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ABSTRACT  
   

Dietary diversity is an important component of species’s ecology that often relates 

to species’s abundance and geographic distribution. Additionally, dietary diversity is 

involved in many hypotheses regarding the geographic distribution and evolutionary fate 

of fossil primates. However, in taxa such as primates with relatively generalized 

morphology and diets, a method for approximating dietary diversity in fossil species is 

lacking.  

One method that has shown promise in approximating dietary diversity is dental 

microwear analyses. Dental microwear variance has been used to infer dietary variation 

in fossil species, but a strong link between variation in microwear and variation in diet is 

lacking. This dissertation presents data testing the hypotheses that species with greater 

variation in dental microwear textures have greater annual, seasonal, or monthly dietary 

diversity. 

 Dental microwear texture scans were collected from Phase II facets of first and 

second molars from 309 museum specimens of eight species of extant African Old World 

monkeys (Cercopithecidae; n = 9 to 74) with differing dietary diversity. Dietary diversity 

was calculated based on food category consumption frequency at study sites of wild 

populations. Variation in the individual microwear variables complexity (Asfc) and scale 

of maximum complexity (Smc) distinguished groups that were consistent with differences 

in annual dietary diversity, but other variables did not distinguish such groups. The 

overall variance in microwear variables for each species in this sample was also 

significantly correlated with the species’s annual dietary diversity. However, the overall 

variance in microwear variables was more strongly correlated with annual frequencies of 
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fruit and foliage consumption. Although some variation due to seasonal and geographic 

differences among individuals was present, this variation was small in comparison to the 

variation among species. Finally, no association was found between short-term monthly 

dietary variation and variation in microwear textures. 

 These results suggest that greater variation in microwear textures is correlated 

with greater annual dietary diversity in Cercopithecidae, but that variation may be more 

closely related to the frequencies of fruit and foliage in the diet.   
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CHAPTER 1 

INTRODUCTION 

Outline 

 This dissertation is set up as a series of three research papers, with an introduction 

and conclusion to the broader topics discussed. In this introduction, I note the original 

research questions with which I began the research project by discussing some of the 

previous biogeographical and ecological research that led me to these questions.  I also 

explain how I could answer these questions using dental microwear texture analysis 

(DMTA). I was originally interested in macroecological patterns that related primate 

distribution to ecological variables; could these relationships be detected in the past and 

might they partially explain the distribution of fossil primates? First, however, I needed a 

method to reconstruct at least one ecological variable in fossil species. Based on the 

research discussed in this introduction, I decided that DMTA was one of the best methods 

to reconstruct dietary breadth, which is the diversity of food categories utilized by an 

organism. That is, DMTA was the proxy ecological variable that could be used to link 

hard tissue remains to primate distribution.  

 

Ecological Background 

The geographical distribution of species has been linked with the theory of 

evolution since Darwin used species distributions as evidence of biological change. As he 

wrote in the first page of On the Origins of Species, “the distribution of the inhabitants of 

South America, and in the geological relations of the present to the past inhabitants of 

that continent [….] seemed to me to throw some light on the origin of species” (Darwin, 
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1859:1). Fossil species that Darwin found were different than the living species he 

encountered and offered evidence that species were not static in space and time. Today, 

we know that species are distributed across the earth in patterns affected by both 

ecological and historical factors (Lomolino et al., 2006). Ecological factors affect where a 

species can survive and multiply, while historical factors affect which suitable 

environments a species can access. Together, these factors affect the size and spatial 

range of a species (Brown and Maurer, 1989; Brown, 1995; Gaston and Blackburn, 

2000). Thus, an understanding of ecological and historical factors is crucial to 

understanding why fossil species occurred where and when they did.  

Ecological factors include abiotic variables, such as soil type, elevation, and the 

climatic variables of temperature and rainfall, and biotic variables, such as types of 

vegetation and the presence or absence of competing organisms. The range of suitable 

environmental variables for a species makes up the species niche. Hutchinson (1957) 

expanded the work of Grinnell (1917) and Elton (1927) to describe the niche concept in 

his seminal paper, which is still the model used today. He imagines the species niche 

represented as an n-dimensional hypervolume, with each ecological variable on a 

separate axis. The tolerance ranges of a species for each variable make up the 

hypervolume. Those areas that fulfill the species tolerances on all axes can be inhabited 

by a species; they are within the species niche.  

 One of the major areas of study for ecologists is determining species’ tolerance 

ranges for a given abiotic or biotic variable (Lomolino et al., 2006; Franklin, 2009). We 

are still far from knowing which ecological variables control where many species live 

today. Habitat, which is controlled by a confluence of abiotic variables, is often the only 
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explicit variable known to influence species distribution. Because habitat encompasses so 

many aspects of an organism’s needs, including substrate use and, often, dietary sources, 

it is usually considered the main factor that influences a species distribution (e.g. Thorn et 

al., 2009). Many studies of primate ecology focus on the habitat as a special category 

distinct from the confluence of factors that affect it. Parsing out which of the abiotic 

variables that influence habitat are crucial to a primate’s distribution is often quite 

difficult, but it may be important to know which variables that affect environment are 

more important to a primate’s distribution; however, this field has not been an area of 

major study within primatology.  

 Although the species niche includes all factors that affect survival and 

distribution, the niche can be broken down into smaller niches, for example the dietary 

niche. This niche would include all aspects of the species niche related to diet, such as 

resource choice, location on the landscape of resource acquisition, and resource 

processing. However, the dietary niche can be broken down further, such that it includes 

only the dietary resources. Although this trimming of the dietary niche may lead to 

overlooking a factor that may be important to the questions asked, it makes the niche 

easier to quantify, allowing better hypothesis testing.  

 

Patterns in Diversity 

 Species richness (i.e. the number of species in a sample) has long been recognized 

to increase with proximity to the equator (Brown and Sax, 2004). Early naturalists, such 

as Banks, Forster, von Humboldt, Darwin, and Wallace all noticed that there were more 

species concentrated in the tropics than in temperate areas such as Europe (Brown and 
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Sax, 2004). Scientists of the Modern Synthesis went further by quantifying this pattern. 

Dobzhansky (1950) documented increased species richness in trees in the tropics, which 

was also coupled with decreased abundance. Simpson (1964) similarly characterized 

North American mammal species richness with a newer methodology using grids.  The 

compilation of quantitative data by the late 1960s led to the understanding that most 

taxonomic groups were most diverse in the tropics (Brown and Sax, 2004), and 

paleobiologists showed that this pattern could be seen in the past (Willig et al., 2003) and 

as far back as the Permian (Stehli et al., 1969). Thus, the focus was shifted to 

understanding the mechanisms creating this near-universal pattern, called the latitudinal 

diversity gradient (LDG). Pianka (1966) was the first to critically assess causes of the 

LDG; he mentions six possibilities, while Rohde (1992), in a wider review, posited 28. A 

more recent review by Willig et al. (2003) critically reviewed these and included in the 

six most well-supported the “Rapoport Rescue” hypothesis, which relates the LDG to 

patterns in range size, thus linking species diversity with species distribution. A closer 

look at patterns in range size will first be discussed, followed by a closer look at the 

Rapoport effect, the potential causal mechanism of the Rapoport Rescue hypothesis. 

 

Patterns in Range Size 

Range size has been shown to change at different scales in predictable ways in 

large groups of species. At smaller scales, species range sizes tend to be bimodal, with 

many species having either very small or very large range size, while fewer species have 

range sizes in the middle; at larger scales, such as at large regional, continental, and 

global scales, this pattern disappears, and a unimodal distribution with a strong right 



  5 

skew emerges: many species have small range sizes, with decreasing numbers having 

large range sizes (Brown, 1995; Gaston and Blackburn, 2000; Lomolino et al., 2006). 

This pattern of range size distribution is seen among a wide array of extant orders and 

classes, such as birds, mammals, and invertebrates (Brown, 1984, 1995; Gaston and 

Blackburn, 2000), but is also seen in paleontological assemblages of invertebrates 

(Jablonski, 1986, 1987; Gaston and Blackburn, 2000; Jablonski and Roy, 2003), with 

range size estimated from sites where species are found. The ubiquity of this pattern may 

indicate a strong natural law: most species have the smallest of range sizes, while few 

have very large range sizes. If rarity is indicated by a small range size, then determining 

why this pattern occurs can help to determine why most species are rare (Gaston, 1994; 

Gaston and Blackburn, 2000; Harcourt, 2000). Gaston and Blackburn (2000) discuss 

seven possible mechanisms to explain this pattern. Three of these mechanisms (random 

sampling, narrow vagrant range sizes, and sample range position) only explain the 

relationship between smaller scale patterns and larger scale ones, and do not explain the 

question of patterns at the largest scale. The other four, metapopulation dynamics, niche 

breadth, niche position, and dynamics of speciation, extinction, and time, will each be 

discussed briefly below. 

 Metapopulation dynamics have been indicated in the determination of species 

range size (Brown, 1995; Gaston and Blackburn, 2000). A metapopulation is a group of 

spatially distinct populations of a species that interact in some way; the dynamics of this 

interaction can act to create abrupt edges of ranges such as are seen with discontinuities 

in environmental variables that determine a species niche (Lennon et al., 1997). A 

number of models have been explored to model metapopulation dynamics based on the 
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proportion of sites occupied by a species within a range, as well as the probabilities of 

immigration and extinction (Levins, 1969, 1970; Hanski, 1982; Tokeshi, 1992). 

However, these models make a number of unrealistic assumptions, such as the occurrence 

of discrete, identical, and infinite habitat patches and equal mobility between any two 

patches. Although Hanski (1994, 1997) addresses some of these problems, this still 

leaves the issue of use in paleontological settings, which is difficult if not impossible. 

Thus, although metapopulation dynamics may be able to explain some aspect of extent of 

occurrence in modern populations, its use in explaining past distributions is problematic. 

 Two explanations discussed by Gaston and Blackburn (2000) use the niche 

concept to explain the patterns of range size, based on 1) niche breadth and 2) the 

position of the niche. The first explanation is based on the correlation of niche breadth 

with range size. Niche breadth is a term that quantifies the size of the species niche; 

species with larger breadths have larger niches, meaning they have broader ranges of 

variables on their niche axes. Species with large niche breadths are often called 

generalists, while species with small niche breadths are called specialists. These terms are 

also used when characterizing a single axis of the niche, for example diet; species that 

exploit a large range of resources are termed dietary generalists, while species that exploit 

a small range of resources are termed dietary specialists. Although these terms are widely 

used, there does not appear to be a specific convention about what constitutes the 

boundaries of these categories, and as there is a continuum of breadths, it can be difficult 

or arbitrary to categorize species into these groups.  

The niche breadth hypothesis, also called the resource breadth hypothesis 

(Gregory and Gaston, 2000), proposes that those species with larger niche breadths are 
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able to be more widespread, i.e. have larger species range sizes. This hypothesis has been 

most strongly supported by Brown and colleagues (Brown, 1984, 1995; Brown et al., 

1995; Lomolino et al., 2006). However, Gaston and colleagues (Gaston and Blackburn, 

2000; Gregory and Gaston, 2000) point to failures in these studies to control for 

differences in sample size between rare and widespread species and for spatial and 

environmental autocorrelation among sites. They indicate the necessity of basing 

estimations of niche breadth and range size on the same number of observations in 

restricted and widespread species. They also point out that niches are n-dimensional 

(following Hutchinson, 1957), and perhaps impossible to quantify practically; 

furthermore, any study trying to use niche breadth may fail to measure a relevant niche 

variable that influences range size. Although Gaston and Blackwell (2000) ultimately do 

not believe that niche breadth is a driving force behind range size, they do agree that 

testing major axes of the niche (i.e. major variables) is the best way to test this 

hypothesis. Thus, it is possible to refine the niche breadth hypothesis to specific, major 

aspects of the niche; this technique has been attempted for primates by a number of 

researchers (e.g. Cowlishaw and Hacker, 1997; Eeley and Foley, 1999; Eeley and Lawes, 

1999; Harcourt et al. 2002), as discussed below. A recent meta-analysis of ecological 

studies looking for a relationship between niche breadth and geographical range size 

found a strong positive correlation between these two factors across broad taxonomic 

groups, indicating that this relationship is a general ecological pattern (Slatyer et al., 

2013). However, the causes behind this pattern, and why some species deviate from it, 

are still uncertain (Slatyer et al., 2013) 
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 The second explanation, based on the position of the niche, is better accepted by 

Gaston and Blackwell (2000). Gregory and Gaston (2000) refer to this hypothesis as the 

resource availability hypothesis: those species that utilize widespread resources will 

themselves be widespread, while those that utilize restricted resources will have a 

restricted species range (Hanski et al., 1993). For example, if there are two species, one 

of which occupies forests and one of which occupies grasslands, and there is more area of 

forest present, the species that occupies forests will have a larger range size. This 

hypothesis differs from the niche breadth hypothesis in that specialist species can be 

widespread if their resources are also widespread. However, the two hypotheses are not 

mutually exclusive (Gregory and Gaston, 2000). Although some research has supported 

this hypothesis (Gregory and Gaston, 2000; Heino, 2005; Lappalainen and Soininen, 

2006), other research has refuted it (Passy, 2012); more studies that analyze both niche 

position and niche breadth are called for (Slayter et al., 2013). 

 The last explanation laid out by Gaston and Blackwell (2000) suggests that the 

patterns of species range size are the result of speciation, extinction, and temporal 

dynamics of range through a species’ lifetime. Although a number of models exist of the 

long-term temporal dynamics of species range size, it remains to be demonstrated if there 

are any general patterns across these (Gaston and Blackburn 1997, 2000; Gaston 1998). 

Furthermore, it is not clear how this hypothesis would explain the observed pattern of 

many small and few large species ranges. However, it seems quite intuitive that these 

processes shape a species’ range size and distribution, since they are what change this 

distribution. 
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The Rapoport Effect 

A further relationship that has been widely studied and links ideas about the LDG 

and range size patterns is the relationship between latitude and latitudinal range size. 

Rapoport (1982) noticed that mammal species that lived closer to the equator had species 

ranges with smaller latitudinal extents (latitudinal range sizes) than did species living 

farther from the equator; the latitudinal extent of species ranges decreased as latitude 

decreased. Stevens (1989) championed this relationship and called it Rapoport’s Rule, 

although many researchers call it Rapoport’s Effect, or the Rapoport effect, after 

Blackburn and Gaston (1996), since the relationship appears to be variable (Cowlishaw 

and Hacker, 1997; Harcourt, 2000; Hernandez Fernandez and Vrba, 2005a; Lomolino et 

al., 2006). Stevens (1989) was also the first researcher to explicitly propose that this 

pattern might be caused by climatic variability, such that areas with greater climatic 

variability have species with larger latitudinal extents. Climatic variability is predicted to 

select for wider niches, as resource availability will vary more in time and space in areas 

with higher climatic variability; species with broader niches will be able to survive in 

areas with high climatic variability by exploiting whichever resources are available, 

which would not be possible for species with narrow niches (Slove and Janz, 2010). 

Having broader niches in turn allows species to cross more barriers to dispersal, allowing 

them to have larger geographic ranges. This pattern requires a certain confounding of 

variables, since latitudinal extent and absolute range size are both increasing in this case. 

In addition, many taxa exhibit both the LDG and the Rapoport effect, while taxa that do 

not exhibit the LDG are generally exceptions to the Rapoport effect (Willig et al., 2003); 

these facts suggest a link between the Rapoport effect and the LDG, and have suggested 
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to researchers that the LDG may be caused by the Rapoport effect (“Rapoport Rescue” 

hypothesis). However, the LDG is a much stronger pattern that the Rapoport effect, and 

researchers have shown that species that do not exhibit the Rapoport effect still exhibit 

the LDG (Cowlishaw and Hacker, 1997). Thus, it is more likely that the Rapoport effect 

is caused by the LDG, such that in areas with higher species richness, species have 

smaller latitudinal extents (Willig et al., 2003). 

 

Niche Gradients 

A further pattern related to the species niche has been suggested by MacArthur 

(1972) and relates to the above patterns. He suggests that species that live closer to the 

equator have smaller niches, while those farther from the equator have broader niches. 

This pattern may relate to patterns in range size as well as the Rapoport effect and the 

LDG. MacArthur proposed that this pattern was seen in vertebrates and was caused by 

climatic variation such that more variable areas selected for larger niches while stability 

allowed for more restricted niches. Vazquez and Stevens (2004) reviewed the evidence 

for this pattern through a meta-analysis; they concluded that there was evidence for such 

a global pattern in some taxa, but that due to sample effects the null hypothesis of no 

pattern across taxa could not be rejected. They also found that while temperature 

variability gradients did occur in the expected direction across the globe, rainfall 

variability was not as expected, with more global variability seen closer to the equator. 

This finding suggested that the mechanism for the pattern as determined by MacArthur 

(1972) was not responsible for the pattern if it did exist. Vazquez and Stevens (2004) 

instead suggest that the LDG may be responsible for gradients in niche size through 
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affects of interspecific interactions causing niche partitioning. This suggestion has 

implications for the niche gradient in the past; as there is strong support for the LDG in 

many taxa in the past (e.g. Stehli et al., 1969; Willig et al., 2003), there is a possibility 

that niche gradients also existed if they are caused by the LDG.  

 

Testing for Patterns in Primates 

Latitude, Geographic Range Size, and the Primate Niche 

Although the relationships between latitude, species’ range size, and niche 

parameters have been explored in many different organisms, few studies have examined 

these relationships in mammals (Vazquez and Stevens, 2004), and fewer still in primates.  

Cowlishaw and Hacker (1997) examined the Rapoport effect by regressing the 

latitudinal range extent of African primate species on their latitudinal midpoint. They 

found that there was no relationship between these two variables overall, but there was a 

strong relationship in primates whose midpoint fell south of the equator. Following 

Stevens’ (1989) suggestion that latitudinal range is indicative of a species’ ability to 

withstand seasonality, Cowlishaw and Hacker (1997) further examined this rule by using 

independent contrasts with stepwise multiple regression analyses with six climatic 

predictor variables that might determine latitudinal range. The only two variables that 

exhibited a significant relationship with latitudinal range were proportion of rainfall in 

the wettest month and, for species with midpoints above the equator, altitude. These 

results suggested to the researchers that latitudinal range in African primates is 

determined by adaptation to climatic variability, as approximated by rainfall seasonality; 

those primates that can tolerate climatic variability range farther from the equator. 
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However, other predictor variables that also approximate climatic variability, namely 

daily and annual temperature ranges, were not significantly related to latitudinal range. 

This pattern may indicate that it is seasonality of rainfall, and not climatic variability 

overall, that may influence latitudinal range.  

Since many reports of the Rapoport effect focused on high-latitude, temperate 

species, Harcourt (2000) explored the Rapoport effect for an equatorial, tropical order, 

Primates. He used the latitudinal midpoint and latitudinal extent of non-human primate 

genera across Africa, Madagascar, Asia, and Central and South America in least squares 

regression and Spearman rank correlation analyses. In addition, he also tested for an 

association between both latitudinal midpoint and latitudinal extent and two measures of 

climatic variability: temperature variability, measured as the mean maximum minus mean 

minimum monthly temperature, and precipitation variability, measured as mean 

maximum divided by mean minimum monthly precipitation (both for grid cells of 30 arc 

minutes). A final test was for an association between latitudinal extent and four measures 

of adaptability: dietary breadth, habitat breadth, body mass, and number of species per 

genus. Harcourt (2000) found no association between latitudinal midpoint and extent 

globally, but he did find an association when Madagascar was excluded from the 

analyses; within Africa, there was no association between these two measures, but when 

outlier genera were excluded, there was a very strong association. Furthermore, there was 

a strong association between these measures and both measures of climatic variability 

within Africa. Finally, Harcourt found an association between three measures of 

adaptability (dietary breadth, habitat breadth, and number of species per genus) and 

latitudinal extent, both in primates globally and in Africa alone, and even in groups where 
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no Rapoport effect was found. There was no association between body mass and 

latitudinal extent, which has been supported with other analyses by Hernandez Fernandez 

and Vrba (2005c) on large African mammals. 

Hernandez Fernandez and Vrba (2005a) tested whether a variant of habitat 

breadth varied with latitudinal midpoint for African mammals in the orders Carnivora, 

Artiodactyla, and Primates. They used the number of biomes in which the species occurs, 

termed the Biomic Specialization Index (BSI; Hernandez Fernandez, 2001), as a measure 

of habitat breadth, and found the average BSI per degree of latitude. There was no 

correlation between BSI and latitudinal midpoint for all mammals (although there was for 

the Northern hemisphere alone), nor for Primates; however, Primates followed the same 

trend as the overall mammal trend in average BSI per latitude, with lower averages 

towards the equator and higher averages towards the poles. However, the Barbary 

macaque (Macaca sylvanus) was an outlier that greatly affected the pattern in Primates, 

and was removed because it represented a very different biogeographic group, according 

to the researchers, since macaques are concentrated in Asia and may have originated 

there (Hernandez Fernandez and Vrba, 2005b; but see Bohm and Mayhew, 2005 for a 

different opinion). In addition, the researchers used stepwise least squares regression to 

evaluate which climatic variables best predicted average BSI per latitude band, with a 

total of 11 possible variables. For Primates overall, the best predictor was average annual 

precipitation, in contrast to the findings of Cowlishaw and Hacker (1997) that 

precipitation variability was the best predictor of latitudinal extent. For the southern 

hemisphere, the strongest predictor was area in each band, which indicates that 

continental shape may affect biomic specialization in southern African primates.  



  14 

 Other researchers have focused on primate species range size, instead of on 

latitudinal measures, in relation to ecological variables and the species niche. Eeley and 

Foley (1999) investigated the relationship between species richness and species range 

size but also examined whether these measures correlated with dietary and habitat 

breadth in African catarrhine primates using correlation coefficients. They found a 

positive correlation with range size, dietary breadth, and habitat breadth, as well as a 

negative correlation with all of these and species richness. Thus, they found that more 

specialized species (in both habitat and diet) are found closer to the equator, in smaller 

ranges, and associated with higher numbers of species. This result still stood after 

controlling for both spatial autocorrelation and phylogenetic constraints. 

     Harcourt et al. (2002) found similar results in primate genera across all 

continents; range sizes of genera were significantly correlated with measures of 

specialization given as dietary breadth, habitat breadth, maximum latitude, and number of 

species per genus. Those genera that had small species ranges also had lower dietary and 

habitat breadths, lower maximum latitude, and fewer species per genus. Other factors 

examined for correlation were resource requirements (as measured by body size, local 

density, annual home range, and group size) and population recovery rate (measured by 

interbirth interval and maximum intrinsic population increase). None of these variables 

were found to be significantly correlated with generic range size, in contrast to other 

studies, especially those that found a correlation between local density (i.e. abundance) 

and range size (Brown, 1984; Gaston, 1994; Brown, 1995; Eeley and Lawes, 1999). 

Harcourt et al. (2002) also found that range size of genera was not correlated with body 

mass, as was also found by Harcourt (2000) and when examining latitudinal extent. Other 
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studies found that taxa with small body masses could have large or small range sizes, but 

few to no taxa with large body masses could have small range sizes (Gaston, 1994; 

Hernandez Fernandez and Vrba, 2005c).  

    In contrast to the studies at the continental and global scale, Lehman (2004) used 

surveys of the primate community of Guyana and found a correlation between habitat 

generalists and large geographic range size, but no correlation between dietary 

specialization or body size and geographic range size. Lehman explains this finding by 

demonstrating that habitat generalists in Guyana tend to be dietary specialists, and need 

larger ranges to fulfill their dietary needs since they can exploit fewer resources in each 

habitat, while dietary generalists can meet requirements in a smaller habitat breadth by 

exploiting a larger number of dietary categories. These habitats that tend to be inhabited 

by the dietary generalists are also those habitats with the larger area. This relationship 

between increased habitat breadth, decreased dietary breadth, and range size merits 

further analysis, especially as it may support the resource availability hypothesis. 

However, that study highlights the differences in looking at smaller regions instead of 

larger or continental scales. 

Overall, these studies indicate that there is some support for the Rapoport effect in 

primates, both globally and within Africa, but that climatic variability and measures of 

adaptability appear to be stronger forces affecting latitudinal extent and geographic range 

size. Furthermore, although the Rapoport effect may be a reflection of climatic variability 

co-varying with latitude, the relationships may not exactly mirror each other; in African 

primates, climatic variability, rather than latitudinal midpoint, is more strongly related to 

latitudinal range (Cowlishaw and Hacker, 1997; Eeley and Foley, 1999; Harcourt, 2000). 
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These studies also show some support for the resource breadth hypothesis (Eeley and 

Foley, 1999; Harcourt, 2000; Harcourt et al., 2002), although whether dietary or habitat 

breadth is the driving factor is not clear (e.g. Harcourt, 2002; Lehman, 2004). Although 

these studies have examined the strength of Rapoport’s effect, and some aspects of the 

resource breadth hypothesis, in primates, there have been no studies that explicitly 

examine the resource availability hypothesis to explain primate species range size. 

However, there is support for this hypothesis from a few primate studies (e.g. Nunes, 

1995). These results call for explicit testing of these hypotheses within primates. 

Furthermore, these hypotheses hold promise for increasing our understanding of primate 

ranges in the fossil record. 

 

Seasonality 

Another aspect that affects habitat use and diet in primates is seasonality. Most, if 

not all, primates are affected by changes to their habitat due to seasonal environmental 

changes; these changes, in varying degrees of intensity, have been reported in all types of 

habitats where primates range (Hemingway and Bynum, 2005). One of the aspects that is 

most affected by seasonality is primate diets; during certain seasons, primates often face 

food scarcity. Hemingway and Bynum (2005) identified five types of responses to food 

scarcity caused by seasonal effects in primates when they analyzed 234 studies covering 

119 primate species and 105 sites across the globe. These were changes in home range 

size, changes in time spent foraging, physiological responses, shifts in habitats used, and 

shifts in diet. Although there were differences among regional communities in types of 

responses, over 70% of all responses were shifts in diet, involving either an increased or 
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decreased dietary breadth.  Thus, a related aspect of dietary breadth is dietary variability, 

i.e. how different the diet is through time. Hemingway and Bynum (2005) found that 

there was a significant relationship between overall dietary variability and dietary 

breadth; dietary variability decreases as dietary breadth (here the number of food species 

consumed) increases. Thus, primates that regularly incorporate more species into their 

diets have less variability in those diets across seasons, while primates that incorporate 

fewer species have greater variability in diet across seasons. However, the coefficient of 

determination was quite small (r2 = 0.08, p < 0.05, n = 77), indicating that dietary breadth 

explains only a small amount of the variation in dietary variability.  

Hemingway and Bynum (2005) also compared dietary CVs (coefficients of 

variation) of different types of diets. They used least squares regression analyses to look 

for relationships between overall diet, fruit use, and new leaf use (across all primates and 

within different continents) and latitude and length of the dry season (measures 

attempting to quantify seasonality). They found that the CV of overall diet was 

significantly related to latitude in African primates, but not in primates in other areas; that 

CV of fruit use was related to latitude in African and Neotropical primates, but to length 

of the dry season in Asian primates; and that CV of new leaf use was related to length of 

the dry season in primates from Africa and Madagascar. Thus, within Africa, primates 

with greater variation in overall monthly diet and in monthly fruit use live in higher 

latitudes, while primates with greater variation in new leaf use live in areas with longer 

dry seasons.  

 In contrast to the study of Hemingway and Bynum (2005), Chapman and 

Chapman (1990) found no relationship between seasonality (measured as the CV of 
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rainfall) and dietary variability, as compared with correlation coefficients; however, their 

measure of dietary variability was calculated as the sum of between-month variance in 

use of each of five major food categories weighted by the percent of the total diet each 

category comprised. It’s not clear how this measure compares to that of Hemingway and 

Bynum (2005), nor how looking at major categories in the diet compares to looking at 

number of species utilized. Standardizing the methodology of studying dietary variability 

is a major aspect that needs to be addressed, as studies cannot be compared quantitatively 

until this occurs.  

 One of the major issues in paleoanthropology in the last decade, which relates to 

seasonality, has been the relative importance of “fallback foods” in the diet and evolution 

of primates, particularly of hominins (see Lambert, 2009, and other articles from Special 

Issue on Fallback Foods (2009), Am J Phys Anth 140(4)). The definition of fallback 

foods is quite generalized (Hemingway and Bynum, 2005; Lambert, 2009, and references 

therein), but indicates a dietary resource that is less preferred and critical to species 

survival during times of food scarcity (Altmann, 1998; Lambert, 2007). Thus, utilization 

of fallback foods is one example of a dietary shift during food scarcity. However, the 

relationship between fallback foods and dietary breadth is not clear. Since Hemingway 

and Bynum (2005) found that primates that incorporated more species into their diets 

(one measure of dietary breadth) had less dietary variability, we might expect that species 

with greater dietary breadth would be less likely to rely on fallback foods during times of 

scarcity. More seasonal environments may encourage greater dietary variability, but they 

may also encourage greater dietary breadth (Hemingway and Bynum, 2005).  

 



  19 

Primate Dietary Niche Space 

Reconstructing the diet of fossil primates is one of the main objectives for many 

paleoanthropologists, as diet relates to so many aspects of adaptation, distribution, and 

evolution. Researchers rely on data preserved in the fossil record, such as morphology, 

and their relationships to diet in extant primates to infer dietary ecology.  In extant 

primates, diet can be determined by analyzing the contents of stomachs (of shot primates) 

or of feces, or by directly observing primate foraging and ingestion (Harding, 1981). 

Analyzing stomach or feces contents does not necessarily identify all items in a primate’s 

diet, however, nor are amounts of each item or proportions of total diet available through 

this type of analysis. However, these methods can be a reliable way to capture at least a 

portion of a primate’s diet through direct examination, as well as through isotopic 

analyses. By far, though, the main method of determining diet in extant primates is 

through observational studies. However, depending on the main goal of the research, the 

characterization of diets may differ. Diet may be characterized by the number of food 

categories or species eaten; quantities, proportions, or amounts of food items eaten; or 

biochemical or nutritional analyses of items eaten (Rowe, 1996; Campbell et al., 2011). 

Although no studies have used all of these methods, some primates have been studied 

long enough where many of these methods have been used (Rowe, 1996; Campbell et al., 

2011). In the absence of these broad characterizations of diet in a single study, 

compilations of diet from multiple sources (e.g. Rowe, 1996; Campbell et al., 2011; 

Butynski et al., 2013) are normally used by researchers not directly observing diets 

themselves (e.g. Chapman et al., 1999; Eeley and Foley, 1999; Harcourt et al., 2002). 
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 Because diet is not directly observable in the past, methods of dietary 

reconstruction for fossil primates must rely on measures that correlate with specific diets, 

determined through the above methods, in extant primates. These can be broadly grouped 

into those methods that rely on adaptations found in morphology and those that rely on 

traces left by the diet in or on fossil remains (Ungar, 1998). The first group relies on the 

link between morphology and adaptation, while the second group does not.  

 

Adaptive Methods 

One way to estimate diet of fossil primates is to determine what foods the 

primates are adapted to eat. The evolutionary pressures to better exploit the resources a 

primate ingests lead to dentition that is adapted to a primate’s diet. Methods that rely on 

this relationship tend to use either explanations relating to the allometry or morphology 

of the dentition (Ungar, 1998). 

 Dental allometry has been hypothesized to relate to primate diet for at least half a 

century (Robinson, 1954; Ungar, 1998). Larger molars were associated with an 

herbivorous diet requiring grinding or shearing (Robinson, 1954); larger incisors were 

associated with diets requiring more preparation, such as of fruits with outer shells, while 

smaller incisors were associated with folivory (Fleagle, 2013). Although some of these 

trends were seen to hold true among closely related groups (Ungar and Grine, 1991), 

other evidence showed these relationships to break down between higher taxonomic 

levels, or even among closely related groups (Kay, 1977; Strait, 1993; Anapol and Lee, 

1994; Ungar, 1996). Since these relationships are not reliable for all groups studied, they 
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cannot be considered a natural law in the adaptative sense, and should not be used in the 

reconstruction of diet of fossil taxa, at least in the absence of other data (Cartmill, 2002). 

In contrast to dental allometry, studies using dental morphology have had greater 

success in explaining adaptations to diet and using these to reconstruct diets of fossil 

primates. Since the function of dentition is to “fracture and fragment solid foods” (Lucas 

and Teaford, 1994:1), it is assumed that the morphology of the dentition is adapted to the 

mechanics of processing those foods that are most often eaten or are most important to 

the fitness of the organism. Although primates have generally been considered to have 

less specialized dentitions than other mammals, there are clear indications that the 

primate dentition is adapted to primate diets (Lucas and Teaford, 1994). Anthropoid 

primates have broad, spatulate incisors that have been related to increased incisal biting 

for processing of food, especially fruit, compared to strepshirines (e.g. Kay and Hiiemae, 

1974; Kay and Hylander, 1978). However, incisor morphology has not been greatly 

studied at higher levels of taxa. Most studies of dental morphology in relation to diet have 

concentrated on the shape of the molars (Ungar, 1998). Specific morphologies have been 

related to the mechanics of shearing, crushing, and grinding, three distinct mechanical 

processes used to break down food before ingestion (Kay and Hiiemae, 1974; Kay, 1984; 

Ungar, 2002; but see also Lucas and Teaford, 1994). Kay and Hiiemae (1974) showed an 

association between morphology and these dental functions. Shearing occurs during 

occlusion by the leading edges of crown crests on postcanine teeth, and to minimize the 

area of simultaneous occlusion these edges are usually concave. Crushing occurs between 

planar surfaces of teeth, such as wear planes, cusp tips, and fossae between cusps and 

ridges. Grinding involves both shearing and crushing, and in primates occurs between 
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planar surfaces that move across each other. Increased use of foods that require one or 

another of these functions for fracture puts adaptive pressure on increasing the amount of 

functional space on the tooth that acts in these functions. Kay (1975) measured lower 

second molar features related to these functions, and found that expectations of increased 

shearing features were met in both folivores and insectivores (> 45% of the diet 

comprising leaves or insects, respectively) across primates. Frugivores had shorter 

shearing crests. Benefit (1987) expanded on these ideas by regressing measures of 

shearing and cusp flare against the percent fruit and foliage in extant cercopithecid yearly 

diets; she found a significant correlation between these measures and diet, and thus her 

regression is often used to estimate diet in fossil cercopithecids (e.g. Ungar et al., 2008b). 

However, the prediction intervals of estimates are large, limiting the potential use of this 

method for yielding yearly dietary proportions in fossil primates. Furthermore, studies of 

dental morphology have focused on unworn or minimally worn teeth, since these 

preserve the original morphology of the tooth; this requirement limits the fossils that can 

be used for analysis with these methods. 

 More recently, methods utilizing three-dimensional digital imaging to measure 

slope, shape, and relief of dentition have shown promise for distinguishing diet among 

closely related mammals, including primates (Reed, 1997; Jernvall and Selanne, 1999; 

Ungar and M’kirera 2003; Dennis et al., 2004; Boyer, 2008; Ungar and Bunn, 2008). 

Ungar and M’kirera (2003) found differences between Pan troglodytes and Gorilla 

gorilla in cusp slope, and related these to dietary differences between the two species. 

They also found that these methods were robust and thus applicable to worn teeth; even 

at later wear stages, cusp slopes of the two species were significantly different from each 
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other. Boyer (2008) applied these methods to strepsirrhine primates and was able to 

distinguish broad dietary categories of frugivory, folivory, insectivory, and omnivory 

within this group. Thus, methods using three-dimensional dental scans have recently 

improved our ability to distinguish dietary categories based on dental morphology, and 

are also applicable to worn teeth. 

 Although dental morphology can inform us about the broad dietary categories of 

primates, it requires the assumption that morphology directly indicates actual dietary 

behavior, rather than behavior to which the morphology is adapted; it also is constrained 

by phylogenetics, so that methods are often only applicable among closely related 

species. Thus, these methods are not ideal for any but the broadest dietary 

characterizations in the fossil record. 

 

Non-adaptive Methods 

Methods that rely on traces that indicate what an animal actually ate complement 

reconstructions based on dental morphology and may be more informative about the 

actual dietary niche of a species. Two primary methods exist for determining what an 

animal actually ate in the past: examining the wear caused by diet on an animal’s teeth 

(dental microwear), and examining the chemical elements an animal displays in its 

tissues (stable isotope analyses). Although stable isotope analyses capture the variation in 

particular isotopes in the diet when an animal was forming its tissues, the results of these 

analyses do not distinguish between broader food categories (such as meat, leaves, or 

fruit) that comprise the diet. Since many studies of wild primate diets record only these 

broader food categories, it is more likely to differentiate the diversity of the dietary niche 
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using a method that distinguishes broader food categories. For these reasons, dental 

microwear analyses are more appropriate to examine variation and diversity in primate 

diets. 

 

Dental Microwear 

Dental microwear analyses are, collectively, the techniques used to study 

microscopic wear on teeth. This wear can be due to both attrition (tooth on tooth wear) 

and abrasion (food on tooth wear); studies have traditionally linked specific diets to 

microwear features (specific wear patterns) and directionality of wear (Gordon, 1982; 

Teaford and Walker, 1984; Teaford, 1988; Ungar, 1998). These features are termed pits 

and scratches, and can vary in size and shape (e.g., Teaford and Walker, 1984; Grine, 

1986). Because this type of wear is very shallow, it can be effaced by further wear; in 

experimental primate feeding studies, Teaford and Oyen (1989) demonstrated that 

microwear could be erased in as little as 24 hours, with the average persistence of 

microwear being a week. Thus, microwear captures diet over a very short period of time, 

on the scale of weeks at most. 

 Good reviews exist elsewhere summarizing the major studies of dental microwear 

analyses and the evolution of the methods used (e.g. Teaford, 1988; Rose and Ungar, 

1998; Teaford, 2007; Scott, 2012). Traditionally, dental microwear analyses have focused 

on the use of scanning electron microscopy (SEM) to capture microwear through use of 

micrographs, photos of microwear. From these micrographs, pits and scratches are 

counted and measured, either by eye or with various semi-automated computer programs 

(Ungar et al., 1991; Merceron et al., 2005), and the directionality of wear is noted. 
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Teaford and Walker (1984) created a standard protocol for the use of SEM in primates by 

using the second molar and magnification of 500x; up until this time, there was no set 

protocol, so studies could not be quantitatively compared (Ungar et al., 2008b).  

Problems with the expense and time of SEM led to the development of the 

method of low-magnification stereomicroscopy (LMSM; Solounias and Hayek, 1993; 

Semprebon et al., 2004). This procedure involves counting microwear features at lower 

magnifications and under white light. Although this method fixed issues of expense and 

some issues of time, it still suffered from issues of inter-observer error. Because 

researchers identify and count features by hand, the inter-observer error is still high, as it 

is in SEM; furthermore, because a picture cannot be taken and reliably used, areas on the 

tooth are not explicitly identified, making it near impossible to exactly identify the area 

used to count features for replication by other researchers.  

More recently, a new type of microwear analysis, called dental microwear texture 

analysis (DMTA), combined scanning confocal microscopy with scale-sensitive fractal 

analyses to measure surface topography at different scales (Ungar et al., 2003; Scott et 

al., 2005, 2006). Microwear data are captured in three-dimensional space using a white-

light scanning confocal microscope. Using topographic analysis software, the data are 

leveled, defects are removed, and the surfaces are measured using volumes, areas, and 

vectors, resulting in a quantitative description of the surfaces at multiple scales. This 

method allows for greater repeatability of measurements since these are identified and 

directly measured by a computer instead of by an observer, effectively negating inter-

observer error. Furthermore, it resolves the issue of characterizing a three dimensional 
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surface in two dimensions, a problem inherent in SEM and LMSM. It is also faster, easier 

to use, and less costly than SEM and LMSM (Ungar et al. 2003, Scott et al. 2005, 2006).  

Dental microwear texture analysis with scale-sensitive fractal analyses uses five 

main measurements that relate to the surface topography of teeth at different scales. Area-

scale fractal complexity (Asfc or complexity) is a measure of the relative area of a surface 

as it changes with scale. A tiling algorithm calculates the relative area of the surface 

using tiles of a given size (i.e., at different scales); complexity is the slope of a line fit to 

the steepest part of a curve of relative area versus the logarithm of scale multiplied by -

1000. As scale decreases, more complex surfaces have a greater increase in surface area 

than less complex surfaces (Figure 1.1). Complexity has been shown to be greater in 

animals that eat harder and grittier foods (Ungar et al., 2003; Scott et al., 2005, 2012; 

Scott, 2012).  

A further variable related to complexity is the scale of maximum complexity 

(Smc), which corresponds to the scale at which the surface is most complex. Surfaces 

with larger features have higher Smc, which is related to the size of the wear-causing 

particles (Fig. 1.2). 

Heterogeneity of area-scale complexity (HAsfc or heterogeneity) is a variable that 

relates to the variation in complexity across a single scan. Heterogeneity is calculated as 

the median deviation of complexity divided by the median complexity value when a scan 

is broken down into smaller areas using an equal number of rows and columns (Scott et 

al., 2006); the standard scales used are the coarser-scaled 3x3 division (HAsfc9) and the 

finer-scaled 9x9 division (HAsfc81). Heterogeneity relates to how varied the surface 

texture is across a scan; greater heterogeneity corresponds with greater variation in 
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texture across the scan (Fig. 1.2). Heterogeneity is related to the variation in size of wear 

causing particles, which could potentially correspond with variation in diet (Scott et al., 

2006, 2012). 

Exact proportion Length-scale anisotropy of relief (epLsar or anisotropy) is a 

measure of the directionality of surface wear. Anisotropy is calculated using a series of 

relative length measures taken at different orientations for a given scale of observation; 

these are then normalized by dividing them by the sum of relative lengths from all 

orientations, paired with their direction, and treated as a vector. The length of the mean 

vector for a given scale is the anisotropy value (the standard is to use the finest scale, 1.8 

µm); more features in a single direction increase anisotropy while more features in many 

directions decrease anisotropy (Fig. 1.1). Anisotropy has been shown to be greater in 

animals that eat more tough foods (Ungar et al., 2003; Scott et al., 2005, 2012; Scott, 

2012). 

Textural fill volume (Tfv) is a measurement of the volume of the relief of the 

tooth surface using square cuboids of a given size to fill the surface. It relates to both the 

shape of the surface, i.e. the concavity, convexity, or flatness of the surface, and the 

texture of the surface, i.e. the scratches or pits on the concave, convex, or flat surface 

(Fig. 1.2; Scott et al., 2006). Textural fill volume is calculated by taking the volume at a 

fine scale and subtracting the volume at a coarse scale, which approximates the volume 

due to the texture of the surface; the standard is to use square cuboids at 2 µm for the fine 

scale and 10 µm for the coarse scale (Scott et al., 2006). 
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Implementation of Microwear Analyses 

Extant Primates 

There have been a number of studies of microwear in extant primates, with 

variable use as comparisons to fossil taxa. The first major quantitative study of 

microwear was by Teaford and Walker (1984) who examined occlusal molar microwear 

in extant primates with known and extreme dietary differences. These researchers also 

defined a set protocol for particular molar facets and a specific microscope magnification 

(500X); these protocols allowed the data set to be quantitatively compared with other 

data sets and standardized the quantitative procedure (Ungar, 1998). These researchers 

were able to compare frequencies of microwear features and dimensions across primate 

species at these specifications; they found that frugivores had higher ratios of pits to 

scratches, and within frugivores, those species that focused on hard objects had the 

highest relative frequencies of pits. Folivores, on the other hand, had higher ratios of 

scratches to pits, and had higher directionality to their microwear features. Experimental 

work with captive vervets by Teaford and Oyen (1989) further demonstrated the link 

between diet and microwear. These researchers showed that vervets fed soft monkey 

chow had fewer microwear features than those fed hard monkey chow. Thus, they were 

able to experimentally show that, within a controlled sample of a single species, harder 

diets created more microwear features on teeth, while softer diets created fewer. This 

demonstrated that microwear was controlled by mechanical properties of ingested food. 

Over the last two decades, the data from microwear studies has increased our 

understanding of the range of signals from diet, as well as the intraspecific variation 

caused by seasonality, different habitats, and differences in diet between individuals. 
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Teaford (1985) compared occlusal molar microwear by SEM in three species of Cebus 

and found that although there are differences between individuals within each species in 

the number of features on different molar facets, these differences are less than the 

differences between species. He also showed that there are differences in molar 

microwear between closely related species, at least within the genus Cebus, even though 

the species have similar diets. Further work by Teaford and Robinson (1989) showed a 

seasonal difference in size and frequency of pitting within Cebus nigrivittatus at dry 

tropical woodland sites, but did not show differences among sites of humid and dry 

forests or seasonal differences at humid forest sites. Teaford and Glander (1991) further 

demonstrated that ecology could create intraspecific differences in microwear. They 

found differences in microwear features between Aloutta palliata from tropical dry 

forests and tropical moist forests, while seasonality was controlled for by having both 

samples from the wet season. Merceron et al. (2010) showed differences in the 

seasonality of occlusal molar microwear between and within different sexes of roe deer; 

the different sexes were observed to eat different diets during different seasons, and some 

of these differences were observable in the microwear texture signatures of sexes by 

season. In contrast, Nystrom et al. (2004) found little difference in baboon occlusal molar 

microwear between age and sex groups; they also found little difference in microwear 

between groups that lived in different habitats (although these habitats were fairly 

similar, being within a larger study area). However, their findings suggest that exogenous 

grit is an important factor in the microwear of terrestrial catarrhines, particularly those 

living in semiarid habitats (Nystrom et al., 2004). In contrast to these findings, Daegling 

and Grine (1999) found that the dietary components in terrestrial catarrhines was 
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implicated in their molar microwear. They compared Papio ursinus from South Africa to 

Theropithecus gelada (studied by Teaford, 1993) and found significant differences 

between the two species in microwear features; P. ursinus had wider scratches and wider 

and longer pits than did T. gelada. P. ursinus also had higher frequencies of pitting. Since 

both species forage terrestrially, the researchers inferred that the differences in wear were 

related to differences in diet but especially to differences in the consumption of 

exogenous grit, specifically to the frequent consumption of underground resources in P. 

ursinus. Scott et al. (2012) more recently published a large study of microwear textures of 

21 anthropoid primates. These textures provide a baseline of wear patterns that are linked 

with specific diets in primates, including 11 African primates, eight cercopithecines and 

three hominoids. Their data supported the previously-discoverd links between microwear 

textures and diets, namely greater complexity and higher frequencies of hard object or 

seed eating and greater anisotropy and higher frequencies of foliage consumption. 

Additionally, their data show a wide range of values for anthropoid primates, 

demonstrating the relationship between variation in diet and variation in microwear. 

 

Fossil Primates 

The ultimate goal of dental microwear analyses is to reconstruct the diet when 

diet is unknown, particularly for fossil animals. Primates, particularly hominins, have 

been one of the primary groups to be studied. Wear on fossil dentition is compared to that 

on extant dentition of primates of known diets. The earliest studies of fossil primates 

focused on hominins, and this focus has been carried through today, mostly by Grine, 

Teaford, Ungar, and their colleagues (Grine, 1986, 1987; Scott et al., 2005; Grine et al., 



  31 

2006a,b, 2012; Ungar et al., 2008a, 2010).  Grine (1986, 1987) analyzed occlusal molar 

microwear of Paranthropus robustus and Australopithecus africanus by SEM and found 

that P. robustus showed higher densities of features, higher frequencies of pitting, and 

more heterogeneity in wear patterns than did A. africanus. Comparing frequencies of 

pitting, Grine concluded that P. robustus ate a high proportion of hard objects, while A. 

africanus ate more fruit or leaves; he was not able to directly compare lengths of 

scratches to an extant sample because of differences in methodology. Ungar and Grine 

(1991), using SEM, also found more striations on A. africanus incisors, indicating 

utilization of more abrasive foods. Ryan and Johanson (1989) also analyzed incisor 

microwear in A. afarensis, and argued that a mix of fine scratches and pits, a pattern in 

between that of Gorilla and Papio, indicated the use of incisors in preparing gritty plant 

foods. Grine et al. (2006a,b) also analyzed occlusal molar microwear by SEM in A. 

afarensis and A. anamensis and found that they had lower proportions of pitting than 

extant hard object feeders, and most closely resembled gorillas and chimpanzees in their 

microwear features and densities.  

New utilization of microwear texture analysis has allowed further quantification 

of microwear in hominins; Scott et al. (2005) showed that A. africanus had higher 

anisotropy and lower complexity in occlusal molar microwear than did P. robustus, 

which directly corresponds to findings of Grine (1986, 1987). Interestingly, Ungar et al. 

(2008a, 2010) found that P. robustus differed greatly from P. boisei in its occlusal dental 

microwear textures; P. boisei had higher levels of anisotropy and lower levels of surface 

complexity, indicating that P. boisei did not consume hard objects as microwear suggests 

P. robustus did. Furthermore, A. afarensis and A. anamensis had textures more similar to 
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P. boisei than to P. robustus, and did not show textures expected for increasing use of 

hard object feeding (Ungar et al., 2010) 

 Although hominins have experienced a long history of dental microwear analysis, 

the associated fossil cercopithecids found at African sites have received less attention. In 

one of the first analyses, Teaford (1993) used SEM on occlusal molar surfaces of East 

African specimens of fossil Theropithecus. He found more pitting and higher frequencies 

of wear in T. brumpti than in T. oswaldi and T. gelada, which he interpreted as indicating 

a diet containing more fruit or grit for T. brumpti. He also found similar frequencies and 

sizes of pits and scratches in T. oswaldi and T. gelada, suggesting that diets in the two 

species were similar. Ungar and Teaford (1996) used SEM to analyze microwear 

incidence on occlusal and non-occlusal surfaces of cercopithecid incisors from the 

Turkana Basin, Laetoli, and Olduvai Gorge. They found that non-occlusal microwear 

showed all fossil cercopithecines to fall within the extant cercopithecine range, while 

some colobines fell within this range; these results might indicate the incorporation of 

grit into the diet through utilization of foods from the ground, as indicated by high 

percentage of incidence in Cercopithecoides williamsi, long regarded as a terrestrial 

colobine (Birchette, 1981). Non-occlusal incisor microwear may thus be a good predictor 

of substrate use (although Rhinocolobus, thought to be an arboreal colobine, has high 

percentages as well). The occlusal microwear indicates that fossil colobines were more 

similar to extant colobines than fossil cercopithecines were to extant cercopithecines; 

fossil cercopithecines had less pitting on their teeth, perhaps indicating less hard object 

feeding. However, low sample sizes of fossil taxa hamper the applicability of this method 

to these fossil taxa. In contrast, Teaford et al. (2008) used SEM to analyze occlusal molar 
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microwear of the same sample. Their results proved similar to those of Ungar and 

Teaford (1996) in that they showed low frequencies of pitting. El-Zaatari et al. (2005) 

analyzed occlusal molar microwear of South African cercopithecids from Makapansgat, 

Sterkfontein, Kromdraai, and Swartkrans. They found that the fossil group had less 

pitting than modern baboons (Papio ursinus) and hard object feeders (Lophocebus 

albigena), and smaller scratch breadths than these analogs, suggesting a diet of softer 

foods in general. Overall, the microwear evidence suggested more similarity between 

diets in the fossil species than seen today in the extant sample, even between different 

habitats reconstructed for the sites. 

 

Conclusion 

Dental microwear texture analyses have the potential to help reconstruct dietary 

breadth in fossil primates, since they involve variables that relate to different aspects of 

the material properties and mastication of foods. Although researchers have inferred 

greater variation in the food categories of primate diets based on greater variance in 

microwear (e.g. Scott et al., 2005; Ungar et al., 2008a, 2010), there is not yet strong 

evidence that links variation in microwear textures to variation in diet. This fact should 

create some wariness in inferring greater dietary variation given greater microwear 

texture variance since anthropoids have been shown to have great variation in their 

textures overall (Scott et al., 2012). To test the relationship between microwear texture 

variation and dietary variation in primates, a study involving specimens with known 

provenience and a range of diets, both specialized and broad, is required. This 
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dissertation examines this relationship and tests whether dietary breadth can be inferred 

from dental microwear texture variation in primates. 

In Chapter 2, “Variation in dental microwear textures as a proxy for interspecific 

differences in annual dietary diversity in African Old World Monkeys 

(Cercopithecidae),” I examine the link between annual dietary variation and variation in 

six dental microwear texture variables within a diverse group of eight species of extant 

African Cercopithecidae. I test the hypothesis that dental microwear textures vary more 

in species with greater dietary diversity by employing three different methods: 1) 

variance in individual microwear variables, 2) mean heterogeneity, and 3) overall 

summed weighted variance using principal components analysis. 

In Chapter 3, “Intraspecific differences in dental microwear textures among 

African Old World Monkeys (Cercopithecidae) and their relationship to seasonal and 

geographic variation,” I test for intraspecific differences in dental microwear variance 

among seasons and geographic areas in five species of Cercopithecidae. These tests help 

identify whether results from Chapter 2 can be explained by sampling a species from 

different numbers of habitats or localities, from a larger geographic area, or from 

different seasons. 

In Chapter 4, “The relationship between monthly dietary variation and variation in 

dental microwear in African Old World Monkeys (Cercopithecidae),” I examine whether 

monthly variation in food category consumption relates to variation in dental microwear 

textures in six species of Cercopithecidae. I test for differences in microwear variation 

among species that have similar annual dietary diversities but vary their diets monthly. 

The goal is to identify if species that have a more even annual use of dietary categories 
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differ from species that vary their dietary category use monthly, which would have 

implications for identifying fallback food use in fossil species. 
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Figure 1.1. Examples of Complexity and Anistropy. Hypothetical microwear texture 
images showing low and high complexity (Asfc) and anisotropy (epLsar) (From Ungar, 
2014). 
 

Anisotropic surface

Simple surface

Complex surface

Complexity (Asfc) Anisotropy (epLsar)

Low

High

Isotropic surface



  46 

 

Figure 1.2. Examples of Scale of Maximum Complexity (Smc), Heterogeneity (HAsfc), 
and Textural Fill Volume (Tfv). Hypothetical microwear texture images showing low and 
high values of Smc, HAsfc, and Tfv (from Ungar, 2014). 
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CHAPTER 2 

VARIATION IN DENTAL MICROWEAR TEXTURES AS A PROXY FOR 

INTERSPECIFIC DIFFERENCES IN ANNUAL DIETARY DIVERSITY IN AFRICAN 

OLD WORLD MONKEYS (CERCOPITHECIDAE) 

Introduction 

Dietary diversity, a measure of the number and evenness of food categories 

incorporated into the diet, is important to species ecology and evolution. Among closely 

related species, those with less diverse diets tend to have smaller distributions, to inhabit 

a smaller range of habitats, and to be less abundant (Gaston and Blackburn, 2000; 

Harcourt et al., 2002; Lomolino et al., 2006; IUCN, 2010). Lower dietary diversity has 

been implicated in the decline and extinction of numerous species, while greater diversity 

has been implicated in species’s survival in relation to competitors (African mammals: 

Potts, 1998; African wild dogs: Mbizah et al., 2012; bats: Boyles and Storm, 2007; 

bovids: Bowman et al., 2010; North American cougars: DeSantis and Haupt, 2014; North 

American vertebrates: Swihart et al., 2003; primates: Harcourt et al., 2002). This is not to 

say that dietary specialization, and a necessarily lower dietary diversity, is an 

evolutionary dead end; indeed, dietary specialization can allow for the exploitation of 

empty dietary niches, as seen in numerous species radiations (Schluter, 2000). However, 

among closely related species, those with more diverse diets are more likely to be flexible 

in their dietary choices, to inhabit a broader range of habitats, and to be less vulnerable to 

environmental change (e.g. Harcourt et al., 2002). 

That dietary diversity is related to these aspects of species ecology and evolution 

makes it important to ascertain in fossil species, as inferring dietary diversity in fossil 
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species would benefit reconstructions of niche space and species evolution. However, 

quantifying dietary diversity in fossil species is difficult since methods of dietary 

reconstruction most often rely on the main category or categories of foods eaten by 

species rather than the overall composition of the diet (e.g. Kay, 1975, 1984; Rosenberger 

and Kinzey, 1976; Strait, 1993). This fact is particularly problematic for studies of fossil 

primates, as paleoanthropologists have long used arguments related to dietary diversity to 

explain differences in morphology, distribution, and evolutionary fate of fossil species, 

particularly hominins. Robinson’s dietary hypothesis (1954, 1956) proposed that the 

major difference between the fossil hominin species Australopithecus africanus and 

Paranthropus robustus was their dietary diversity. He suggested that while Paranthropus 

had a specialized vegetarian diet, Australopithecus had expanded its diet to include larger 

amounts of meat, making it a more generalized omnivore. Robinson hypothesized that 

dietary expansion (i.e. a more diverse diet) had allowed the survival of the 

Australopithecus lineage, ultimately leading to Homo, while dietary specialization (i.e. a 

less diverse diet) in Paranthropus ultimately led to its extinction.  
A more diverse diet also explains evolutionary success in Potts's (1998) 

Variability Selection hypothesis, which proposed that large fluctuations in climate and 

habitat in Africa over short periods of time led to selection for flexible responses to these 

changes in mammalian species. Instead of adapting to a specific environmental condition, 

hominins were adapting to a range of conditions with an ability to move easily between 

different habitats. In response to increased climatic fluctuations in the Pleistocene, 

hominins experienced selection for a broader dietary niche in the form of a wider range 

of dietary items and a more flexible diet. Potts (1998) proposed that this dietary 
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expansion was one of the factors that led to the evolution of the genus Homo in contrast 

to earlier Australopithecus and Paranthropus species.  
One hurdle to testing these, among other, hypotheses involving dietary diversity is 

the lack of a method to consistently determine this measure among closely related fossil 

species. Methods that have been used to approximate diet in fossil species include dental 

allometry (Kay, 1974, 1975), dental morphology (Kay, 1978, 1984; Benefit, 1999, 2000; 

Ungar and Bunn, 2009), stable isotope analyses (Codron et al., 2005, 2008; Sponheimer 

et al., 2009), and dental microwear analyses (Teaford and Walker, 1984; Grine et al., 

2006; Scott et al., 2005; Ungar et al., 2010). However, in order to examine dietary 

diversity, it is necessary to 1) use a method that relies on what an animal actually ate 

rather than what it was adapted to eat, and 2) use a method that captures frequency and 

variation in diet.  Because stable isotope and dental microwear analyses fulfill these two 

criteria, these two methods are appropriate for investigating inter- and intraspecific 

dietary variation and can potentially approximate dietary diversity (Teaford and 

Robinson, 1989; Teaford and Glander, 1991, 1996; Sponheimer et al., 2006, 2009; 

Merceron et al., 2010; Ungar et al., 2010; Cerling et al., 2011). However, while stable 

carbon isotope (δ13C) analyses capture the variation in δ13C in the diet, the results of 

these analyses do not distinguish between broader food categories (such as meat, leaves, 

or fruit) that comprise the diet. Thus, while the results capture the breadth of plants that 

make up the dietary niche (i.e., a range of C3 and C4 plants), they do not differentiate 

between hard, soft, or tough foods.  
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 Dental microwear, the microscopic features left on the dentition by food and grit 

in the last days to weeks before an animal died (Teaford and Oyen, 1989), has 

traditionally been used to distinguish species that feed on hard objects from those that 

feed on tough leaves or grasses (Teaford and Walker, 1984; Grine, 1986; Teaford, 1988; 

Scott et al., 2005, 2006; Ungar et al., 2008, 2010). Studies of microwear formation 

related to diet in wild populations indicate similar patterns across orders and classes, 

demonstrating that this method is robust and thus can be used to infer diet in fossil 

species (e.g. Teaford and Walker, 1984; Teaford, 1988; Scott, 2012; Stynder et al., 2012; 

Ungar et al., 2012; Haupt et al., 2013). Additionally, short-term variation in microwear 

due to seasonal and ecological differences has been noted (Teaford and Robinson, 1989; 

Teaford and Glander, 1991, 1996; Teaford and Runestad, 1992; Mainland, 2003; 

Merceron et al., 2004, 2010), indicating that microwear can be used to distinguish 

intraspecific differences in season and ecology.  

Documented dental microwear patterns are the result of both the fracture 

properties of food and the occlusal mechanics of mastication (Scott et al., 2012). The 

angles of approach of opposing occlusal facets are dictated by the fracture properties of 

food, and these angles result in different patterns when abrasives such as phytoliths or 

grit are moved across facet surfaces during mastication. How quickly wear is formed thus 

depends on both the abrasiveness of the diet and frequency of consumption of abrasive 

foods.  
 Some of the first quantitative studies of microwear on teeth used scanning 

electron microscopy (SEM) to capture images of wear features in two dimensions 

(Walker et al., 1978; Ryan, 1981; Gordon, 1982). Researchers found that scratches, 
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features that were longer and thinner, dominated the surfaces of animals that fed on tough 

foods such as leaves or grasses, while pits, features that were wider, dominated the 

surfaces of animals that fed on harder or grittier objects (Teaford and Walker, 1984). 

More recently, there has been a move to use dental microwear texture analysis (DMTA), 

a topographic analysis of worn surfaces that uses scale-sensitive fractal analysis to 

characterize the tooth’s surface at different scales. This analysis is based on the principles 

of fractal geometry that the profile lengths, areas, and volumes of a rough surface change 

with the scale of observation (Scott et al., 2006). Benefits of DMTA over SEM include 

characterization of a worn surface in three dimensions, rather than two, and that it is fully 

automated, leading to lower inter-observer error rates (Scott et al., 2006; DeSantis et al., 

2013). DMTA studies on molar occlusal surfaces have identified five variables that relate 

to diet: area-scale fractal complexity (complexity or Asfc), exact proportion Length-scale 

anisotropy of relief (anisotropy or epLsar), heterogeneity of area-scale fractal complexity 

(heterogeneity or HAsfc), scale of maximum complexity (Smc), and textural fill volume 

(Tfv). Complexity measures the changes in relative area with scale such that more 

complex surfaces have greater relative areas as scale decreases. Complexity has been 

shown to be greater on molars of primates that eat more hard, brittle foods such as hard 

fruits (Scott et al., 2005, 2006, 2012). Anisotropy measures the directionality of surface 

roughness, such that surfaces that have more features in the same direction have greater 

anisotropy; it has been shown to be greater on molars of primates that eat tough foods, 

such as leaves or grass (Scott et al., 2005, 2006; Ungar et al., 2008a). Heterogeneity 

measures the variation in texture across the tooth’s surface by breaking the surface into 

subregions of equal area, calculating the median absolute deviation of Asfc for each 
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subregion, and dividing by the median of Asfc (Scott et al., 2006). It has been suggested 

that this measure can distinguish frequent from less frequent hard/brittle object feeding or 

greater variation in diet (Scott et al., 2006, 2012). The scale of maximum complexity 

identifies the scale at which the surface is most complex, and corresponds to the size of 

wear-causing particles such that higher values correspond with larger features (Scott et 

al., 2006; Ungar et al., 2008). Textural fill volume measures “summed volumes of square 

cuboids of a given scale that fill a surface” (Ungar et al., 2008b: 402) and relates to both 

the shape and texture of a surface; higher values indicate a surface with more mid-scale 

features (See Chapter 1 for more detailed descriptions and figures). 
Despite the long, well-documented history of microwear analyses, there is still 

controversy over the results of analyses in fossil species (Strait et al., 2013; Lucas et al., 

2013). One recurrent question has been why microwear results are so different in 

Paranthropus robustus and P. boisei despite remarkably similar derived morphologies in 

these species. P. robustus has consistently shown highly pitted and complex microwear 

patterns (Grine, 1986, 1987; Scott et al., 2005), whereas P. boisei has low complexity and 

more anisotropic wear (Ungar et al., 2008b); these results have been interpreted to 

indicate a diet of harder objects for P. robustus and more tough objects such as leaves or 

grasses for P. boisei (Grine, 1986; Scott et al., 2005; Ungar et al., 2008b). Because of the 

potentially short time over which these patterns could have formed, there is some 

suggestion that these wear patterns may reflect seasonal use of mechanically difficult 

“fallback foods” and that the annual diets of these species may be more similar than is 

reflected in microwear analyses (Ungar et al., 2008b). However, analysis of extant 

primate mortality patterns suggests that it is unlikely that mortality would be higher 
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during times of fallback food use, and thus it is unlikely that fossil assemblages would be 

overrepresented by such a short-term seasonal diet (Gogarten and Grine, 2013). Other 

hominins also show increases in robust chewing morphology while lacking evidence of 

hard-object feeding in their microwear textures. In particular, A. afarensis demonstrates a 

trend in increased robustness of the masticatory system over time (Lockwood et al., 2000; 

Kimbel and Delezene, 2009); however, the microwear of A. afarensis shows no evidence 

of hard-object feeding and remains remarkably similar over 650,000 years (Grine et al., 

2006). Taken together, these results suggest that P. robustus had a diet different from 

other hominins and was not the result of seasonal consumption of hard foods, but many 

details about the diet of P. robustus and other hominins remain undetermined. 
One avenue that may help answer questions about the dietary diversity of fossil 

primates such as hominins is the intraspecifc variation in DMTA variables. Although 

central tendencies of DMTA variables have been shown to differ between species with 

diets differing in fracture properties, many individuals of different species overlap in 

these variables (for example see Scott et al., 2012). Thus, the range of variable values for 

each species of primate can be quite large. Because primate diets are generally diverse in 

comparison to those of other orders, this fact is not surprising. Because material 

properties of foods also select for dental morphology (Kay, 1978, 1984), and dental 

morphology has been shown to correlate well with diet in primates (Kay, 1978, 1984; 

Benefit, 1987, 1999, 2000), variation in the material properties of foods, and thus 

variation in dental microwear textures, appears to be a good variable to approximate 

dietary diversity, since species that consume foods with a wider range of material 

properties would be expected to have greater variation in their microwear. Additionally, 
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Scott et al. (2009) have shown that variation in dental microwear textures was greater in a 

species with a diverse diet (the yellow baboon, Papio cynocephalus) than in a species 

with a narrow diet (the gelada, Theropithecus gelada).  
In this study, the approach of Scott et al. (2009) is expanded by examining 

intraspecific variation in DMTA variables among a group of African Old World monkeys 

(Cercopithecidae) with differences in dietary diversity. I tested three hypotheses based on 

the prediction that species with greater dietary diversity would have greater variation in 

microwear textures. Hypothesis A states that species with greater dietary diversity have 

greater variance in the individual microwear variables Asfc, epLsar, HAsfc, Smc, and Tfv, 

while species with lower dietary diversity have lower variance in these variables. The test 

for Hypothesis A follows the statistical method of Ungar and colleagues (Scott et al., 

2005; Ungar et al., 2008, 2010) and has generally been used as evidence of variation in 

diet, but a strong link between variation in these individual variables and variation in diet 

has not yet been shown.  

Since heterogeneity (HAsfc) measures how variable the surface texture is within 

each scan, Scott et al. (2005, 2006, 2012) suggest that heterogeneity may be greater in 

species with greater variation in diet. However, other researchers have found that 

heterogeneity may relate to frequency of hard-object feeding, with species that 

occasionally eat hard foods having higher heterogeneity values than species that either 

rarely or often eat hard foods (Calandra et al., 2012). In this study, I also test Hypothesis 

B, that species with greater dietary diversities have higher values of mean heterogeneity, 

while species with lower dietary diversities have lower heterogeneity. 

Finally, although these hypotheses test the relationship between dietary diversity 
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and individual DMTA variables, they do not test whether dietary diversity is related to 

overall variation in microwear. To further examine whether dietary diversity is related to 

microwear variation, I also test Hypothesis C, that species with greater dietary diversity 

have greater overall variation in microwear. 

 
Materials & Methods 

Casts of eight species of African Old World monkeys that exhibited varying 

degrees of dietary diversity and distribution across Africa were used in this study. The 

species examined included three species of guenons, the blue monkey (Cercopithecus 

mitis), De Brazza’s monkey (Cercopithecus neglectus), and the vervet (Chlorocebus 

aethiops); three papionins, the red-capped mangabey (Cercocebus torquatus), the anubis 

baboon (Papio anubis), and the gelada (Theropithecus gelada); and two colobines, the 

guereza (Colobus guereza) and the Eastern red colobus (Procolobus rufomitratus). These 

species were selected based on availability of specimens, their dietary diversity, and the 

number and quality of field studies examining feeding ecology in these species. There is 

little consensus on the taxonomy of the Cercopithecidae (Grubb et al., 2003; Butynski et 

al., 2013), and whether or not the individuals within each of the groups here are 

considered to be multiple species, a single species, or a subspecies will differ based on 

the taxonomy used. The two main groups of specimens that could be considered multiple 

species in this study are the vervet (Ch. aethiops) and the Eastern red colobus (Pr. 

rufomitratus). 
The genus Chlorocebus, resurrected by Groves (2005) to contain the polytypic 

species previously recognized as Cercopithecus aethiops, a widespread taxon distributed 
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across most of sub-Saharan Africa, has been broken down into a number of species based 

on differences in, among other characteristics, cheek whisker form and male genitalia 

coloration (Dandelot, 1959; Grubb et al., 2003). However, Napier (1981) disagrees that 

these species can be easily distinguished and considers Ch. aethiops to be a highly 

polytypic species; the consensus of Grubb et al. (2003) follows this view, although 

Groves and Kingdon (2013) break Chlorocebus into six species. However, these 

Chlorocebus forms easily hybridize where their ranges meet and are ecologically similar, 

inhabiting savanna and riparian woodlands and consuming a variety of foods including 

leaves, fruits, insects, flowers, and gums, although the frequencies of consumption of 

each of these vary among sites (Kavanagh, 1978; Wrangham and Waterman, 1981; 

Harrison, 1982; Isbell et al., 1998). For these reasons, the view that Ch. aethiops 

represents a single, polytypic species with a widespread distribution is adopted here, and 

specimens are analyzed as a single group. Post-hoc comparisons among the (sub) species 

groups did not yield any differences in any microwear variables, further supporting the 

idea that these groups do not differ in their feeding ecology and can be considered 

together as a single species.     
The taxonomy of red colobus has also changed greatly over the last few decades, 

often recognized as a single species (Procolobus badius), but broken down into several 

species groups, first by Dandelot (1968, 1974), then by a series of researchers beginning 

in the 1990s. Grubb et al. (2003) recognized at least four species of red colobus, which is 

supported by Ting’s work on the molecular phylogeny of the group (Ting, 2008), while 

Groves (2001) recognized nine and then 16 species (2007). Although red colobus are 

found throughout equatorial Africa, the various species or subspecies are mostly 



  57 

allopatric and differ in pelage and some morphological features, but they hybridize 

readily where their distributions overlap (Grubb et al., 2003, 2013; Groves, 2007). In 

particular, the red colobus of the eastern Congo Basin, which have been split into as 

many as eight species, are known to form “hybrid swarms” (Groves, 2007), and thus are 

difficult to place into a single species (or subspecies depending on taxonomic 

inclination). Overall, however, red colobus are ecologically similar, generally inhabiting 

lowland rainforests and consuming high frequencies of leaves with fruit and/or seed 

consumption as a secondary food source (Fashing, 2011). All samples in this study come 

from the eastern Congo Basin, attributed to Pr. rufomitratus based on the taxonomy used 

by Grubb et al. (2013), and are here considered to be a single species. 
Additionally, some researchers consider all baboons (genus Papio) to be members 

of one polytypic species, and thus consider the olive baboon (Papio anubis) to be a 

subspecies of P. hamadryas. However, many recognize each regional variant as a 

separate species. This second view is accepted here, in part because the forms exhibit 

different morphologies and behaviors (Swedell, 2010). 
The sample used for this study consisted of 309 specimens (see see Table 2.1 for a 

summary; a full list of all specimens is found in Appendix A). All specimens come from 

wild populations and most have associated locations and dates of collection. Museum 

specimens are from the collections of the National Museum of Natural History (U.S.), the 

Field Museum, the Museum of Vertebrate Zoology (UC Berkeley), the Royal Belgian 

Institute of Natural Sciences, and the Royal Museum of Central Africa; additionally, a 

sample of geladas (Theropithecus gelada) that had been collected from a field study site 

(Guassa Plateau, Ethiopia) were also included.  
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All original specimens were cleaned with alcohol-soaked cotton swabs before 

vinyl impressions were made of all usable upper and lower first and second molars using 

President’s Jet Regular Body Dental Impression Material (Coltene-Whaledent). Casts 

were made using Epotek 301 epoxy resin and hardener (Epoxy Technologies). Following 

previous studies (Ungar et al., 2003; Scott et al., 2006; Scott et al., 2012), casts were 

scanned on Phase II occlusal facets (9, x, or 10n; Kay, 1977); lower second molars were 

preferentially selected for analysis, but when they did not yield good surfaces first molars 

or upper second molars were also examined. Scans were collected using a 100x objective 

on a Sensofar Plµ white-light scanning confocal profiler (Solarius, Sunnyvale, CA) 

housed at the University of Arkansas. Scans result in point clouds with a lateral sampling 

interval of 0.18 µm and a vertical resolution of 0.005 µm, and four adjoining fields were 

collected for a total area of 276 µm x 204 µm. Scans were leveled using Solarmap 

Universal software, and artifacts, such as dust particles, were excluded by thresholding 

and erase operators. Dental microwear texture parameters were calculated through two 

scale-sensitive fractal analysis programs (Toothfrax and Sfrax, Surfract). Six variables for 

each specimen were calculated: complexity (Asfc), anisotropy (epLsar), scale of 

maximum complexity (Smc), textural fill volume (Tfv), and heterogeneity at the 3x3 

(HAsfc9) and 9x9 (HAsfc81) scales.  
Data on diet of each species came from published field studies of wild monkeys. 

Studies were selected that had collected data on the frequency of consumption of major 

food categories across a year. Unfortunately, these data were not always exactly 

comparable since categories varied from study to study. For example, some researchers 

collected frequencies of consumption of young leaves and mature leaves, while others 
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collected only frequencies of overall leaf consumption. To make the studies as 

comparable as possible, categories used in this research were selected that were more 

general and best reflected differences in mechanical properties of foods. The main 

categories used were total foliage (including all leaf material as well as herbs, forbs, and 

grasses), total fruit (including fruits, seeds, and pods), flowers, animal prey (including 

invertebrates and vertebrates), and other (including unidentified items as well as items 

not grouped into the preceding categories, such as gums and underground items). Annual 

food consumption frequencies were used in two ways to characterize the diet. Species 

average frequencies were calculated using data from all sites; for sites that had multiple 

years of data collection, either by the same or separate researchers, these data were first 

averaged so that one site did not skew the data for the species. Shannon Diversity indices 

(H) were then calculated for each site using the formula: 

H= -(Σ pi * ln pi)  
 

where pi = frequency of food category consumption. The frequencies used, the sources of 

the frequencies, and the associated indices are available in Appendix C.  

For Hypothesis A, Levene’s Test (Levene, 1960) was used to test for differences 

in the intraspecific variances in microwear variables among the species. Levene’s Test 

has been shown to be robust to deviances from normality and performed the best out of 

20 variance tests in simulations (Conover et al., 1981; Donnelly and Kramer, 1999). The 

raw data were first transformed for Levene’s Test by using the residuals from the group 

median: 

 (r = | x - (median X)|) 

and mean: 
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(r = | x - (mean X)|).  

The median Levene’s Test is the more conservative test (Conover et al., 1981; Donnelly 

and Kramer, 1999) but can be overly so, hence the use of both median and mean 

Levene’s Tests. The residuals were then used in MANOVA, single ANOVAs, and post-

hoc Tukey’s Honestly Significant Difference (HSD) and Fisher’s Least Significant 

Difference (LSD) tests; the use of these two post-hoc tests has been shown to minimize 

Type I and Type II errors (Cook and Farewell, 1996). This method has been used by 

Ungar and colleagues (e.g. Ungar et al., 2010) to distinguish species with greater 

variances from those with smaller variances. All analyses were run in RStudio (v. 
0.98.978). 

For Hypothesis B, single ANOVAs and post-hoc tests were used to test for 

differences in mean heterogeneity of HAsfc9 and HAsfc81. Since both of these 

heterogeneity variables were not normally distributed, the variables were ranked and 

ANOVAs were performed on the ranked data. This method, rather than Kruskal-Wallis 

Ranked Sums tests, allows for post-hoc tests to identify which group means are different. 

As with the Levene’s Tests, both Tukey’s HSD and Fisher’s LSD post-hoc tests were 

performed. All analyses were run in RStudio (v. 0.98.978). 
To test Hypothesis C, I used a method that compares the overall interspecific 

variation in all the variables simultaneously. This method was first developed by Wills et 

al. (1994) and previously used in primate communities by Kamilar (2006, Chapter 2) and 

Fleagle et al. (2010). The idea is to compare average distances of individuals from the 

total species morphospace; species that show greater variation will have greater 

distributions in the morphospace (Kamilar, 2006).  A principal components analysis 
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(PCA) was run on the raw microwear data and the resulting principal components for 

each individual were weighted by the respective eigenvalue scores. The variances of all 

the weighted values for each component were then summed for each species, yielding a 

summed variance relating to how variant the species is overall (see Table 2.2 for an 

example). The formula is described as: 

 (si
2 * ei + si+1

2 * ei+1 + …) 

where si
2 is the variance of the principle component scores for each species and ei is the 

eigenvalue of the ith component (Kamilar, 2006). To see if overall variation in microwear 

variables was correlated with dietary variation, these summed variances were then 

compared to the diversity measure (H) and annual dietary frequency averages using 

Pearson’s product-moment correlations. The PCA was conducted with the variables Asfc, 

epLsar, Smc, Tfv, HAsfc9, and HAsfc81; the PCA was run in JMP Pro 11, while 

subsequent analyses were run in RStudio (v. 0.98.978).  
 

Results 

The raw microwear values are available in Appendix A, and summary statistics 

appear in Appendix B.  

 

Levene’s Test (Hypothesis A) 

The species differed in variances (median MANOVA: Pillai’s Trace = 0.21, F (7, 

301) = 1.57, p < 0.01; mean MANOVA: Pillai’s Trace = 0.32, F (7, 301) = 2.41, p < 

0.001). Individual ANOVAs identified differences in Asfc, Smc, HAsfc9, and HAsfc81; 

there were no differences detected in epLsar or Tfv (Table 2.3). 
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Complexity (Asfc). The species exhibited differences in their variances in 

complexity using both the median and mean Levene’s Tests (median: F (7, 301) = 2.14, p 

< 0.05; mean: F (7, 301) = 2.77, p < 0.01; Figure 2.1, Tables 2.3-2.4). Tukey’s HSD for 

the median Levene’s Test identified one pair that differed in their variances: P. anubis 

had higher variance than Pr. rufomitratus (p < 0.05). With the mean Levene’s Test, 

Tukey’s HSD also showed Ch. aethiops and C. neglectus to have marginally greater 

variance in complexity than Pr. rufomitratus (0.05 < p < 0.1). Fisher’s LSD test using the 

median and mean Levene’s Test each identified two groups among which variance did 

not differ, but the species included in the groups differed. For both the median and mean, 

the high variance group contained all the species except for Pr. rufomitratus. The median 

Fisher’s LSD identified the low variance group to include Co. guereza, C. mitis, Ce. 

torquatus, Pr. rufomitratus, and T. gelada, while the mean Fisher’s LSD identified the 

low variance group to include only Ce. torquatus, Pr. rufomitratus, and T. gelada. 

 

Scale of maximum complexity (Smc). The species exhibited no differences in 

Smc using the median Levene’s Test (F (7, 301) = 1.42, p > 0.1) but did when using the 

mean Levene’s Test (F (7, 301) = 4.68, p < 0.001; Fig. 2.2). Tukey’s HSD identified 

greater variance in P. anubis than in Co. guereza, Pr. rufomitratus, and T. gelada; 

Fisher’s LSD identified three groups within which variance did not differ: a highest 

variance group (Ch. aethiops, C. mitis, Ce. torquatus, and P. anubis), a medium variance 

group (C. mitis, C. neglectus, and Pr. rufomitratus), and a lowest variance group (Co. 

guereza, C. neglectus, Pr. rufomitratus, and T. gelada). However, it should be noted that 

Smc has a very right-skewed distribution; although Levene’s Test is robust to deviations 
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from normality (Conover et al., 1981; Donnelly and Kramer, 1999), it does not perform 

well with strongly skewed data. When Smc was ln-transformed, Levene’s Test showed no 

differences in Smc using either the median or mean tests. 

 

Heterogeneity at the 3x3 scale (HAsfc9). The species exhibited differences in 

their variances in HAsfc9 using both the median and mean Levene’s Tests (median: F (7, 

301) = 2.25, p < 0.05; mean: F (7, 301) = 2.94, p < 0.01; Fig. 2.3). For both tests, 

Tukey’s HSD and Fisher’s LSD identified C. mitis to have greater variance than P. 

anubis, but no other differences were found.  

 

Heterogeneity at the 9x9 scale (HAsfc81). The species exhibited differences in 

their variances in HAsfc81 using both the median and mean Levene’s Tests (median: F 

(7, 301) = 2.32, p < 0.05; mean: F (7, 301) = 3.03, p < 0.005; Fig. 2.4). For both the 

median and mean Levene’s Test, Tukey’s HSD also identified greater variance in C. mitis 

than in P. anubis. Fisher’s LSD identified two groups within which variance did not 

differ: a higher variance group, which included all species except P. anubis, and a lower 

variance group, which included Co. guereza, P. anubis, Pr. rufomitratus, and T. gelada 

with the median method, but only included Co. guereza and P. anubis with the mean 

method.  

 

Mean Heterogeneity (Hypothesis B) 

The ANOVA on the ranked data showed differences among the species in their 

mean ranks of HAsfc9 (ANOVA: F (7, 301) = 3.61, p < 0.001) and HAsfc81 (ANOVA: F 
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(7, 301) = 9.46, p <0.0001). Tukey’s HSD showed that C. neglectus had lower mean 

HAsfc9 ranks than Ch. aethiops, Co. guereza, C. mitis, and Pr. rufomitratus; Fisher’s 

LSD identified three groups within which mean ranks did not differ: a highest ranking 

group including Ch. aethiops, Co. guereza, Ce. torquatus, and Pr. rufomitratus; a 

medium ranking group including all the species except C. neglectus and Pr. rufomitratus; 

and a lowest ranking group including C. neglectus and T. gelada (Fig. 2.3). Tukey’s HSD 

also showed a number of differences in mean HAsfc81 rank: P. anubis was lower than 

Ch. aethiops, Co. guereza, C. mitis, and Pr. rufomitratus; C. neglectus was lower than C. 

mitis and Pr. rufomitratus; and T. gelada was also lower than C. mitis and Pr. 

rufomitratus. Fisher’s LSD identified three groups within which mean ranks did not 

differ: a highest ranking group (Ch. aethiops, C. mitis, Co. guereza, Ce. torquatus, and 

Pr. rufomitratus), a medium ranking group (Co. guereza, C. neglectus, Ce. torquatus, and 

T. gelada), and a lowest ranking group (C. neglectus, P. anubis, and T. gelada) (Fig. 2.4). 

 

Summed Variance Method (Hypothesis C) 

The results for the PCA and the resulting summed variances are shown in Table 

2.5 and Figure 2.5. The summed variances were negatively correlated with annual 

frequency of foliage consumption (Pearsons’ product-moment correlation: r (6) = -0.84, p 

< 0.01; Fig. 2.6) and positively correlated with annual frequency of fruit consumption 

(Pearsons’ product-moment correlation: r (6) = 0.72, p < 0.05; Fig. 2.6). Additionally, 

the summed variances showed a positive trend with the Shannon Diversity index H 

(Pearsons’ product-moment correlation: r (6) = 0.64, 0.05 < p < 0.1; Fig. 2.7) such that 

species with a high diversity also had greater summed variance, but the hypothesis of no 
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relationship could not be rejected. However, when the outlier Ce. torquatus was removed 

from the analyses, the correlations increased (Figures 2.6-2.7). Frequency of foliage 

consumption had a stronger negative correlation (Pearsons’ product-moment correlation: 

r (5) = -0.91, p < 0.005; Fig. 2.6) and frequency of fruit consumption had a stronger 

positive correlation (Pearsons’ product-moment correlation: r (5) = 0.92, p < 0.005; Fig. 

2.6) with summed variance. When C. torquatus was removed, H was also positively 

correlated with summed variance (Pearsons’ product-moment correlation: r (5) = 0.75, p 

< 0.05; Fig. 2.7). 

 

Discussion 

Levene’s Test (Hypothesis A) 

Levene’s Test identified differences among the species in microwear variance of 

Asfc, Smc, HAsfc9, and HAsfc81. Both variance in Asfc and Smc appeared to distinguish 

some species with high dietary diversity from those with low diversity. Using the more 

conservative Tukey’s HSD tests, P. anubis had greater variance in Asfc and Smc than Pr. 

rufomitratus, which would be expected given that P. anubis has a more diverse diet than 

the very specialized Pr. rufomitratus. With the less conservative Fisher’s LSD tests, Ch. 

aethiops, C. mitis, and P. anubis, all of which have more diverse diets, were included in 

the highest variance groups for both Asfc and Smc, while Co. guereza, Pr. rufomitratus, 

and T. gelada, which have the least diverse diets, were included in the lowest variance 

groups for both Asfc and Smc. However, some results were not as expected for these 

variables. C. neglectus grouped with the most variant species in Asfc, while it grouped 

with the medium and least variant species in Smc; although C. neglectus is specialized 
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compared to the other guenons in this sample, it has a dietary breadth that is in the middle 

of those in this sample. Ce. torquatus, which has a low dietary diversity, also grouped 

with the most variant species in Smc but with the least  variant species in Asfc. 

Additionally, C. mitis, with a high dietary diversity, grouped with the least variant species 

in Asfc, at least using the median Levene’s Test and post-hoc Fisher’s LSD. Thus, 

although the variance in Asfc and Smc did generally separate species based on dietary 

diversity, with species with the most diverse diets having greater variance and species 

with the least diverse diets having lower variance, species with variance in the middle 

were not separated as expected. Additionally, these results were generally only seen with 

the less conservative tests; with the more conservative median Levene’s and post-hoc 

Tukey’s HSD tests, only a few differences were noted. Although these did conform to 

expectations based on dietary diversity, the method did not distinguish species well based 

on dietary diversity. 

Although differences in variance in HAsfc9 and HAsfc81 were also identified 

among the species, they did not appear to be drawn along the lines expected based on 

differences in dietary diversity. Contrary to expectations, P. anubis had lower variance in 

both heterogeneity variables than almost all the species. However, it was not necessarily 

expected that variance in heterogeneity would distinguish species based on dietary 

breadth, as mean heterogeneity may be greater in species with broader diets (discussed 

below). 

 No differences were found among the species in variance in anisotropy, which is 

surprising given that mean anisotropy has been one of the best predictors of diet in 

primates (Scott et al., 2005, 2006, 2012), with species that eat high frequencies of leaves 
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or grasses having high anisotropy. In this sample, all species showed a fairly broad range 

of anisotropy values (Fig. 2.8). These results suggest that, although mean anisotropy can 

distinguish species that consume a high frequency of leaves or grasses from those that do 

not, the variation around the mean is not different among species and thus is not 

indicative of dietary diversity.  

 

Mean Heterogeneity (Hypothesis B) 

 Mean heterogeneity rank did not clearly separate the species based on dietary 

diversity. Although some species showed relationships in the expected direction, with C. 

mitis having a high dietary diversity and high mean heterogeneity rank and T. gelada 

having a low dietary diversity and low mean heterogeneity rank, many species did not 

show the expected relationships. P. anubis, which has a fairly diverse diet, had one of the 

lowest mean heterogeneity ranks, while Pr. rufomitratus, with a less diverse diet, showed 

one of the highest. These results suggest that heterogeneity may not be the best predictor 

of dietary diversity and may be indicative of other dietary behaviors. Research by 

Calandra et al. (2012) suggests that heterogeneity is negatively correlated with fruit 

consumption, such that species eating more fruit have lower heterogeneity values; 

however, there was great intraspecific variation in heterogeneity in their sample, 

particularly in species with intermediate frequencies of fruit consumption. Additionally, 

their sample of T. gelada, which would be predicted to have the highest heterogeneity 

values given its low frequencies of fruit consumption, was intermediate in heterogeneity, 

while their sample of Pongo abelii (the Sumatran orangutan) had much higher 

heterogeneity than would be expected given its high frequency of fruit consumption. 
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Overall, the relationship between heterogeneity and diet appears to be more complex than 

a simple correlation with fruit consumption or dietary diversity and should be 

investigated further. 

 

Summed Variance method (Hypothesis C) 

 The summed variance method shows more promise in separating species by 

dietary diversity. Summed variances using all species were significantly correlated with 

annual average frequency of both foliage and fruit consumption, and showed a trend 

towards correlation with dietary diversity (H). Species that consume a high frequency of 

foliage have low summed variances in microwear, while those that consume low 

frequencies of foliage have high summed variances. Species with high dietary diversities 

also tended to have higher summed variances. The only species that was quite divergent 

from these relationships was Ce. torquatus, which had lower than expected summed 

variance given its low frequency of leaf consumption and high frequency of fruit 

consumption, but higher summed variance than expected given its low H value (Figs. 2.5-

2.6). This result may be because Ce. torquatus consumes a diet unlike any other species 

examined here, with a high frequency of fruit consumption but low consumption 

frequencies of leaves and animal matter. High fruit consumption has been shown to be 

related to high complexity and heterogeneity (Daegling et al., 2011; Scott et al., 2006, 

2012). Ce. torquatus in this sample had relatively high mean complexity and high to 

medium mean heterogeneity; additionally, Ce. torquatus had very high Smc compared to 

the other groups. However, the results may also be related to the small sample size (n = 

9) of Ce. torquatus, lending each specimen a greater weight. Additionally, Ce. torquatus 
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is the subject of only two dietary studies that had good enough data to be used in this 

research (Mitani, 1989; Cooke, 2012). It is possible that the data from these studies do 

not reflect the actual diet of the animals used in this research. This possibility is enhanced 

by the fact that one study categorized 9.5% of the diet as “Other” and included no leaves 

in the diet, while the other study documented an average of 12% leaves (Mitani, 1989; 

Cooke, 2012). When Ce. torquatus was removed from the sample, this method looked 

more accurate at reflecting dietary diversity; however, it was much more strongly 

reflective of annual frequency of fruit and foliage in the diet.  

 The results of the Summed Variance method suggest that overall variation in 

DMTA variables is correlated with dietary breadth, since species that had higher summed 

variances also had higher H values; however, they also had lower frequencies of leaf 

consumption and higher frequencies of fruit consumption. The relationship between 

summed variances and these two annual dietary frequencies was present even when Ce. 

torquatus was included in analyses, and both correlations were stronger than that between 

dietary diversity and summed variance. These relationships suggest that variation in 

DMTA variables may be more closely linked to annual dietary frequencies than to dietary 

diversity. In particular, higher frequencies of foliage consumption are correlated with less 

variation in DMTA variables, while lower frequencies of foliage consumption are 

correlated with greater variation in DMTA variables. This relationship may be due to the 

amount of abrasion involved in the consumption of different food types. More abrasive 

diets may quickly and consistently overwrite microwear features, leading to low overall 

variation in microwear. This interpretation is consistent with experimental work by 

Schulz et al. (2013) in rabbits indicating that greater consumption of abrasives in the diet 
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leads to lower variance in dental microwear parameters; it is also consistent with ongoing 

work conducted by Karme et al. (2014), using an experimental chewing machine, that 

shows greater variation in microwear when wear is caused only by attrition but shows a 

decrease in variation as abrasiveness of masticated material increases. The only species in 

the sample examined in this paper that has a low dietary diversity and low frequency of 

foliage consumption is Ce. torquatus, which is a fruit specialist; the fact that this species 

does not conform to expectations of microwear variation based on dietary diversity but 

better conforms to expectations based on frequency of foliage and fruit consumption 

lends further support to the idea that variance in microwear is more indicative of these 

frequencies than of dietary diversity. 

 One concern in using these methods with fossil species would be the effect of 

small sample sizes on the ability to distinguish differences among the species. In these 

analyses, Ce. torquatus had the smallest sample size and was not as predicted in a 

number of ways. When using Levene’s Test, it showed high variance in Smc but did not 

vary from any species in Asfc. However, it showed fairly high summed variance when 

compared to its calculated dietary breadth and leaf consumption in comparison to other 

species. It is possible these results are due to small sample size; however, Ce. torquatus 

showed similar levels of variation in these variables to a large (n = 55) sample of 

Cercocebus atys analyzed by Scott et al. (2012); if anything, this sample of Ce. torquatus 

showed low variation in Asfc compared to the larger sample, but no tests were 

significantly different between the two groups in either mean or variance of any variable. 

Since the two species are closely related and have similar diets (Mitani, 1989; Daegling 

et al., 2011; Cooke, 2012), the fact that they show similar amounts of variation likely 
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means that the sample of Ce. torquatus is not significantly biased, and thus it is possible 

to use a small sample size and achieve accurate results. Further analyses using 

bootstrapping may further support this conclusion. Additionally, the summed variance 

method was originally suggested as a method robust to small sample sizes and 

differences in sample size among species (Kamilar, 2006). 

 These methods have the ability to separate species based on dietary diversity and 

thus allow for testing hypotheses based on dietary diversity in fossil species. Further 

analyses using other mammalian groups should be completed in order to strengthen this 

link between DMTA variances, dietary diversity, and dietary frequencies. In particular, 

these methods should be used in analyzing the Hominidae to test for differences among 

hominins, a group where there is much contention over differences in dietary diversity. 

Furthermore, these methods can be used to explore macroecological relationships related 

to dietary breadth in the fossil record.  

 

Conclusion 

Overall, these results indicate that there is a relationship between variation in 

microwear and dietary breadth, but the relationship may not be a strong one. Although 

examining the differences in variance among groups in individual microwear variables 

may be informative of specific dietary behaviors, such as variation in hard object or fruit 

consumption, it appears that, for identifying overall dietary diversity, the summed 

variances method is more effective, since it correlates with H and separates all the species 

as expected (except for Ce. torquatus). However, the fact that the summed variances 

correlate better with frequencies of fruit and foliage consumption suggest that 
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reconstructions of dietary diversity may still need to be inferred based on these more 

general dietary categories.  

In terms of interpreting fossil microwear textures, the results from these analyses 

suggest that comparisons of variance of individual DMTA variables may not indicate 

differences in dietary variation among species, although there is some support for these 

comparisons for Asfc and Smc. Furthermore, differences in mean heterogeneity appear to 

be more indicative of frequency of hard object feeding than of dietary diversity. The most 

promising avenue for inferring dietary diversity appears to be the summed variance 

method. Fossil DMTA variables can be entered in the PCA with the species examined 

here to infer their diets. Species with low summed variances can be interpreted to have 

high frequencies of foliage consumption, low frequencies of fruit consumption, and low 

dietary diversity; species with high summed variances can be interpreted to have high 

frequencies of fruit consumption and low frequencies of foliage consumption, but may 

have high or low dietary diversities (based on the position of Ce. torquatus). Other data, 

such as body size and dental morphology, may need to be used in concert with microwear 

analyses to infer dietary diversity in species with high summed variances of DMTA 

variables. 
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Table 2.1  
Summary of Cercopithecid Sample 
 
Species n Localities Geographic Regiona 

Cercocebus torquatus 9 2 C 
Cercopithecus mitis 71 11 C, E, S 
Cercopithecus neglectus 22 5 C 
Chlorocebus aethiops 27 15 C, E, S, W 
Colobus guereza 45 12 C, E 
Papio anubis 45 10 C, E, W 
Procolobus rufomitratus 74 5 C 
Theropithecus gelada 16 4 E 

 

a Geographic region of Africa (Central=C, Eastern=E, Southern=S, Western=W) from 
which the specimens come. 
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Table 2.2  
Example of Calculating the Summed Weighted Variance  
 
Step 1. Conduct Principal Components Analysis on raw data 
 
Taxon PC1 PC2 PC3 

   Ch. aethiops 1.17 1.21 -0.56 
   Ch. aethiops 0.50 4.85 1.31 
   Ch. aethiops -1.04 0.40 -0.11 
   Ch. aethiops 0.17 -1.67 0.52 
   Co. guereza 1.61 -1.86 0.09 
   Co. guereza 3.11 -2.56 0.74 
   Co. guereza -0.40 -1.40 -0.68 
   Co. guereza 0.06 -3.07 0.74 
   Eigenvalue of PC 2.13 1.44 0.94 
   

       Step 2. Weight components (PC Score x Eigenvalue) 
 

Taxon 
PC1 x 
2.13 

PC2 x 
1.44 

PC3 x 
0.94 

   Ch. aethiops 2.48 1.74 -0.53 
   Ch. aethiops 1.06 6.99 1.23 
   Ch. aethiops -2.22 0.58 -0.10 
   Ch. aethiops 0.36 -2.40 0.49 
   Co. guereza 3.44 -2.68 0.08 
   Co. guereza 6.62 -3.68 0.70 
   Co. guereza -0.85 -2.02 -0.64 
   Co. guereza 0.13 -4.42 0.69 
   

       Step 3. Calculate variance of weighted component for each species 
 
Ch. aethiops 3.89 15.33 0.59 

   Co. guereza 11.51 1.13 0.40 
   

       
Step 4. Sum weighted components for each species 

Summed Weighted 
Variance 

  
Ch. aethiops 3.89 15.33 0.59 = 19.80 

 Co. guereza 11.51 1.13 0.40 = 13.04 
  

 
 
 



  83 

Table 2.3 
Levene’s Test Results  
 

Variable Levene's Test F (7, 301) p 
Asfc Median 2.14 < 0.05 

 
Mean 2.77 < 0.01 

Smc Median 1.42 > 0.1 

 
Mean 4.68 < 0.001 

HAsfc9 Median 2.25 < 0.05 

 
Mean 2.94 < 0.01 

HAsfc81 Median 2.32 < 0.05 

 
Mean 3.03 < 0.005 

epLsar Median 0.6 > 0.1 

 
Mean 0.63 > 0.1 

Tfv Median 1.28 > 0.1 

 
Mean 1.54 > 0.1 
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Table 2.4 
Post-hoc Test Results for Homogeneity of Variance 
 

 
Asfc Smc HAsfc9 HAsfc81 

Levene's Testa 
MD/ 

MD M M M 
MD/ MD/ 

MD M 
M M M 

Post-Hoc test b HSD LSD LSD HSD LSD HSD/ 
LSD HSD LSD LSD 

Species                   
Ce. torquatus AB AB AB B A AB AB A A 
C. mitis AB AB A AB AB A A A A 
C. neglectus AB A A AB BC AB AB A A 
Ch. aethiops AB A A AB A AB AB A A 
Co. guereza AB AB A AB C AB AB AB AB 
P. anubis A A A A A B B B B 
Pr. rufomitratus B B B B BC AB AB AB A 
T. gelada AB AB AB B C AB AB AB A 

 
Note. Species with the same letter do not differ for the given test; A = greatest variance, 
C = lowest variance. 
a Test type is Median (MD) or Mean (M) Levene’s Test 
b Post-hoc test is Tukey’s Honestly Significant Difference (HSD) or Fisher’s Least 
Significant Difference (LSD) test at the α = 0.05 level. 
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Table 2.5 
Summed Weighted Variances and Dietary Indices  
 
 Taxon SV1 SV2 Foliage Fruit H 
 Cercocebus torquatus 10.85 * 0.06 0.83 0.65 
 Cercopithecus mitis 13.13 13.03 0.23 0.47 1.33 
 Cercopithecus neglectus 11.84 13.87 0.14 0.51 1.22 
 Chlorocebus aethiops 10.67 10.70 0.18 0.37 1.55 
 Colobus guereza 8.63 8.65 0.63 0.26 0.96 
 Papio anubis 10.61 10.71 0.32 0.43 1.27 
 Procolobus rufomitratus 8.87 9.02 0.71 0.09 0.86 
 Theropithecus gelada 4.97 6.13 0.80 0.02 0.65 
 
Note. Summed weighted variances were calculated for a principle components analysis 
containing Cercocebus torquatus (SV1) and without Ce. torquatus (SV2). Foliage and 
Fruit indicate annual average frequencies of consumption of these items, and H is the 
Shannon Diversity Index for annual average diet (see Appendix C for references). 
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Figure 2.1. Box plot of complexity (Asfc) by species. Species differed in their variances 
in complexity (Levene’s Test: median: F (7, 301) = 2.14, p < 0.05; mean: F (7, 301) = 
2.77, p < 0.01).  
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Figure 2.2. Box plot of scale of maximum complexity (Smc) by species. Scale of 
maximum complexity is natural-logarithm (ln) transformed. The species did not differ in 
variance in Smc when using the median Levene’s Test (F (7, 301) = 1.42, p > 0.1) but did 
when using the mean Levene’s Test (F (7, 301) = 4.68, p < 0.001). 
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Figure 2.3. Box plot of heterogeneity at the 3 x 3 scale (HAsfc9) by species. The species 
differed in their mean HAsfc9 ranks (ANOVA: F (7, 301) = 3.61, p < 0.001) and their 
HAsfc9 variances (Levene’s Test: median: F (7, 301) = 2.25, p < 0.05; mean: F (7, 301) 
= 2.94, p < 0.01). 
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Figure 2.4. Box plot of heterogeneity at the 9 x 9 scale (HAsfc81) by species. Species 
differed in mean HAsfc81 ranks (ANOVA: F (7, 301) = 9.46, p <0.0001) and in HAsfc81 
variance (median: F (7, 301) = 2.32, p < 0.05; mean: F (7, 301) = 3.03, p < 0.005). 
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Figure 2.5. Principal components analysis by species. Scatter plots showing principal 
component 2 (PC2) by principal component 1 (PC1) for each species (given by the first 
letter of the genus name and first three or four letters of the species name). PC1 accounts 
for 32.9% of variation, while PC2 accounts for 24.1% of variation. 
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Figure 2.6. Summed variance correlations for foliage and fruit. Scatter plots of annual 
foliage and fruit consumption averages by the summed weighted variance of principal 
components analyses of six microwear variables for eight species (1 = Cercocebus 
torquatus, 2 = Cercopithecus mitis, 3 = Cercopithecus neglectus, 4 = Chlorocebus 
aethiops, 5 = Colobus guereza, 6 = Papio anubis, 7 = Procolobus rufomitratus, 8 = 
Theropithecus gelada). Both foliage and fruit consumption are correlated with summed 
variance, both with (Foliage: r (6) = -0.84, p < 0.01; Fruit: r (6) = 0.72, p < 0.05) and 
without C. torquatus (Foliage: r (5) = -0.91, p < 0.005; Fruit: r (5) = 0.92, p < 0.005).  
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Figure 2.7. Summed variance correlations for dietary diversity. Scatter plots of the 
Shannon Diversity index (H) for annual diet by the summed weighted variance of 
principal components analyses of six microwear variables for eight species (1 = 
Cercocebus torquatus, 2 = Cercopithecus mitis, 3 = Cercopithecus neglectus, 4 = 
Chlorocebus aethiops, 5 = Colobus guereza, 6 = Papio anubis, 7 = Procolobus 
rufomitratus, 8 = Theropithecus gelada). The summed variances showed a positive trend 
with H (r (6) = 0.64, 0.05 < p < 0.1); when C. torquatus was removed, H was positively 
correlated with summed variance (r (5) = 0.75, p < 0.05). 
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Figure 2.8. Box plot of anisotropy (epLsar) by species. No differences in variance exist 
among the species (Levene’s Test: median: F (7, 301) = 0.60, p > 0.10; mean: F (7, 301) 
= 0.62, p > 0.10). 
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CHAPTER 3 
 

INTRASPECIFIC DIFFERENCES IN DENTAL MICROWEAR TEXTURES AMONG  
 

AFRICAN OLD WORLD MONKEYS (CERCOPITHECIDAE) AND THEIR  
 

RELATIONSHIP TO SEASONAL AND GEOGRAPHIC VARIATION 
 

Introduction 
 

Dental microwear analyses are increasingly used to infer diet in fossil species, 

particularly hominins (Teaford and Walker, 1984; Grine, 1986; Scott et al., 2005; Ungar 

et al., 2010). Studies using traditional scanning electron microscopy (SEM), as well as 

those using the newer technique of dental microwear texture analysis, distinguish species 

that feed on hard, brittle objects such as hard fruit or seeds from those that feed on tough 

leaves or grasses (Teaford and Walker, 1984; Grine, 1986; Scott et al., 2005, 2012; Ungar 

et al., 2008, 2010). More subtle differences in diet among or within species have also 

been distinguishable using these methods (e.g. Teaford and Robinson, 1989; Merceron et 

al., 2010). In Chapter 2, I showed support for one method of analyzing intraspecific 

variation in microwear textures that could distinguish species with diverse diets, i.e. 

species that eat a wide variety of food resources, from those that have narrow diets, i.e. 

species that specialize on only a few foods or food categories. Species with diverse diets, 

however, also tend to live in more seasonal environments, to have greater geographic 

distributions, and to live in more habitat types (Brown, 1995; Cowlishaw and Hacker, 

1997; Eeley and Foley, 1999; Eeley and Lawes, 1999; Gaston and Blackburn, 2000; 

Harcourt et al., 2002; Vazquez and Stevens, 2004). Thus, a question that emerges from 

dietary diversity research is: does variation in seasonality, geography, or habitat type 
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increase the microwear variation within species with broad diets, or is the variety in the 

diet of these species a greater source of microwear variability? 

 This question stems from the fact that intraspecific differences in microwear have 

been shown among sites, seasons, and habitat types for primates and other mammals. 

Teaford and Robinson (1989) showed a seasonal difference in size and frequency of 

pitting within Cebus nigrivittatus at dry tropical woodland sites, but did not show 

differences between sites of humid and dry forests or seasonal differences at humid forest 

sites. Teaford and Glander (1991, 1996) further demonstrated that habitat type could 

create intraspecific differences in microwear; they found differences in microwear 

features between Aloutta palliata who lived in tropical dry forests and those that lived in 

tropical moist forests, and by obtaining both samples during the wet season they 

controlled for seasonality. Merceron et al. (2010) showed differences in microwear based 

on the seasonality of resource use between and within different sexes of roe deer; the two 

sexes are observed to vary their diets during different seasons, and some of these 

distinctions are observable in the microwear textures of sexes by season. Galbany et al. 

(2009) revealed greater similarity in buccal microwear among different hominoid species 

living in the same environment than among the same species living in different 

environments. Withnell and Ungar (2013) showed differences in incisor microwear 

between shrews inhabiting grasslands and forests, but no differences among other 

habitats. Across all habitats, there were no differences in microwear among different 

dietary regimes; however, within a single habitat, there were differences among the 

different dietary regimes (Withnell and Ungar, 2013). Taken together, these results 

suggest that differences in habitat and season can lead to differences in microwear, 
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potentially increasing the variation in microwear among dietary regimes such that they 

mask differences related to discerning diet.  

African monkeys (Cercopithecidae) are a particularly important group in which to 

consider the impact of habitat, season, and geography on microwear patterns. 

Cercopithecids are often used as analogs to fossil hominins (Elton, 2006; Jolly, 2009), 

which are the subject of many microwear studies (Grine, 1986; Scott et al., 2005; Ungar 

et al., 2006, 2008, 2010; Grine et al., 2012). Cercopithecids, particularly the 

cercopithecines, also have some of the most diverse and flexible diets of all primates 

(Jaffe and Isbell, 2011; Swedell, 2011; Fleagle, 2013). Coupled with these generally 

broad diets, cercopithecids inhabit a wide range of habitat types, spanning forests to 

bushland and semi-desert (Swedell, 2011; Butynski et al., 2013). This range of habitat 

types is in contrast to those of African apes (Hominidae), which tend to inhabit forests; 

even those apes, such as chimpanzees, that utilize more open habitats do not utilize the 

C4 foods found in these more open habitats (Sponheimer et al., 2003, 2006), unlike 

cercopithecids. This broad ecological niche and ability to exploit a range of food 

categoriess and habitats has made Cercopithecidae a particularly important comparative 

taxon for fossil hominins (e.g. Elton, 2006; Jolly, 2009), but the effects of seasonality, 

geographic location, and habitat on dental microwear variation have not as yet been 

widely examined in this group. 

The ability to survive seasonal environmental changes has often been cited as 

crucial to the move from forest to open habitats in hominins (Foley, 1993; Potts, 1998; 

Klein, 1999; Reed and Fish, 2005). However, all primates are affected by changes to their 

habitat due to season; these changes, in varying degrees of intensity, have been reported 
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in all types of habitats where primates range (Hemingway and Bynum, 2005). Diet is 

most affected by seasonal changes, and during certain seasons, primates often face food 

scarcity. In a review of seasonality in primate diets, Hemingway and Bynum (2005) 

showed over 70% of all identified responses to food scarcity were shifts in diet, involving 

either an increased or decreased dietary breadth (here the number of species consumed). 

Hemingway and Bynum (2005) also found a significant relationship between the number 

of species consumed and how variable the diet was; dietary variability decreased as the 

number of species increased. In contrast to these findings, Chapman and Chapman (1990) 

found no relationship between seasonality (measured as the CV of rainfall) and dietary 

variability in food category use in African cercopithecids. Thus, although cercopithecids 

vary their diet across the year in response to seasonal changes, there may not be a specific 

rule to how they do so. 

One of the major issues in paleoanthropology in the last decade, which relates to 

seasonality, has been the relative importance of “fallback foods” in the diet and evolution 

of primates, particularly of hominins (see Lambert, 2009, and other articles from Special 

Issue on Fallback Foods (2009), Am J Phys Anth 140(4)). The definition of fallback 

foods is quite generalized (Hemingway and Bynum 2005; Lambert 2009, and references 

therein), but indicates a dietary resource that is less preferred and critical to species 

survival during food scarcity (Altmann, 1998; Lambert, 2007). Thus, utilization of 

fallback foods is one example of a dietary shift during food scarcity. The relative 

importance of fallback foods in the shaping of primate morphology and adaptation is a 

topic that has being hotly debated (e.g. Lambert, 2009). However, the relationship 

between fallback foods and dietary breadth is not clear. Since Hemingway and Bynum 
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(2005) found that primates that incorporated more species into their diets (one measure of 

dietary breadth) had less dietary variability, we might expect that species with greater 

dietary breadth would be less likely to rely on fallback foods during times of scarcity. 

More seasonal environments may encourage greater dietary variability, but they may also 

encourage greater dietary breadth.  

Not only do species with broader diets tend to encounter more seasonal 

environments, they also tend to have wider distributions and to encounter more habitat 

types (Brown, 1984, 1995; Brown et al., 1995; Lomolino et al., 2006). The causal 

relationship among these factors has been debated for the last few decades (i.e. Gaston 

and Blackburn, 2000; Vazquez and Stevens, 2004), but this general rule has been 

supported within primates, particularly on the African continent (Cowlishaw and Hacker, 

1997; Eeley and Foley, 1999; Harcourt, 2000; Harcourt et al., 2002). Cowlishaw and 

Hacker (1997) demonstrated that the latitudinal range of African primates (i.e. how far 

North/South they were distributed) was related to their ability to withstand seasonal 

variation, particularly seasonal variation in rainfall. Harcourt (2000) also supported this 

finding and further demonstrated a relationship between latitudinal range and both dietary 

breadth (how many food categories a primate eats) and habitat breadth (how many 

habitats a primate lives in), where species with larger latitudinal ranges had broader 

dietary and habitat breadths. Eeley and Foley (1999) and Harcourt et al. (2002) also 

found relationships between the absolute size of primate ranges in Africa and their habitat 

and dietary breadth, again with primates that had large ranges having greater dietary and 

habitat breadths.  
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Overall, these relationships among dietary breadth, seasonality in diet, primate 

distribution, and habitat breadth caution against the conclusion that dietary breadth or 

dietary diversity is the main or only cause of greater microwear variation in the sample of 

African monkeys examined (Chapter 2). Here I examine the potential effects of season, 

geographic distribution, and habitat differences on microwear variation in a previously 

studied sample of African Cercopithecidae (Chapter 2). The goal is to identify if the 

greater variation in microwear variables in species with more diverse diets is an outcome 

of sampling more seasons, more sites, and more widely distributed sites in these species, 

or if the variation seen reflects the true dietary variability of each species. 

 

Materials & Methods 

Species and Specimens 

Casts of five species of African Old World monkeys (Cercopithecidae) that 

exhibited varying degrees of dietary breadth, seasonality, and distribution across Africa 

were used in this study. The species examined included three cercopithecines 

(Chlorocebus aethiops, Cercopithecus mitis, and Papio anubis) and two colobines 

(Colobus guereza and Procolobus rufomitratus). These species were selected based on 

the dietary breadth exhibited, the number and quality of field studies examining feeding 

ecology in these species, and the available museum specimens. Small sample sizes, lack 

of collection information on specimens, and/or lack of detailed seasonal dietary studies 

excluded three species used in the original analyses (Cercocebus torquatus, 

Cercopithecus neglectus, and Theropithecus gelada). 
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The sample used for this study consisted of 262 specimens, mostly wild shot and 

with associated locations and dates of collection. A summary of sites and seasons for 

each species is given in Table 3.1. A full list of specimens used in this study with 

associated localities is available in Appendix A. A small number of P. anubis specimens 

were collected from cave sites; since the season of death was unknown for these 

specimens, they were not included in analyses of season but were included in analyses of 

geography. 

 

Dental Microwear Textures 

All original specimens were cleaned with alcohol-soaked cotton swabs and vinyl 

impressions were made of all usable upper and lower first and second molars using 

President’s Jet Regular Body Dental Impression Material (Coltene-Whaledent). Casts 

were made using Epotek 301 epoxy resin and hardener (Epoxy Technologies). Following 

previous studies (Ungar et al., 2003; Scott et al., 2006; Scott et al., 2012), casts were 

scanned on Phase II occlusal facets (9, x, or 10n; Kay, 1977); lower second molars were 

preferentially selected for analysis, but when they did not yield good surfaces first molars 

or upper second molars were also examined. Scans were collected using a 100x objective 

on a Sensofar Plµ white-light scanning confocal profiler (Solarius, Sunnyvale, CA) 

housed at the University of Arkansas. The resulting point clouds had a lateral sampling 

interval of 0.18 µm and a vertical resolution of 0.005 µm, and four adjoining fields were 

collected for a total area of 276 µm x 204 µm. Scans were leveled using Solarmap 

Universal software, and artifacts, such as dust particles, were excluded by thresholding 

and erase operators. 
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Dental microwear texture parameters were calculated through Toothfrax 

(Surfract), a scale-sensitive fractal analysis program. Four variables for each specimen 

were calculated: area-scale fractal complexity (Asfc), anisotropy (epLsar), and 

heterogeneity of Asfc at the 3x3 (HAsfc9) and 9x9 (HAsfc81) scales. These variables have 

been linked to different dietary parameters (e.g. Scott et al., 2006). Complexity measures 

changes in relative area with scale and has been shown to be greater on molars of 

primates that eat more hard, brittle foods such as fruit and seeds, while anisotropy 

measures the directionality of surface roughness, and has been shown to be greater on 

molars of primates that eat tough foods such as grass and leaves (Scott et al., 2005, 2006, 

2012). Heterogeneity measures the similarity of textures across the tooth’s surface and 

should be greater in primates that have greater variation in diet, particularly greater 

variation in consumption of foods that create complexity (Scott et al., 2006, 2012). 

However, there is some evidence that high frequencies of fruit consumption are 

correlated with low heterogeneity (Calandra et al., 2012). 

 

Seasonal Dietary Expectations 

To test whether microwear variables matched what would be predicted based on 

seasonal dietary differences, I compiled information on monthly consumption of food 

categories at as many sites as possible for each species, collected from publications of 

field studies. Many seasonal consumption frequencies were not listed in the texts but 

were found in graphs published in the texts; in these cases, I used the WebPlotDigitizer 

application (Version 3.3; Rohatgi, 2014) to extract data estimates of consumption 

frequencies from two-dimensional frequency plots and bar graphs. Although there is 
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great variation in dietary frequencies, some differences may not be statistically significant 

and thus would not be expected to cause detectable differences in microwear between 

seasons. Therefore, I used dietary frequencies to test for differences in diet between or 

among seasons; seasons were categorized as dry or rainy based on rainfall records from 

the publications or nearby weather stations, but sometimes I also broke the rainy season 

into early rainy (first half) or late rainy (second half), since some sites had marked 

differences in phenology within the rainy season and/or few months of dry season which 

were swamped by the more numerous rainy season months. Each month was categorized 

into one or two of these seasons and had dietary variables associated with them. Dietary 

variables that were examined were frequencies of food category consumption and dietary 

diversity. The food categories used were total foliage (all leaf material as well as grasses, 

herbs, and forbs), seeds (when provided), fruits, total fruit (fruits plus seeds and seed 

pods), and subterranean items (for P. anubis). Dietary diversity was calculated for each 

month using Shannon’s Diversity Index H:  

H= -(∑ pi*lnpi) where pi=frequency of food category consumption for each i 

category). 

The frequencies used, the sources of the frequencies, and the associated indices are 

available in Appendix C. Based on the compilation of data and statistical analyses, I 

made predictions for what I would expect in the microwear sample based on the 

geographic location and distribution of seasons sampled. Each species is discussed 

separately in the results section below. 
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Geographic Location and Habitat 

The sites where museum specimens were collected were categorized into four 

locations, eastern, western, central, and southern, according to the general area of Africa 

from which they came. These groups generally correspond to the broader biogeographic 

regions that have been used to characterize Africa (e.g. Linder et al., 2012). Differences 

in climate, vegetation, distribution of habitats, and soil types occur among regions, and 

these differences may lead to intraspecific differences in microwear textures among the 

individuals in the sample. Differences in microwear textures may exist among sites as 

well, since individual sites may differ in these factors. By testing for differences among 

geographic locations, at both a broad scale and the scale of the site, we can identify if and 

how much the intraspecific variation in microwear is affected by geography. Differences 

in the geographic distribution of the species led to differences in how widespread the sites 

were from which the specimens came; species with small geographic distributions (i.e. 

Pr. rufomitratus) had sites from only a small geographic area (< 250,000 km2), while 

species with large distributions, such as Ch. aethiops, had sites from a large geographic 

area ( > 1,000,000 km2).  

Unfortunately, most museum specimens do not have habitat information 

associated with the site of collection. However, museum specimens are the most easily 

accessible specimens for a study such as this one that uses a number of different species 

from many sites. Thus, for this study, geographic location is an important proxy for 

environmental variables such as climate and soil type that contribute to habitat formation. 

Although habitat types can be the same across different geographic locations, factors 

such as seasonality that affect these habitats differently due to location would likely lead 
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to differences in microwear if in fact habitat is a large contributor to microwear variation 

in this sample. Thus, if there are few differences in microwear found among different 

geographic locations, it is likely that both geographic location and habitat do not play a 

large role in the intraspecific microwear differences in this sample. 

 A final consideration is that the link between diet observed in wild population and 

the diet consumed by the museum specimens before they died may not be strong. Diet 

can differ from year to year in the same population (Hemingway and Bynum, 2005), so 

field studies that record the annual diet of a population may differ from the actual diet 

consumed by that population. Additionally, the same plant parts can have very different 

fracture properties depending on the species of plant or time of year they are consumed 

(Teaford et al., 2006). This fact indicates a potentially large variation in fracture 

properties within dietary categories. These facts need to be considered as potential 

reasons for a lack of resolution between microwear differences and seasonal and 

geographic variation in the samples. These issues are potentially unresolvable, however, 

when using a museum sample. 

 

Statistical Analyses 

Statistical analyses were conducted on the dietary data compiled from field 

studies as well as the microwear data collected from the cercopithecid sample. For tests 

of dietary data, two-tailed t-tests, Welch’s t-tests, and ANOVAs were used. For 

microwear data, comparisons between two regions or two seasons included one- or two-

tailed t-tests, Welch’s t-tests, or Mann-Whitney U tests based on the distribution of the 

data. For comparisons among three seasons, ANOVA or Kruskal-Wallis tests were used, 
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followed by post-hoc Tukey’s Honestly Significant Difference (HSD) and Fisher’s Least 

Significant Difference (LSD) tests to control for Type 1 and 2 errors (Cook and Farewell, 

1996). For comparisons among three or more regions and for comparisons among sites, 

MANOVA including the four variables was used first to control for experiment-wise 

error (Ungar et al., 2010). Following a significant MANOVA, individual ANOVAs and 

Tukey’s HSD and Fisher’s LSD tests were used. Levene’s Test for homogeneity of 

variance was used to test for differences in variance; for comparisons among three or 

more groups, MANOVA and/or ANOVA on residuals was used in order for use of post-

hoc tests. All analyses were conducted in RStudio (version 0.98.978). 

 
Results 

Seasonal Dietary Differences 

 Chlorocebus aethiops. The genus Chlorocebus has one of the broadest 

distributions of monkeys in Africa. It lives in habitats ranging from dry bushland to 

forest, and can be encountered generally throughout sub-Saharan Africa barring desert 

and deep forest, although it is most often found in riparian forests and the neighboring 

habitats (Groves and Kingdon, 2013). The sample used here consists of specimens 

covering central, eastern, and southern Africa and across both dry and wet seasons (Table 

3.1). 

Perhaps related to the success of the species in many habitats and climates, the 

diet of Ch. aethiops is varied and adaptable. Although much work has been conducted on 

vervet behavioral ecology (e.g. Cheney and Seyfarth, 1981; Pruetz and Isbell, 2000), 

many studies do not report food part consumption on a seasonal or monthly basis. 

Kavanagh (1978) recorded seasonal dietary variation at two savanna sites in Cameroon; 
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however, no differences in seasonal consumption of resources were apparent. At Mount 

Assirik, Harrison (1982,1983) recorded that Ch. aethiops averaged more fruit 

consumption during the wet season but more seed consumption during the dry season; he 

also recorded a greater variation in fruit and total fruit (fruit and seed) consumption 

during the dry season. Although consumption of leaf material was low overall, there was 

greater average consumption during the rainy season as well as a greater variance in 

consumption. Overall, I also found that the population showed a greater dietary breadth, 

as measured by H, during the dry season. However, t-tests and Levene’s Tests showed no 

significant differences in consumption in this sample between dry and rainy seasons. 

Wrangham and Waterman (1981) showed that Ch. aethiops in Amboseli relied heavily on 

two species of Acacia; in a single dry season, over 75% of its diet came from these two 

species. Parts used included a high frequency of gums (no apparent difference between 

seasons), young leaves (consumed more in the dry season), flowers (consumed more in 

the dry season), and seeds (consumed only in the dry season). Ripe fruit from other 

species and insects appeared to be consumed more in the wet season; however, the data 

available from this study were not suitable for use in statistical tests. Lee and Hauser 

(1998), working at Amboseli as well, confirmed the high proportion of Acacia 

consumption. However, they also found significant differences in monthly part 

consumption between different years of their study and among populations living in 

different habitats at the site. Their work shows a link between the availability of foods, 

due to seasonal production cycles and rainfall, and the frequency at which the foods were 

consumed.  
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Overall, no clear pattern of seasonal dietary change is apparent in Ch. aethiops. 

Populations at Mount Assirik showed greater variation in fruit consumption and dietary 

diversity in the dry season, and Amboseli appears to show greater seed consumption and 

variation in seed consumption during the dry season. Thus, microwear predictions for the 

sample were 1) no significant difference in mean complexity, anisotropy, or 

heterogeneity between dry and rainy seasons and 2) greater variance in complexity and 

heterogeneity in the dry season. 

 As predicted, Ch. aethiops showed no difference in means of any microwear 

variable between dry and rainy seasons, but did show greater variance in complexity 

during the dry season (Levene’s Test: F (1,25) = 4.89, p < 0.05; Figure 3.1). In contrast to 

predictions, the microwear did not show greater variance in either HAsfc9 or HAsfc81 in 

the dry season.  

 

Colobus guereza. The guereza has been one of the most well-studied African 

colobine species; it is distributed throughout the central and eastern African forests, 

inhabiting lowland and montane moist forest, swamp forest, dry forest, and gallery forest 

(Kingdon et al., 2008; Fashing and Oates, 2013). Although, like most colobines, C. 

guereza subsists primarily on leaves, it also incorporates fruit, particularly fleshy fruit, 

into their diets, though the amount they do so varies by site and season (Fashing and 

Oates, 2013). Extensive field studies of C. guereza have shown a range of folivory, with 

Kibale, Uganda showing the highest amounts of folivory (Oates, 1974, 1977). Oates 

(1974, 1977) also found greater dietary diversity during the dry season at Kanyawara, 

Kibale Forest, Uganda. At Kakamega Forest, Uganda, Fashing (1999) recorded greater 
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fruit and total fruit consumption during the rainy season and greater leaf consumption 

during the dry season. My tests confirmed that these were significant differences (fruit: t 

(10) = 2.62, p < 0.05; total fruit: t (10) = 2.61, p < 0.05; leaves: t (10) = 2.99, p < 0.05). 

Bocian (1997) recorded data on seasonal consumption of resources in Ituri Forest, 

Democratic Republic of Congo (DRC). When examined by rainy versus dry season, no 

differences were observed; however, when the rainy season was broken down into an 

earlier and later section, there were differences among the seasons in consumption of 

leaves, seeds, and total fruit, with fewer leaves and more seeds and total fruit consumed 

in the later rainy season (Kruskal-Wallis Tests: leaves: Χ2 = 7.60; seeds: Χ2 = 8.48; total 

fruit: Χ2 = 7.00; df=2, p < 0.05 for all). Based on data from Plumptre (2006) at Budongo 

Forest, Uganda, I found greater consumption of fruit and total fruit in the rainy season 

(fruit [Welch’s t-test]: t (12.93) = 3.95, p < 0.01; total fruit [t-test]: t (13) = 2.87, p < 

0.05), greater variance in fruit consumption in the rainy season (Levene’s Test: F (1,13) = 

4.76, p < 0.05), and greater variance in dietary diversity in the dry season (Levene’s Test: 

F (1,13) = 6.64, p < 0.05). When broken down into early rainy and later rainy seasons, 

Tukey’s HSD showed differences between early rainy and dry seasons for fruit 

consumption and late rainy and dry seasons for total fruit consumption. Overall, these 

studies suggested microwear differences in complexity, anisotropy, and heterogeneity 

between rainy and dry seasons, and particularly between the late rainy season and the dry 

season. I predicted that 1) complexity should be greater during the rainy season, 

particularly the later rainy season, and should be more variant in the dry season, 2) 

anisotropy should be greater during the dry season, and 3) heterogeneity should be 

greater and more variant in the dry season. 
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C. guereza did not show any differences in microwear when rainy season was 

considered as one season, although results were in the direction predicted for all variables 

and complexity did approach significance (One-tailed t-test: t (42) = 1.41, 0.05 < p < 

0.1). When divided into early and late rainy seasons, however, there were differences 

among the groups in complexity (ANOVA: F (2,41) = 4.12, p < 0.05; Fig. 3.2) and 

HAsfc9 (ANOVA: F (2,41) = 3.40, p < 0.05; Fig. 3.3). Tukey’s HSD and Fisher’s LSD 

tests showed the dry season to have lower complexity than the late rainy season, while 

the early rainy season was not different from either of these groups (Fig. 3.2). Tukey’s 

HSD showed no differences greater than the alpha level of 0.05 for HAsfc9, but did show 

that the late rainy season showed lower HAsfc9 than both the early rainy and dry seasons 

at 0.05 < p < 0.1; Fisher’s LSD test also showed that the late rainy season showed lower 

HAsfc9 than the other two seasons (Fig. 3.3).  There was also greater variance in 

complexity in the late rainy season than in the dry season (Levene’s Test: F (2,41) = 3.51, 

p < 0.05; Tukey’s HSD, Fisher’s LSD; Fig. 3.2), contrary to predictions; however, neither 

heterogeneity variable differed in variance among the seasons.  

 

Cercopithecus mitis. Similar to Ch. aethiops, C. mitis has a large distribution 

across Africa; however, it is restricted mainly to the eastern coast, from southern Ethiopia 

to South Africa, although a population exists in western Angola. It is mainly found in 

forest habitats, although its tolerance of habitats of poor quality has been cited as a factor 

in its widespread distribution (Lawes, 1990; Thomas, 1991). It is an omnivore that mainly 

feeds on fruit, but also includes a sizable portion of leaves and insects in its diet. Data 

from a population in Malawi (Beeson, 1989) show greater fruit consumption during the 
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rainy season and greater H values during the dry season, although these differences were 

not significant; the population also showed greater variation in H during the rainy season 

(Levene’s Test: F (1,9) = 5.33, p < 0.05). Using data from Nyungwe Forest Reserve in 

Rwanda (Kaplin et al., 1998), I found greater fruit consumption in the dry season (t test: t 

(6)=2.92, p < 0.05), greater leaf consumption in the rainy season (t test: t (6)= 2.69, p < 

0.05), and greater H values in the rainy season (Welch’s t test: t (4.22) = 7.48, p < 0.001); 

I also found greater variance in H in the rainy season (Levene’s Test: F (1,6) = 6.67, p < 

0.05). At Kakamega Forest in Kenya, Cords (1986) found a bimodal distribution of 

consumption frequency, with fruit consumption highest in the middle of the rainy and dry 

seasons. There was also no difference in H values between the different seasons. Data 

from Tesfaye et al. (2013) show that C. mitis in Jibat Forest, Ethiopia ate more total fruit 

during the dry season (t (8) = 2.59, p < 0.05) and more leaf material during the rainy 

season (t (8) = 6.31, p < 0.001).   

These results show no clear patterns in seasonal consumption of food categories 

for C. mitis; two studies show greater fruit consumption in the dry season, while two 

show greater fruit consumption in the rainy season. The most concordant results are 

greater consumption of leaf material during the rainy seasons, since two of these studies 

showed this significant result; there is no consensus on differences in fruit consumption, 

but there is a slightly more well-supported incidence of greater fruit consumption during 

dry seasons. With these results, predictions were 1) greater anisotropy during rainy 

season and 2) greater complexity during the dry season. However, overall the variation 

among sites suggests no clear predictions in C. mitis. 
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 C. mitis did not show greater anisotropy during the rainy season; it also did not 

show greater complexity during the dry season. Thus, no seasonal differences in 

microwear textures were found in this sample.  

 

Papio anubis. Papio anubis is also a widespread and generalized primate. It is the 

most widespread of the baboons, being found across the northern part of Sub-Saharan 

Africa, from southern Mauritania to Sudan and south to Tanzania and the DRC (Kingdon 

et al., 2008; Palombit, 2013). As with other species of Papio, P. anubis also eats a broad 

diet consisting of fruit, leaves, and animal matter. One interesting aspect of the diet is that 

some Papio species eat high frequencies of subterranean items, such as corms and roots 

(Daegling and Grine, 1999). At Laikipia Plateau, Kenya, Barton (1990) recorded a 

diverse diet across the year for P. anubis but focused on a limited number of food 

categories at any one time. At the end of the long rainy season (July-August), this 

population consumed high frequencies (~80%) of fruits and grass seeds; in September, 

over 80% of the diet was acacia flowers, while in March and December over 50% of the 

diet was foliage (leaves and grass blades). There was greater consumption of seeds (grass 

seeds and acacia seeds/pods) and leaves in the wet season, but I did not find these to be 

significant; I did however find greater variation in leaf consumption in the wet season 

(Levene’s Test: F (1,8) = 7.64, p < 0.05). In Budongo Forest, Uganda, Okecha and 

Newton-Fisher (2006) found greater consumption of fruits in the wet season (Mann-

Whitney U Test: U = 22, p < 0.05, in Okecha and Newton-Fisher, 2006) but no 

differences among other food categories.  
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These results do not point to clear dietary differences between seasons across 

different sites. However, since vegetation, particularly grass blades, was consumed at a 

greater frequency and was more variably consumed in the rainy season, I predicted that 

there would be greater mean and variance in anisotropy during the rainy season. Seeds 

and fruits were also consumed more during the rainy season, but underground items were 

consumed more during the dry season; these results suggest that complexity would not 

differ among seasons, since all of these food categoriess are associated with higher 

complexity.  Based on the prediction of higher anisotropy during the rainy season and 

high complexity throughout, as well as the fact that dietary diversity is greater in the 

rainy season, I also predicted greater heterogeneity in the rainy season. 

P. anubis results did not show any significant differences based on season; the 

differences in mean HAsfc9 and HAsfc81 were in the expected direction, with greater 

heterogeneity in the rainy season, but the results were not significant. Similarly, the mean 

and variance of anisotropy was greater in the rainy season, but again the results were not 

significant. Thus, no differences in microwear textures were seen based on season. 

 

Procolobus rufomitratus. The red colobus supergroup (Procolobus genus) ranges 

across tropical Sub-Saharan Africa, although populations in West and East Africa are 

often isolated, which has probably led to the wide variation in morphology and pelage 

seen in the group (Kingdon, 2013). Disagreement over taxonomy has led to a wide array 

of taxonomic systems to categorize red colobus; however, they are primarily folivorous at 

all sites, although they consume high frequencies of fruits and flowers at some sites 

(Kingdon, 2013). Steel (2012) recorded three months of rainy season and four months of 
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dry season food consumption for Pr. gordonorum at Mwanihana and Magombera Forests 

in Uganda. There were no significant differences between the seasons in fruit or leaf 

consumption frequencies or in dietary breadth; however, there was great variation in 

consumption frequencies among months. In the Niger Delta, Werre (2000) found greater 

consumption of leaves by Pr. pennantii during the rainy season (t (10) = 2.82, p < 0.05); 

when broken down into early and later rainy season, no significant differences were 

found, but a pattern did emerge of greater dietary diversity in the dry season, decreasing 

to the late rainy season. In Pr. rufomitratus, Clutton-Brock (1975) found greater 

consumption of fruit during the late rainy season at Gombe, Tanzania, although I did not 

find significant differences in consumption frequencies or H among seasons. Decker 

(1989) noted great seasonal and yearly variation in plant consumption in Pr. rufomitratus 

at the Tana River Primate National Reserve in Kenya. Although frequency of 

consumption of different food parts was not available, Decker noted that Pr. rufomitratus 

consumed a broader diet, in terms of more species, during the dry season. Maisels et al. 

(1994) collected data at Salonga National Park, DRC; results indicated greater leaf 

consumption during the dry season and the early rainy season (ANOVA: F (2,9) = 19.15, 

p < 0.001, followed by Tukey’s HSD), greater seed and total fruit consumption during the 

late rainy season (ANOVA: seed: F (2,9) = 6.61, p < 0.05; total fruit: F (2,9) = 21.33, p < 

0.001, followed by Tukey’s HSD), and greater dietary diversity during the late rainy 

season than the early rainy season (ANOVA: F (2,9) = 6.46, p < 0.05, followed by 

Tukey’s HSD). Leaf consumption at Salonga was seasonally different from consumption 

in the Niger Delta (Werre, 2000), likely due to the fact that red colobus at Salonga 

subsisted mostly on seeds for four months, while red colobus in the Niger Delta subsisted 
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primarily on leaves for all but two months, at which time they primarily subsisted on 

flowers. 

 The sample of red colobus used in this study came exclusively from five sites in 

the DRC; although there are no long-term studies on populations from the exact area 

where the specimens were collected, they are most likely to resemble the population 

studied at Salonga, since they are both from the Congo Basin and are likely exposed to 

similar seasonal habitat effects.  Additionally, all populations are considered members of 

the same species under one of the stricter taxonomies, that used by Groves and Kingdon 

(2013). Thus, predictions for this regionally-restricted species follow from Maisels et al. 

(1994): 1) lower anisotropy in the late rainy season, 2) greater complexity in the late 

rainy season, 3) greater heterogeneity in the late rainy season, and 4) greater variation in 

complexity and anisotropy in the late rainy season. 

 There were no differences in anisotropy among the seasons. There were 

significant differences among the seasons in complexity (ANOVA: F (2,71) = 7.35, p < 

0.01); the late rainy season was greater than the early rainy season, as predicted, but so 

was the dry season, and the late rainy and dry seasons were not different from each other 

(Tukey’s HSD and Fisher’s LSD; Fig. 3.4). There were also differences among the 

seasons in heterogeneity (ANOVA: HAsfc9: F (2,71) = 7.04, p < 0.01; HAsfc81: F (2,71) 

= 3.81, p < 0.05), but, contrary to predictions, Tukey’s HSD and Fisher’s LSD showed 

lower heterogeneity in the late rainy season than in the early rainy season (the dry season 

was not different from either rainy season; Fig. 3.5). Additionally, although complexity 

showed more variation in the late rainy season, it did not reach the alpha level for 



  115 

significance (Levene’s Test:  F (2,71) = 2.54, 0.05 < p < 0.1; Fig. 3.4); anisotropy also 

showed no differences in variation among the seasons. 

  

Geographic Area 

Chlorocebus aethiops. Since there were only two specimens of Ch. aethiops from 

West Africa in the sample, these were left out of the geographic analyses. Ch. aethiops 

showed no differences among central, eastern, and southern regions in means 

(MANOVA: Pillai’s Trace = 0.42, F (2,22) = 1.31, p > 0.1) but approached significance 

in variances (MANOVA: Pillai’s Trace = 0.57, F (2,22) = 1.99, 0.05 < p < 0.1). Single 

ANOVAs showed differences in variance among the regions only in complexity 

(ANOVA: F (2,22) = 4.87, p < 0.05); both Tukey’s HSD and Fisher’s LSD showed that 

the central region showed lower variance in complexity than either the eastern or 

southern regions (Fig. 3.6). There were also no differences among localities in means 

(MANOVA: Pillai’s Trace = 1.29, F (5,12) = 1.15, p > 0.1).  

 

Colobus guereza. There were differences between central and eastern regions in 

microwear means (MANOVA: Pillai’s Trace = 0.27, F (1,42) = 3.56, p < 0.05); 

individual t-tests identified differences between the regions only in complexity ( t (42) = 

3.79, p < 0.001), with the central region showing greater complexity. However, the 

sample from central Africa is sampled mostly from the rainy season (early and late), 

while the sample from east Africa is mostly from the dry season; as Co. guereza also 

shows differences in complexity among the seasons, this result could be due to uneven 

sampling in season within each geographic area. No differences in variances were found 
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between the regions (MANOVA: Pillai’s Trace = 0.15, F (1,42) = 1.78, p > 0.1). When 

analyzed by site, MANOVA showed marginal differences among localities (Pillai’s 

Trace = 1.01, F(6,28) = 1.57, 0.05 < p < 0.1). Individual ANOVAs showed only a 

difference in complexity among localities (F (6,28) = 4.66, p < 0.01), with specimens 

from Mount Kenya showing lower complexity than specimens from Molidi River and 

Mauda, and Molidi River also showing higher complexity than Kahe (Tukey’s HSD). 

Fisher’s LSD test showed four groups of localities that did not differ in complexity (Fig. 

3.7).  

Cercopithecus mitis. Cercopithecus mitis did not differ among central, eastern, 

and southern regions in means (MANOVA: Pillai’s Trace = 0.17, F (2,69) = 1.57, p > 

0.1), but it did in variances (MANOVA: Pillai’s Trace = 0.25, F (2,69) = 2.41, p < 0.05). 

The only difference identified with individual Levene’s Tests was a difference in 

variance in HAsfc9 (Levene’s Test: F (2,69) = 8.47, p < 0.001) Interestingly, even though 

the central region had by far the most specimens (n = 58), it had the lowest variance in 

HAsfc9, significantly lower than both the eastern and southern regions by both the 

Tukey’s HSD and Fisher’s LSD methods (Fig. 3.8). There were no differences in 

microwear among localities (MANOVA: Pillai’s Trace = 0.58, F (8,59) = 1.24, p > 0.1). 

 

Papio anubis. There were no differences among western, central, and eastern 

regions in means (MANOVA: Pillai’s Trace = 0.25, F (2,42) = 1.43, p > 0.1). MANOVA 

identified differences among the regions in variances (MANOVA: Pillai’s Trace = 0.39, 

F (2,42) = 2.41, p < 0.05), but no individual Levene’s Tests were significant. No 
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differences in means among localities were found (MANOVA: Pillai’s Trace = 0.96, F 

(8,35) =1.38, p > 0.1).  

 

Procolobus rufomitratus. Procolobus rufomitratus specimens were only collected 

from the central region, so they were not tested for differences among regions. No 

differences among localities were found in means (MANOVA: Pillai’s Trace = 0.19, F 

(4,67)=0.85, p > 0.1).  

 

 

Discussion 

The degree of seasonal dietary patterning differed among species. The 

cercopithecines Ch. aethiops, C. mitis, and P. anubis showed differences among field 

sites in how seasonality affected their diets, and therefore showed few seasonal dietary 

patterns that held across sites. In contrast, the colobines Co. guereza and Pr. rufomitratus 

showed a more consistent pattern of seasonal dietary responses across sites. No 

differences in means between seasons were found for the cercopithecines, while some 

differences in means were found among seasons for the colobines, although the 

differences were not as great as the dietary data would suggest. One consistent result was 

that variation in anisotropy was great in all samples, and no differences in means or 

variances in anisotropy were found among any groups; this result agrees with results 

from Chapter 2 that showed no differences among species in their variances in 

anisotropy. Only two species showed differences in variance between or among seasons: 

Ch. aethiops showed greater variance in complexity in the dry season and Co. guereza 
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showed greater variance in complexity in the late rainy season than in the dry season. 

 Overall, fewer differences in microwear means and variances were found between 

or among seasons for each species than would be expected given the significant 

differences found among seasons using dietary studies. Colobines differed the most in 

diet and microwear among seasons, indicating that season of collection of specimens 

would be more important for these species than for the cercopithecines when attempting 

to characterize the yearly diet in a microwear study. For cercopithecines, season of 

collection does not appear to contribute a large amount of variation, since the variation 

within seasons is so great. In terms of overall variation, these results suggest that the 

greater overall microwear variation in Ch. aethiops, C. mitis, and P. anubis (Chapter 2) is 

not due to more seasonal variation in diet. In contrast, Co. guereza and Pr. rufomitratus, 

which show less overall variation (Chapter 2), appear to be more affected by season, and 

therefore greater care should be placed in making sure microwear studies sample 

specimens across seasons when referencing annual diets. 

Although seasonal differences in diet appear to contribute to microwear variation 

in some species, there were few distinctions in microwear among geographic areas, either 

among the broader African regions or among localities. Complexity was the only variable 

that differed in means among regions or sites, and only in C. guereza populations, but as 

stated earlier, this difference reflected that found among seasons. This result suggests that 

either 1) seasonal variation in C. guereza microwear was due to regional variation and 

unequal seasonal sampling of regions, or 2) regional variation in microwear was due to 

dietary variation and unequal regional sampling of seasons. When C. guereza was 

analyzed by locality, differences in microwear emerged among localities within the same 
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region; based on this fact, it is most likely that the seasonal differences in microwear are 

real, while the differences among regions are simply reflecting the fact that the sample 

from eastern Africa is almost exclusively from the dry season. If we accept this 

interpretation, no real distinctions in means were found among the regions.  

 There were also few distinctions among regions in variance. MANOVA only 

identified marginal differences for Ch. aethiops, with the central region showing lower 

variance in complexity. For C. mitis, the central region also showed lower variance in 

HAsfc9 and HAsfc81. Given that greater variance in microwear is moderately related to 

greater variation in diet, particularly in complexity (Chapter 2), these results might 

suggest that the central region shows less variation in diet for Ch. aethiops and C. mitis 

than the eastern and southern regions; this interpretation corresponds with general 

ecological data that suggest greater dietary variation in more seasonal environments, such 

as those in eastern and southern, but not central, Africa (Brown, 1995; Cowlishaw and 

Hacker, 1997; Eeley and Foley, 1999; Harcourt et al., 2002; Vazquez and Stevens, 2004). 

Although there are documented differences in diet among sites for all species that 

might lead to differences in microwear among the localities sampled here, the only 

differences in microwear identified among localities were in complexity for Co. guereza. 

It is possible that these differences are related to dietary or habitat differences among the 

individuals at these localities; in fact, Co. guereza does show variability in fruit 

consumption among sites, with high annual frequencies of fruit consumption (39%) at 

Kakamega Forest (Fashing, 1999) and low frequencies (5-15%) at Kanyawara and Kibale 

(Oates, 1977,1994; Wasserman and Chapman, 2003). However, the fact that complexity 

in Co. guereza is the only microwear variable that differs among localities for all species 
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suggests that intraspecific differences in microwear related to subtle differences in diet 

among sites are probably not a large contributor to intraspecific variation in this sample.   

 Overall, these results suggest that the variation in microwear seen at each locality 

is as great as that among localities; thus, geographic location introduces negligible 

variation in these species. For example, P. anubis appears to show differences among 

individual localities in anisotropy (Fig. 3.9), but overall, the range in anisotropy seen at 

other individual localities encompasses these differences. One aspect to note, however, is 

that sample sizes for each locality tended to be small (n = 4 for many), so it is possible 

that larger sample sizes from each locality would show differences in microwear among 

individual localities. Thus, this sample is not ideal for examining differences among 

individual localities, and these results are provisional for the conclusion that the number 

of individual localities introduces negligible variation in this sample. 

 

Conclusion 

The goal of this study was to identify whether differences among species in 

intraspecific variation in microwear can be explained by sampling of different seasons, 

habitats, and geograpy in species with broader diets; overall, these results suggest that 

although variation in microwear in a sample can be increased due to greater sampling of 

seasons and localities, there is generally more variation sampled within seasons and 

localities than among them. Colobines, which have narrower dietary breadths, also appear 

to differ more in mean complexity among seasons, but the cercopithecine species, with 

greater dietary breadths, differ more in microwear variances among regions, at least 

within this sample. Since the ultimate goal of microwear studies in extant species is to 
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better infer diet in fossil species, the results from this study suggest two main conclusions 

for interpreting variation in fossil samples. First, in terms of microwear means, 

interpretations of fossil species with narrow diets are more likely to be affected by small 

sample sizes, since small sample sizes are more likely to sample season unevenly. 

Second, in terms of variance in microwear, species with broader diets are more likely to 

be affected by geographic sampling area; a single site is less likely to show a range of 

microwear values for a species with a broad diet that accurately reflects the range of diet 

for that species than including multiple sites. Overall, however, season and geographic 

location appear to contribute negligible variation in this sample of Cercopithecidae in 

contrast to the overall intraspecific variation in microwear. Given this conclusion, these 

results also validate the use of the methods described in Chapter 2 to interpret dietary 

diversity in fossil cercopithecids and potentially hominins. 
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Table 3.1  
Summary of Cercopithecid Sample: Region, Season, and Localities 
 
Species n Geographic Regiona Seasonb Localitiesc 

  
E C S W D R (LR) 

 Ch. aethiops 27 9 8 8 2 16 9 5 
Co. guereza 45 24 21 0 0 23 22 (12) 7 

C. mitis 71 10 57 4 0 33 38 7 
P. anubis 45 14 20 0 11 8 33 8 

Pr. rufomitratus 74 0 74 0 0 20 54 (21) 5 
 
a For Geographic Region, E = East, C = Central, S = South, W = West. 
b Season refers to number of specimens coming from dry (D) and rainy (R) season; for 
species where season was broken down into early and late rainy season, the number of 
specimens from late rainy season (LR) is given in parantheses.  
c Localities refers to the number of localities with n > 3 specimens. 
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Figure 3.1. Box plot of complexity by season for Ch. aethiops. Box plot and individual 
distribution points of complexity by season for Chlorocebus aethiops. The dry season 
shows greater variance in complexity than the rainy season (Levene’s Test: F (1,25) = 
4.89, p < 0.05). 
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Figure 3.2. Box plot of complexity by season for Co. guereza. The dry season shows 
lower complexity than the late rainy season (ANOVA: F (2,41) = 4.12, p < 0.05; Tukey’s 
HSD) as well as lower variance in complexity than the late rainy season (Levene’s Test: 
F (2,41) = 3.51, p < 0.05; Tukey’s HSD). 
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Figure 3.3. Box plot of heterogeneity at the 3x3 scale (HAsfc9) by season for Co. 
guereza. The dry season shows greater HAsfc9 than the late rainy season (ANOVA: F 
(2,41) = 3.40, p < 0.05; Tukey’s HSD), but early rainy season does not differ from either 
dry or late rainy seasons. 
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Figure 3.4. Box plot of complexity by season for Pr. rufomitratus. Complexity (Asfc) is 
natural-log (ln) transformed. Early rainy season shows lower complexity than dry season 
and late rainy season (ANOVA: F (2,71) = 7.35, p < 0.01; Tukey’s HSD).  
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Figure 3.5. Box plot of heterogeneity at the 3x3 scale (HAsfc9) by season for Pr. 
rufomitratus. The early rainy season shows greater HAsfc9 than the late rainy season 
(ANOVA: HAsfc9: F (2,71) = 7.04, p < 0.01; Tukey’s HSD). 
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Figure 3.6. Box plot of complexity by geographic region for Ch. aethiops. The central 
region shows lower variance than the eastern or southern regions (Levene’s Test: F (2,22) 
= 4.87, p < 0.05; Tukey’s HSD). 
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Figure 3.7. Box plot of complexity by locality for Co. guereza. Complexity is ln-
transformed; localities are from central and eastern Africa (1 = Gangala no Bodio, 2 = 
Kahe, 3 = Kisumu, 4 = Marindas Forest Reserve, 5 = Mauda, 6 = Molidi River, 7 = 
Mount Kenya; see Appendix A for detailed locality information). Localities differed in 
complexity (ANOVA: F (6, 28) = 4.66, p < 0.01); Molidi River (6) had higher 
complexity than Kahe (2) and Mount Kenya (7), and Mauda (5) also had higher 
complexity than Mount Kenya (7; Tukey’s HSD). 
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Figure 3.8. Box plot of heterogeneity at the 3x3 scale (HAsfc9) by geographic region for 
C. mitis. The central region shows lower variance in HAsfc9 than the eastern and southern 
areas (Levene’s Test: F (2,69) = 8.47, p < 0.001; Tukey’s HSD). 
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Figure 3.9. Box plot of anisotropy by locality for P. anubis. Localities come from central, 
eastern, and western geographic regions (1 = Aledjo, 2 = Kimani, 3 = Kisangani, 4 = 
Mahagi Lac, 5 = Marigot, 7 miles S.E., Lake Baringo, 6 = Mount Lukenya, 7 = Park W, 8 
= Tshopo; see Appendix A for detailed locality information). No differences were found 
in anisotropy among localities. 
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CHAPTER 4 

THE RELATIONSHIP BETWEEN MONTHLY DIETARY VARIATION AND 

VARIATION AN DENTAL MICROWEAR TEXTURES AN AFRICAN OLD WORLD 

MONKEYS (CERCOPITHECIDAE) 

Introduction 

A major issue in paleoanthropology in the last decade has been the relative 

importance of fallback foods to the evolution of primate morphologies, particularly those 

of hominins (see Constantino and Wright, 2009, and other articles from Special Issue on 

Fallback Foods, Am J Phys Anth 140(4)). The use of the term “fallback foods” has been 

varied (Hemingway and Bynum, 2005; Constantino and Wright, 2009) but indicates a 

dietary resource that is eaten when preferred foods are unavailable and that is critical to 

species survival during food scarcity (Altmann, 1998; Lambert, 2007; Constantino and 

Wright, 2009). Fallback foods tend to be mechanically challenging to process, often 

falling into the “hard object” category (Lucas et al., 2009), leading to potential selective 

pressure on morphologies that enhance processing efficiency of these foods (Marshall 

and Wrangham, 2007; Constantino and Wright, 2009). However, since fallback foods 

constitute an infrequent addition to the annual diet of a species, they may not be 

detectable in fossil species using methods that are dependent on how often an item is 

consumed, such as dental microwear and isotope analyses.  

This disconnect between the results of dental microwear analyses and 

morphologies, which respond to evolutionary pressure and are not necessarily dependent 

on frequency of dietary item use, has been particularly apparent in dietary reconstructions 

of early hominins. An increased robustness in the masticatory system over time in 
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Australopithecus and Paranthropus species was originally explained by an increase in 

feeding on hard objects (Kay, 1981; Ward et al., 1999; Teaford and Ungar, 2000; Ungar 

et al., 2008; Lee-Thorp et al., 2012; Strait et al., 2013). However, dental microwear 

analyses have suggested that only Paranthropus robustus included such hard objects in 

its diet, while Australopithecus afarensis and P. boisei lacked evidence of hard object 

consumption (Scott et al., 2005; Grine et al., 2006a, b; Ungar et al., 2008, 2010). The 

difference between the apparent morphological selection for a robust masticatory system 

and the microwear results suggesting less reliance on hard items in A. afarensis and P. 

boisei was explained by the seasonal use of hard objects as fallback foods (Wood and 

Strait, 2004; Scott et al., 2005; Grine et al., 2006a, b; Ungar et al., 2008). These hard 

foods would have been crucial for survival in times of food scarcity and would thus lead 

to morphological change reflecting the processing needs of hard foods. However, a lack 

of any microwear indicating hard objects in the diet of these species even as sample sizes 

have increased (Ungar et al., 2010; Grine et al., 2012), and in A. afarensis the fact that 

these microwear patterns hold over geographic location and through time (Grine et al., 

2006b), indicate that the morphology of these species may be responding to other dietary 

pressures and not those related to hard object feeding. This conclusion is supported by 

recent research by Scott et al. (2014) demonstrating that evolution of such a robust 

morphology in P. boisei from a less robust ancestral condition is only consistent with 

gnathic loading across the year, most likely with repetitive processing of tough foods. 

Additionally, isotopic evidence showing high C4 content in the diet of P. boisei is likely 

consistent with a year-round consumption of C4 dietary resources (Cerling et al., 2011; 
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Grine et al., 2012; Sponheimer et al., 2013), potentially indicating a diet dominated by 

low-quality vegetation (Cerling et al., 2001).  

The relative importance of fallback foods in the shaping of non-hominin primate 

morphology and adaptation has also been hotly debated (e.g. Lambert, 2009). Lambert et 

al. (2004) implicated the infrequent consumption of hard seeds in grey-cheeked 

mangabeys (Lophocebus albigena) in the evolution of thick dental enamel; however, 

McGraw et al. (2014) have demonstrated a year-round consumption of hard seeds in the 

sooty mangabey (Cercocebus atys) and propose that the year-round consumption of this 

dietary item has led to the evolution of some of the thickest enamel in extant primates. 

Other extant primates such as orangutans (Pongo pygmaeus) and New World monkeys 

(Platyrhini) also demonstrate hard object feeding that has likely led to their robust 

morphologies (Kinzey and Norconk, 1990, 1993; Wright, 2005; Vogel et al., 2008). 

These studies highlight how the ability to identify annual versus short-term 

consumption of items with different mechanical properties in the diets of fossil primates 

would allow further investigation of the role of fallback foods in the adaptation and 

evolution of primates. Of particular importance is whether robust morphologies evolved 

due to the infrequent short-term consumption of fallback foods or to the full annual diet. 

However, identifying the frequency of consumption of a dietary item in a fossil species is 

quite difficult. Primate species that have similar annual diets are usually difficult to 

discriminate using dental morphological methods of dietary reconstruction (e.g. 

allometry: Hylander, 1975; Corruccini and Henderson, 1978; Goldstein et al., 1978; 

Ungar, 1996; dental topography: Ungar and M’Kirera, 2003; Boyer, 2008; molar 

shearing: Kay, 1984; Benefit and McCrossin, 1990; Strait, 1997). Since dental microwear 
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captures information about the diet of an animal in the few weeks before it died (Teaford 

and Oyen, 1989), it has the ability to differentiate between groups or individuals that 

differ their diets seasonally (Teaford and Robinson, 1989; Teaford and Glander, 1991, 

1996; Merceron et al., 2004). It is therefore possible that microwear differs among 

species that eat the same annual frequency of food types but differ in how often they 

consume them. For example, it is possible that a species that eats a high frequency of 

seeds only at certain times of the year can be discerned using microwear analyses from a 

species that eats a lower frequency of seeds throughout the year. Here I present data 

investigating whether dental microwear texture analysis can be used as a method to 

distinguish species that have similar annual diets but different monthly variations in 

consumption frequencies of food categories with different mechanical properties.  

My goal was to examine whether species that have similar annual dietary 

diversities but vary their monthly reliance on food categories can be distinguished from 

one another. Dietary diversity is an index that reflects the number, frequency, and 

evenness of use of food categories consumed by a species (Krebs, 1999). I focused on 

broad food categories, such as fruit and foliage, since these are most closely linked to 

food mechanical properties, are often recorded in studies of wild primate dietary ecology, 

and are generally comparable among studies and species. Additionally, it is important to 

test whether differences in specific microwear textures were linked to differences in the 

frequencies of hard object consumption among species with similar dietary diversity. 

My predictions rely on the observation that species that consume hard foods, such 

as seeds, fruit, and grit-laden underground items such as tubers, have higher values of the 

microwear texture variable area-scale fractal complexity (Asfc), while species that rely on 
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more tough foods, such as leaves and grasses, have higher values of anisotropy (epLsar) 

(Scott et al., 2005, 2006, 2012). Another texture variable that has been linked to diet is 

heterogeneity of area-scale fractal complexity (heterogeneity or HAsfc); this variable is 

related to both the size and variability in wear-causing particles (Scott et al., 2006), and 

thus has been suggested to be greater in species with a more diverse or varying diet (Scott 

et al., 2012). However, Calandra et al. (2012) have shown support for a negative 

correlation between heterogeneity and frequency of fruit consumption in primates, 

although the species with intermediate fruit consumption had heterogeneity values that 

were as high or higher than species with low frequencies of fruit consumption. 

Based on these links between microwear and diet, I predict that species with 

greater monthly variation in dietary diversity will have greater variation in complexity 

and anisotropy. Species with greater monthly variation in dietary diversity are expected 

to switch between a more generalized diet, incorporating more food types, to a more 

specialized diet incorporating fewer food types. This switch will lead to a pattern of 

greater variation in microwear textures in comparison to species that consume a more 

constant diet throughout the year. Predictions for heterogeneity are more complex; since 

heterogeneity has been proposed to relate to either dietary diversity or to the frequency of 

fruit and/or hard object feeding (Scott et al., 2006; Calandra et al., 2012), two separate 

hypotheses are proposed. The first hypothesis states that 1) species with greater dietary 

diversity have greater mean heterogeneity than species with less dietary diversity and 2) 

species with greater variation in dietary diversity across the year have greater variance in 

heterogeneity than species with less variation in dietary diversity. The second hypothesis 

states that 1) species that eat higher frequencies of fruit and/or hard objects will have 
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lower mean heterogeneity and 2) species with greater variation in fruit and/or hard object 

feeding will have greater variance in heterogeneity.  

 

Materials & Methods 

These hypotheses were tested using six species of African Old World monkeys 

(Cercopithecidae). The species examined included four cercopithecines (Chlorocebus 

aethiops, Cercopithecus mitis, Papio anubis, and Theropithecus gelada) and two 

colobines (Colobus guereza and Procolobus rufomitratus). These species were selected 

based on the available museum specimens and the number and quality of field studies 

examining feeding ecology in these species. 

To determine the variation in diet across the year for each species, I first compiled 

information on monthly consumption of food categories at as many sites as possible for 

each species (see Table 4.1 and Appendix D). Many monthly consumption frequencies 

were not listed in the texts but were found in graphs published in the texts; in these cases, 

I used the WebPlotDigitizer application (Version 3.3; Rohatgi, 2014) to extract data 

estimates of consumption frequencies from two-dimensional frequency plots and bar 

graphs. I then calculated the coefficient of variation (CV) for each site for each food type 

examined as well as the overall dietary diversity (discussed below). The food types used 

were foliage (encompassing young and mature leaves, leaf buds, leaf stems, and grass 

blades), seeds (when recorded by researchers), fruits (when recorded by researchers), and 

total fruit (fruits plus seeds and seed pods). For P. anubis and T. gelada, underground 

item consumption, including roots, tubers, and corms, was also examined. Dietary 

diversity was calculated for each month using Shannon’s Diversity Index H: 
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H= -(∑ pi*lnpi) where pi=frequency of food category consumption for each i 
category. 

 
For calculation of H, I used the same categories for each species to control for 

differences in data collection categories (e.g., some authors only collected data on total 

fruit, while others collected data on both fruits and seeds). Categories used were foliage, 

total fruit, flowers, animal material (invertebrates and vertebrates), and other 

(unidentified items plus items not recorded by all authors, including underground items 

and gums). The frequencies used, the sources of the frequencies, and the associated 

indices and CVs are given in Table 4.1.  

To collect microwear data, casts were made from 278 wild-caught museum 

specimens (see Appendix A). All specimens were cleaned with alcohol-soaked cotton 

swabs before vinyl impressions were made of all usable upper and lower first and second 

molars using President’s Jet Regular Body Dental Impression Material (Coltene-

Whaledent). Casts were made using Epotek 301 epoxy resin and hardener (Epoxy 

Technologies). Following previous studies (Ungar et al., 2003; Scott et al., 2006, 2012), 

casts were scanned on Phase II occlusal facets (9, x, or 10n; Kay, 1977); lower second 

molars were preferentially selected for analysis, but when they did not yield good 

surfaces first molars or upper second molars were also examined. Scans were collected 

using a 100x objective on a Sensofar Plµ white-light scanning confocal profiler (Solarius, 

Sunnyvale, CA) housed at the University of Arkansas. The resulting point clouds had a 

lateral sampling interval of 0.18 µm and a vertical resolution of 0.005 µm, and four 

adjoining fields were collected for a total area of 276 µm x 204 µm. Scans were leveled 
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using Solarmap Universal software, and artifacts, such as dust particles, were excluded 

by thresholding and erase operators. 

Dental microwear texture parameters were calculated through Toothfrax 

(Surfract), a scale-sensitive fractal analysis program. Four variables for each specimen 

were calculated: area-scale fractal complexity (Asfc), anisotropy (epLsar), and 

heterogeneity at the 3x3 (HAsfc9) and 9x9 (HAsfc81) scales. These variables have been 

linked to different dietary parameters (i.e. Scott et al., 2006). Complexity measures 

changes in relative area with scale and has been shown to be greater on molars of 

primates that eat more hard, brittle foods such as fruit and seeds, as well as gritty items 

such as underground foods; anisotropy measures the directionality of surface roughness, 

and has been shown to be greater on molars of primates that eat tough foods such as grass 

and leaves (Scott et al., 2005, 2006, 2012). Heterogeneity measures the similarity of 

textures across the tooth’s surface by breaking the scan area into smaller, equal-size 

quadrants and taking the median complexity value of these quadrants; two scales of 

heterogeneity that are commonly used are those at the 3x3 quadrant (HAsfc9) and 9x9 

quadrant (HAsfc81) scales. Heterogeneity may be greater in primates that have greater 

variation in diet, particularly greater variation in consumption of foods that create 

complexity (Scott et al., 2006, 2012), or may be greater in primates that have lower 

frequencies of fruit and/or hard object consumption (Calandra et al., 2012). These 

differing interpretations of the link between heterogeneity and diet demonstrate that this 

link may be more complex than that between complexity, anisotropy, and diet.  

For statistical tests, two groups were examined separately: a high dietary diversity 

group consisting of Ch. aethiops, C. mitis, and P. anubis and a low dietary diversity 
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group consisting of Co. guereza, Pr. rufomitratus, and T. gelada. The high dietary 

diversity group exhibits annual dietary diversities greater than one (H > 1), while the low 

dietary diversity group exhibits annual dietary diversities less than one (H < 1). An 

additional set of comparisons was made using all six species in order to test for further 

relationships between the CVs of dietary parameters and microwear (discussed below). 

The low number of sites with comparable quantitative data on full annual cycles of 

dietary frequencies did not allow for informative statistical tests of dietary diversity and 

variation at each site. Therefore, I compared the calculated CVs of dietary diversity and 

food categories qualitatively. These comparisons yielded predictions for mean 

heterogeneity and variance in complexity, anisotropy, and heterogeneity among the 

species. I used Levene’s Test for homogeneity of variance to test for differences among 

the species in their variance in complexity, anisotropy, and heterogeneity. I transformed 

the data using the formula:  

 X’ = | x - (mean X) |   
 
and used these data in an ANOVA; this reflects the formula for the mean version of 

Levene’s Test but allows for post-hoc testing of the data and has previously been used by 

other researchers (e.g., Ungar et al., 2010). I also tested for differences among the species 

in mean heterogeneity (HAsfc9 and HAsfc81) using ANOVA and Kruskal-Wallis tests. 

Post-hoc Tukey’s Honestly Significant Difference (HSD) and Fisher’s Least Significant 

Difference (LSD) tests were used after significant ANOVAs or Kruskal-Wallis tests. 

Finally, I tested for a relationship between the dietary CVs from each site and microwear 

variable CVs of the six species to see if monthly variation in diet was related to 

intraspecific variation in microwear variables. I used Pearson’s product- moment 



  147 

correlations and Spearman’s rank correlations to test for a relationship between the CVs 

of the dietary parameters (dietary diversity (H), foliage, and total fruit) and the CVs of 

microwear variables (complexity, anisotropy, HAsfc9, and HAsfc81). All statistical tests 

were conducted in RStudio (version 0.98.978). 

 

Results 

High dietary diversity group 

The vervet (Ch. aethiops), blue monkey (C. mitis), and olive baboon (P. anubis) 

showed differences in the variation in diet across the year based on field studies (Table 

4.1, Appendix D). Ch. aethiops had relatively high CVs of H at the sites examined (0.31 

at Mount Assirik (Harrison, 1982) and 0.40 at Cameroon savannah sites (Kavanagh, 

1978; note that this data point is not exactly comparable since it encompassed eight 

months total, four from each of two savannah sites)). At Mount Assirik, Ch. aethiops 

showed great variation in total fruit consumption, from 32% of the diet in January to over 

90% of the diet in October (Harrison, 1982). At the savanna sites examined in Cameroon, 

Kavanagh (1978) noted a low of 2% fruit consumption and a high of 98% fruit 

consumption. These studies show that Ch. aethiops varies its diet greatly, subsisting 

almost entirely on fruit at certain times of year and almost entirely on other items, such as 

flowers and exudates, at other times of the year. Indeed, this ability to subsist on locally 

abundant resources in times of preferred resource scarcity has been noted as an 

adaptation that has allowed Ch. aethiops to inhabit much of sub-Saharan Africa, 

particularly in seasonal environments (Kingdon, 2013). 
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 In contrast to Ch. aethiops, C. mitis showed a more evenly distributed diet over 

much of the year. Although the average dietary diversity (H = 1.00) among the sites 

examined is close to that of Ch. aethiops (H = 1.03), C. mitis shows a more consistent 

dietary diversity across the year, represented by a lower average CV of dietary diversity 

(0.16) across sites. At each site examined, the CV of dietary diversity remained low, 

indicating a high dietary diversity maintained across the year at each site. C. mitis at Jibat 

Forest, Ethiopia (Tesfaye et al., 2013) and Nyungwe Forest Reserve (Kaplin et al., 1998) 

showed similar consumption frequencies of different food types throughout the year, as 

well as similar dietary diversities. Tesfaye et al. (2013) observed fruit to make up the 

largest portion of the C. mitis diet in most months, but a few months showed the highest 

portion to switch either to flowers, foliage, or insects. Although total fruit was always the 

most-consumed food at Nyungwe Forest Reserve, flowers, foliage, and insects all 

contributed significant amounts in certain months (Kaplin et al., 1998). At Kakamega 

Forest, Kenya, Cords (1986) found that fruit made up the largest portion of the C. mitis 

diet in every month examined, with foliage and insects contributing most of the 

remaining portion. This evenly distributed diet led to a very low CV of dietary diversity 

(0.07) at Kakamega Forest. Overall, C. mitis showed low monthly variation in both 

dietary diversity and food category consumption frequencies, indicating a less seasonally 

variable diet. 

 Unfortunately, only one study of Papio anubis feeding ecology that included 

monthly frequencies of food consumption was available (Barton, 1990). This study, on 

the Laikipia Plateau, Kenya, recorded an eclectic diet across the year, with P. anubis 

subsisting on foliage (grass blades and leaves) at around 50% of the diet for four months 
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of the year; in other months, P. anubis subsisted primarily on fruit or acacia flowers. 

Underground items were eaten at low frequencies, as were seeds. The varied diet of P. 

anubis yielded a higher average dietary diversity (H = 1.09) than either Ch. aethiops or C. 

mitis, but a CV of dietary diversity (0.20) that was only slightly higher than that of C. 

mitis. Comparing the CVs of dietary categories, P. anubis had the highest CV of total 

fruit consumption (0.83), higher than the average of Ch. aethiops (0.50) and C. mitis 

(0.24). In terms of foliage consumption, Ch. aethiops showed the highest average CV 

(1.22), P. anubis had an intermediate CV (0.72), and C. mitis the lowest average CV 

(0.60) (Table 4.1).  

Based on these data supporting greater variation in dietary diversity in Ch. 

aethiops, coupled with high variation in both total fruit and foliage consumption, I 

predicted that Ch. aethiops would have greater variance in complexity and anisotropy 

than C. mitis and P. anubis. However, none of the species differed in their variance in 

complexity (Levene’s Test: F (2,140)=1.39, p > 0.1) or anisotropy (Levene’s Test: F 

(2,140)=0.16, p > 0.1).  

The first hypothesis for heterogeneity yields the prediction that species with 

similar dietary diversity, including these three species, should not differ in mean 

heterogeneity, but since Ch. aethiops has greater variation in dietary diversity, it should 

have greater variance in heterogeneity. The second hypothesis is that species with higher 

annual frequencies of fruit and/or hard object consumption should have lower mean 

heterogeneity, and species that have greater variation in hard object consumption should 

have greater variance in heterogeneity. Since P. anubis has lower annual total fruit 

consumption than Ch. aethiops and C. mitis, P. anubis should have the highest mean 
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heterogeneity, while Ch. aethiops and C. mitis should have similar mean heterogeneity. 

Because C. mitis has the lowest variation in total fruit consumption, Ch. aethiops has 

intermediate variation, and P. anubis has the highest variation, C. mitis should have the 

lowest variation in heterogeneity and P. anubis should have the highest variation.  

Although the species did not differ in mean HAsfc9 (ANOVA: F (2, 140) =1.60,  

p > 0.1), they did differ in mean HAsfc81 (Kruskal-Wallis Χ2 = 33.74, df = 2, p < 0.0001; 

Figure 4.1). Contrary to both hypotheses, P. anubis showed lower mean HAsfc81 than 

both Ch. aethiops and C. mitis, while these two species did not differ in HAsfc81 

(Tukey’s HSD and Fisher’s LSD tests). The three species also differed in variance in both 

HAsfc9 (Levene’s Test: F (2,140) = 6.85, p < 0.001) and HAsfc81 (Levene’s Test: F 

(2,140) = 11.99, p < 0.0001; Fig. 4.1). For HAsfc9, C. mitis had the greatest variation, 

which was significantly higher than that of P. anubis (Tukey’s HSD and Fisher’s LSD), 

but Ch. aethiops did not differ from either species. For HAsfc81, both Ch. aethiops and C. 

mitis had greater variation than P. anubis, though neither differed from each other (Fig. 

4.1). Thus, the results from mean heterogeneity do not fully support either hypothesis; the 

first hypothesis is supported by results of mean HAsfc9 but not by results of mean 

HAsfc81, while the second hypothesis is not supported by mean results of either 

heterogeneity variable. Additionally, results of variance in heterogeneity were contrary to 

both hypotheses. 

 

Low dietary diversity group 

Although there was great intraspecific variation among sites in monthly 

consumption frequencies, overall the species in the low dietary diversity group did not 
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differ greatly in their monthly variation in dietary diversity (Table 4.1).  

The guereza (Co. guereza) showed the most diverse diets, with an average dietary 

diversity of H = 0.94, and had a low average CV of dietary diversity (0.24), 

demonstrating a more even distribution across dietary categories throughout the year and 

low seasonal variation in dietary diversity. However, Co. guereza did show a range from 

94% foliage consumption in a single month at Budongo Forest, Uganda (Plumptre, 

2006), to only 8% at the Okapi Reserve, DRC (Bocian, 1997). This range went along 

with a total fruit consumption range from 86% to 0% at the Okapi Reserve (Bocian, 

1997). Co. guereza also varied among the sites in whether it consumed fruits or seeds, 

with mostly fruit consumed at Kakamega Forest (Fashing, 1999), mostly seeds consumed 

in the Okapi Reserve, DRC (Bocian, 1997), and a mix of fruits and seeds consumed at 

Budongo Forest, Uganda (Plumptre, 2006).  

The Eastern red colobus (Pr. rufomitratus) showed a slightly higher average CV 

of dietary diversity (0.29), which went along with a higher reliance on foliage in most 

months. At Gombe, Tanzania, Clutton-Brock (1975) noted a relatively high frequency of 

leaf consumption, with a nine-month mean of 82% and a range of 66-97%. Here, leaves 

made up the most eaten food category for each month of the year. In contrast, Maisels et 

al. (1994) recorded more monthly variation in diet at Salonga Forest, DRC, with red 

colobus subsisting primarily on seeds for four months of the year but primarily on leaves 

for the rest of the year. This regimen yielded a CV of 0.52 for foliage consumption and 

0.86 for total fruit consumption. On average, however, Pr. rufomitratus showed lower 

CVs of total fruit (0.65) and foliage (0.28) consumption than did Co. guereza, indicating 

a less seasonally varying diet. However, it should be noted that the sample of Pr. 



  152 

rufomitratus that I used in this study comes exclusively from the DRC and might be 

expected to have a diet most similar to that of the population studied by Maisels et al. 

(1994). 

In contrast to the two colobine monkeys, the gelada (T. gelada) consumes a 

fundamentally different diet, with the majority of its food coming from grasses rather 

than leaf material. Additionally, out of the studies of gelada feeding ecology, only one 

(Fashing et al., 2014) has been long-term. Thus, monthly dietary frequencies from the 

study site of Guassa (Fashing et al., 2014) are not directly comparable to the studies of 

Dunbar (1977) and Iwamoto (1979), which published some monthly frequencies, making 

these last two studies not directly comparable to the data from the other two species. 

Additionally, since a large number of the T. gelada specimens used in this study come 

directly from the site of Guassa, it makes sense to compare the dietary data from this site 

directly to those of the other species. As with other sites, Guassa geladas consume a high 

frequency of foliage, with an annual average of 80% and a range of 67-91%, most of this 

coming from grass blades with the addition of forbs. This high frequency of grass and 

forb consumption throughout the year yields a low CV of foliage consumption (0.10), a 

relatively low annual dietary diversity (H = 0.63), and a low CV of dietary diversity 

(0.23). These data show Guassa geladas to have less monthly variation in consumption 

frequencies than the other two species examined in this group. However, it should be 

noted that at the site of Sankabar, Iwamoto (1979) noted 71% consumption of grass seeds 

in a single month and 67% consumption of underground items in another month. 

Since the three species had similar CVs of dietary diversity, I based my 

predictions for microwear textures on their CVs of foliage and fruit consumption. Since 
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Co. guereza had the highest CVs for these, I predicted that they would have greater 

variation in complexity and anisotropy than Pr. rufomitratus and T. gelada. The low 

dietary diversity group approached significance in their variation in complexity (Levene’s 

Test: F (2,132) = 3.02, 0.05 < p < 0.1), with Co. guereza showing greater variation than 

Pr. rufomitratus (Tukey’s HSD, Fisher’s LSD) but neither of these species differing from 

T. gelada. However, the species did not differ in their variation in anisotropy (Levene’s 

Test: F (2,132) = 0.52, p > 0.1). 

If the first heterogeneity hypothesis holds true, Co. guereza should have higher 

mean heterogeneity since it has higher H values than the other two species; since Pr. 

rufomitratus had the greatest variation in H values, it would also be predicted to have the 

greatest variation in heterogeneity. If the second hypothesis holds true, Pr. rufomitratus 

and Co. guereza should have lower mean heterogeneity than T. gelada, since they had 

higher annual frequencies of total fruit consumption, while Co. guereza should have 

greater variation in heterogeneity since it had the greatest CV of total fruit consumption. 

The species did approach significance in their mean HAsfc9 (ANOVA: F (2,132) = 2.95, 

0.05 < p < 0.1) and did differ in mean HAsfc81 (ANOVA: F (2,132) = 5.76, p < 0.01; 

Fig. 4.2). Contrary to both predictions, however, post-hoc tests showed Pr. rufomitratus 

had greater HAsfc81 than T. gelada (Tukey’s HSD and Fisher’s LSD) and marginally 

greater HAsfc81 than Co. guereza (Fisher’s LSD only); however, Co. guereza did not 

differ in HAsfc81 from T. gelada. Additionally, the species did not differ in their 

variation in heterogeneity (Levene’s Test; HAsfc9: F (2,132) = 1.61, p > 0.1; HAsfc81: F 

(2,132) = 0.63, p > 0.1), contrary to both hypotheses. 
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Correlations 

The CVs of microwear variables and dietary parameters for each species are given 

in Table 4.2. If variation in microwear is related to monthly variation in dietary 

parameters, there should be a relationship between these variables. However, the only CV 

of any dietary parameter that was significantly correlated with a CV of microwear 

variables was the CV of total fruit consumption and the CV of HAsfc81 (Pearson’s 

product-moment correlation: r = -0.70, t (11) = 3.28, p < 0.01; Fig. 4.3). Additionally, the 

CV of anisotropy was positively correlated with the CV of foliage consumption, but the 

hypothesis of no relationship could not be rejected (Spearman’s rank correlation: r = 

0.53, S = 169.50, 0.05 < p < 0.10). 

 

Discussion 

 Overall, these results show only mild support for the hypothesis that greater 

monthly variation in dietary diversity yields greater variation in the microwear textures of 

complexity and anisotropy. Within the high dietary diversity group, no differences were 

found among the species in their variation in either of these texture variables; within the 

low dietary diversity group, Co. guereza did have marginally greater variation in 

complexity than Pr. rufomitratus, as predicted, but not greater than T. gelada, nor did it 

differ from either species in variation in anisotropy. In particular, it should be noted that 

anisotropy showed great variation in all the species examined here and yielded no 

distinctions among the species. 

 Additionally, the relationship between heterogeneity and diet was not strongly 

supported. Though it has been suggested that heterogeneity relates to dietary diversity 
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(Scott et al., 2006, 2012) or to frequency of hard object feeding (Calandra et al., 2012), 

neither relationship was strongly supported in either the high or low dietary diversity 

groups. The high dietary diversity group did not differ in the coarser heterogeneity 

variable HAsfc9, as predicted by the first hypothesis, but it did differ in the finer 

heterogeneity variable HAsfc81, although not in the way predicted by the second 

hypothesis. Since P. anubis has the lowest annual frequency of total fruit consumption, it 

should have the highest heterogeneity as predicted by the second hypothesis. However, it 

had the lowest heterogeneity, significantly lower than both Ch. aethiops and C. mitis. In 

fact, P. anubis had the lowest mean fine-scale heterogeneity (HAsfc81) value out of eight 

cercopithecid species (Chapter 2). If heterogeneity is negatively correlated with fruit 

consumption, as is suggested by Calandra et al. (2012), P. anubis would be expected to 

have higher values than Ch. aethiops and C. mitis, as it consumes less fruit than either of 

these species. However, another component of the diet that potentially contributes to hard 

object consumption is subterranean items (e.g. roots, tubers, and corms), which makes up 

a significant portion of P. anubis diet at certain times of the year. If subterranean items 

are grouped with total fruit, this “hard object” category makes up 50% of the annual diet 

of P. anubis averaged across all sites (Appendix C), putting P. anubis much closer to the 

annual frequencies of the other two species. However, P. anubis still has lower average 

annual frequencies of fruit/hard object consumption than either Ch. aethiops or C. mitis, 

and thus the low heterogeneity values are still unexpected given the combined fruit and 

subterranean item annual frequencies if heterogeneity is negatively correlated with 

consumption of these items.  
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The low dietary diversity group also did not differ in mean heterogeneity in the 

way predicted by either hypothesis, since Pr. rufomitratus had the highest heterogeneity 

and Co. guereza had intermediate heterogeneity. Although the species in the low dietary 

diversity group subsist primarily on foliage, they had similar mean heterogeneity values 

to those in the high diversity group (Fig. 4.1); this outcome is unexpected given either 

hypothesis for the relationship between diet and heterogeneity. Additionally, neither 

group showed the expected predictions for variation in heterogeneity for either 

hypothesis.  

Thus, results within each dietary diversity group showed little support for a 

relationship between heterogeneity and either dietary diversity or fruit consumption. A 

further result that does not support the negative relationship between heterogeneity and 

frequency of fruit consumption is the negative correlation that was found between the CV 

of monthly fruit consumption and CV of fine-scale heterogeneity (HAsfc81; Fig. 4.2). 

This relationship suggests that species that have greater variation in fruit consumption 

among months have less variation in heterogeneity, actually the opposite of the second 

hypothesis, which stated that species with greater variation in fruit consumption would 

have greater variation in heterogeneity. Greater variation in fruit consumption can be 

achieved through either high annual frequencies of fruit consumption with some months 

of low consumption or low annual frequencies of fruit consumption with some months 

with high consumption; however, because CVs are calculated by dividing the standard 

deviation by the mean, the second scenario will generally yield higher CVs since the 

mean is low. The two species in the sample that have the highest CVs of fruit 

consumption are P. anubis and Co. guereza, which both have relatively low annual fruit 
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consumption but subsist on fruit and/or seeds at high frequencies (> 74%) during a few 

months of the year (Table 4.1). They also both have the lowest CVs of HAsfc81, driven 

mainly by low standard deviations, although P. anubis has a low mean as well. If low 

heterogeneity is related to high frequencies of fruit consumption, species such as P. 

anubis and Co. guereza that have greater variation in fruit consumption should show a 

distribution with higher means and some specimens with low heterogeneity values related 

to the few periods of high fruit consumption. However, the opposite distribution is seen 

in this sample, with low mean heterogeneity seen in both species and a few specimens 

with high heterogeneity values (Fig. 4.1). At the other end of the spectrum is T. gelada, 

which also has a low annual frequency of fruit consumption but does not subsist on 

fruit/seeds at high frequencies at any time. Thus, T. gelada has a low CV of fruit 

consumption. It also has the highest CV of HAsfc81, likely due in part to a small sample 

size but also to a low mean and high standard deviation of HAsfc81. Due to its low fruit 

consumption, and no periods of high fruit consumption, T. gelada would be predicted to 

display an overall high mean heterogeneity and lower range of heterogeneity values if 

low fruit consumption was associated with high heterogeneity. Again, the opposite 

distribution is seen, with a low mean heterogeneity and a relatively greater range of 

heterogeneity values. Thus, the negative correlation between the CV of fruit consumption 

and the CV of HAsfc81 does not support the hypothesis of a negative correlation between 

frequency of fruit consumption and mean heterogeneity. However, the negative 

correlation found by Calandra et al. (2012) was low (r = -0.42), suggesting that fruit 

consumption is a small driver of the variation in HAsfc81 and that other factors contribute 

to the variation as well. 
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Overall, these results do not show support for using variation in the dental 

microwear texture variables complexity and anisotropy to distinguish differences in 

monthly variation in dietary diversity among fossil species with similar annual dietary 

diversities. Within the groups with high and low annual diversity, the species were 

similar in their variation in these texture variables. Additionally, both mean heterogeneity 

and variation in heterogeneity do not appear to distinguish the species in these groups 

along dietary lines. Although there were differences among the species in mean 

heterogeneity and variance in heterogeneity, the differences were not in the expected 

direction for either hypothesis for heterogeneity and diet. The relationship between the 

CV of monthly fruit consumption and the CV of HAsfc81 does not support either 

hypothesis as well.  

Although these results do not support the use of variation in microwear as a 

method of distinguishing short-term use of dietary items with different mechanical 

properties among species with similar annual diets, they do highlight the difference in 

nature of the diet between species that fall into the high and low dietary diversity groups 

and how this nature is reflected in the species’s dental microwear. The high dietary 

diversity group is in general quite variable in diet across the year and among sites, and 

this overall diversity in diet seems to obscure any differences among the species in 

microwear variation due to changes in dietary diversity throughout the year. In effect, the 

great diversity in these species’s diets masks any monthly differences that might occur 

due to changes in this diversity. In contrast, the low dietary diversity group shows more 

of the effect of monthly changes in dietary diversity on microwear, possibly because any 

changes will be better represented against a backdrop of overall lower diversity. Perhaps 
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because of its more frequent reliance on fruit, Co. guereza appears different in its 

microwear than the other two species in this group. Co. guereza does display marginally 

greater variation in complexity than the other two species, which goes along with the 

species’s greater variation in total fruit and leaf consumption; however, Co. guereza also 

displays greater annual dietary diversity than the other two species, which has been 

moderately associated with greater variation in complexity (Chapter 2), so it’s not clear if 

this greater variation in complexity is related to the greater monthly variation in fruit and 

leaf consumption in Co. guereza or simply a greater annual dietary diversity. Pr. 

rufomitratus also shows marginally greater heterogeneity than Co. guereza, although 

these species have similar average total fruit consumption; this may be due to the higher 

frequency of seed consumption in Pr. rufomitratus, while Co. guereza varies among sites 

in whether it consumes fruits or seeds. However, since it has been suggested that hard 

objects of a larger size yield greater heterogeneity than objects of a smaller size (Calandra 

et al., 2012), it is unclear if seed eating would lead to higher heterogeneity in Pr. 

rufomitratus. T. gelada also shows lower heterogeneity than Pr. rufomitratus, potentially 

because of the low frequency of consumption of seeds and underground items.  

There are a few reasons why the results of this study may not show a relationship 

between seasonal consumption of dietary resources and variation in microwear. First, it is 

possible that the dietary categories used in this study are too broad to make fine-grained 

predictions about the relationships between dental microwear textures and diet in these 

species. In order to compare data from multiple field sites and species, it was necessary to 

use categories that were consistent across studies, which led to the use of broader 

categories than would be ideal. The variation in mechanical properties within each 
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dietary category can be large, and therefore it might be easier to link specific microwear 

signals to dietary variation by using a greater number of dietary categories, each more 

refined than the ones used in this research. Second, the specimens (except for the Guassa 

gelada sample) were not collected from the field sites from which these dietary data 

come, so their diets could be different from the published studies. For this reason, studies 

of microwear in populations where diets have been directly observed (e.g. Teaford and 

Glander, 1996; Ungar, 1996; Daegling and Grine, 1999; Nystrom et al., 2004) or 

experimentally controlled (e.g. Teaford and Oyen, 1989; Schulz et al., 2013) are so 

important to refining the link between diet and microwear. Finally, the variation due to 

seasonal dietary changes among species with similar diets may simply be too small to 

detect within the natural variation in microwear. Since some seasonal differences linked 

to diet have been identified within species in this sample (Chapter 2), examining the 

species as a whole may make these differences undetectable. Hopefully, as further 

research is conducted on controlled samples, such as those in experimental settings (e.g. 

Schulz et al., 2013; Karme et al., 2014), the ability to detect more refined dietary regimes 

will increase. 

 

Conclusion 

The goal of this research was to identify whether analyzing variation in dental 

microwear textures could distinguish differences in consumption frequencies of food 

categories across the year among primate species with similar dietary diversities. While 

the results from this study suggest that species with similar annual diets do not differ in 

microwear texture variation, they do suggest that species that differ greatly in their 
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microwear variation likely differ greatly in their diets. Since cercopithecid species with 

similar annual dietary diversities are mostly indistinguishable from each other in terms of 

their microwear variation, it is likely that fossil species with different variation in 

microwear textures have fundamentally different diets. This supports conclusions by 

Ungar et al. (2008, 2010) that P. robustus, which shows very high variance in microwear 

textures in comparison to other hominins, consumed a diet that was quite different from 

that consumed by other Australopithecus and Paranthropus species. Whether this 

variation was due to a seasonally changing diet or to other factors cannot yet be 

determined, however. Further research into microwear texture variation in experimentally 

controlled samples and populations where diet has been directly observed may help to 

elucidate further causes of microwear variation and allow us to better interpret diet in 

fossil primates.  
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Table 4.1 
Summary of Means and Coefficients of Variation (CVs) 
 

Species Site / Reference Type Fruit Foliage H 

Chlorocebus 
aethiops 

Mount Assirik, Senegal Mean 0.64 0.07 1.09 
Harrison (1982) CV 0.32 1.17 0.31 

Buffle Noir and Kalamaloue, 
Cameroon 

Mean 0.46 0.10 0.97 
Kavanagh (1978) CV 0.69 1.26 0.40 

Ch. aethiops All Sites (Average) Mean 0.55 0.09 1.03 

  CV 0.50 1.22 0.36 

Cercopithecus 
mitis 

Kakamega Forest, Kenya Mean 0.54 0.18 0.93 
Cords (1986) CV 0.13 0.35 0.07 

Jibat Forest, Ethiopia Mean 0.53 0.23 1.02 
Tesfaye et al. (2013) CV 0.34 0.66 0.22 

Nyungwe Forest Reserve, 
Rwanda 

Mean 0.54 0.15 1.04 
Kaplan et al. (1998) CV 0.24 0.79 0.19 

C. mitis All Sites (Average) Mean 0.54 0.19 1.00 

  CV 0.24 0.60 0.16 

Colobus guereza 

Kakamega Forest, Kenya Mean 0.41 0.51 0.88 
Fashing (1999) CV 0.38 0.29 0.10 

Budongo Forest, Uganda Mean 0.29 0.63 0.77 
Plumptre (2006) CV 0.66 0.29 0.31 
Ituri Forest, DRC Mean 0.24 0.55 1.06 

Bocian (1997) CV 1.14 0.52 0.32 
Co. guereza Average (All Sites) Mean 0.31 0.56 0.91 

  CV 0.73 0.37 0.24 
Papio anubis Laikipia Plateau, Kenya Mean 0.28 0.28 1.09 

 Barton (1990) CV 0.85 0.72 0.20 

Procolobus 
rufomitratus 

Salonga Forest, DRC Mean 0.38 0.61 0.50 
Maisels et al. (1994) CV 0.86 0.52 0.28 
Tana River, Kenya Mean 0.22 0.64 0.89 

Marsh (1981) CV 0.49 0.19 0.19 
Gombe, Tanzania Mean 0.12 0.82 0.52 

Clutton-Brock (1975) CV 0.61 0.12 0.41 
Pr. rufomitratus Average (All Sites) Mean 0.24 0.69 0.64 

  CV 0.65 0.28 0.29 
Theropithecus 

gelada 
Guassa, Ethiopia Mean 0.02 0.80 0.63 

Fashing et al. (2014) CV 1.58 0.10 0.23 
 
Note. See Appendix D for a detailed list of monthly data from each site. 
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Table 4.2 
Coefficients of Variation (CVs) for Microwear Texture and Dietary Variables  
 
Species HAsfc9 HAsfc81 Asfc epLsar Ha FRb FOLc 

Ch.aethiops 0.27 0.28 0.49 0.47 0.36 0.50 1.22 
Co. guereza 0.27 0.24 0.59 0.37 0.25 0.72 0.37 
C. mitis 0.37 0.30 0.46 0.36 0.12 0.28 0.53 
P. anubis 0.22 0.20 0.46 0.51 0.20 0.85 0.72 
Pr. rufomitratus 0.30 0.28 0.47 0.35 0.29 0.65 0.28 
T. gelada 0.22 0.34 0.52 0.37 0.01 0.04 0.08 

 

a Shannon Diversity Index  
b Total fruit  
c  Total foliage  
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Figure 4.1. Box plots of heterogeneity at the 9x9 scale (HAsfc81) by species. Box plots 
and individual distribution points for the high dietary diversity group of Ch. aethiops, C. 
mitis, and P. anubis and the low dietary diversity group of Co. guereza, Pr. rufomitratus, 
and T. gelada. The high dietary diversity species differed in mean HAsfc81 (Kruskal-
Wallis Χ2 = 33.74, df = 2, p < 0.0001) and variance in HAsfc81 (Levene’s Test: F (2,140) 
= 11.99, p < 0.0001). Papio anubis showed lower mean and variance in HAsfc81 than 
both Ch. aethiops and C. mitis, while these two species did not differ in HAsfc81 from 
each other (Tukey’s HSD and Fisher’s LSD tests). The low dietary diversity species 
differed in mean HAsfc81 (ANOVA: F (2,132) = 5.76, p < 0.01); post-hoc tests show Pr. 
rufomitratus had greater HAsfc81 than T. gelada (Tukey’s HSD and Fisher’s LSD) and 
marginally greater HAsfc81 than Co. guereza (Fisher’s LSD only). 
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Figure 4.2. Correlation of the coeffecients of variation of fruit consumption by 
heterogeneity at the 9x9 scale (HAsfc81). Scatter plot of the coefficient of variation (CV) 
of total fruit consumption for each site against the CV of heterogeneity at the 9x9 scale 
(HAsfc81) for each species. The two variables were negatively correlated (Pearson 
product-moment correlation: r (11) = -0.70, p < 0.01).  Species labeled with the first letter 
of the genus and first three or four letters of the species name. 
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CHAPTER 5 

CONCLUSIONS 

Summary 

Numerous methods exist for reconstructing the diets of fossil mammals, many of 

which can classify a species into a broad dietary category or determine the amount of a 

specific dietary item an animal eats. However, dietary diversity or dietary breadth is 

another important but less studied component of the dietary ecology of a species. Diverse 

diets have been linked to greater geographic range size, greater range from the equator, 

and evolutionary success in relation to competitors (Potts, 1998; Gaston and Blackburn, 

2000; Harcourt et al., 2002; Swihart et al., 2003; Lomolino et al., 2006; Boyles and 

Storm, 2007; Bowman et al., 2010; IUCN, 2010; Mbizah et al., 2012; DeSantis and 

Haupt, 2014). An understanding of dietary diversity in fossil species complements other 

dietary reconstructions of these species and clarifies their place in the larger mammalian 

community. Reconstructions of dietary diversity also allow for testing of macroecological 

patterns in fossil groups. 

 Dietary diversity has also played an important role in the foundations of 

paleoanthropology, in particular because modern humans exhibit such a diverse and 

flexible diet. Robinson, one of the founders of modern paleoanthropology, hypothesized 

that dietary expansion (i.e. a more diverse diet) had allowed the survival of the 

Australopithecus lineage, ultimately leading to Homo, while dietary specialization (i.e. a 

less diverse diet) in Paranthropus ultimately led to its extinction (Robinson, 1954, 1956).  

Potts expanded on this idea in his Variability Selection hypothesis (1998), which 

proposed that increased climatic fluctuations in the Pleistocene led to selection in 
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hominins for a broader dietary niche in the form of a wider range of dietary items and a 

an ability to vary the diet when needed. Potts (1998) proposed that this dietary expansion 

was one of the factors that led to the evolution of the Homo genus in contrast to earlier 

Australopithecus and Paranthropus species. 

 Reconstructions of fossil hominin diets have been greatly enhanced by dental 

microwear analyses. Analyses using scanning electron microscopy and microwear 

textures have been successful in linking specific diets to particular wear profiles (Teaford 

and Walker, 1984; Scott et al., 2005, 2006, 2012) and have identified strong differences 

in wear in Paranthropus species long thought to have had similar diets (Ungar et al., 

2008). Some of these analyses have also identified differences among hominin species in 

the variance of microwear variables (Scott et al., 2005; Ungar et al., 2008, 2010). These 

researchers have suggested that differences in variance are related to differences among 

species in how varied their diets are. This interpretation makes logical sense, as the 

material properties of food cause microwear patterns; the more variable the material 

properties of foods eaten, the more variable the microwear patterns should be. Although 

research has shown some support for this interpretation (Scott et al., 2009), a broader 

association between dietary variation and variation in dental microwear should be 

established before using difference in variance to infer dietary diversity in fossil taxa.  

 The main goal of this dissertation was to provide a test of the association between 

dietary variation and dental microwear variation in Cercopithecidae, a group that has a 

broad array of diets and geographic ranges in Africa (Campbell et al., 2011; Butynski et 

al., 2013) and has long been used as analogs to fossil hominins (Jolly, 1970, 2009; Elton, 

2006). However, different types of dietary variation exist in this group. Annual dietary 
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diversity, that is, how frequently a species consumes a range of dietary items and how 

evenly across categories this consumption occurs, is the most widely considered type of 

dietary diversity. Species that specialize on a particular food category consume high 

annual frequencies of this food and low annual frequencies of other foods, while species 

that are more generalized will consume more food categories at a moderate annual 

frequency. However, many species could be considered seasonal specialists, subsisting 

on a specific category of food at a high frequency for a few months of the year, 

particularly when this type of food is abundant. This high frequency of consumption can 

change monthly or seasonally, providing either a species that eats a wide variety of foods, 

each at a high frequency during certain months of the year, or a species that consumes 

fallback foods at times of preferred food scarcity. The different ways primates consume 

these types of foods are important to the interpretation of diets using microwear, since 

microwear accumulates over a short period of time. Although one individual may not be 

indicative of the full annual diet of a species, its microwear produces a data point 

reflective of the diet at a particular time within that annual cycle. As the number of 

individuals in a sample increases, the average of the sample should approximate the 

average of the species if the date of collection is random. If the date of collection is 

known, a more nuanced evaluation of the link between diet and microwear can be 

evinced.  

The different chapters of this dissertation attempted to evaluate the link between 

variation in dental microwear and dietary variation at these different dietary levels: 

annually, seasonally, and monthly. In Chapter 2, “Variation in dental microwear textures 

as a proxy for interspecific differences in annual dietary diversity in African monkeys,” I 
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examined the link between annual variation in diet and variation in six dental microwear 

texture variables within a diverse group of extant African cercopithecids. This group 

included 309 wild-caught specimens from eight species: three species of guenons, the 

blue monkey (Cercopithecus mitis), De Brazza’s monkey (Cercopithecus neglectus), and 

the vervet (Chlorocebus aethiops); three papionins, the red-capped mangabey 

(Cercocebus torquatus), the anubis baboon (Papio anubis), and the gelada 

(Theropithecus gelada); and two colobines, the guereza (Colobus guereza) and the 

Eastern red colobus (Procolobus rufomitratus). I used this sample to test three hypotheses 

that related annual dietary diversity to dental microwear texture variation. The first 

hypothesis, that variance in dental microwear textures was greater in species with greater 

dietary diversity, was only partially supported. Two variables, complexity (Asfc) and 

scale of maximum complexity (Smc) were more variable in species that had high dietary 

diversity and less variable in species that had low dietary diversity; however, most 

species were not distinguishable from each other in their variance, even in these two 

variables. There was also little support for the second hypothesis, that species with 

greater dietary diversity had greater mean heterogeneity (HAsfc), since only a few of the 

species showed the expected magnitude of mean heterogeneity given their dietary 

diversities. There was much greater support for the third hypothesis, that overall variance 

in all six microwear variables was greater in species that had greater dietary diversity. 

Using the summed variance of the weighted principal components for each species, I 

found that species with greater annual dietary diversities had greater summed variances. 

Summed variance in microwear variables was positively correlated with dietary diversity 

when the one outlier, Ce. torquatus, was removed from the sample. However, even with 



  175 

Ce. torquatus left in the analyses, summed variance was more strongly correlated with 

the annual frequencies of foliage and fruit consumption for each species. Species with 

high frequencies of foliage consumption and low frequencies of fruit consumption had 

low summed variances, and summed variance increased as fruit consumption increased 

and foliage consumption decreased.  

 One concern in the results of Chapter 2 was that species that had greater dietary 

variation also tended to have greater range size, to have greater latitudinal range, to live 

in more habitat types, and to live in more seasonal environments. Primates are known to 

vary their diet among habitats, seasons, and sites (Hemingway and Bynum, 2005); since 

differences microwear due to seasonal and ecological differences have been noted 

(Teaford and Robinson, 1989; Teaford and Glander, 1991, 1996; Teaford and Runestad, 

1992; Mainland, 2003; Merceron et al., 2004, 2010), the greater variation in microwear 

found in species with greater dietary diversity may be due to sampling a species from 

more habitats, a larger geographic area, more localities, or better reflecting the annual 

diet by sampling the full annual cycle. Chapter 3, “Intraspecific differences in dental 

microwear textures among African Old World Monkeys (Cercopithecidae) and their 

relationship to seasonal and geographic variation”, attempted to test for variation in 

microwear textures due to season of collection and two types of geographic location, 

locality and broad geographic area, in five of the species examined in Chapter 2: Ch. 

aethiops, Co. guereza, C. mitis, P. anubis, and Pr. rufomitratus. Because the specimens 

come from a range of sites and their diets were not observed in the weeks before their 

collection, it was important first to understand what expectations for microwear patterns 

were based on other field studies of diet. I compiled seasonal dietary data from a number 
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of field sites for each species, which showed differences among sites in how the primates 

varied their diet due to season. The cercopithecines, Ch. aethiops, C. mitis, and P. anubis, 

varied among sites in their dietary responses to seasonal change, i.e. there was no 

consistent pattern in any species in dietary differences among seasons. They showed few 

differences in their microwear textures among seasons, thus following expectations. In 

contrast, the colobines, Co. guereza and Pr. rufomitratus, had more consistent differences 

among sites in their dietary shifts due to seasonal change. They also showed predicted 

differences in their microwear among seasons, specifically in complexity and 

heterogeneity. This suggests that more care should be taken to make sure a sample 

includes a range of seasons when selecting specimens of colobines, and potentially other 

folivorous monkeys, in order to sample the full variation present in the species, 

particularly since they have low microwear variation overall as seen in Chapter 2. Few 

differences among geographic locations, either at a regional scale or among sites, were 

found. Additionally, differences in microwear means among geographic locations were 

small and only seen in Co. guereza, while differences in microwear variances were found 

among regions for Ch. aethiops and C. mitis.  

The results from Chapter 3 show that, although differences exist in microwear 

textures among seasons for some of the species, these differences are small and are 

actually found in the species with lower dietary variation; differences due to geographic 

location also exist, but are small in comparison to the overall variation in each species. 

Overall, intraspecific variation is affected very little by season and geographic location. 

This finding indicates that, although the variation in species with high dietary diversity 

may be greater because they are from a wider geographic range and more seasonal 
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environments, the amount of variation due to this sampling is likely very small in 

comparison to the overall variation in each species. Thus, the greater variation in species 

with greater dietary diversity found in Chapter 2 is supported. 

The final relationship that I examined in this dissertation was the relationship 

between monthly variation in diet and variation in microwear. A major question in 

studies of fossil hominins has been the importance of fallback foods to the morphological 

evolution of these species. Fallback foods are eaten at high frequencies for short periods 

at certain times of the year. Chapter 4, “The relationship between monthly dietary 

variation and variation in dental microwear textures in African Old World Monkeys 

(Cercopithecidae)”, examined whether monthly variation in different food categories 

related to overall variation in microwear textures. The goal was to test if species that had 

similar annual dietary diversities, but varied their diets monthly, could be distinguished 

from each other through microwear texture analyses. In particular, I was interested in 

whether species that varied their dietary diversity, i.e. specialized on a food category for a 

short time but otherwise had diverse diets, could be distinguished from species that 

maintained a more even use of dietary items across the year. I used six species, the same 

five from Chapter 3 plus T. gelada, and compared them in two groups, a high dietary 

diversity group consisting of Ch. aethiops, C. mitis, and P. anubis, and a low dietary 

diversity group consisting of Co. guereza, Pr. rufomitratus, and T. gelada. None of the 

species differed in ways expected given the variation in their diets; thus, the results do not 

support the use of variation in microwear as a method of distinguishing monthly variation 

in dietary items with different mechanical properties among species with similar annual 

diets.  
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There are a few main conclusions from this dissertation. First, the variation in 

microwear textures found in the species examined in this dissertation was fairly high for 

all species, and in particular anisotropy showed great variation in each species. Second, 

although some variation was likely due to season, habitat, and geographic location, this 

variation was small in comparison to overall variation in each species. Third, 

heterogeneity does not closely reflect dietary diversity, and its relationship to diet is 

likely more complex and deserves further research. Fourth, variation in each microwear 

variable did not always match expected differences due to annual and seasonal dietary 

diversity as well. This conclusion throws some doubt on whether variation in microwear 

variables should be used to infer differences in dietary variation, as some researchers 

have done (i.e. Scott et al., 2005; Ungar et al., 2010). Although complexity (Asfc) and 

scale of maximum complexity (Smc) appear to best reflect differences in dietary 

variation, they may only account for variation in particular food categories. This result, in 

addition to results using overall microwear variation, support the final conclusion: 

comparisons using multivariate methods that incorporate all six conventional microwear 

texture variables appear better at distinguishing differences in dietary diversity. Since 

each texture variable describes something different about the topography of the dental 

wear, and different foods affect wear in different ways, it makes sense that incorporating 

all of the variables simultaneously into an analysis may yield better results. This fact is 

particularly true for comparisons of dietary diversity, since dietary diversity is a measure 

that involves all the food categories consumed. However, other researchers have also 

found the most distinctive results when using multivariate methods (i.e. Merceron et al., 

2009; Scott, 2012). These results call for greater use of multivariate techniques in 
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analyzing dental microwear textures in the future, rather than only single comparisons of 

texture variables.  

 

Future Directions 

The results from this dissertation suggest a few directions for future research in 

the area of dental microwear texture analysis and its relationship to dietary variation. The 

first direction is to test the statistical method of the summed variances of principal 

components analyses and its relationship to dietary diversity in a wider array of species. 

Although the results from this paper suggest a link between the summed variance and 

dietary diversity, it also suggests stronger relationships between summed variance and the 

annual frequencies of fruit and foliage in the diet. Testing this relationship in other 

species will help to verify its validity in inferring dietary diversity in fossil species. 

The fact that multivariate methods show promise for better connections between 

diet and microwear patterns suggests the second direction for further research into 

reconstructing dietary diversity: using multiple lines of evidence using the same 

specimens. Because dietary diversity reflects a range of dietary parameters, the best way 

to approximate it may be through a multi-proxy approach, as different dietary proxies 

may record different aspects of the diet that relate to dietary diversity. Methods such as 

stable isotope analyses, topographic analyses, and microwear analyses of both anterior 

and posterior dentition might as a whole be able to separate species based on dietary 

diversity.  

Another clear avenue for further research is examining microwear in individuals 

where diet has been directly observed. A number of researchers are currently conducting 
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this type of analysis in laboratory settings (e.g. Karme et al., 2014; Teaford et al., 2015) 

where foods can be experimentally controlled. However, it is also important to continue 

this type of research in wild populations where diet reflects what might be expected in 

fossil primates. 

The final direction suggested by the results of this dissertation is further 

investigation into the relationship between abrasiveness and variation in microwear. 

Results from Chapter 2 suggested a relationship between high frequencies of foliage 

consumption and low variation in microwear; these results support work by Schulz et al. 

(2013) and ongoing work by Karme et al. (2014) that have suggested that abrasive diets 

yield less variant microwear patterns, while less abrasive diets yield more variant 

microwear patterns. Further research into the causes of this relationship will help to 

identify whether variation in microwear should be used to infer dietary parameters in 

fossil species. 
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Species Specime
n #a Country Locality Asfc epLsar Smc Tfv HAsfc

9 
HAsfc8

1 

C. mitis FMNH1
27793 

Tanzani
a 

Lake 
Manyara, 
Moto Umbu, 
nr 0.56 0.0043 0.27 0.0 0.61 1.09 

C. mitis FMNH1
27794 

Tanzani
a 

Lake 
Manyara, 
Moto Umbu, 
nr 1.22 0.0027 0.34 6097.8 0.43 0.63 

C. mitis FMNH1
27795 

Tanzani
a 

Lake 
Manyara, 
Moto Umbu, 
nr 0.87 0.0064 0.34 0.0 0.41 0.69 

C. mitis FMNH2
7534 DRC Walikali, 

Buruku, Ituri 2.43 0.0044 0.15 
14916.

1 0.34 0.67 

C. mitis FMNH2
7538 DRC Walikali, 

Buruku, Ituri 1.08 0.0018 0.71 5595.3 0.54 1.11 

C. mitis FMNH2
7539 DRC Walikali, 

Buruku, Ituri 1.68 0.0049 0.21 7955.1 0.66 1.08 

C. mitis RBINS1
0598 DRC 

Katanga, 
Parc Nat 
Upembe, 
Lufira Riv 
Senze 1.12 0.0017 6.15 9329.5 0.58 0.92 

C. mitis RBINS1
0600 DRC 

Katanga, 
Parc Nat 
Upembe, 
Lufira Riv 
Senze 0.97 0.0013 1.37 8110.7 0.37 0.70 

C. mitis RBINS1
0601 DRC 

Katanga, 
Parc Nat 
Upembe, 
Lufira Riv 
Senze 1.32 0.0051 2.40 

12168.
1 0.29 0.53 

C. mitis RBINS1
0604 DRC 

Katanga, 
Parc Nat 
Upembe, 
Lufira Riv 
Senze 1.65 0.0028 30.13 9998.0 0.53 0.92 

C. mitis RBINS3
4669 DRC Kisangani 1.52 0.0040 0.27 

12248.
4 0.66 1.01 

C. mitis RBINS3
4670 DRC Kisangani 1.01 0.0036 0.27 0.0 0.67 0.89 

C. mitis RBINS3
4673 DRC Kisangani 0.91 0.0040 5.42 6623.7 0.59 1.03 

C. mitis RBINS3
4674 DRC Kisangani 1.45 0.0059 0.15 9512.7 0.32 0.75 

C. mitis RBINS3
4675 DRC Kisangani 2.68 0.0048 0.15 3313.2 0.27 0.51 

C. mitis RBINS3
4676 DRC Kisangani 1.43 0.0055 0.27 167.5 0.36 0.98 

C. mitis RBINS3
4677 DRC Kisangani 1.58 0.0038 0.43 6484.5 0.60 1.05 
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C. mitis RBINS3
4678 DRC Kisangani 0.92 0.0053 0.15 4948.3 0.35 0.55 

C. mitis RBINS3
4682 DRC Kisangani 1.94 0.0024 0.21 3690.5 0.41 0.92 

C. mitis RBINS3
4692 DRC Kisangani 0.71 0.0027 0.60 9076.0 0.38 0.64 

C. mitis RBINS3
4693 DRC Kisangani 0.81 0.0069 2.55 

16551.
5 0.72 0.91 

C. mitis RBINS3
4694 DRC Kisangani 0.91 0.0059 1.07 223.6 0.23 0.45 

C. mitis RBINS3
4695 DRC Kisangani 1.60 0.0066 63.22 

11640.
9 0.61 1.03 

C. mitis RMCA3
7524 DRC Katauleko, 

Kalonge 1.35 0.0043 0.21 3231.7 0.57 1.37 

C. mitis RMCA3
7525 DRC Katauleko, 

Kalonge 1.05 0.0057 0.21 
10414.

6 0.58 0.68 

C. mitis 
RMCA8
3006M2

35 
DRC 

Tshopo 1.31 0.0080 2.02 272.0 0.68 1.09 

C. mitis 
RMCA8
3006M2

39 
DRC 

Tshopo 1.26 0.0050 0.27 8225.0 0.36 0.82 

C. mitis 
RMCA8
3006M2

42 
DRC 

Tshopo 0.46 0.0058 0.21 
13182.

7 0.36 0.75 

C. mitis 
RMCA8
3006M2

49 
DRC 

Tshopo 1.92 0.0040 1.85 
14786.

9 0.22 0.69 

C. mitis 
RMCA8
3006M2

51 
DRC 

Tshopo 1.34 0.0031 1.04 2563.7 0.57 1.10 

C. mitis 
RMCA8
3006M2

53 
DRC 

Tshopo 1.20 0.0063 0.27 2344.4 0.39 0.74 

C. mitis 
RMCA8
3006M2

54 
DRC 

Tshopo 2.11 0.0039 0.15 4408.6 0.49 0.72 

C. mitis 
RMCA8
3006M2

57 
DRC 

Tshopo 1.81 0.0043 0.42 4528.5 0.53 0.62 

C. mitis 
RMCA8
3006M2

58 
DRC 

Tshopo 1.14 0.0033 0.71 6874.1 0.71 0.96 

C. mitis 
RMCA8
3006M2

59 
DRC 

Tshopo 0.49 0.0041 0.43 83.9 0.70 1.51 

C. mitis 
RMCA8
3006M2

61 
DRC 

Tshopo 0.81 0.0041 0.43 0.0 0.43 0.82 

C. mitis 
RMCA8
3006M2

62 
DRC 

Tshopo 0.86 0.0049 0.51 1604.8 0.59 1.15 

C. mitis 
RMCA8
3006M2

63 
DRC 

Tshopo 0.82 0.0057 0.94 4702.2 0.31 0.91 
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C. mitis 
RMCA8
3006M2

65 
DRC 

Tshopo 1.13 0.0068 1.21 2463.6 0.49 1.05 

C. mitis 
RMCA8
3006M2

68 
DRC 

Tshopo 1.77 0.0038 0.15 5961.5 0.31 0.57 

C. mitis 
RMCA8
3006M2

70 
DRC 

Tshopo 1.56 0.0047 0.27 121.9 0.35 0.49 

C. mitis 
RMCA9
1060M2

36 
DRC Marche de 

Kisangani 0.49 0.0042 0.27 8980.5 0.56 0.66 

C. mitis 
RMCA9
1060M2

38 
DRC Marche de 

Kisangani 0.78 0.0042 4.61 2431.7 0.45 0.80 

C. mitis 
RMCA9
1060M2

39 
DRC Marche de 

Kisangani 0.77 0.0068 
146.0

0 
12843.

6 0.57 0.69 

C. mitis 
RMCA9
1060M2

40 
DRC Marche de 

Kisangani 1.02 0.0066 0.42 497.8 0.33 0.72 

C. mitis 
RMCA9
1060M2

42 
DRC 

Tshopo 1.08 0.0068 0.34 0.0 0.41 0.71 

C. mitis 
RMCA9
1060M2

44 
DRC 

Tshopo 2.33 0.0039 0.43 8941.2 0.43 0.80 

C. mitis 
RMCA9
1060M2

45 
DRC 

Tshopo 1.48 0.0016 0.71 830.3 0.46 0.79 

C. mitis 
RMCA9
1060M2

46 
DRC 

Tshopo 1.48 0.0039 0.15 2836.3 0.37 0.69 

C. mitis 
RMCA9
1060M2

48 
DRC 

Tshopo 0.55 0.0033 0.27 2415.8 0.58 0.96 

C. mitis 
RMCA9
1060M2

50 
DRC 

Tshopo 0.97 0.0051 0.27 1147.2 0.26 0.58 

C. mitis 
RMCA9
1060M2

56 
DRC Marche de 

Kisangani 0.91 0.0039 0.21 
13032.

6 0.32 0.66 

C. mitis 
RMCA9
1060M2

57 
DRC Marche de 

Kisangani 2.41 0.0035 0.21 
11826.

5 0.31 0.56 

C. mitis USNM1
82243 Kenya Mount 

Mbololo 1.06 0.0027 1.07 1373.9 0.79 1.07 

C. mitis USNM1
82248 Kenya Mount 

Mbololo 1.52 0.0032 0.51 374.6 0.76 0.94 

C. mitis USNM1
82361 Kenya 

Kisumu, 
Lukosa 
River 1.27 0.0026 0.27 

12173.
5 1.17 1.52 

C. mitis USNM1
82369 Kenya 

Kisumu, 
Lukosa 
River 3.44 0.0046 0.15 

11076.
3 0.53 1.07 



  209 

C. mitis USNM1
82376 Kenya 

Kisumu, 
Lukosa 
River 1.08 0.0048 0.21 3224.3 0.34 0.54 

C. mitis USNM1
82377 Kenya 

Kisumu, 
Lukosa 
River 1.06 0.0020 0.27 

12359.
4 0.43 0.93 

C. mitis USNM1
82378 Kenya 

Kisumu, 
Lukosa 
River 1.37 0.0046 0.42 2274.2 0.33 0.63 

C. mitis USNM2
36988 Uganda Budongo 

Forest 0.48 0.0028 0.97 
11030.

1 0.45 0.61 

C. mitis USNM2
36990 Uganda Budongo 

Forest 0.78 0.0058 0.94 
13829.

1 0.46 0.76 

C. mitis USNM2
36991 Uganda Budongo 

Forest 1.16 0.0028 0.15 8277.7 0.38 0.53 

C. mitis USNM2
36992 Uganda Budongo 

Forest 0.66 0.0030 0.27 
13134.

8 0.42 0.49 

C. mitis USNM2
36994 Uganda Budongo 

Forest 0.72 0.0016 0.60 3344.8 0.39 0.62 

C. mitis USNM2
36995 Uganda Budongo 

Forest 0.69 0.0074 0.74 5907.7 0.37 0.87 

C. mitis USNM2
36996 Uganda Budongo 

Forest 2.04 0.0028 0.27 5979.5 0.35 0.52 

C. mitis USNM4
25424 

Zimbab
we 

Chirinda 
Forest 0.77 0.0065 2.81 6146.2 0.46 0.94 

C. mitis USNM4
25427 

Zimbab
we 

Chirinda 
Forest 0.79 0.0045 8.04 5422.6 1.17 1.55 

C. mitis USNM4
25429 

Zimbab
we 

Chirinda 
Forest 1.07 0.0065 1.21 3438.9 0.52 0.74 

C. mitis USNM4
25430 

Zimbab
we 

Chirinda 
Forest 0.56 0.0058 0.34 

11827.
9 0.38 0.70 

C. 
neglect
us 

RBINS3
9696 DRC 

Kisangani 1.53 0.0017 0.15 3710.0 0.33 0.71 
C. 
neglect
us 

RBINS3
9700 DRC 

Kisangani 2.01 0.0022 0.15 7220.5 0.44 0.52 
C. 
neglect
us 

RBINS3
9701 DRC 

Kisangani 1.34 0.0019 0.21 5567.0 0.39 0.73 
C. 
neglect
us 

RBINS3
9702 DRC 

Kisangani 2.52 0.0009 0.15 6003.7 0.34 0.60 
C. 
neglect
us 

RBINS3
9703 DRC 

Kisangani 1.54 0.0042 0.15 7343.2 0.28 0.68 
C. 
neglect
us 

RBINS3
9704 DRC 

Kisangani 1.95 0.0011 1.31 
11787.

2 0.29 0.53 
C. 
neglect
us 

RBINS3
9705 DRC 

Kisangani 2.70 0.0034 0.15 4515.7 0.36 0.77 
C. 
neglect
us 

RBINS3
9706 DRC 

Kisangani 2.04 0.0016 0.27 
12975.

9 0.27 0.53 
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C. 
neglect
us 

RMCA1
4253 DRC Lisala 

Bokweli 1.70 0.0048 0.82 
13590.

1 0.43 0.50 
C. 
neglect
us 

RMCA2
8731 DRC Env Boende, 

Mount Beha 2.13 0.0044 0.94 464.9 0.37 0.70 
C. 
neglect
us 

RMCA8
3006M4

0 
DRC 

Tshopo 1.86 0.0028 9.94 
15879.

3 0.38 0.62 
C. 
neglect
us 

RMCA8
3006M4

3 
DRC 

Tshopo 1.18 0.0034 0.51 9535.1 0.36 0.55 
C. 
neglect
us 

RMCA8
3006M4

4 
DRC 

Tshopo 2.05 0.0011 0.15 6545.9 0.28 0.71 
C. 
neglect
us 

RMCA8
3006M4

5 
DRC 

Tshopo 1.38 0.0023 8.34 
13348.

3 0.48 0.76 
C. 
neglect
us 

RMCA8
3006M4

6 
DRC 

Tshopo 2.64 0.0014 0.15 
14384.

0 0.27 0.42 
C. 
neglect
us 

RMCA8
3006M4

7 
DRC 

Tshopo 1.46 0.0017 0.15 
10388.

7 0.37 0.47 
C. 
neglect
us 

RMCA8
3006M5

0 
DRC 

Tshopo 1.25 0.0023 4.54 
16286.

1 0.31 0.56 
C. 
neglect
us 

RMCA8
3006M5

1 
DRC 

Tshopo 3.43 0.0030 0.15 
12732.

3 0.31 0.46 
C. 
neglect
us 

RMCA8
407 DRC Mount Uele, 

Mauda 0.64 0.0029 0.34 
10892.

5 0.35 0.60 
C. 
neglect
us 

RMCA8
409 DRC Mount Uele, 

Mauda 1.13 0.0030 0.94 1938.7 0.34 0.72 
C. 
neglect
us 

RMCA8
413 DRC Mount Uele, 

Mauda 0.51 0.0049 0.34 4795.0 0.49 1.83 
C. 
neglect
us 

RMCA8
642 DRC Mount Uele, 

Mauda 0.61 0.0032 11.26 
10188.

8 0.85 1.13 
Ce. 
torquat
us 

FMNH2
9812 

Camero
on Edea 1.33 0.0050 0.74 

13642.
7 0.37 0.62 

Ce. 
torquat
us 

FMNH2
9813 

Camero
on Edea 1.44 0.0041 5.42 1717.5 0.36 1.19 

Ce. 
torquat
us 

FMNH2
9815 

Camero
on Edea 1.07 0.0014 0.94 

11874.
8 0.45 0.69 

Ce. 
torquat
us 

FMNH2
9816 

Camero
on Edea 1.64 0.0025 0.27 2264.4 0.60 1.09 
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Ce. 
torquat
us 

USNM2
20350 Gabon Fernan Vaz, 

Nytonga 0.66 0.0015 0.42 3931.2 0.41 0.84 
Ce. 
torquat
us 

USNM2
20351 Gabon Fernan Vaz, 

Nytonga 2.08 0.0021 10.34 
14338.

2 0.50 0.60 
Ce. 
torquat
us 

USNM2
20352 Gabon Fernan Vaz, 

Nytonga 1.00 0.0035 0.15 9426.3 0.50 0.63 
Ce. 
torquat
us 

USNM2
20353 Gabon Fernan Vaz, 

Nytonga 1.07 0.0038 0.42 
11706.

7 0.36 0.56 
Ce. 
torquat
us 

USNM2
20370 Gabon Fernan Vaz, 

Nytonga 1.18 0.0053 69.68 
12933.

1 0.74 1.08 
Ch. 
aethiop
s 

FMNH1
27781 

Tanzani
a 

Serengeti 
Plains, 
Seronera 1.51 0.0041 0.54 

10225.
3 0.66 1.06 

Ch. 
aethiop
s 

FMNH1
27787 

Tanzani
a 

Serengeti 
Plains, 
Seronera 2.62 0.0016 79.23 7199.7 0.65 1.24 

Ch. 
aethiop
s 

FMNH1
27790 

Tanzani
a 

Serengeti 
Plains, 
Seronera 1.07 0.0025 0.21 

13303.
8 0.46 0.54 

Ch. 
aethiop
s 

FMNH1
27792 

Tanzani
a 

Serengeti 
Plains, 
Seronera 0.91 0.0053 0.72 1248.0 0.37 0.62 

Ch. 
aethiop
s 

FMNH2
7063 Ethiopia 

Ziway Hayk 
("Lake 
Zwai"), S of, 
Suksuk R 0.87 0.0037 0.60 4141.7 0.41 0.49 

Ch. 
aethiop
s 

MVZ11
7269 

South 
Africa 

Vrede Farm, 
27 mi W 
Graaff 
Reinet 2.51 0.0025 0.15 4002.8 0.29 0.48 

Ch. 
aethiop
s 

MVZ11
7270 

South 
Africa 

Vrede Farm, 
27 mi W 
Graaff 
Reinet 1.44 0.0013 0.21 

12954.
0 0.41 0.65 

Ch. 
aethiop
s 

RMCA1
1371 DRC 

Moba 1.08 0.0038 0.21 3323.8 0.25 0.70 
Ch. 
aethiop
s 

RMCA3
7477 DRC 

Ngamba 1.15 0.0015 2.17 
10416.

7 0.45 1.27 
Ch. 
aethiop
s 

RMCA3
7478 DRC 

Ngamba 1.15 0.0056 0.27 3044.7 0.48 0.71 
Ch. 
aethiop
s 

RMCA5
771 DRC 

N'gombe 1.99 0.0052 1.49 
14014.

3 0.39 0.70 
Ch. 
aethiop
s 

RMCA8
457 DRC 

Mahagi Lac 1.26 0.0011 1.07 8243.2 0.53 1.09 
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Ch. 
aethiop
s 

RMCA8
458 DRC 

Mahagi Lac 1.14 0.0037 13.66 
11837.

3 0.53 0.75 
Ch. 
aethiop
s 

RMCA8
459 DRC 

Mahagi Lac 0.91 0.0033 1.69 3895.0 0.57 1.18 
Ch. 
aethiop
s 

RMCA8
460 DRC 

Mahagi Lac 1.22 0.0019 0.43 
10222.

1 0.72 1.09 
Ch. 
aethiop
s 

USNM1
82163 Kenya Nguaso 

Nyiro 2.49 0.0030 36.04 
12502.

8 0.49 0.63 
Ch. 
aethiop
s 

USNM1
82164 Kenya Nguaso 

Nyiro 2.94 0.0023 0.15 
15613.

3 0.25 0.55 
Ch. 
aethiop
s 

USNM1
82165 Kenya Nguaso 

Nyiro 1.07 0.0036 0.71 9290.1 0.48 0.83 
Ch. 
aethiop
s 

USNM1
82166 Kenya Nguaso 

Nyiro 1.05 0.0063 0.27 482.6 0.49 0.76 
Ch. 
aethiop
s 

USNM3
51931 

South 
Africa Eshowe, 6 

Mi E 0.72 0.0028 0.67 1296.8 0.36 0.89 
Ch. 
aethiop
s 

USNM3
51933 

South 
Africa Eshowe, 6 

Mi E 1.27 0.0042 2.85 
14467.

6 0.37 0.74 
Ch. 
aethiop
s 

USNM3
51937 

South 
Africa Eshowe, 6 

Mi E Buxton 2.55 0.0017 0.15 
13646.

7 0.48 0.80 
Ch. 
aethiop
s 

USNM3
67894 

Botswan
a Maun, 6 Mi 

N 0.92 0.0017 23.42 
12348.

1 0.40 0.89 
Ch. 
aethiop
s 

USNM3
67898 

Botswan
a Maun, 6 Mi 

N 0.69 0.0039 0.34 
11503.

5 0.38 0.60 
Ch. 
aethiop
s 

USNM3
67911 

Botswan
a Maun, 6 Mi 

N 1.30 0.0013 0.27 
16093.

6 0.71 0.78 
Ch. 
aethiop
s 

USNM3
81442 Gambia 

Toniataba 2.24 0.0018 3.33 
10693.

1 0.51 0.89 
Ch. 
aethiop
s 

USNM3
81452 Gambia 

Toniataba 0.28 0.0037 0.71 7609.4 0.42 0.91 
Co. 
guereza 

FMNH1
7696 Kenya Kijabe 0.74 0.0046 0.27 139.9 0.51 0.64 

Co. 
guereza 

FMNH1
7699 Kenya Kijabe 0.59 0.0067 0.15 55.8 0.46 0.82 

Co. 
guereza 

RMCA1
9798 DRC Gangala na 

Bodio 1.03 0.0024 0.21 0.0 0.41 0.64 
Co. 
guereza 

RMCA2
5552 DRC Gangala na 

Bodio 0.49 0.0052 0.34 1142.4 0.34 0.50 
Co. 
guereza 

RMCA2
7262 DRC Gangala na 

Bodio 1.07 0.0059 0.21 2338.6 0.35 0.69 
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Co. 
guereza 

RMCA2
7264 DRC Gangala na 

Bodio 0.58 0.0035 0.27 5675.7 0.58 0.67 
Co. 
guereza 

RMCA2
800 DRC Moera 0.81 0.0044 0.42 27.9 0.33 0.68 

Co. 
guereza 

RMCA2
801 DRC Moera 1.18 0.0022 0.27 2605.0 0.48 0.77 

Co. 
guereza 

RMCA3
7559 DRC Molidi River 0.90 0.0042 0.60 6635.8 0.69 0.87 

Co. 
guereza 

RMCA3
7605 DRC Molidi River 3.54 0.0014 0.15 

14509.
8 0.27 0.45 

Co. 
guereza 

RMCA3
7611 DRC Djilube 3.10 0.0017 0.15 

10526.
3 0.33 0.91 

Co. 
guereza 

RMCA3
7619 DRC Molidi River 2.06 0.0033 0.15 690.7 0.35 0.79 

Co. 
guereza 

RMCA3
7633 DRC Mamudioma 1.22 0.0044 0.15 27.9 0.36 0.62 

Co. 
guereza 

RMCA3
7634 DRC Mamudioma 1.30 0.0024 0.21 768.1 0.57 1.39 

Co. 
guereza 

RMCA3
7637 DRC Djilube 1.40 0.0020 0.71 2605.0 0.24 0.44 

Co. 
guereza 

RMCA8
404 DRC Mauda 1.24 0.0039 2.40 

13843.
9 0.55 0.82 

Co. 
guereza 

RMCA8
411 DRC Mauda 1.53 0.0022 0.27 8110.7 0.45 0.56 

Co. 
guereza 

RMCA8
415 DRC Mauda 2.43 0.0039 0.15 6812.1 0.38 0.86 

Co. 
guereza 

RMCA8
416 DRC Mauda 1.17 0.0019 0.27 

12084.
2 0.44 0.67 

Co. 
guereza 

RMCA8
417 DRC Mauda 1.26 0.0068 0.42 9998.0 0.51 0.65 

Co. 
guereza 

RMCA8
418 DRC Mauda 1.27 0.0026 3.31 

11710.
4 0.70 1.03 

Co. 
guereza 

USNM1
63123 Kenya Mount 

Kenya 0.86 0.0041 0.15 
12578.

0 0.45 0.66 
Co. 
guereza 

USNM1
63125 Kenya Mount 

Kenya 0.49 0.0035 0.42 2221.6 0.54 0.74 
Co. 
guereza 

USNM1
63266 Kenya Mount 

Kenya 0.70 0.0054 0.42 1326.4 0.64 0.73 
Co. 
guereza 

USNM1
63267 Kenya Mount 

Kenya 0.84 0.0058 0.71 1450.1 0.54 0.94 
Co. 
guereza 

USNM1
63274 Kenya Mount 

Kenya 0.32 0.0064 0.34 
12604.

3 0.49 0.65 
Co. 
guereza 

USNM1
63278 Kenya Mount 

Kenya 0.25 0.0044 0.42 7870.8 0.38 0.58 
Co. 
guereza 

USNM1
64844 Kenya Mount 

Kenya 0.98 0.0040 0.27 
10690.

6 0.33 0.56 

Co. 
guereza 

USNM1
82362 Kenya 

Kisumu, 
Lukosa 
River 1.40 0.0032 0.28 1858.2 0.42 0.71 

Co. 
guereza 

USNM1
82363 Kenya 

Kisumu, 
Lukosa 
River 1.23 0.0016 0.27 

11866.
2 0.32 0.72 

Co. 
guereza 

USNM1
82365 Kenya 

Kisumu, 
Lukosa 
River 1.17 0.0042 2.27 9778.4 0.44 0.79 
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Co. 
guereza 

USNM1
82366 Kenya 

Kisumu, 
Lukosa 
River 0.52 0.0041 0.51 6915.0 0.61 0.83 

Co. 
guereza 

USNM1
82375 Kenya 

Kisumu, 
Lukosa 
River 2.10 0.0039 0.21 9422.5 0.44 1.02 

Co. 
guereza 

USNM1
8922 

Tanzani
a Kahe 1.13 0.0025 0.15 7656.0 0.76 0.97 

Co. 
guereza 

USNM1
8923 

Tanzani
a Kahe 0.47 0.0044 0.42 

13756.
0 0.38 0.58 

Co. 
guereza 

USNM1
8924 

Tanzani
a Kahe 0.49 0.0034 0.27 0.0 0.41 0.83 

Co. 
guereza 

USNM1
8925 

Tanzani
a Kahe 0.81 0.0050 0.60 27.9 0.60 0.84 

Co. 
guereza 

USNM1
8926 

Tanzani
a Kahe 0.85 0.0037 0.51 614.7 0.60 0.81 

Co. 
guereza 

USNM2
36983 Uganda Budongo 

Forest 1.66 0.0063 0.15 1173.4 0.45 0.76 
Co. 
guereza 

USNM2
5863 

Tanzani
a Kahe 0.54 0.0014 0.27 

12648.
9 0.54 0.67 

Co. 
guereza 

USNM2
5864 

Tanzani
a Kahe 1.20 0.0046 0.34 

11115.
6 0.42 0.73 

Co. 
guereza 

USNM2
5865 

Tanzani
a Kahe 0.92 0.0053 0.71 672.5 0.67 1.03 

Co. 
guereza 

USNM4
52624 Kenya 

Marindas 
Forest 
Reserve 1.00 0.0029 0.42 

13691.
1 0.35 0.49 

Co. 
guereza 

USNM4
52625 Kenya 

Marindas 
Forest 
Reserve 0.75 0.0050 0.60 6514.8 0.65 0.80 

Co. 
guereza 

USNM4
52627 Kenya 

Marindas 
Forest 
Reserve 0.87 0.0045 0.34 709.9 0.34 0.49 

P. 
anubis 

FMNH1
35055 Kenya Mt Suswa, 

Cave 36E 1.02 0.0051 0.34 5286.5 0.35 0.49 
P. 
anubis 

FMNH1
35056 Kenya Mt Suswa, 

Cave 36E 1.65 0.0032 0.42 4914.0 0.32 0.46 
P. 
anubis 

FMNH1
35059 Kenya Mt Suswa, 

Cave 36E 1.08 0.0049 0.51 233.6 0.30 0.61 
P. 
anubis 

FMNH2
9588 Kenya Mt Lukenya 1.54 0.0017 16.43 

18474.
5 0.47 0.69 

P. 
anubis 

FMNH2
9589 Kenya Mt Lukenya 0.86 0.0047 0.42 7513.1 0.47 0.59 

P. 
anubis 

FMNH2
9591 Kenya Mt Lukenya 1.71 0.0019 0.27 

12226.
4 0.36 0.63 

P. 
anubis 

MVZ14
9503 Niger Park W 3.26 0.0016 0.15 

10418.
1 0.37 0.63 

P. 
anubis 

MVZ14
9504 Niger Park W 2.51 0.0008 0.21 

17220.
4 0.48 0.57 

P. 
anubis 

MVZ14
9506 Niger Park W 4.23 0.0020 0.15 

14970.
8 0.48 0.75 

P. 
anubis 

MVZ14
9508 Niger Park W 0.92 0.0016 0.34 5424.9 0.47 0.59 

P. 
anubis 

MVZ14
9512 Niger Park W 1.82 0.0014 0.43 

11613.
8 0.44 0.53 
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P. 
anubis 

MVZ14
9513 Niger Park W 1.75 0.0020 0.60 

14007.
3 0.43 0.56 

P. 
anubis 

MVZ14
9514 Niger Park W 0.87 0.0047 0.42 7513.1 0.47 0.59 

P. 
anubis 

MVZ14
9515 Niger Park W 1.48 0.0025 0.27 

10336.
2 0.34 0.50 

P. 
anubis 

RBINS3
4933 DRC Kisangani 3.06 0.0018 87.54 

12840.
9 0.46 0.55 

P. 
anubis 

RBINS3
4934 DRC Kisangani 1.39 0.0019 0.21 6861.4 0.57 0.90 

P. 
anubis 

RBINS3
4935 DRC Kisangani 2.08 0.0015 

137.7
6 

14976.
5 0.51 0.67 

P. 
anubis 

RBINS3
4936 DRC Kisangani 1.93 0.0012 0.27 8502.3 0.32 0.52 

P. 
anubis 

RBINS3
4937 DRC Kisangani 1.37 0.0025 0.27 9913.8 0.67 0.72 

P. 
anubis 

RMCA7
3009M4

7 
Togo 

Aledjo 1.61 0.0022 11.01 8891.5 0.70 1.11 

P. 
anubis 

RMCA7
3009M4

8 
Togo 

Aledjo 0.77 0.0026 0.42 3789.3 0.40 0.53 

P. 
anubis 

RMCA7
3009M4

9 
Togo 

Aledjo 1.27 0.0032 0.51 
13474.

1 0.42 0.70 
P. 
anubis 

RMCA8
3006M1 DRC Tshopo 1.90 0.0022 0.21 

13785.
9 0.37 0.58 

P. 
anubis 

RMCA8
3006M1

1 
DRC 

Tshopo 0.90 0.0068 4.57 
13469.

1 0.34 0.49 
P. 
anubis 

RMCA8
3006M2 DRC Tshopo 1.72 0.0036 0.21 

12596.
8 0.32 0.64 

P. 
anubis 

RMCA8
3006M3 DRC Tshopo 1.14 0.0046 0.42 

12149.
5 0.33 0.46 

P. 
anubis 

RMCA8
3006M4 DRC Tshopo 2.99 0.0014 0.15 

12306.
5 0.53 0.65 

P. 
anubis 

RMCA8
3006M5 DRC Tshopo 1.36 0.0030 0.27 

10155.
9 0.41 0.51 

P. 
anubis 

RMCA8
3006M6 DRC Tshopo 1.24 0.0034 1.84 

11461.
8 0.35 0.53 

P. 
anubis 

RMCA8
3006M7 DRC Tshopo 1.99 0.0036 23.06 

11915.
6 0.52 0.71 

P. 
anubis 

RMCA8
3006M9 DRC Tshopo 1.51 0.0019 0.21 

14499.
4 0.45 0.60 

P. 
anubis 

RMCA8
461 DRC Mahagi lac 1.50 0.0042 0.15 

11741.
7 0.58 0.80 

P. 
anubis 

RMCA8
462 DRC Mahagi lac 1.76 0.0044 0.82 

12400.
2 0.47 0.50 

P. 
anubis 

RMCA8
464 DRC Mahagi lac 1.30 0.0036 56.32 

13875.
5 0.42 0.61 

P. 
anubis 

RMCA9
0042M2

24 
DRC 

Tshopo 0.73 0.0068 0.51 4545.5 0.36 0.55 
P. 
anubis 

RMCA9
0042M2 DRC Tshopo 1.81 0.0031 0.21 495.0 0.33 0.50 



  216 

27 

P. 
anubis 

RMCA9
0042M2

28 
DRC 

Tshopo 2.12 0.0018 16.03 
13468.

8 0.39 0.64 
P. 
anubis 

USNM3
84219 Kenya Kimani 1.13 0.0066 0.60 9258.1 0.46 0.60 

P. 
anubis 

USNM3
84221 Kenya Kimani 1.73 0.0040 0.21 

11997.
3 0.40 0.46 

P. 
anubis 

USNM3
84222 Kenya Kimani 1.81 0.0047 0.34 

11347.
1 0.32 0.54 

P. 
anubis 

USNM3
84234 Kenya Mau Narok, 

Site A 0.65 0.0013 0.27 669.3 0.39 0.65 

P. 
anubis 

USNM3
95433 Kenya 

Marigot, 7 
Mi S. E., 
Lake 
Baringo 3.17 0.0013 0.27 6649.9 0.27 0.50 

P. 
anubis 

USNM3
95435 Kenya 

Marigot, 7 
Mi S. E., 
Lake 
Baringo 0.84 0.0024 0.60 5899.1 0.40 0.62 

P. 
anubis 

USNM3
95436 Kenya 

Marigot, 7 
Mi S. E., 
Lake 
Baringo 1.40 0.0052 0.60 

11702.
7 0.42 0.47 

P. 
anubis 

USNM3
95437 Kenya 

Marigot, 7 
Mi S. E., 
Lake 
Baringo 0.70 0.0040 0.27 2750.3 0.40 0.57 

Pr. 
rufomit
ratus 

RBINS3
4766 DRC 

Kisangani 0.92 0.0038 1.21 
11444.

7 0.41 0.66 
Pr. 
rufomit
ratus 

RBINS3
4777 DRC 

Kisangani 0.98 0.0064 11.32 
10307.

4 0.50 0.77 
Pr. 
rufomit
ratus 

RBINS3
4816 DRC 

Kisangani 0.33 0.0031 0.60 6771.9 0.78 1.29 
Pr. 
rufomit
ratus 

RBINS3
4819 DRC 

Kisangani 0.52 0.0036 22.77 
12569.

8 0.53 0.81 
Pr. 
rufomit
ratus 

RBINS3
4820 DRC 

Kisangani 0.45 0.0072 0.60 3411.0 0.56 0.71 
Pr. 
rufomit
ratus 

RBINS3
4827 DRC 

Kisangani 1.16 0.0029 0.27 
12485.

5 0.41 0.67 
Pr. 
rufomit
ratus 

RBINS3
4828 DRC 

Kisangani 1.33 0.0040 1.08 7842.5 0.37 0.63 
Pr. 
rufomit
ratus 

RBINS3
4831 DRC 

Kisangani 0.56 0.0030 5.12 3352.8 0.33 0.69 
Pr. 
rufomit

RBINS3
4832 DRC Kisangani 1.05 0.0066 2.02 2704.1 0.43 0.81 
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ratus 
Pr. 
rufomit
ratus 

RBINS3
4871 DRC 

Kisangani 0.58 0.0023 0.42 
11917.

1 0.46 0.78 
Pr. 
rufomit
ratus 

RBINS3
9938 DRC 

Kisangani 0.52 0.0021 47.05 
13877.

4 0.43 0.82 
Pr. 
rufomit
ratus 

RBINS3
9940 DRC 

Kisangani 0.82 0.0054 0.62 1602.7 0.47 0.81 
Pr. 
rufomit
ratus 

RBINS3
9943 DRC 

Kisangani 0.53 0.0038 0.21 8121.0 0.35 0.52 
Pr. 
rufomit
ratus 

RBINS3
9947 DRC 

Kisangani 1.18 0.0034 0.27 8931.0 0.47 0.79 
Pr. 
rufomit
ratus 

RBINS3
9952 DRC 

Kisangani 1.03 0.0061 0.51 1090.0 0.49 0.67 
Pr. 
rufomit
ratus 

RBINS3
9954 DRC 

Kisangani 0.62 0.0037 0.27 7783.2 0.47 0.67 
Pr. 
rufomit
ratus 

RBINS3
9961 DRC 

Kisangani 0.58 0.0050 0.43 5779.2 0.37 0.64 
Pr. 
rufomit
ratus 

RBINS3
9965 DRC 

Kisangani 0.96 0.0056 0.15 4578.4 0.40 0.84 
Pr. 
rufomit
ratus 

RBINS3
9972 DRC 

Kisangani 0.71 0.0039 1.35 
14374.

3 0.45 0.69 
Pr. 
rufomit
ratus 

RBINS3
9980 DRC 

Kisangani 0.33 0.0025 0.21 6957.0 0.53 1.11 
Pr. 
rufomit
ratus 

RBINS3
9982 DRC 

Kisangani 1.05 0.0043 0.15 4579.6 0.54 1.01 
Pr. 
rufomit
ratus 

RBINS3
9983 DRC 

Kisangani 1.26 0.0046 0.27 3548.8 0.49 0.89 
Pr. 
rufomit
ratus 

RBINS3
9989 DRC 

Kisangani 0.58 0.0034 0.21 8224.0 0.53 0.86 
Pr. 
rufomit
ratus 

RBINS3
9997 DRC 

Kisangani 1.06 0.0016 0.74 9155.1 0.38 0.74 
Pr. 
rufomit
ratus 

RBINS4
0024 DRC 

Kisangani 0.96 0.0045 0.34 5572.9 0.34 0.57 
Pr. 
rufomit
ratus 

RBINS4
0025 DRC 

Kisangani 0.62 0.0030 0.71 
14404.

2 0.45 0.78 
Pr. 
rufomit

RBINS4
0028 DRC Kisangani 0.88 0.0035 0.34 9828.2 0.67 0.91 



  218 

ratus 
Pr. 
rufomit
ratus 

RBINS4
0030 DRC 

Kisangani 0.17 0.0056 3.90 3433.1 1.03 1.33 
Pr. 
rufomit
ratus 

RBINS4
0031 DRC 

Kisangani 0.58 0.0044 0.42 
13201.

6 0.69 0.92 
Pr. 
rufomit
ratus 

RBINS4
0032 DRC 

Kisangani 0.55 0.0054 0.21 7690.0 0.78 1.03 
Pr. 
rufomit
ratus 

RBINS4
0038 DRC 

Kisangani 0.39 0.0038 0.34 6381.4 0.36 0.78 
Pr. 
rufomit
ratus 

RBINS4
0039 DRC 

Kisangani 0.34 0.0048 0.51 
11743.

9 0.44 0.59 
Pr. 
rufomit
ratus 

RBINS4
0040 DRC 

Kisangani 0.53 0.0046 0.34 
13160.

9 0.71 0.85 
Pr. 
rufomit
ratus 

RBINS4
0066 DRC 

Kisangani 0.58 0.0085 0.51 
14279.

6 0.54 0.79 
Pr. 
rufomit
ratus 

RBINS4
0067 DRC 

Kisangani 0.26 0.0051 1.51 3636.7 0.60 1.22 
Pr. 
rufomit
ratus 

RBINS4
0069 DRC 

Kisangani 0.77 0.0063 0.34 
10572.

4 0.54 0.85 
Pr. 
rufomit
ratus 

RBINS4
0070 DRC 

Kisangani 0.73 0.0063 0.21 7392.8 1.02 1.86 
Pr. 
rufomit
ratus 

RBINS4
0071 DRC 

Kisangani 0.23 0.0027 0.71 4800.5 0.42 0.80 
Pr. 
rufomit
ratus 

RBINS4
0073 DRC 

Kisangani 0.22 0.0032 0.82 408.5 0.39 0.66 
Pr. 
rufomit
ratus 

RMCA2
7102 DRC 

Kabobo Mt 1.02 0.0046 0.15 822.2 0.35 1.10 
Pr. 
rufomit
ratus 

RMCA2
7103 DRC 

Kabobo Mt 1.15 0.0014 0.15 5180.3 0.47 0.72 
Pr. 
rufomit
ratus 

RMCA2
7105 DRC 

Kabobo Mt 0.89 0.0039 0.21 4195.9 0.55 0.91 
Pr. 
rufomit
ratus 

RMCA3
7640 DRC 

Tungudu 0.88 0.0040 0.21 1000.8 0.56 0.96 
Pr. 
rufomit
ratus 

RMCA3
7643 DRC 

Tungudu 1.18 0.0053 0.15 2802.5 0.37 0.90 
Pr. 
rufomit

RMCA8
3006M3 DRC Tshopo 0.54 0.0045 0.51 0.0 0.74 0.97 



  219 

ratus 21 
Pr. 
rufomit
ratus 

RMCA8
3006M3

22 
DRC 

Tshopo 0.69 0.0040 0.15 
11020.

4 0.55 0.75 
Pr. 
rufomit
ratus 

RMCA8
3006M3

24 
DRC 

Tshopo 1.32 0.0055 0.27 9702.1 0.49 0.68 
Pr. 
rufomit
ratus 

RMCA8
3006M3

25 
DRC 

Tshopo 0.62 0.0009 0.71 38.1 0.52 0.72 
Pr. 
rufomit
ratus 

RMCA8
3006M3

34 
DRC 

Tshopo 0.68 0.0037 0.28 9783.8 0.65 0.96 
Pr. 
rufomit
ratus 

RMCA8
3006M3

36 
DRC 

Tshopo 0.51 0.0040 0.97 
11745.

0 0.35 0.78 
Pr. 
rufomit
ratus 

RMCA8
3006M3

37 
DRC 

Tshopo 1.02 0.0033 5.09 
12645.

9 0.57 0.96 
Pr. 
rufomit
ratus 

RMCA8
3006M3

45 
DRC 

Tshopo 0.49 0.0026 0.27 
11663.

6 0.44 0.88 
Pr. 
rufomit
ratus 

RMCA8
3006M3

48 
DRC 

Tshopo 0.41 0.0057 0.34 515.7 0.39 0.77 
Pr. 
rufomit
ratus 

RMCA8
3006M3

52 
DRC 

Tshopo 0.29 0.0048 0.27 
10665.

1 0.69 1.10 
Pr. 
rufomit
ratus 

RMCA8
3006M3

56 
DRC 

Tshopo 1.17 0.0024 0.27 0.0 0.27 0.54 
Pr. 
rufomit
ratus 

RMCA8
3006M3

60 
DRC 

Tshopo 1.45 0.0038 0.15 0.0 0.34 0.63 
Pr. 
rufomit
ratus 

RMCA8
3006M3

62 
DRC 

Tshopo 0.62 0.0028 0.88 6982.0 0.57 1.07 
Pr. 
rufomit
ratus 

RMCA8
3006M3

74 
DRC 

Tshopo 0.65 0.0046 0.42 3738.3 0.50 0.63 
Pr. 
rufomit
ratus 

RMCA8
3006M3

80 
DRC 

Tshopo 0.77 0.0038 0.27 4765.9 0.33 0.59 
Pr. 
rufomit
ratus 

RMCA8
3006M3

81 
DRC 

Tshopo 0.56 0.0034 0.27 6062.6 0.32 0.42 
Pr. 
rufomit
ratus 

RMCA8
3006M3

83 
DRC 

Tshopo 1.04 0.0051 0.27 
10548.

0 0.39 0.69 
Pr. 
rufomit
ratus 

RMCA8
3006M3

98 
DRC 

Tshopo 0.42 0.0038 2.21 2522.8 0.58 1.06 
Pr. 
rufomit

RMCA8
3006M4 DRC Tshopo 1.29 0.0068 0.27 656.3 0.61 0.78 
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ratus 00 
Pr. 
rufomit
ratus 

RMCA8
3006M4

03 
DRC 

Tshopo 0.34 0.0070 0.43 6967.5 0.47 0.68 
Pr. 
rufomit
ratus 

RMCA8
3006M4

09 
DRC 

Tshopo 0.29 0.0066 0.27 
10201.

1 0.58 0.82 
Pr. 
rufomit
ratus 

RMCA8
3006M4

11 
DRC 

Tshopo 0.57 0.0047 17.54 6223.6 0.74 1.32 
Pr. 
rufomit
ratus 

RMCA8
3006M4

14 
DRC 

Tshopo 0.63 0.0069 1.73 
11972.

1 0.38 0.83 
Pr. 
rufomit
ratus 

RMCA8
3006M4

22 
DRC 

Tshopo 1.11 0.0046 0.42 2628.6 0.45 0.75 
Pr. 
rufomit
ratus 

RMCA8
3006M4

31 
DRC 

Tshopo 1.86 0.0061 0.54 4290.5 0.27 0.58 
Pr. 
rufomit
ratus 

RMCA8
3006M4

42 
DRC 

Tshopo 1.61 0.0067 1.33 2729.3 0.31 0.57 
Pr. 
rufomit
ratus 

RMCA9
1060M8

6 
DRC 

Banalia 0.42 0.0039 0.34 152.6 0.64 0.83 
Pr. 
rufomit
ratus 

RMCA9
1060M8

8 
DRC 

Banalia 0.87 0.0043 0.27 5740.3 0.32 0.52 
Pr. 
rufomit
ratus 

RMCA9
1060M8

9 
DRC 

Banalia 0.53 0.0023 29.04 4048.2 0.64 1.03 
Pr. 
rufomit
ratus 

RMCA9
1060M9

1 
DRC 

Banalia 0.47 0.0042 0.21 
10220.

8 0.37 0.55 

T. 
gelada 

FMNH2
7039 Ethiopia 

Lake Tana, 
25 mi W, 
Ambo 
Mineral 
Springs 0.81 0.0023 0.42 7910.1 0.36 0.51 

T. 
gelada 

FMNH2
7184 Ethiopia 

Simien Mts, 
Devark, 20 
mi NE, Mt 
Geech 0.73 0.0028 0.34 8826.3 0.41 0.52 

T. 
gelada 

FMNH2
7185 Ethiopia 

Simien Mts, 
Devark, 20 
mi NE, Mt 
Geech 0.74 0.0034 0.15 6459.9 0.30 0.52 

T. 
gelada 

FMNH2
7186 Ethiopia 

Simien Mts, 
Devark, 20 
mi NE, Mt 
Geech 1.17 0.0061 0.42 9482.9 0.54 0.61 

T. 
gelada 

FMNH2
7234 Ethiopia 

Mugher R, N 
bank, Mulu, 
20 mi NW 1.80 0.0065 0.15 9175.8 0.23 0.58 



  221 

T. 
gelada 

GUA00
1 Ethiopia Guassa 0.75 0.0026 0.27 6954.3 0.35 0.50 

T. 
gelada 

GUA00
3 Ethiopia Guassa 0.94 0.0042 0.34 3226.6 0.50 0.97 

T. 
gelada 

GUA20
2 Ethiopia Guassa 3.16 0.0041 0.15 

12428.
4 0.57 1.25 

T. 
gelada 

GUA20
3 Ethiopia Guassa 1.00 0.0023 0.42 7888.0 0.37 0.43 

T. 
gelada 

GUA20
4 Ethiopia Guassa 1.10 0.0033 0.27 

14206.
9 0.47 0.94 

T. 
gelada 

MCA44
2 Ethiopia Guassa 1.62 0.0017 0.51 2422.0 0.30 0.42 

T. 
gelada 

MCA44
4 Ethiopia Guassa 1.37 0.0034 0.27 5547.2 0.39 0.76 

T. 
gelada 

MCA60
1 Ethiopia Guassa 1.08 0.0029 0.42 

11844.
7 0.47 0.67 

T. 
gelada 

MCA60
4 Ethiopia Guassa 0.84 0.0044 0.34 1501.8 0.38 0.76 

T. 
gelada 

SMF101
1 Ethiopia None 0.70 0.0034 0.51 7009.2 0.47 0.70 

T. 
gelada 

SMF166
65 Ethiopia None 1.03 0.0034 1.07 

12132.
9 0.46 0.52 

 
a Museums include the Field Museum of Natural History (FMNH), Royal Belgian 
Institute of Natural Sciences (RBINS), Royal Museum of Central Africa (RMCA), 
Senkenberg Museum Frankfurt (SMF), Smithsonian Museum of Natural History 
(USNM), and UC Berkeley Museum of Vertebrate Zoology (MVZ); specimens also 
come from the Guassa Gelada Research Project (GUA or MCA). 
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APPENDIX B 

SPECIES MICROWEAR TEXTURE SUMMARY STATISTICS  
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Cercocebus torquatus 
     n = 9 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.275 0.00322 0.477 0.813 9.819 9092.77 
SD 0.412 0.00146 0.128 0.246 22.708 5065.94 
Median 1.183 0.00347 0.451 0.694 0.741 11706.72 
Trimmed 1.275 0.00322 0.477 0.813 9.819 9092.77 
MAD 0.276 0.00209 0.124 0.194 0.704 3380.88 
Min 0.661 0.00138 0.359 0.564 0.150 1717.52 
Max 2.081 0.00528 0.742 1.190 69.676 14338.15 
Range 1.420 0.00390 0.384 0.626 69.526 12620.63 
Skew 0.485 0.04668 0.838 0.409 1.988 -0.45 
Kurtosis -0.722 -1.72396 -0.615 -1.788 2.383 -1.76 
SE 0.137 0.00049 0.043 0.082 7.569 1688.65 

       Cercopithecus mitis 
     n = 71 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.233 0.00441 0.483 0.827 4.242 6216.90 
SD 0.569 0.00157 0.180 0.248 18.951 4745.36 
Median 1.085 0.00429 0.435 0.759 0.417 5907.67 
Trimmed 1.167 0.00440 0.463 0.805 0.642 5995.80 
MAD 0.456 0.00179 0.154 0.237 0.309 5387.03 
Min 0.462 0.00133 0.224 0.455 0.150 0.00 
Max 3.438 0.00798 1.171 1.549 146.002 16551.48 
Range 2.976 0.00666 0.947 1.094 145.852 16551.48 
Skew 1.282 0.10086 1.577 0.900 6.348 0.30 
Kurtosis 2.099 -0.76775 3.722 0.619 42.465 -1.18 
SE 0.067 0.00019 0.021 0.029 2.249 563.17 

       Cercopithecus neglectus 
     n = 22 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.709 0.00264 0.376 0.687 1.869 9095.13 
SD 0.724 0.00119 0.125 0.298 3.408 4551.69 
Median 1.620 0.00256 0.355 0.610 0.304 9861.97 
Trimmed 1.686 0.00258 0.355 0.626 1.090 9195.77 
MAD 0.628 0.00131 0.065 0.152 0.229 5348.09 
Min 0.511 0.00093 0.266 0.421 0.150 464.85 
Max 3.433 0.00485 0.855 1.832 11.257 16286.07 
Range 2.922 0.00392 0.589 1.411 11.107 15821.22 
Skew 0.337 0.36555 2.515 2.624 1.811 -0.15 
Kurtosis -0.339 -1.05605 7.103 7.242 1.694 -1.21 
SE 0.154 0.00025 0.027 0.064 0.727 970.42 
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Chlorocebus aethiops 
     n = 27 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.420 0.00309 0.463 0.809 6.353 9022.96 
SD 0.696 0.00144 0.124 0.226 16.705 4766.17 
Median 1.147 0.00304 0.465 0.758 0.666 10225.28 
Trimmed 1.383 0.00301 0.460 0.798 2.433 9138.37 
MAD 0.356 0.00165 0.100 0.195 0.678 4564.16 
Min 0.279 0.00113 0.247 0.481 0.150 482.59 
Max 2.936 0.00633 0.716 1.270 79.230 16093.58 
Range 2.657 0.00520 0.469 0.790 79.080 15610.99 
Skew 0.759 0.46600 0.348 0.512 3.293 -0.36 
Kurtosis -0.646 -0.80313 -0.410 -0.805 10.839 -1.27 
SE 0.134 0.00028 0.024 0.043 3.215 917.25 

       Colobus guereza 
     n = 45 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.122 0.00389 0.469 0.743 0.491 5943.80 
SD 0.665 0.00146 0.124 0.180 0.620 5131.84 
Median 0.999 0.00404 0.446 0.730 0.283 6514.84 
Trimmed 1.021 0.00386 0.463 0.732 0.346 5719.31 
MAD 0.394 0.00146 0.140 0.140 0.197 7919.23 
Min 0.255 0.00142 0.235 0.444 0.150 0.00 
Max 3.544 0.00678 0.756 1.390 3.307 14509.78 
Range 3.290 0.00536 0.521 0.946 3.157 14509.78 
Skew 1.741 0.10054 0.369 0.936 3.211 0.21 
Kurtosis 3.458 -0.82579 -0.750 1.908 10.015 -1.60 
SE 0.099 0.00022 0.019 0.027 0.092 765.01 

       Papio anubis 
     n = 45 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.635 0.00308 0.423 0.602 8.157 9967.63 
SD 0.760 0.00158 0.092 0.122 25.239 4390.28 
Median 1.512 0.00260 0.411 0.591 0.416 11461.83 
Trimmed 1.541 0.00294 0.414 0.586 1.669 10236.57 
MAD 0.568 0.00151 0.084 0.090 0.272 3578.51 
Min 0.654 0.00077 0.268 0.457 0.150 233.63 
Max 4.230 0.00682 0.701 1.112 137.761 18474.46 
Range 3.576 0.00605 0.434 0.655 137.611 18240.82 
Skew 1.294 0.69643 0.932 1.885 3.837 -0.54 
Kurtosis 1.738 -0.42789 0.902 5.077 14.931 -0.44 
SE 0.113 0.00024 0.014 0.018 3.762 654.46 
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Procolobus rufomitratus 
     n = 74 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 0.747 0.00435 0.499 0.822 2.377 6758.75 
SD 0.354 0.00150 0.152 0.228 7.111 4317.86 
Median 0.628 0.00408 0.471 0.785 0.380 6576.66 
Trimmed 0.723 0.00432 0.483 0.799 0.615 6718.14 
MAD 0.364 0.00137 0.135 0.171 0.254 5466.98 
Min 0.171 0.00088 0.273 0.420 0.150 0.00 
Max 1.859 0.00853 1.029 1.861 47.048 14404.17 
Range 1.689 0.00765 0.755 1.441 46.898 14404.17 
Skew 0.691 0.27048 1.207 1.573 4.523 0.07 
Kurtosis 0.049 -0.18929 1.885 4.451 21.953 -1.21 
SE 0.041 0.00018 0.018 0.026 0.827 501.94 

       Theropithecus gelada 
     n = 16 Asfc epLsar HAsfc9 HAsfc81 Smc Tfv 

Mean 1.177 0.00354 0.410 0.667 0.377 7938.56 
SD 0.618 0.00130 0.091 0.226 0.218 3658.90 
Median 1.011 0.00337 0.399 0.593 0.343 7899.06 
Trimmed 1.070 0.00346 0.412 0.643 0.344 7950.59 
MAD 0.346 0.00113 0.107 0.145 0.113 2917.55 
Min 0.702 0.00166 0.235 0.418 0.150 1501.83 
Max 3.158 0.00653 0.565 1.247 1.070 14206.90 
Range 2.456 0.00487 0.331 0.829 0.920 12705.07 
Skew 2.027 0.89675 -0.109 1.095 1.790 -0.10 
Kurtosis 3.781 0.04115 -1.011 0.318 3.582 -1.02 
SE 0.154 0.00033 0.023 0.056 0.055 914.72 

  

Note. MAD =  mean absolute deviation 
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Species Site Reference FOL TF (SD) FL AN OT (Sub) H 

C. mitis Cape Vidal, 
South 
Africa 

Lawes 
(1991) 0.26 0.57 0.00 0.13 0.06 0.00   1.10 

C. mitis Kakamega 
Forest, 
Kenya 

Cords 
(1986) 0.19 0.57 0.03 0.04 0.17 0.04   1.17 

C. mitis Kanyawara, 
Uganda 

Butynski 
(1990) 0.33 0.28   0.07 0.38 0.01   1.30 

C. mitis Ngogo, 
Uganda 

Butynski 
(1990) 0.23 0.30   0.10 0.36 0.01   1.35 

C. mitis Nyungwe 
Forest, 

Rwanda 

Kaplin et 
al. (1998); 
Kaplin and 
Moermond 

(2000) 

0.06 0.57 0.09 0.06 0.25 0.06   1.19 

C. mitis Zomba 
Plateau, 
Malawi 

Beeson et 
al. (1996) 0.33 0.54   0.10 0.01 0.03   1.08 

C. neglectus Kisere, 
Kenya 

Wahome et 
al. (1993) 0.34 0.46 0.01 0.06 0.10 0.07   1.30 

C. neglectus Lomako, 
DRC 

Zeeve 
(1991) 0.00 0.33 0.00 0.00 0.00 0.67   0.64 

C. neglectus Mpassa, 
Gabon 

Gautier-
Hion and 
Gautier 
(1978) 

0.09 0.74   0.03 0.05 0.04   0.81 

Ce. 
torquatus 

Campo 
Animal 
Reserve, 

Cameroon 

Mitani 
(1989) 0.12 0.83 0.20 0.02 0.03 0.00   0.58 

Ce. 
torquatus 

Sette Cama, 
Gabon 

Cooke 
(2012) 0.01 0.83 0.53 0.00 0.02 0.14   0.54 

Ch. 
aethiops 

Amboseli, 
Kenya 

Wrangham 
and 

Waterman 
(1981) 

0.23 0.20 0.08 0.16 0.08 0.26   1.51 

Ch. 
aethiops 

Bole, 
Ethiopia 

Dunbar 
and 

Dunbar 
(1974) 

0.19 0.51   0.18 0.07 0.00   1.15 
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Ch. 
aethiops 

Buffle Noir 
& 

Kalamaloue, 
Cameroon 

Kavanagh 
(1978) 

0.11 0.46 0.02 0.23 0.18 0.02   1.19 

Ch. 
aethiops 

Mt Assirik, 
Senegal 

Harrison 
(1982) 0.07 0.63 0.13 0.13 0.13 0.02   1.09 

Ch. 
aethiops 

River 
Senegal, 
Senegal 

Galat and 
Galat-
Luong 
(1977) 

0.42 0.27   0.30 0.08 0.11   1.52 

Ch. 
aethiops 

Samburu-
Isiolo 

Reserve, 
Kenya 

Whitten 
(1983) 0.17 0.33 0.20 0.49 0.02 0.00   1.08 

Ch. 
aethiops 

Segera 
Ranch, 
Kenya 

Isbell et al. 
(1998) 0.10 0.18 0.08 0.08 0.23 0.39   1.45 

Co. guereza Budongo 
Forest, 
Uganda 

Plumptre 
(2006) 0.58 0.31 0.11 0.09 0.00 0.04   1.01 

Co. guereza Ituri Forest, 
DRC 

Bocian 
(1997) 0.58 0.25 0.22 0.03 0.00 0.15   1.05 

Co. guereza Kakamega 
Forest, 
Kenya 

Fashing 
(1999) 0.54 0.39 0.01 0.01 0.00 0.08   0.95 

Co. guereza Kibale, 
Uganda 

(average) 

Oates 
(1977, 
1994), 

Wasserman 
and 

Chapman 
(2003) 

0.84 0.11   0.03 0.00 0.03   0.60 

P. anubis Bole, 
Ethiopia 

Dunbar 
and 

Dunbar 
(1974) 

0.33 0.55   0.07 0.03 0.03 0.02 1.09 

P. anubis Budongo 
Forest, 
Uganda 

Okecha 
and 

Newton-
Fisher 
(2006) 

0.24 0.47 0.13 0.00 0.00 0.20 0.01 1.02 

P. anubis Comoe, Kunz and 
Linsenmair 

(2008) 
0.41 0.47 0.18 0.06 0.01 0.11   1.18 
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P. anubis Laikipia 
Plateau, 
Kenya 

Barton 
(1990) 0.32 0.24 0.11 0.30 0.00 0.17 0.17 1.37 

Pr. 
rufomitratus 

Baomo S., 
Kenya 

Decker 
(1989) 0.47 0.27   0.26 0.00 0.01   1.10 

Pr. 
rufomitratus 

Gombe, 
Tanzania 

Clutton-
Brock 
(1975) 

0.79 0.07   0.11 0.00 0.03   0.72 

Pr. 
rufomitratus 

Kanyawara, 
Uganda 

(average) 

Struhsaker 
(1978), 

Wasserman 
and 

Chapman 
(2003), 

Snaith and 
Chapman 

(2008) 

0.84 0.06   0.06 0.00 0.03   0.59 

Pr. 
rufomitratus 

Kibale, 
Uganda 

(average) 

Wasserman 
and 

Chapman 
(2003) 

0.88 0.02   0.07 0.00 0.04   0.50 

Pr. 
rufomitratus 

Mchelelo, 
Kenya 

(average) 

Marsh 
(1981), 
Decker 
(1989) 

0.64 0.10   0.24 0.00 0.03   0.96 

Pr. 
rufomitratus 

Salongo, 
DRC 

Maisels et 
al. (1994) 0.61 0.01 0.31 0.38 0.00 0.00   0.72 

T. gelada Gich, 
Ethiopia 

Iwamoto 
(1979) 0.84 0.05   0.00 0.00 0.10 0.10 0.47 

T. gelada Guassa, 
Ethiopia 

Fashing et 
al. (2014) 0.80 0.02   0.00 0.03 0.15 0.13 0.59 

T. gelada Sankabar, 
Ethiopia 

Dunbar 
(1977) 0.52 0.17   0.01 0.00 0.30 0.30 0.61 

 
Note. FOL = total foliage (leaves and leaf parts, herbs, grasses, forbs); TF = total fruit 
(fruits, seeds, seed pods, nuts); (SD) = seeds and seed pods (when noted; counted in TF); 
FL = flowers; AN = animal matter (invertebrates, vertebrates); OT = other (gums, 
subterranean items, unidentified items, all other items); (SUB) = subterranean items 
(when noted; counted in OT); H = Shannon Diversity index, calculated from FOL, TF, 
FL, AN, and OT.    
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Species Site/Reference 
Food 
Category 

Mean Med Min Max CV 

C. mitis 
Kakamega Forest, 
Kenya 

Total Fruit 0.54 0.53 0.41 0.69 0.13 

 Cords (1986) Leaves 0.18 0.18 0.07 0.26 0.35 

  H 0.93 0.93 0.78 1.00 0.07 

C. mitis 
Jibat Forest, 
Ethiopia 

Fruit 0.53 0.54 0.25 0.81 0.34 

 
Tesfaye et al. 
(2013) Seeds 0.01 0.00 0.00 0.05 2.60 

  Total Fruit 0.53 0.55 0.25 0.81 0.34 

  Leaves 0.23 0.23 0.02 0.49 0.66 

  H 1.02 1.02 0.61 1.32 0.22 

C. mitis 
Nyungwe Forest 
Reserve, Rwanda 

Fruit 0.50 0.49 0.29 0.73 0.32 

 
Kaplan et al. 
(1998) Seeds 0.04 0.02 0.00 0.15 1.20 

  Total Fruit 0.54 0.51 0.39 0.74 0.24 

  Leaves 0.15 0.13 0.02 0.37 0.79 

  H 1.04 1.09 0.80 1.34 0.19 

C. mitis 
All Sites 
(Average) Fruit 0.51  0.27 0.77 0.33 

  Seeds 0.02  0.00 0.10 1.90 

  Total Fruit 0.54  0.35 0.75 0.24 

  Leaves 0.19  0.04 0.37 0.60 

  H 1.00  0.73 1.22 0.16 

C. mitis 
Mount Assirik, 
Senegal Fruit 0.51 0.56 0.19 0.83 0.46 

 Harrison (1982) Seeds 0.13 0.06 0.00 0.51 1.37 

  Total Fruit 0.64 0.70 0.32 0.91 0.32 
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  Leaves 0.07 0.04 0.00 0.28 1.17 

  H 1.09 1.01 0.57 1.77 0.31 

Ch. aethiops 
Buffle Noir and 
Kalamaloue, 
Cameroon 

Total Fruit 0.46 0.48 0.02 0.98 0.69 

 Kavanagh (1978) Leaves 0.10 0.06 0.00 0.41 1.26 

  H 0.97 1.04 0.13 1.45 0.40 

Ch. aethiops 
All Sites 
(Average) Total Fruit 0.55  0.17 0.94 0.50 

  Leaves 0.09  0.00 0.34 1.22 

  H 1.03  0.35 1.61 0.36 

Co. guereza 
Kakamega Forest, 
Kenya 

Fruit 0.40 0.41 0.19 0.74 0.41 

 Fashing (1999) Seeds 0.01 0.01 0.00 0.07 1.43 

  Total Fruit  0.41 0.41 0.24 0.74 0.38 

  Leaves 0.51 0.51 0.20 0.71 0.29 

  H 0.88 0.88 0.72 1.01 0.10 

Co. guereza 
Budongo Forest, 
Uganda 

Fruit 0.17 0.16 0.01 0.34 0.69 

 Plumptre (2006) Seeds 0.12 0.08 0.00 0.44 1.05 

  Total Fruit  0.29 0.31 0.04 0.62 0.66 

  Leaves 0.63 0.62 0.38 0.94 0.29 

  H 0.77 0.81 0.26 1.11 0.31 

Co. guereza Ituri Forest, DRC Fruit 0.03 0.01 0.00 0.11 1.29 

 Bocian (1997) Seeds 0.21 0.08 0.00 0.84 1.30 

  Total Fruit  0.24 0.10 0.00 0.86 1.14 

  Leaves 0.55 0.64 0.08 0.80 0.52 
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  H 1.06 0.96 0.57 1.56 0.32 

Co. guereza 
Average (All 
Sites) Fruit 0.20  0.07 0.40 0.80 

  Seeds 0.11  0.00 0.45 1.26 

  Total Fruit  0.31  0.09 0.74 0.73 

  Leaves 0.56  0.22 0.82 0.37 

  H 0.91  0.51 1.22 0.24 

P. anubis 
Laikipia Plateau, 
Kenya 

Fruit 0.15 0.06 0.01 0.51 1.31 

 Barton (1990) Seeds 0.13 0.14 0.00 0.32 0.72 

  Total Fruit 0.28 0.21 0.06 0.83 0.85 

  Leaves 0.28 0.20 0.05 0.58 0.72 

  Subterranean 0.15 0.17 0.03 0.25 0.54 

  H 1.09 1.15 0.65 1.36 0.20 

Pr. 
rufomitratus 

Salonga Forest, 
DRC 

Fruit 0.07 0.03 0.00 0.32 1.38 

 
Maisels et al. 
(1994) Seeds 0.31 0.17 0.02 0.71 0.96 

  Total Fruit  0.38 0.25 0.05 0.84 0.86 

  Leaves 0.61 0.73 0.14 0.92 0.52 

  H 0.50 0.48 0.27 0.76 0.28 

Pr. 
rufomitratus 

Tana River, 
Kenya 

Total Fruit  0.22 0.22 0.08 0.46 0.49 

 Marsh (1981) Leaves 0.64 0.67 0.43 0.80 0.19 

  H 0.89 0.87 0.64 1.18 0.19 

Pr. 
rufomitratus 

Gombe, Tanzania Total Fruit  0.12 0.14 0.01 0.23 0.61 

 
Clutton-Brock 
(1975) Leaves 0.82 0.84 0.66 0.97 0.12 
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  H 0.52 0.50 0.15 0.80 0.41 

Pr. 
rufomitratus 

Average (All 
Sites) Total Fruit  0.24  0.05 0.51 0.65 

  Leaves 0.69  0.41 0.90 0.28 

  H 0.64 0.50 0.36 0.92 0.29 

T. gelada Guassa, Ethiopia Seeds 0.02 0.01 0.00 0.13 1.58 

 
Fashing et al. 
(2014) Total Fruit  0.02 0.01 0.00 0.13 1.58 

  Leaves 0.80 0.82 0.67 0.91 0.10 

  Subterranean 0.13 0.10 0.02 0.28 0.77 

  H 0.63 0.61 0.43 0.91 0.23 

 
Note. Med = Median; H = Shannon Diversity Index



 

 


