondel, 4-polylobate, 5-

saddle, 6-globular granulate, 7-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 calculated D/P ratios for these vegetation formations ranged 

from 0 to 0.05 indicating no differences in the inferred tree cover density from the D/P 

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 of 1.11 and 

1.15 respectively (Table 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 grassland sites have a sandy clay loam texture. The D/P ratios ranged from 

0-0.13, showing no difference between vegetation formations (Table 1). Only the single 

woodland sample produced an epidermal phytolith with 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. Their D/P ratios ranged from 0-0.02 showing no 

distinction among the vegetation formations (Table 1). Except for the riverine forest 
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sample that has a silty clay soil texture, all the other samples have a sandy clay soil 

texture. None of the samples analyzed produced non-grass 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 texture. The D/P ratio ranged from 0.7 for one riverine forest sample to less 

than 0.05 for the other samples (Table 1). Two samples, one of the two from riverine 

forest and the one woodland sample, have mean UI values of 1.48 and 1.56, respectively 

(Table 2). Despite having a high D/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 forest 

and an average of 9 epidermal phytoliths for the woodland), making conclusions difficult. 

 

3.5. Omo 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 and the D/P ratios 

ranged from 0 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 afro-montane forests 

(n=4). All have a sandy loam texture and D/P ratios that ranged from 0.29 to 0 (Table 1). 

Epidermal phytoliths were recovered from 2 samples and had undulation indices of 1.3 

and 1.14 (Table 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 

aquatic/freshwater soil samples that had a sandy clay loam texture, the others have a 

sandy clay texture. The D/P ratios ranged from 0-0.26 (Table 1). One wooded grassland 

sample and the sample from the freshwater/aquatic vegetation had epidermal phytoliths, 

with undulation indices of 1.2 and 1.45, respectively (Table 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 texture. These samples had a wide range 

of D/P values (0.21-0.8) that was not observed at the other sites. Two of the samples 

come from a primary forest and have D/P values of 0.86 and 0.84, while the other two 

samples are from a secondary forest and have much lower D/P values of 0.24 and 0.06 

(Table 1). 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 to the D/P ratios, higher undulation 
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indices (1.74 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 forests (Table 2). 

 

3.9. Gorongosa National Park  

Woodland (n=11), wooded grassland (n=2), grassland (n=2), shrubland (n=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 to the others, the D/P value shows 

a narrow range between 0.3-0 (Table 1). The undulation index from 5 woodland samples 

had mean values that range from 1.15-1.57 (Table 2). 

 
Figure 4. D/P ratios of samples from nine national parks (n=56) 
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 Figure 5. Examples of non-grass epidermal phytoliths used to calculate UI (undulation index) 
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Sample No.  Vegetation 

Formation  

National park  FWC  LAI  D/P 

NNP-PF-T1-456 Forest Nyungwe 0.9 2.08 0.86 

NNP-PF-T5-456 Forest Nyungwe 0.88 2.00 0.84 

NNP-SF-T2-123 Forest Nyungwe 0.9 1.81 0.24 

NNP-SF-T3-123 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-RF-T3-123 Forest Omo 0.96 1.48 0.30 

ONP-GL-T2-123 Grassland  Omo                    

N/A 

0.00 0.00 

ONP-BL-T3-456 Bushland/Shrubland Omo                    

N/A 

0.14 0.07 

ONP-GL-T4-123 Grassland  Omo 0.01 0.00 0.00 

NSNP-WTL-T1-123 Fresh water/aquatic  Nechisar 0.02 0.00 0.00 

NSNP-BL-T1-123 Bushland/Shrubland Nechisar 0.18 0.37 0.00 

NSNP-BL-T2-456 Bushland/Shrubland Nechisar 0.4 0.79 0.00 

NSNP-RFK-T1-B56 Forest Nechisar 0.9 2.22 0.02 

NSNP-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/Shrubland Akagera 0.73 0.17 0.00 

AKNP-BL-T3-123 Bushland/Shrubland 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 

Mountains 

0 0.00 0.00 

BMNP-WL-T3-123 Woodland Bale 

Mountains 

0.86 1.36 0.01 

BMNP-HF-T1-456 Forest Bale 

Mountains 

0.97 1.82 0.00 

BMNP-HF-T4-123 Forest Bale 

Mountains 

0.94 1.73 0.13 
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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-

A123 

Woodland Gorongosa               

N/A 

0.23 0.07 

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-

A34 

Woodland Gorongosa 0.69 0.37 0.11 

GNP-T1-MTW-A12 Woodland Gorongosa 0.64 0.12 0.05 

GNP-T1-MWG-

A123 

Wooded grassland Gorongosa 0.07 0.27 0.22 

GNP-T1-PW-A12 Woodland Gorongosa 0.26 0.29 0.13 

GNP-T1-RW-A12 Woodland Gorongosa               

N/A 

  N/A 0.30 

GNP-T1-SG-A12 Grassland  Gorongosa 0 0.00 0.25 

GNP-T1-SS-A1 Bushland/Shrubland Gorongosa               

N/A 

0.18 0.19 

GNP-T1-SWT-A12 Fresh water/aquatic  Gorongosa 0.4   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 

 
Table 1. Summary table for the D/P ratios calculated for all the samples along with FWC and LAI estimates 

(N/A recent images and hemispherical photographs not available) 
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Table 2. Summary table for measurement of non-grass epidermal phytoliths. Phytolith area in ɛm2, UI= 

Undulation index, SD=standard deviation, FWC=Fraction of woody cover calculated from imageries from 

Google Earth. LAI= Leaf area index calculated using 0-75° zenith angle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample No Area 

(um2) 

Area 

SD 

Habitat UI UI 

SD 

Sample 

size 

FWC  

(Arial) 

LAI  

AKNP-SW-T3-456 219.75 67.81 Riverine forest/ 

fresh water 

1.45 0.29 2 0.68 0.96 

AKNP-WG-T2-123 188.10 0.00 Wooded 

Grassland 

1.20 0.00 1 0.02 0.24 

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 

Grassland 

1.15 0.00 1 0.01 0.06 

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 0.52 

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 1.56 0.23 9 0.87 1.6 

NNP-PF-T1-456 185.75 69.65 Forest 1.28 0.10 2 0.9 2.08 

NNP-PF-T5-456 355.29 304.98 Forest 1.53 0.40 3 0.88 2 

NNP-SF-T2-123 586.71 357.94 Forest 1.81 0.37 7 0.9 1.81 

NNP-SF-T3-123 589.00 14.71 Forest 1.74 0.12 2 0.9 1.97 

VNP-HF-T1-123 233.55 143.19 Forest 1.54 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 
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4. Discussion  

 

4.1. D/P ratio and tree cover density  

Out of the 56 soil samples analyzed in this study from the 9 national parks, there 

were 53 samples (i.e., excluding samples from freshwater/aquatic vegetation formations) 

from forest (n=16), woodland (n=13), bushland and shrubland (n=6), wooded grassland 

(n=7) and grassland (n=11). These were grouped into their respective vegetation 

formation types to look at the variations in the D/P ratios across different tree cover 

densities. Despite differences in the woody cover/tree cover density between the five 

vegetation formations, all the median D/P ratios fall below 0.25, showing no statistically 

significant difference between the vegetation formations (one-way ANOVA, p=0.06). 

Estimates of tree cover density from hemispherical photography (LAI) and satellite 

images (FWC) were compared to the D/P ratios. There was no linear relationship 

between LAI estimates and the D/P ratios (Figure 7a). Barboni et al. (2007), who looked 

at inter-tropical Africa modern phytolith assemblages using the D/P ratio, indicated that 

the ratio might not be applicable to high-altitude 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 was 

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 the D/P ratios were compared with FWC, for all the samples (Figure 8a) 

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. While LAI estimates 

from hemispherical photographs are spatially confined, FWC estimates from the satellite 

images have a relatively larger spatial coverage (100m2 in this 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 in slightly open settings within the 100m2, 

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.  

 
 Figure 6. Box and whisker plot of D/P ratios across vegetation formations 

 

 

 

 

 



130 

 

 
A.        B.  

Figure 7. Phytolith D/P tree cover density index versus LAI estimation from hemispherical photography 

calculated using 0-75° zenith angle. A. including all samples (n=52, R2= 0.17) B. excluding high altitude 

samples (n=38, R2=0.08) 

 

 
A.        B.  

Figure 8. Phytolith D/P tree cover density index versus FWC estimation from imageries. A. including all 

samples (n=48, R2= 0.09) B. excluding high altitude samples (n=34, R2=0.05) 
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Figure 9. Comparison between tree cover density estimation using satellite images (FWC) versus 

hemispherical photography (LAI)  

 

 

4.2. Phytolith undulation and tree cover density  

Despite the abundance of grass epidermal phytoliths in the samples, non-grass 

epidermal phytoliths were very rare. Out of the 56 samples, only 18 had non-grass 

epidermal phytolith preservation. Of these 18 samples, only 5 samples had more than 5 

non-grass epidermal phytoliths per sample, while most had only 2 or less. On the other 

hand, only one forest sample from Mago National Park produced more than 25 epidermal 

phytoliths (see table 2 for the number of epidermal phytoliths used in each sample). 

Overall, the abundance of non-grass epidermal phytoliths from the study sites was 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) also indicated a weak 

linear relationship (R2=0.4). The study by Dunn et al. (2015) which established the 

phytolith undulation index and phytolith area to estimate LAI used a minimum of 25 
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epidermal phytoliths per sample and a total of 45 samples. Thus, the very small sample 

size of non-grass epidermal phytoliths from this study impedes definitive conclusions.  

 

 
 

Figure 10. A. Phytolith undulation index versus LAI (n=18, R2= 0.4) B. Phytolith area versus LAI (n=18, 

R2=0.23) 

 

 

                 
Figure 11. Phytolith undulation index versus FWC (n=18, R2= 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 assemblages was 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) and Barboni 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 study which shows that most samples from the 

present study indicate a phytolith assemblage dominated by grasses (>60% of grasses in 

most cases). That is, despite the wide variation in the represented tree cover density in the 

samples, most samples indicate a grass-dominated 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) in a single ternary plot clearly shows the absence of samples 

that have sub-equal proportions of grasses and woody dicots (i.e., ~40-60% of each) and 

the lower proportion of samples dominated by woody dicots (with >60% of woody 

dicots) in the current dataset. 
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A.  

 
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 the D/P ratios and the associated tree cover density, estimation of FWC 

was conducted for samples in the compiled dataset using the method discussed in section 

2.2 (Fig. 14). This method was used because the original D/P versus tree cover density 

model was based on LAI estimates and 1/3 of the data in the literature does not have LAI 

estimates reported. Also, D/P ratios were calculated for the dataset using the new 

approach outlined in Bremond et al., (2017) (i.e. D/(D+P) instead of the old D/P ratio that 

was used to calibrate the model). Unlike what is observed from data from the current 

study, a strong correlation is observed between tree cover density and the D/P ratio.  
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FWC= 0.86 D/P + 0.23  R2=0.72 

 

 
 Figure 14. Correlation between FWC and D/P 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 hypothesis 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 record: One explanation may be that because grass 

phytolith production is high 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., 2015). Specifically, for the D/P ratio used here, because 

grasses are represented by 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 some 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 Mercader et al. (2009). The same study also 

noted that additional 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 preservation 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, other 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 explain the low levels of epidermal phytolith preservation (which 

are thin and planar in their nature) in this study (Mulholland & Rapp, 1992; Piperno, 

2006).    

Time averaging: A further explanation may be bias introduced by time averaging. As 

phytoliths are 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 long-term (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 grass phytoliths 

were abundant in soil samples collected from areas where living grasses are absent, 

suggesting a time averaged signal. A similar pattern is observed in the current study 

where grasses are absent from sampling areas such as dense forests (e.g., low altitude 

sampling sites from Bale Mountains and Nyungwe forests), but the phytolith assemblage 

is dominated by grass morphotypes. Time averaging could potentially contribute to the 

grass-dominated signal we are observing even in forested sites in this study.   

Transport and disturbance: Compared to other plant micro-remains, phytoliths provide a 

more localized vegetation signal but they too are not immune from transport. Transport of 

phytoliths can occur by the action of wind, especially in open vegetation settings, 

herbivores (removal and deposition), and by water erosion and surface run-off (Fredlund 

& Tieszen, 1994; Montti et al., 2009; Blinnikov et al., 2013; Albert et al., 2015). Fire and 

human disturbance also contribute to phytolith translocation as they promote 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 Nechisar) were collected in areas that might have been subjected to river over-

flooding and surface run-off during times of high precipitation. If we take riverine forest 

samples from Mago National Park for example, while samples collected close to the river 

had a low D/P ratio (0.04), a single sample collected farther away from the river had a 

much higher D/P ratio (0.7). The presence of local people in some areas of the park also 

means that transport by herbivores (both wild and domestic) and fire cannot be ruled out. 

The results from Nyngwe National Park 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 be not affected by human disturbance) had the 

highest D/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. Disturbance and transport are among the factors that may 

be causing the lower D/P ratios observed in most sites in this study. 

Sample size: Along with all the potential biases considered above, small sample size may 

also be a contributing factor. Despite the fact that 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 national park (i.e. Gorongosa, n=17), an average of 4 samples is used 

for 8 out of the 9 of the national parks considered. Regarding the phytolith undulation 

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

to produce the model in 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 environments. Phytoliths are often preserved in 

the fossil record and have been used to reconstruct 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 fossil-bearing sites. 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 addressed 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 and the D/P phytolith ratio in 

the study sites. 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 Africa. I found no evidence of a linear relationship between tree 

cover density and the phytolith undulation index. Several factors might be contributing to 

this result. Among these are biases in the morphotypes used to calculate the indices, 

issues related to preservation of some morphotypes, phytolith inheritance resulting in a 

time averaged phytolith record, transport or translocation and disturbance by humans and 

herbivores, which further contribute to a biased and non-local vegetation signal. Lastly, 

despite the range of vegetation formations and 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 disturbance, might help address these 

problems. 
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Chapter 4: 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 

that are believed to have shaped the course of human evolution. Well-dated, continuous 

and prolific hominin-bearing sites which span this critical time period in human evolution 

offer the unique opportunity of investigating temporal trends in the paleoenvironment. 

Among the commonly used approaches to make paleoenvironmental reconstructions 

from fossil-bearing sites are stable isotopic studies of fossil herbivores to study their diet 

and how it changes through time, and pedogenic carbonates from paleosols to garner 

information about the paleovegetation settings. Here, combining the two approaches, we 

present the first comprehensive stable isotopic study from the Shungura Formation, 

which is a well-dated site with abundant fossil record in the Omo- Turkana Basin. Based 

on the stable carbon isotopic study of from fossil herbivores, the time period from 3.5-2.9 

Ma comprised a higher proportion of mixed-feeders compared to grazers or browsers. 

From ~2.9-~2.0Ma, there appears to be an increase in the proportion of C4 resource 

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 increase in the 

proportion of grazing taxa. On the other hand, results from pedogenic carbonates indicate 

a forested environment from ~3.4-2.0 Ma. Combining the information we get from the 

two proxies, we conclude that while the landscape was eventually becoming more open 

and dominated by C4 grasslands, potentially broad gallery forest was consistently 

available along the paleo-Omo river. This supports a previous hypothesis that proposed 
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the paleo-Omo river might have provided a relatively stable refugium for the mammalian 

community.  

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

 

1.1. The Shungura Formation  

The Omo-Turkana 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 evolution, and to a better 

understanding of changes in the ecological and climatic conditions across time. The 

Shungura Formation (hereafter SF), which is part of the northern section, is well known 

for its abundant mammalian and hominin fossil record. The continuity of the sequence 

and availability of tuffaceous deposits at the base of each stratigraphic unit make the SF 

unique, enabling us to have precise radiometric age estimates for the associated fossil 

fauna. It 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, E, F, G, H, J, K, and L). The base of each 

member is designated by a volcanic ash layer that is labeled the same way as the member 

above it, which has facilitated precise age estimates for each member (Brown & de 

Heinzelin, 1983; Feibel et al., 1989; Brown & McDougall, 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 from 2-20 meters in 

thickness, with an average thickness of 7m. The sediments that make up the formation 

consist of fluvial, lacustrine and deltaic deposits from the Pliocene and Pleistocene Omo 

river. K/Ar, Ar/Ar and magnetostratigraphic dating provide an age estimate that ranges 
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from ~3.6-1.16 Ma for the sedimentary sequence (McDougall and Brown, 2008; 

McDougall et al., 2012; Kidane et al., 2014).  

 

1.2. Previous studies using geochemical proxies  

Previous stable isotopic studies conducted in the SF include analysis of pedogenic 

carbonates and herbivore tooth enamel. Carbon isotopic analysis of pedogenic carbonates 

from the lower Omo valley was conducted by Levin et al. (2011) and indicated a 

relatively closed environment dominated by C3 vegetation that 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 the SF that was later dominated by open 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 closed and 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 first stable isotopic analysis on one giraffid and one equid molar 

that indicated a browsing and grazing signal, respectively. 

A more recent study that looked at two lineages, Tragelaphus nakuae and 

Kolpochoerus limnetes, across the SF sequence by Bibi et al. (2013) indicated an increase 

in C4 consumption at ~2.8 Ma, consistent with previous interpretations given by Bobe & 

Eck (2001) that reported significant environmental change in the depositional basin, and 

other studies that report an overall increase in C4 vegetation. Also, analysis of the dietary 
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adaptations of four bovid tribes in different members of the SF showed an increase in C4 

vegetation inferred from dietary shifts across several taxa, with a more pronounced 

abundance of C4 vegetation especially after 2.3 Ma (Negash et al., 2015). Furthermore, 

seasonal variation in diet that result in differing proportions of C3 and C4 vegetation has 

also been addressed from a fine-scale serial isotopic sampling of canines from 

hippopotamids from the SF (Souren et al., 2012), and a similar approach extending to 

other taxa is currently underway (Boisserie, personal communication).   

 

1.3. The Hominin fossil record in the Shungura Formation 

The hominin fossil record from the SF is dominated by isolated dental remains, 

and, while some have been attributed to the genus and species level, many are assigned 

only to the family level. Cranial and postcranial elements are also known from the SF 

that have provided good information about the different hominin species, the taxonomic 

diversity and the associated ecology that prevailed in the Pliocene and Pleistocene. Four 

hominin taxa have been reported from the SF. The genus Australopithecus is known 

from stratigraphic units that span the time period from ~3.4 Ma to ~2.7 Ma.  From 2.7 

Ma onwards, Suwa et al. (1996) suggest there is evidence of both robust and non-robust 

hominin lineages. The robust hominin species from 2.7-2.3 Ma is assigned to 

Paranthropus aethiopicus (Arambourg & Coppens, 1968), whereas after 2.3 Ma the 

robust hominin evidence is attributed to Paranthropus boisei. The appearance of the 

genus Homo (Homo sp.) has also been reported in units younger than 2.4 Ma (Suwa et 

al., 1996). 

 



154 

 

1.4. Objectives and research questions  

This chapter presents a paleoecological study that employs geochemical proxies 

to study the diet of mammalian herbivores from dental remains and the vegetation setting 

from pedogenic carbonates. This includes a new suite of isotopic analysis of bulk tooth 

enamel samples from eight herbivore mammalian families across the SF and pedogenic 

carbonates from selected members. The main objective of the study is to expand the 

existing geochemical data to be able to address paleoecological questions more 

accurately. For instance, instead of using data from a few selected taxa for 

paleoenvironmental reconstructions, as employed in Bibi et al. (2013) and Negash et al. 

(2015), studying the collective fauna will provide a more complete picture of the 

ecological conditions and vegetation settings that existed on the paleolandscape. Also, in 

addition to amplifying the information garnered from the geochemical proxies, this study 

allows better comparisons with other proxies for reconstructing paleoenvironments.  

This study addresses three main research questions.  

1. What does the carbon isotopic composition of the tooth enamel of fossil 

herbivores indicate about their diet across the SF? 

Previous studies of herbivore diets in the SF (e.g., carbon isotopic studies on a 

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., Spencer, 1997; Bibi et al., 2013; Negash et al., 2015). Based on this, we 

predict that the C4 resource consumption will increase upward in time across a 

wider diversity of taxa.  
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2. What do data from pedogenic carbonates and tooth enamel imply about the 

paleovegetation across the SF? 

Several lines of evidence from the macro and micro faunal and floral assemblages 

in the SF have indicated relatively closed and wet environments in the earlier 

members progressing to more open and dry settings later in time (e.g., Bonnefille 

& Dechamps, 1983; Reed, 1997; Bobe & Eck, 2001; Alemseged, 2003). Thus, in 

this study, we expect to see an increasing trend towards C4 dominated 

environments over time.  

3. How do the two geochemical proxies corroborate or contrast with each other? 

Despite differences in the spatiotemporal scale represented in the two proxies (Du 

et al. 2018), both proxies (i.e., tooth enamel and pedogenic carbonates) provide 

similar stable isotope-based information and have been used to make inferences 

about paleovegetation from several fossil-bearing sites. However, due to the 

inherent nature of pedogenic carbonate formation (i.e., both time and place), some 

studies (e.g., Breecker et al., 2009) have indicated that this might provide a ñC4 

biasedò record of paleovegetation. Thus here, we predict that data from pedogenic 

carbonates will indicate a slightly C4 biased signal compared to data from fossil 

tooth enamel.  

 

 

 

 

 



156 

 

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 parts of the SF, 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 

information on the taxonomic and provenance attributes of each fossil specimen were 

used to identify the specimens. Taxonomically diagnostic isolated molars and molar 

fragments were selected for sampling. A few premolars and deciduous dentitions were 

also sampled and 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 diamond-tipped drill to remove adhering sediments, secondary 

carbonates, and surface alterations. Approximately 15-20 mg of powdered enamel was 

extracted by scraping the surface of each tooth along the growth axis with the 0.5 mm 

diamond-tipped drill, cleaning the drill tip between each sampling. 

 

2.1.2. Pedogenic carbonates  

Several paleosol layers, (i.e., ancient soils that have been incorporated into the 

geological record (Tabor & Myres, 2015)), were identified in selected members of the SF 
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during field surveys. In each identified layer, I selected a horizon with a high 

concentration of CaCO3 nodules, but carbonate nodules are dispersed throughout the 

paleosols and the soil profiles A and B and the transition between them is mostly not well 

defined. To investigate differences in the spatial distribution of paleovegetation 

represented in each paleosol layer, samples were collected at 50-100 meter intervals 

along the layer, at depths of ~ 50 cm from the upper boundary of the paleosol.  The 

samples were dug out from ~50-60 cm below the outcrop surface to avoid the influence 

of alteration due to modern atmospheric interaction. A 10% HCl (Hydrochloric acid 

solution) was used in the field to identify and test for carbonate nodules. A total of 26 

samples were collected from paleosols in members B, C and F of the SF.  

 

2.2. Sample preparation for stable isotopic analysis 

2.2.1.  Fossil tooth enamel  

The extracted powdered enamel sample was treated in 3ă H2O2 (hydrogen 

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 acetic acid-calcium 

acetate buffer for 1 h to remove any secondary carbonates. About 5 mg of pretreated 

powder was reacted with 103ă phosphoric acid at 25 ÁC for 24 h to produce CO2 for 

isotopic analysis. Isotopic ratios were measured on a Thermo Fisher Scientific (Finnigan) 

Delta V Isotope Ratio Mass Spectrometer. Results are reported using the standard per mil 

(ă) notation, 
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ŭ(13C or 18O) = [R sample/R standard -1] * 103 

 

where R sample and R standard are the 13C/12C or 18O/16O ratios of the sample and a 

reference standard, respectively. ŭ(13C or 18O) values of tooth enamel are reported on the 

VPDB scale, which was normalized using replicate analyses of IAEA and internal 

reference materials NBS-18, NBS-19, and Carrara marble, with known ŭ13C values of -

5.01ă, +1.95ă and +2.01ă, and 18O values of -23.0ă, -2.2ă and -2.43ă 

respectively. The precision of replicate analyses of these standards within a given run 

was less than 0.1ă. 

 

2.2.2. Pedogenic carbonates  

Pedogenic carbonate nodules were selected from paleosol samples and 15-20 mg 

of carbonate powder was sub-sampled and drilled using a diamond-tipped drill, cleaning 

the drill bit between sampling. To test for d13C differences between carbonate nodules in 

a single soil sample, few additional samples were taken from separate nodules.  0.4-0.6 

mg of powder carbonate samples were weighed on a Sartorius SE2 ultra microbalance 

and put in 12ml glass Exetainer vials. 0.3 -0.5 mg of Carrara Marble and NBS-18, with 

known d13C (2.10ă and -5.01 ă respectively) and d18O (-2.01% and -23.2ă), were also 

measured, analyzed and used in a 2-point linear correction to normalize the results. The 

sample vials were then flushed with Helium to remove any gas, acidified in phosphoric 

acid with a specific gravity >1.92 (i.e., >100%) at 250C for 24 hours, and measured using 
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a Thermo Gas bench II Delta V Advantage continuous flow isotope ratio mass 

spectrometer. Results are reported using the standard per mil (ă) notation. 

 

2.2. Principles of stable isotope geochemistry  

2.2.1. Fossil tooth enamel 

The use of stable carbon isotopes in reconstructing vertebrate paleodiet is based 

on our understanding of carbon isotope fractionation during photosynthesis. During 

photosynthesis, plants discriminate against CO2 containing 13C because of differences in 

chemical and physical properties imparted by the differences in mass of CO2 molecules 

containing 13C versus 12C.  The amount of discrimination differs between plants using C3 

and C4 photosynthetic pathways. C3 plants (i.e., trees, shrubs, herbs, and temperate and 

high-altitude grasses) follow the C3 photosynthetic pathway that result in large isotopic 

fractionation, resulting in lower ŭ13C values that range from -22 to -35ă, with a global 

mean of -26ă. On the other hand, C4 plants (mainly tropical grasses and sedges) follow 

the C4 photosynthetic pathway, resulting in comparatively higher ŭ
13C values that range 

from -19 to -9ă, with a global mean of -12ă (Smith & Epstein, 1971; DeNiro & 

Epstein, 1978; Tieszen et al., 1979; Van der Merwe, 1982; OôLeary, 1988; Lee-Thorp, 

2002; Ehleringer & Monson, 1993; Koch, 1998; Schoeninger, 1995; Cerling et al., 1997; 

Ehleringer et al., 1997; Lee-Thorp & Sponheimer, 2013). As plants are the primary 

source of carbon in herbivores, the ŭ13C values of consumed plants are recorded in the 

body tissues of the herbivores, with a relatively consistent fractionation factor (resulting 

in a ~14ă difference) between bioapatite mineral tissues, such as teeth and bone, 

compared to diet (Cerling, 1992; Koch, 1998; Sponheimer and Lee-Thorp, 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 inferences from both extant and fossil mammalian 

species (e.g., Ambrose and DeNiro, 1986; Lee-Thorp et al., 1989; Sponheimer & Lee-

Thorp, 1999; Cerling, 2003; Sponheimer, 2003; Cerling et al., 2015; Levin et al., 2015; 

Robinson et al., 2017). 

The oxygen isotopic composition 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, altitude, precipitation amount, temperature & humidity), evaporation and 

mixing of different sources (e.g., groundwater vs surface water or mixing of water of 

different residence times) (See Gat, 1996 and Pederzani & 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 and climatic conditions (e.g., 

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

in body tissue forms in an isotopic equilibrium with body water, which is a result of 

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

outfluxes (water vapour, water in feces and oxygen in respired CO2) of the body 

mediated by physiology, metabolism, and drinking behavior (Luz et al., 1984; Luz & 

Kolodny, 1985; Kohn, 1996; Pederzani & Britton, 2018). Despite the multiple sources of 

body water and hence sources of oxygen, drinking water is the 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 isotopic composition of these body tissues 
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to make environmental inferences about hominin-bearing sites (e.g., Levin et al., 2006; 

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

 

 

2.2.2. Pedogenic carbonates  

Pedogenic carbonates are calcium carbonate nodules, coatings or horizons that 

precipitate in soils over hundreds to thousands of years in sub-humid to arid regions, 

when the soil water content is low (Cerling & Quade, 1993; Cerling, 1999a; Breecker et 

al., 2009; Quade et al., 2013). As plants are the main source of carbon in the soil, the 

carbon isotopic composition of soil CO2 represents the isotopic composition of the local 

vegetation (Cerling, 1984). Since pedogenic carbonates form in isotopic equilibrium with 

soil CO2 (with an average fractionation of ~14ă after accounting for fractionations due 

to of diffusion ~4ă and calcium carbonate precipitation ~10ă), they can be used as a 

paleovegetation proxy (Cerling et al., 1989; Quade et al., 1989a). Compared to biogenic 

carbonates such as bioapatite, which provide a spatially broader snapshot of what is 

available on the landscape, they provide a more spatially constrained (limited area of ~10 

m2) but temporally averaged (102-105 years) 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 water, and studies have shown 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, (e.g., Breeker et al., 2009; Quade et al., 2013), a 
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recent study by Huth et al. (2019) has also shown that despite these seasonal biases, there 

is also a potential for a combined signal from multiple events throughout the year 

reflecting a balance. Hence, carbon and oxygen isotopes in pedogenic carbonates can be 

and have been used to make paleoenvironmental inferences from paleosols (e.g., Cerling 

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) 
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3. Results  

 

3.1. Family Bovidae 

A total of 457 fossil tooth enamel samples were analyzed from specimens 

assigned to the family Bovidae. Out of these, 418 specimens that were accurately 

designated as molars or molar fragments with known stratigraphic information (i.e., 

both member and unit information) were selected. The bovid tribes included in this 

study are Aepycerotini (n=97), Alcelaphini (n=68), Bovini (n=58), Reduncini (n=90) 

and Tragelaphini (105). Antilopini (n=4) and Hippotragini (n=1) were also analyzed 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 (i.e., Aepycerotini, 

Alcelaphini, Reduncini, and Tragelaphini), with additional new data (n=245) that 

includes a previously unrepresented taxon (i.e., tribe Bovini). Median ŭ13C values are 

reported for each member and Wilcoxon rank-sum test (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 abundance. Summarized 

results for each taxon and member are presented in Table 1.  

 

3.1.1. Reduncini 

Extant reduncins (e.g., reedbucks and waterbucks) are medium-to-large sized 

grazers that mainly occur in well-watered areas and valley grasslands (Kingdon, 1997; 

Gagnon & Chew, 2000). In the SF, the reduncins are the most abundant bovid tribe, 
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followed by Aepyceros. To study the dietary adaptation of the reduncins across the SF 

sequence, 90 specimens were analyzed. All of the specimens were assigned to the tribe 

level and no lower taxonomic designations were available, which is the case for most 

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

Throughout the SF sequence, samples from the tribe Reduncini have a median ŭ13C 

value of -0.7ă with values ranging from -13.4ă to + 2.6ă (although the minimum 

values are driven by two outliers). The dietary pattern inferred from these results 

indicate that Reduncini incorporated a mixed C3/C4 diet during the time portrayed by 

the earlier member of the formation (i.e., Member B) and shifted to a pure C4 

dominated diet during later periods. For the ŭ18O values, the sample of Reduncini from 

the SF has a median value of +0.7ă with values as low as -3.7ă and as high as 

+7.2ă. The transitions from Member D to E and G to H show a statistically significant 

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

these members, the observed difference might reflect changes in local climatic 

conditions. 

 

  
  
           Figure 1. Boxplot of ŭ13C and ŭ18O values of tribe Reduncini (black dots represent outliers) 
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3.1.2. Aepycerotini 

According to Kingdon (1997), the modern representatives of the tribe 

Aepycerotini (Aepyceros melampus) are highly residential, medium-sized antelopes 

that occupy ecotones between grasslands and dense woodlands, with some 

opportunistic seasonal feeding to fulfill their demand for high-quality food by grazing 

in the rainy seasons and browsing in the dry season. Gagnon & Chew (2002) also 

classify them as browser-grazer intermediates that incorporate 30-70ă of dicots in 

their diet. In the SF, Aepycerotini is the second most abundant bovid tribe followed by 

the tragelaphins. From the fossil dental remains assigned to the tribe Aepycerotini, 96 

specimens were analyzed for this study. Out of the 96 specimens reported here, 67 

were assigned to Aepyceros shungurae (which is considered a direct ancestor of the 

extant species Aepyceros melampus), while 30 specimens were assigned only to the 

tribe level, which might be due to similarities to the living species (Gentry, 1985; 

2010). For the time span represented in the stratigraphic sequence, samples from the 

tribe Aepycerotini have a median ŭ13C value of -2.2ă, with values ranging from -

9.2ă to +2.5ă. Looking at the overall dietary pattern of Aepyceros, it appears that 

their diet was dominated by a mixed C3/C4 diet in the earlier members of the formation, 

shifted to a C4 dominated diet and show a slight change back to incorporating a diet 

dominated by mixed C3/C4 resources in the later members of the SF. For the respective 

ŭ18O values, samples from the tribe have an overall median value of +1.4ă with values 

ranging from -7.3ă to +7.1ă. Although no major differences in the ŭ18O values are 

observed between most members, there is a significant difference in the transition from 

F to G (p < 0.01) where a wide range of ŭ18O values is observed. This coincides with 
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the slight change to a mixed C3/C4 diet in this member. Also, the more positive ŭ18O 

values in upper members of the formation (i.e., members H, J, K and L) compared to 

the lower members, might be related to the slight changes in dietary adaptation. For 

instance, this could be a result of an increasing component of browse (i.e., leaves) that 

might have more positive values due to evaporation. However, other environmental 

factors cannot be ruled out. 

 

  

 

 

 

 

 

 
Figure 2. Boxplot of ŭ13C and ŭ18O values of tribe Aepycerotini  

 

 

3.1.3. Tragelaphini 

Extant tragelaphins are medium-to-large sized antelopes that reside in a variety 

of habitats from forests and swamps to thickets along wide moisture gradients 

(Kingdon, 1997). The tribe Tragelaphini in the SF is represented by three species, 

Tragelaphus rastafari (n=10), Tragelaphus nakuae (n=57), and Tragelaphus gaudryi 

(n=37), two of which (i.e., Tragelaphus nakuae and Tragelaphus gaudryi) are 

temporally overlapping. The overall median ŭ13C value for the samples from the tribe is 

-5.2ă with ŭ13C values ranging from values of +3.0ă to -11.6ă, indicating a diet 

dominated by mixed C3/C4 resources. In general, it can be said that the dietary 

adaptation of the tragelaphins was dominated mainly by a mixed C3/C4 diet across the 
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SF. Regarding the two temporally overlapping species represented, although no 

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

where T. gaudryi falls closer to the mixed feeder/browser boundary whereas T. nakuae 

is closer to the mixed feeder/grazer boundary showing a statistically significant 

difference, p=0.04), there are slight differences in ŭ13C values within the same dietary 

category (Figure 4). This could indicate varying responses to environmental change by 

different species, i.e., even within the same genus, different species might behave 

differently over time (as indicated by scenarios in Figure 4). For the ŭ18O results, the 

overall median value is -0.5ă with values ranging from +5.6ă to -7.2ă. Overall, 

although the ŭ18O values do not show a wide range of variation across most members, 

there is a statistically significant difference between members F and G (p = 0.04). This 

might be related to the slight changes in diet inferred from the ŭ13C values, associated 

changes in drinking behaviors or other environmental changes. Other factors such as 

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

might also influence the signal inferred from the ŭ18O of tooth enamel and cannot be 

rejected. 

   
Figure 3. Boxplot of ŭ13C and ŭ18O values of tribe Tragelaphini 
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                             Fig. 4. Boxplot of ŭ13C values of T. nakuae (left) and T. gaudryi (right) 

 

 

 

   

 

 

 

     

 

 

 

 

 

 

 
Fig. 5. Possible scenarios on how two closely related taxa might behave in relation to changes in their 

dietary adaptations 

 

3.1.4. Alcelaphini 

Extant alcelaphins are medium-to-large sized water-dependent obligate grazers 

adapted mainly to open plains (Kingdon, 1997). In the SF, alcelaphins are the fourth 

most abundant tribe followed by tribe Bovini. A total of 68 specimens, all identified only 

to the tribe level, were analyzed in this study. Alcelaphins are sampled from most 

members of the Formation, with the exception of members A, H, and L. Throughout the 

SF, the samples from alcelaphins have a median ŭ13C value of +1.0ă with values 

ranging from -6.9ă to +3.9ă. Compared to the other bovid tribes studied here, 
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alcelaphins appear to be the only tribe with a consistent C4 diet throughout the Shungura 

sequence, with no major differences across the different members (except for the 

statistically significant (p < 0.01) difference observed between Members B and C where 

there appears to be a slight shift towards more positive ŭ13C values).  

The alcelaphin samples have positive ŭ18O values throughout the sequence, with a 

median ŭ18O value of +1.9ă and a minimum and maximum values of -8.1ă and +9.9ă 

respectively, with no major differences across the members. 

 

  
Figure 6.  Boxplot of ŭ13C and ŭ18O values of tribe Alcelaphini 

 

 

3.1.5. Bovini 

Modern representatives of this tribe are large-sized grazers that occur in savannas 

with patches of thickets or forest (Kingdon, 1997). Bovini from the SF is represented by 

57 specimens, all of which were identified only to the tribe level. Most members of the 

SF are represented with the exception of members H, K, and L. The median ŭ13C of 

samples from the tribe is +0.6ă with values ranging from -10.6ă to +4.4ă. Looking at 

the overall dietary pattern, except for Member A that shows a mixed C3/C4 diet, the tribe 

Bovini appears to have had a relatively consistent C4 dominated diet throughout the 

sequence. The median ŭ18O value for samples from the tribe is +1.3ă with values 
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ranging from -4.9ă to +8.6ă. Other than the negative ŭ18O values observed in Member 

A (that are statistically significant from Member B, (p =0.02), a relatively consistent 

positive ŭ18O values are observed for most members of the Formation. 

 
Figure 7.  Boxplot of ŭ13C and ŭ18O values of tribe Bovini 

 

 

3.1.6 Summary for the bovids 

Figure 9 provides a summary of the ŭ13C values for the bovid tribes discussed 

above across members of the SF. Taken all together, an overall increase in C4 resource 

consumption occurs in the bovids, with major shifts in some members. The transition 

from Member A (n=7) to Member B (n=53) shows a notable shift (p = 0.02) from a C3 

and mixed C3/C4 diet to a relatively broad dietary spectrum of C3, mixed C3/C4, and C4 

diet, while the transition from Member B to C (n=50) also shows a statistically 

significant shift towards a C4 dominated diet (t-test, p< 0.01). Similarly, there is a 

significant shift (t-test, p <0.01) from Member E (n=50) to Member F (n=66) towards 

higher ŭ13C values followed by a shift toward lower ŭ13C values in member G (n=93) 

(t-test, p = 0.04). With the additional samples from the present study, there are slight 

differences in the median values reported for some tribes across the different members 

compared to previous work (Negash et al., 2015). However, the overall dietary trends 
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appear to be very similar. These gradual changes in dietary habits are similar to what 

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

 

                   
   Figure 8. Boxplot of ŭ13C values of bovid tribes from the SF 

  

 

3.2. Family Hippopotamidae 

Extant hippopotamids are large semi-aquatic mammals that inhabit swamps, 

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

of the pygmy hippopotamus) (Kingdon, 1997; Boisserie et al., 2011). However, 

mesowear and stable isotopic studies have shown that they consume a significant 

component of C3 vegetation in closed to moderately open habitats (Boisserie et al., 

2005; Cerling et al., 2008, Souroun et al., 2012). In the SF, the family Hippopotamidae 

is the second most abundant taxon next to the bovids. For the stable isotopic study, a 

total of 81 specimens were used. Out of these, 54 are assigned to the family level while 

27 are assigned to aff. Hippopotamus protamphibius. The median ŭ13C value for the 

Hippopotamid samples from the SF is -3.3ă with values ranging from -8.7ă to 

+1.1ă. Except for the transition from Member A to B that shows a statistically 
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significant difference within the same dietary category (p=0.03), no major differences 

in the ŭ13C values are observed.  Overall, it appears that hippopotamids from the SF 

had a diet dominated by mixed C3/C4 resources that included a higher percentage of C4 

resources at times, similar to extant hippopotamids. The hippopotamid samples from 

the Shungura sequence have a median ŭ18O value of -4.0ă with values ranging from -

10.5ă to +1.4ă. Overall, they show a relatively low ŭ18O values compared to other 

contemporaneous taxa. These values are more consistent in the earlier members 

(members A through G) of the Formation and show more variation in the upper 

members (H through L). For instance, there is a statistically significant difference 

between Member G and H (p=0.04) and between Member H and J (p=0.02). However, 

the sample size for these members is relatively small. 

 

        
Figure 9. Boxplot of ŭ13C and ŭ18O values 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 

other dental elements and to assess the degree of spread in the ŭ13C and ŭ18O values. 

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 

specimens, including the deciduous premolar and possible canine fall within the range of 
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ŭ13C and ŭ18O values observed from the molars and the overall dietary pattern appears 

the same. 

 

Figure 10. Boxplot of ŭ13C and ŭ18O values of Hippopotamidae (including molars, premolars, and 

canines) 

 

3.3. Family Suidae 

Extant members of the family Suidae are medium-to-large sized artiodactyls that 

include omnivorous species that dwell in rainforests and woodland habitats (e.g., red 

river hog and bush pig) as well as grazing species adapted to deserts, grasslands and 

woodlands (e.g., the desert warthog and common warthog) (Kingdon, 1990). Suids in the 

SF are represented by four mostly contemporaneous genera, and the fossil teeth of these 

taxa are relatively abundant and identifiable. This includes the genera Nyanzachoerus, 

Notochoerus, Metridiochoerus, and Kolpochoerus. A total of 266 identified molar 

specimens are used for stable isotopic analysis. Below, results from each genus are 

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

 

3.3.1. Nyanzachoerus 

The genus Nyazachoerus is represented in the earlier members of the Formation 

(i.e., Members A, B, and C) and samples from this genus have an overall median ŭ13C 
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value of -3.6ă. Compared to the other Suid genera, the sample size of Nyazachoerus 

is small and falls mainly in the mixed feeding category in members A and B, while the 

single sample from Member C shows a C4 grazing signal. The overall median ŭ18O 

value for samples from Nyazachoerus is -0.5ă. No significant differences in the ŭ13C 

or ŭ18O are observed between the three members. 

   
Figure 11. Boxplot of ŭ13C and ŭ18O values of Nyanzachoerus   

 

 

3.3.2. Notochoerus 

The genus Notochoerus is represented by a total of 93 specimens across members 

A through H. Across the Shungura sequence, samples from Notochoerus have an overall 

median ŭ13C value of -1.2ă with values ranging from -7ă to +0.3ă. Apart from 

Members A and B, which show some a mixed C3/C4 diet, the ŭ
13C results indicate that 

the diet of Notochoerus was mainly dominated by C4 resources with no significant 

differences across the different members. The median ŭ18O value for samples from 

Notochoerus across the sequence is -0.6ă with values ranging from -5ă to +5ă. The 

ŭ18O values show a statistically significant shift (p<0.01) in the transitions from Member 

A to B and from Member G to H. As no major shift in diet is observed between these 

members, the changes in the ŭ18O values might reflect changes in the local climatic or 
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tectonic conditions such as the appearance of a lake that can change the oxygen isotopic 

composition of drinking water. 

 

 

 
Figure 12. Boxplot of ŭ13C and ŭ18O values of Notochoerus   

 

 

3.3.3. Metridiochoerus 

Metridiochoerus is represented by 79 specimens out of which 63 specimens are 

assigned to the species Metridiochoerus jacksoni, 8 are assigned to Metridiochoerus 

andrewsi, 1 is assigned to Metridiochoerus compactus and 7 are assigned only to the 

genus level. The overall median ŭ13C value for samples from the genus Metridiochoerus 

is -0.9ă with minimum and maximum values of -8.1ă and +1.6ă respectively. 

Overall, Throughout the SF, it appears that Metridiochoerus had a relatively consistent 

C4-dominated diet, with the transition from Member G to H marked by a significant 

shift (p=0.01) towards more positive ŭ13C values. The median ŭ18O value for samples 

from Metridiochoerus is +0.5ă with values ranging from -7.1ă to +6.1ă. Across the 

different members, there is a significant shift towards positive ŭ18 O in the transition 

from Member E to F (p = 0.01) and a shift back to lower ŭ18O values from Member F to 

G (p < 0.01).  
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Figure 13. Boxplot of ŭ13C and ŭ18O values of Metridiochoerus   

 

 

3.3.4. Kolpochoerous 

Samples from the genus Kolpochoerus comprise 82 specimens, among which 22 

are assigned to Kolpochoerus limnetes, 4 to Kolpochoerus heseloni and 56 only to the 

genus level. The overall median ŭ13C value for sample from Kolpochoerus throughout 

the SF is -0.8ă with values ranging from -9.1ă to +0.9ă. Looking at the dietary 

pattern across the different members, it appears that Kolpochoerus started out as a mixed 

feeder in the lower members of the SF (i.e., members A and B) and later shifted 

(showing a statistically significant difference between Member B and C, p<0.01), to a C4 

dominated diet in the upper members. With respect to the ŭ18O values, samples from the 

genus Kolpochoerus have a median ŭ18O values of -0.9ă with values ranging from to -

5.8ă to +5.6ă. No significant differences are observed in the ŭ18O values across the 

different members even when shifts in diet are inferred from ŭ13C values. 
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Figure 14. Boxplot of ŭ13C and ŭ18O values of Kolpochoerus   
 

 

3.3.5. Summary for the suids 

Figure 15 provides a summary of the ŭ13C values for all the suids discussed 

above. As observed in the bovids, there appears to be an overall increase in C4 resource 

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

the transition from Member B (n=36) to Member C (n=31) is signified by a notable shift 

(p < 0.01) that indicates a change from a mixed C3/C4 to C4 dietary adaptation in 

Member B to a dominantly C4 diet in Member C. Also, the transition from Member G 

(n=52) to Member H (n=23) shows a statistically significant shift towards higher ŭ13C 

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

mixed C3/C4 diet in the lower members of the Formation but shifted to an increasingly 

C4 diet in the upper members of the Formation.  
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                                     Figure 15. Boxplot of ŭ13C values of suid genera 

 

 

3.4. Family Elephantidae 

Extant elephants are megaherbivores that live in a wide range of habitats and feed 

on grass and browse with varying proportions of each in different seasons (Kingdon, 

1991; Cerling et al., 1999b). In the SF, the family is represented by specimens mainly 

identified to the species Elephas recki with five sub-species that show an evolutionary 

trend towards bigger and longer teeth, with an increasing number of plates (Coppens, 

1978; Beden, 1980). For the stable isotopic analysis, 92 samples were used in this 

analysis (and one specimen assigned only to Proboscidea). Out of these 92 specimens, 86 

were assigned only to the family level, 2 specimens were assigned to the species level 

(i.e., Elephas recki), 3 specimens were assigned to the subspecies Elephas recki atavus 

and 1 specimen was assigned to the subspecies Elephas recki shungurensis. 

The overall median ŭ13C value of samples from the elephantids is -1.8ă with 

values ranging from -12.4ă to +1.0ă. Overall, the elephantids from the Shungura 

sequence show a mixed C3/C4 and some C4 diet in the lower members (A through E, 
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excluding the significant shift to a higher incorporation of C4 resources observed in the 

transition from Member B to C, p=0.02), that changed to a predominantly C4 resource 

consumption in the upper members (F through L). This is consistent with previous 

isotopic work that has shown a C4 dominated diet in the Pliocene and Pleistocene in 

Africa (Cerling et al. 1999b) and dental morphology changes (i.e., increase in the 

number of plates, a decrease in enamel thickness and increase in hypsodonty) that 

indicated increasing C4 diet especially after Member F (Coppens 1978; Sanders & Haile-

Selassie, 2011; Lister, 2013). The overall median ŭ18O value for samples of Elephantidae 

from the SF is -0.9ă with minimum and maximum values of -6.4ă and +4.8ă 

respectively. In general, the ŭ18O values have a wide range of values, especially 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 observed in ŭ13C in Member C 

appears to be accompanied by a slight change towards less negative ŭ18O values. 

However, no statistically significant differences are observed between consecutive 

members. 

 
Figure 16. Boxplot of ŭ13C and ŭ18O values of Elephantidae 
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3.5. Family Giraffidae 

Extant giraffids are large-sized, high-quality foliage browsers that live in 

savannas and open woodlands (Kingdon, 1991; Cerling et al., 2015). In the SF, the 

family Giraffidae is represented by specimens identified only to the family level as well 

as specimens assigned to two genera; i.e., Giraffa and Sivatherium. While the genus 

Giraffa has three temporally overlapping species G. gracillis, G. jumae, G. pygmaeus, 

Sivatherium had one recognized species, S. maurusium. For this stable isotopic study of 

the giraffids, a total of 45 specimens from members C, E, F, G and H were used for 

analysis. Out of these, 25 were molars or molar fragments whereas 20 were identified as 

premolars, tooth fragments or deciduous premolars. Out of the total 45 specimens, 35 

were assigned only to the family level (i.e., Giraffidae), 8 specimens were assigned to 

the genus Giraffa and 2 specimens were assigned to the species Giraffa pygmaeus. 

Here, two separate analyses, one looking only at the molars (which has a relatively 

small sample size, n=25) and one including all the specimens sampled (i.e., the molars, 

premolars, deciduous premolars and tooth fragments combined together) are presented 

and discussed. 

When looking at just the molars and molar fragments, the overall median ŭ13C 

value of samples from giraffids is -12.4ă with values ranging from -14.9ă to -10.4ă. 

In the members studied here, the giraffids show a consistently C3 (browse dominated) 

diet as do their modern counterparts and fossil relatives from several eastern African 

sites (e.g., Uno et al., 2011; Cerling et al., 2015; Rowan et al., 2016). For the ŭ18O 

values, the overall median value is +1.7ă with minimum and maximum values of -

3.9ă and +9.0ă respectively with no significant difference across the members.  
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Figure 17. Boxplot of ŭ13C and ŭ18O values of Giraffidae 

 

 

When including specimens identified as premolars, tooth fragments or deciduous 

premolars in the analysis did not significantly alter the results (i.e., < 1.0ă differences 

in the median ŭ13C values were observed) or the dietary patterns observed. However, 

higher ŭ13C values are observed for 2 of the deciduous premolars and 1 premolar. For 

the ŭ18O values, although the range of ŭ18 O values stayed the same, the median value 

changed by ~1.6ă.  

 

   
Figure 18. Boxplot of ŭ13C and ŭ18O values 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 are large-sized exclusive grazers that live in open habitats such as grasslands and 

bush/grass mosaics (Kingdon, 1990). In the SF, the family is represented by two genera: 

Hipparion, which occurs throughout the formation, with an increase in hypsodonty over 

time, and Equus (true Equus) that appears in Member G (Coppens, 1978). For the 

isotopic analysis, 69 specimens were used. Throughout the SF, samples from the family 

Equidae have a median value of +0.1ă with values ranging from -5.2ă to +2.2ă. In 

general, except for the mixed C3/C4 diet observed by some individuals in Member B 

(which is significantly different from Member C, p<0.01), the equids had a relatively 

consistent C4 diet. This is in agreement with previous Isotopic studies indicating that 

equids had a predominantly C4 diet in the Pliocene (Cerling et al., 1997; Sponheimer et 

al., 2001; Kingston & Harrison, 2007). Both Equus and Hipparion are represented in 

Member G and the two genera show a statistically significant difference (p = 0.04) 

within the C4 diet category. For the ŭ18O values, while samples from the lower members 

of the SF had relatively low ŭ18O values, a wide range in the ŭ18O values is observed in 

Member G, followed by higher ŭ18O values in Member L. The significant differences 

observed in the ŭ13C values of Equus and Hipparion is also reflected in the ŭ18O values 

(p<0.01), which might further indicate reliance on different dietary resources within the 

C4 diet category. 
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Figure 19. Boxplot of ŭ13C and ŭ18O values of Equidae 

 

 

As many premolars were sampled but not included in the analysis above, a 

separate analysis was conducted to investigate the differences in ŭ13C between the 

premolars and molars. Here, in addition to the 69 molars reported above, 28 premolar 

specimens are included. The boxplot on Figure 20 shows the analysis (n=97). When the 

premolars are included in the analysis, only slight differences (a maximum difference of 

0.9ă in the median ŭ13C values) are observed. No statistically significant differences 

between the molars and premolars are observed and the dietary pattern stayed the same. 

A similar pattern was observed for the ŭ18O values with no major difference in the 

overall median values (a maximum difference of 0.7ă) or between the molars and 

premolars. 

 

 
Figure 20. Boxplot of ŭ13C and ŭ18O values of Equidae (including molars and premolars) 
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3.7. Family Deinotheriidae 

Deinotheres are extinct proboscideans that lived in the Miocene to the Pleistocene 

in the Old World (Huttunen, 2000; Poulakakis et al., 2005). Out of the recognized 

deinothere species, most of the specimens from the SF are assigned to Deinotherium 

bozasi (Arambourg, 1947; Coppens, 1978). Even tooth fragments are highly identifiable 

for this taxon, resulting in a relatively large sample. A total of 67 specimens were 

analyzed for their stable carbon and oxygen isotopic compositions. As the sample size for 

just the molars was relatively small, molars, molar fragments, and tooth fragments are 

included in the analysis (Figure 21). Overall, samples from deinotheres have a median 

ŭ13C value of -14.0ă with a minimum value of -15.7ă and a maximum value of -

11.5ă, showing very small range compared to what is observed in the other taxa. This 

indicates that throughout the SF, the deinotheres were consistent browsers, showing no 

change in their diet. The results agree with previous isotopic work from Plio-Pleistocene 

sites that also show a consistent browsing diet (e.g., Kingston & Harrison, 2007; Uno et 

al., 2011; Cerling et al., 2015). For the ŭ18O values, the overall median value is -2.1ă 

with values ranging from -6.2ă to +1.9ă indicating a wider range. Apart from a 

significant shift (p < 0.01) in the transition from Member A to B, no major differences 

are observed across the members.  
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Figure 21. Boxplot of ŭ13C and ŭ18O values of Deinotheriidae 

 

 

3.8. Family Rhinocerotidae 

Extant African rhinocerotids include the black rhinoceros (Diceros) and the white 

rhinoceros (Ceratotherium), both of which are large-bodied species only surpassed in 

size by elephants. While the black rhinoceros is slightly smaller in size, prefers edges of 

thickets and woody savannas and favors low-level 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 Rhinocerotidae is represented by both Diceros and Ceratotherium, 

both of which show a trend over time towards higher crowned teeth (Coopens, 1978). For 

isotopic analysis, a total of 28 specimens assigned to Rhinocerotidae were sampled and 

analyzed. Out of these, 1 specimen was assigned to the genus Diceros (which had a ŭ13C 

value of -10.4ă) while the other 27 specimens were assigned to Ceratotherium simum. 

Out of the 27 specimens 18 are molars, 6 are premolars, 2 are tooth fragments and 1 is 

described as a deciduous tooth. Looking at just the molars, the overall median ŭ13C value 

is -0.9ă with values ranging from -13.7ă to +0.8ă. Overall the ŭ13C values indicate a 

C4 dominated diet with some mixed C3/C4 diet in some members, with a few outliers that 

have a C3 dominated diet. It might be possible that these outliers belong to Diceros but 

were identified as Ceratotherium, as distinction between the two genera is considered 



186 

 

difficult based on fragmentary remains (Geraads, 2004). Previous isotopic data from 

other Plio-Pleistocene sites has shown that the two genera, Diceros and Ceratotherium, 

had a relatively consistent C3 and C4 diet respectively (Sponheimer et al., 2001; Cerling 

et al., 2015) while others studies have shown a wide dietary range with a C3, mixed C3/C4 

and C4 diet (Levin et al., 2008; Uno et al., 2011; Bedaso et al., 2010). For the ŭ18O 

values, the overall median value is +0.5ă with values ranging from -3.9ă to +8.5ă 

with no significant differences across the members.  

 

 
Figure 22. Boxplot of ŭ13C and ŭ18O values of Rhinocerotidae 

 

 

When including the molars, premolars, deciduous tooth and tooth fragments in the 

analysis, except for the major change observed in Member F due to the inclusion of 1 

deciduous tooth that had a low ŭ13C value, the overall dietary pattern observed is similar. 

Similarly, the general pattern observed for the ŭ18O value stayed the same. 
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Figure 23. Boxplot of ŭ13C and ŭ18O values of Rhinocerotidae (including molars premolars and tooth 

fragments) 

 

 

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 Member B has a median ŭ13C value of -10.1ă (n=5) with minimum and 

maximum values of -10.9ă and 9.8ă. Samples from Members C have a median ŭ13C 

value of -9.1ă (n=13) with values ranging from -10ă to -8.2ă while samples from 

Member F have a median value of -9ă (n=8) with minimum and maximum values with 

values ranging from -11ă and -8.1ă. While the transition from Member B to C 

indicates a statistically significant difference (Wilcoxon rank-sum, test, p < 0.05), no 

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

differences, the ŭ13C values indicate a C3 dominated environment in all the members 

considered.  For the ŭ18O values, samples from Member B have a median value of -5.6 ă 

with values ranging from -5.9ă to -5.2ă while samples from Member C has a median 

value of -4.4ă with values ranging from -5.9ă to -3.1ă. In Member F, the median ŭ18O 

value of the samples is -3ă with values ranging from -5.1ă to -1.8 ă. As observed in 

the ŭ13C values, Wilcoxon rank-sum test shows statistically significant differences 

between Members B and C.   
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Figure 24. Boxplot of ŭ13C and ŭ18O values of pedogenic carbonates 
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Family  Tribe/ Genus  Genus /Species  Member    N  Median 

(d13C) 

Median 

(d18O) 

Bovidae Reduncini  indet B 9 -2.3 -0.3 

Bovidae Reduncini  indet C 10 -1.3 -1.6 

Bovidae Reduncini  indet D 10 -1.8 -1.3 

Bovidae Reduncini  indet E 10 0 2 

Bovidae Reduncini  indet F 10 -1 0.2 

Bovidae Reduncini  indet G 11 -0.3 2.1 

Bovidae Reduncini  indet H 10 -0.7 0.4 

Bovidae Reduncini  indet J 9 -1.8 0.2 

Bovidae Reduncini  indet K 2 -0.2 3.2 

Bovidae Reduncini  indet L 9 0.3 2.5 

Bovidae Aepycerotini  Aepyceros shungurae A 2 -4.5 1.1 

Bovidae Aepycerotini  Aepyceros shungurae B 14 -3.7 0.2 

Bovidae Aepycerotini  Aepyceros shungurae C 10 -2.6 1.1 

Bovidae Aepycerotini  Aepyceros shungurae D 10 -1.8 -0.3 

Bovidae Aepycerotini  Aepyceros shungurae; Aepyceros  E 10 -1.1 1.7 

Bovidae Aepycerotini  Aepyceros shungurae; Aepyceros  F 12 -0.6 1.9 

Bovidae Aepycerotini  Aepyceros shungurae; Aepyceros G 20 -2.3 -0.7 

Bovidae Aepycerotini  Aepyceros  H 1 1.6 5.9 

Bovidae Aepycerotini  Aepyceros  J 4 -3.5 3.4 

Bovidae Aepycerotini  Aepyceros  K 2 -2.7 4.1 

Bovidae Aepycerotini  Aepyceros  L 11 -3.3 3.7 

Bovidae  Tragelaphinin  Tragelaphus gaudryi A 2 -9.6 1.1 

Bovidae  Tragelaphinin  Tragelaphus gaudryi;  

Tragelaphus Rastafari 

B 13 -7.4 0.7 

Bovidae  Tragelaphinin  Tragelaphus gaudryi;  

Tragelaphus nakuae  

C 12 -3.7 -1.2 
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Bovidae  Tragelaphinin  Tragelaphus nakuae  D 10 -3.4 -0.7 

Bovidae  Tragelaphinin  Tragelaphus gaudryi; 

 Tragelaphus nakuae  

E 10 -4.5 -0.6 

Bovidae  Tragelaphinin  Tragelaphus gaudryi;  

Tragelaphus nakuae  

F 18 -4.6 0.5 

Bovidae  Tragelaphinin  Tragelaphus gaudryi;  

Tragelaphus nakuae  

G 32 -6.4 -1.1 

Bovidae Alcelaphini  indet B 8 -0.6 0.7 

Bovidae Alcelaphini  indet C 7 1.4 3 

Bovidae Alcelaphini  indet D 5 0.7 2.3 

Bovidae Alcelaphini  indet E 4 1.1 1.8 

Bovidae Alcelaphini  indet F 16 0.7 2 

Bovidae Alcelaphini  indet G 20 1.4 1.5 

Bovidae Alcelaphini  indet J 1 -1.4 5.7 

Bovidae Alcelaphini  indet L 7 1 4 

Bovidae Bovini  indet A 3 -5.9 -3.8 

Bovidae Bovini  indet B 9 -0.6 1.9 

Bovidae Bovini  indet C 11 1.1 -0.5 

Bovidae Bovini  indet D 6 0.7 -0.1 

Bovidae Bovini  indet E 9 1.1 1.8 

Bovidae Bovini  indet F 8 0.8 3 

Bovidae Bovini  indet G 10 0.7 3 

Bovidae Bovini  indet J 1 -0.6 2.4 

Hippopotamidae N/A aff. Hippopotamus protamphibius A 7 -5.7 -3.9 

Hippopotamidae N/A aff. Hippopotamus protamphibius 

and genus indet  

B 16 -4.7 -4.4 

Hippopotamidae N/A indet C 10 -4.2 -3.7 

Hippopotamidae N/A indet D 4 -2.6 -4.3 
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Hippopotamidae N/A aff. Hippopotamus 

protamphibius; and genus indet 

E 8 -2.3 -3.1 

Hippopotamidae N/A aff. Hippopotamus protamphibius F 9 -3.1 -3.8 

Hippopotamidae N/A aff. Hippopotamus 

protamphibius; and genus indet 

G 13 -2.8 -4.5 

Hippopotamidae N/A indet H 5 -1 -7 

Hippopotamidae N/A indet J 4 -0.2 -1.6 

Hippopotamidae N/A indet K 2 -2.1 -5.6 

Hippopotamidae N/A indet L 2 -2.3 0.8 

Suidae N/A Nyanzachoerus A 9 -3.6 -0.3 

Suidae N/A Nyanzachoerus B 2 -5.9 -0.7 

Suidae N/A Nyanzachoerus C 2 -1.4 -3.6 

Suidae N/A Notochoerus euilus A 9 -2.2 0.9 

Suidae N/A Notochoerus euilus; Notochoerus  B 11 -2 -1.2 

Suidae N/A Notochoerus euilus; Notochoerus  C 10 -1.2 1.8 

Suidae N/A Notochoerus  D 10 -0.2 2 

Suidae N/A Notochoerus euilus; Notochoerus  E 9 -1 2 

Suidae N/A Notochoerus euilus; Notochoerus  F 8 -1.2 -0.3 

Suidae N/A Notochoerus euilus; Notochoerus  G 19 -1.2 0.2 

Suidae N/A Notochoerus  H 9 -0.2 2.8 

Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

B 7 -1.8 -0.3 

Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

C 10 -1.5 -2.6 

Suidae N/A Metridiochoerus jacksoni D 10 -1.8 -0.3 

Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

E 10 -0.6 0.4 

Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

F 10 -0.7 3.4 
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Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

G 15 -1 0.5 

Suidae N/A Metridiochoerus jacksoni; 

Metridiochoerus  

H 4 -0.2 0.5 

Suidae N/A Metridiochoerus andrewsi; 

Metridiochoerus  

J 3 -0.3 2.8 

Suidae N/A Metridiochoerus andrewsi K 1 -0.1 2.2 

Suidae N/A Metridiochoerus andrewsi; 

Metridiochoerus jacksoni; 

Metridiochoerus compactus 

L 9 -0.2 1.9 

Suidae N/A Kolpochoerus limnetes A 1 -7.3 -0.7 

Suidae N/A Kolpochoerus limnetes; 

Kolpochoerus  

B 8 -6.4 -0.5 

Suidae N/A Kolpochoerus limnetes; 

Kolpochoerus  

C 10 -1 -1.4 

Suidae N/A Kolpochoerus heseloni; 

Kolpochoerus  

D 9 -1.1 -1.2 

Suidae N/A Kolpochoerus heseloni; 

Kolpochoerus limnetes and 

Kolpochoerus  

E 8 -1 -0.6 

Suidae N/A Kolpochoerus heseloni; 

Kolpochoerus limnetes; 

Kolpochoerus  

F 8 -0.9 -0.7 

Suidae N/A Kolpochoerus limnetes; 

Kolpochoerus  

G 18 -0.5 -1.7 

Suidae N/A Kolpochoerus  H 10 0.3 -0.7 

Suidae N/A Kolpochoerus  J 6 -0.2 -1.3 

Suidae N/A Kolpochoerus  K 2 -0.4 0.2 

Suidae N/A Kolpochoerus  L 2 -0.2 2.1 

Elephantidae  N/A indet A 6 -2.6 -2.3 

Elephantidae  N/A indet B 22 -2.4 -3.4 

Elephantidae  N/A indet C 10 -1.2 -0.5 

Elephantidae  N/A indet D 11 -4 0.9 
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Elephantidae  N/A indet E 10 -3.4 -0.9 

Elephantidae  N/A Elephas recki;  

Elephantidae genus indet 

F 7 -1.1 -0.5 

Elephantidae  N/A Elephas recki; Elephas recki 

atavus; Elephantidae genus indet 

G 17 -1.1 -2.2 

Elephantidae  N/A indet J 5 -1 0.8 

Elephantidae  N/A indet K 1 -0.6 -0.3 

Elephantidae  N/A indet L 3 0.4 0.5 

Giraffidae  N/A indet C 9 -12.4 1.7 

Giraffidae  N/A indet E 1 -13.2 5 

Giraffidae  N/A indet F 6 -11.9 4.2 

Giraffidae  N/A Giraffa pygmaeus; Giraffidae 

genus indet 

G 7 -12.6 1 

Giraffidae  N/A indet H 2 -11.7 -2.3 

Equidae N/A Hipparion A 3 0.4 -0.9 

Equidae N/A Hipparion; Equidae genus indet B 10 -2.4 -3.7 

Equidae N/A Hipparion C 6 0.9 -0.6 

Equidae N/A Hipparion E 5 0.7 -1.1 

Equidae N/A Hipparion aff. sitifense;  

Hipparion 

F 5 0.2 0.5 

Equidae N/A Hipparion; Equus numidicus; 

Equus; Equidae genus indet 

G 30 0.3 0.5 

Equidae N/A Equus grevyi; Equus; Hipparion L 9 0 3 

Deinotheriidae N/A Deinotherium bozasi A 6 -14.4 -4.6 

Deinotheriidae N/A Deinotherium bozasi B 7 -14 -1.7 

Deinotheriidae N/A Deinotherium bozasi C 11 -14.2 -3.4 

Deinotheriidae N/A Deinotherium bozasi D 9 -14.4 -2 

Deinotheriidae N/A Deinotherium bozasi E 9 -13.7 -2.3 

Deinotheriidae N/A Deinotherium bozasi F 8 -13.6 -0.7 
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Deinotheriidae N/A Deinotherium bozasi G 9 -14.1 -1.4 

Deinotheriidae N/A Deinotherium bozasi H 7 -14 -4.1 

Deinotheriidae N/A Deinotherium bozasi K 1 -14.1 1.4 

Rhinocerotidae N/A Ceratotherium simum  B 4 -2.5 2.2 

Rhinocerotidae N/A Ceratotherium simum  C 1 -0.9 3.2 

Rhinocerotidae N/A Ceratotherium simum  E 2 -1.8 1.9 

Rhinocerotidae N/A Ceratotherium simum  F 2 -5.2 2.3 

Rhinocerotidae N/A Ceratotherium simum  G 8 -0.1 0.4 

 
Table 1. Median ŭ13C values for fossil herbivore taxa in the SF 
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4. Discussion 

 

4.1.  Herbivore dietary patterns in the Shungura Formation 

Taking all the artiodactyl, perissodactyl and proboscidean taxa in all the members 

together, there appears to be no linear trend towards an increasing C4 dominated diet 

(Figure 25a), or any trend towards more positive ŭ18O values across time (Figure 25b). 

Also, there is no statistically significant difference in the transition between the different 

members (one-way ANOVA, p>0.05 for all the consecutive member pairs), which is 

mainly due to the presence of consistent C3-browsers and the wide range of ŭ
13C values 

observed in some taxa. However, the trend towards a C4 dominated diet in the included 

taxa is more clear in Figure 26 when looking at the median ŭ13C values of all the 

herbivore fauna in each member, across time. As shown in the figure, although there are 

consistent C3-browser taxa throughout the sequence (with their abundance being very low 

in the upper members), there is a shift in the median (and overall spread) of ŭ13C values, 

towards a C4 dominated diet through time. Also, the proportion of C4-grazers in the fauna 

becomes higher, especially in the upper members of the formation (Figure 26). 

  
Figure 25. a. A linear model fitted to the ŭ13C values (R2= 0.05, p<0.05) and b.  ŭ18O values (R2= 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 temporal trend in the ŭ13C values of all the mammalian families studied  

 

 
                                                                   
Figure 27.A boxplot (left) and a histogram (right) showing the ŭ13C values of all the mammalian families 

studied  

 

As mentioned above, one-way ANOVA was conducted to test for significant 

differences between members of the formation and a posthoc test, (Tukey's Honest 

Significant Difference test/Tukey's HSD test) was conducted to determine significant 

differences in ŭ13C values between the mammalian families in each member. Here, 

results from each member are presented in Figures 26, and significant differences (i.e., 

Tukey's HSD, p <0.05) between taxa in each member are reported. In Member A, 

although the relative sample size is small, there is a wide range in the ŭ13C values that 

span the C3, mixed C3/C4, and C4 dietary spectrum. Significant differences in ŭ13C values 

occur between 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). In Member B, there is a significant difference between the 

deinotheres (which are pure C3 browsers) and the other mammalian families, but no 

major differences are observed between the other taxa which cover the entire C3-C4 

dietary spectrum. Looking at the proportion of individuals that fall in either the C3, mixed 

C3/C4 and C4 categories, it appears that there is a high proportion of mixed feeders in 

Members A and B. This is also true for taxa that are considered as mainly C4-grass 

grazers (such as the suids and the equids), where several individuals fall within the 

mixed-feeding category. This pattern is evident when looking at the ternary plot in Figure 

28, which shows that members A and B are dominated by a high proportion of mixed 

feeders (i.e., >60%) with a low proportion of grazers (<20%), a pattern very different 

from what is observed in the succeeding Member C, 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 

equids (most of which are grazers in this member) and the hippopotamids (mainly mixed 

feeders in this member). In Member D, deinotheres are again significantly different from 

all the other taxa, and the elephantids (which are mainly mixed feeders in this member) 

are different from the suids and bovids (which are mainly grazers). Compared to Member 

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 

members (top) and in modern ecosystems (bottom) redrawn based on data reported in Cerling et al. (2015) 

and shown for comparison. Dietary category is based on classification given by Cerling et al. (2015) where 

C4 grazers, mixed C3ïC4 feeders, or C3 browsers are classified based on the isotope values (ŭ13C values > 

ī1ă, > ī1ă and <ī8ă, and <ī8ă, respectively) 

 

In Member G, in addition to the differences observed between the deinotheres and 

giraffids compared to the other taxa, significant differences occur between the equids 


