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Abstract 

Hanging on in a forest fragment?  

The long and short-term effects of habitat loss on guenon monkeys with a focus on golden 

monkeys (Cercopithecus mitis kandti) in Rwanda. 

Amanda Johnston 

Habitat loss is one of the greatest threats to biodiversity and has a range of negative 

consequences that are both immediate and time delayed. Immediate effects, such as population 

decline and loss of resources, are easy to observe. However, the effects that are time-delayed, 

such as inbreeding depression, can be harder to identify. Often these effects interact. For 

example, large-scale population loss can, over time, lead to inbreeding depression. The 

subsequent decrease in health can leave an individual at higher risk of infection with parasites or 

disease. These effects are also magnified in small, isolated populations, such as those in forest 

fragments. Identifying how habitat loss affects wildlife, particularly vulnerable populations, is 

not only important for conservation efforts, but to understand the mechanisms that can lead to 

population decline and extinction. 

The guenons are a tribe of largely forest-dwelling monkeys that are widely distributed 

across sub-Saharan Africa. Many guenons have experienced habitat loss, largely because of 

deforestation for economic development. One such taxon is the golden monkey (Cercopithecus 

mitis kandti), a subspecies of mitis monkey with only two extant populations. The first and much 



 
 

larger population (> 4000) is spread across the Virunga Massif, with the Rwandan portion of the 

population residing in Volcanoes National Park (VNP). The second, smaller (~ 200) population 

is found in Gishwati Forest, Rwanda. Historically, the two populations were connected, but more 

than three decades of deforestation, beginning prior to the 1970s, separated and isolated them. 

While VNP lost around 25 percent of its total forest cover, deforestation in Gishwati Forest 

continued past the 1980s, and by 2006 less than 10 percent of the original forest (pre-1970s) 

remained. The golden monkey populations in both locations almost certainly declined in that 

period as well. 

In this dissertation, I examined how habitat loss, both historic and recent, has affected 

guenon monkeys. I did this by first exploring how habitat change across four biogeographic 

periods affected genetic diversity in seven guenon species. Then, I examined how the recent and 

rapid habitat loss in Rwanda affected the genetic diversity and parasite infection in the two 

extant golden monkey populations.  

In Chapter 1, I assessed the demographic history of seven guenon species with the 

pairwise sequential Markovian coalescence, using one high-quality genome per species. I then 

used MaxENT methods to model historic changes in habitat suitability for each species across 

four biogeographic periods. Finally, I compared the changes in effective population size (Ne) to 

variation in habitat suitability, and among species. I found that species that retained more 

suitable habitat across biogeographic periods showed declines in Ne that were less drastic than 

those of species that experienced a large reduction in suitable habitat. Additionally, species that 

occupied a geographically wider range like Chlorocebus sabaeus and Cercopithecus neglectus 

had more suitable habitat within each period than less widespread species and consequently also 

did not experience the same large declines in Ne. 



 
 

 To explore the effects of recent habitat loss on genetic diversity, in Chapter 2 I report 

research based on fecal DNA from seven golden monkey groups in VNP and Gishwati Forest. I 

sequenced targeted, putatively neutral regions and extracted single nucleotide polymorphisms 

with which I conducted several tests of genetic diversity, a test of genetic structure within the 

sample pool, and modeled golden monkey demographic history in fastsimcoal2 using the site 

frequency spectrum. The results of these tests (FST = 0.056; He = 0.248 ) indicate moderate levels 

of genetic diversity in both VNP and Gishwati populations. However, individual levels of 

genetic differentiation indicated historic population decline (mean FIS = -0.29), which was 

supported by heterozygosity excess tests. Results of the population structure analysis indicated 

the existence of two genetic clusters. One cluster was shared between VNP and Gishwati, while 

the other was found only in Gishwati monkeys. Additionally, the best fit demographic model 

showed that the populations split approximately fifteen generations ago, supporting the structure 

results. 

 Finally, in Chapter 3, I examined how location (VNP versus Gishwati) and human 

contact (low vs. high) affected several measures of parasite infection. Using records of parasites 

identified morphologically from the feces collected for Chapter 2, I calculated prevalence of 

infection, rate of multiple occurence, and richness. I tested the effect of human contact by 

quantifying it in two ways: monkeys’ involvement in crop foraging, and by measuring the 

distance between the sample location and forest edge. I assessed the effect of population or crop 

foraging and used a linear mixed model to explore if there was an interaction effect between 

population and human contact (using distance to forest edge). Both populations had the same 

richness. Overall, the VNP monkeys had higher prevalence of infection and higher rates of 

multiple infection (Fisher’s exact test: p < 0.001 for both tests) which is likely a result of the 



 
 

higher population density and greater amount of time spent on the forest floor. Groups that crop 

foraged had a higher prevalence of Capillaria infection (p < 0.001), likely because the crops they 

consume are often fertilized with manure. When I used distance to forest edge as a proxy for 

human contact, samples in Gishwati Forest found closer to the forest edge were more likely to be 

infected; furthermore, in both forests, samples collected nearer the edge were more likely to be 

infected with Capillaria. These results suggest that population density along with forest edge 

permeability and human presence outside the forest (in the form of agricultural activity) increase 

infection risk in golden monkeys.  

 This dissertation confirms that both long-term and immediate effects of habitat loss are 

evident in guenons, adding to the growing literature regarding how habitat loss affects wildlife 

populations. Not only did habitat loss lead to decreases in population size across guenons, but 

habitat change in Rwanda affected parasite infection in the golden monkeys. Golden monkeys 

seem to be at low risk of negative consequences from current levels of parasite infection or 

inbreeding. Future research should build on these results by 1) sequencing additional golden 

monkey DNA, ideally including individuals from groups in Uganda and the Democratic 

Republic of Congo, 2) sequencing a golden monkey reference genome, and 3) conducting a 

genetic study of all golden monkey parasites. 
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Introduction 

I. Background 

 Over the last 500 years, species abundance has declined rapidly within ecosystems 

because of anthropogenic changes to the environment, with the number of species lost entirely 

comparable to mass extinction events (Dirzo et al., 2014). Current estimates predict that by 2100 

an additional 269 to 350 birds and mammals will be extinct (Johnson et al., 2017). There is 

strong feedback between biodiversity and ecosystem functioning (Naeem, 2002). As a result, 

decreased biodiversity can lead to ecosystem-wide changes (Morante‐Filho et al., 2016) and, in a 

worst-case scenario, set off extinction cascades that irreparably change ecosystem function 

(Fischer & Lindenmayer, 2007). There are likely still many consequences of biodiversity loss, 

particularly long-term consequences, that are not yet known (Pereira et al., 2012). Therefore, it is 

crucial to preserve the species that remain, which means first understanding the direct causes of 

species loss and its effects on extant species. 

Habitat loss is one of the greatest contemporary threats to biodiversity (Betts et al., 2019; 

Caro et al., 2022). As of 2020, less than 17 percent of the world’s terrestrial area was unmodified 

by humans (Ellis et al., 2021). One strong predictor of habitat loss and fragmentation (which 

often co-occur) is current maximum temperature, whereby regions with higher maximum 

temperatures experience more habitat loss and fragmentation (Mantyka-pringle et al., 2012). 

These regions are also many of the most biodiverse ecosystems globally, including animal 

diversity (Qian et al., 2023; Trew & Maclean, 2021). The changes in animal populations because 

of habitat loss are one aspect of biodiversity loss that is easier to perceive, evidenced by the 

common use of animals as indicator species, whose status is used to monitor ecosystem health, 

including biodiversity (Lindenmayer & Likens, 2011). 
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  Some of the effects of habitat loss, such as reduced resources, decreased population size, 

and habitat isolation, occur quickly and one can easily observe the ways in which they affect 

animals (Fischer & Lindenmayer, 2007; Marsh, 2003). Other effects, such as those arising from 

increased forest edge habitat, a result of increased forest perimeter coupled with a decrease in 

overall forest area, occur more slowly, but can still decrease population sizes. Edge habitat is 

easier for weather, predators, and diseases to pass through, making the interior forest more 

vulnerable to those risks (Marsh 2003; Fischer and Lindenmayer 2007). In addition, when large 

amounts of land are lost, species can go locally extinct, greatly altering species interactions 

(Betts et al., 2014; Rybicki & Hanski, 2013). The resulting changes in species abundance, 

particularly when some species are more affected by habitat loss than others, can cause dramatic 

shifts in community structure (Pereira et al., 2012). The smaller the habitat fragment is, the more 

extreme the effects (Chase et al., 2020).  

Habitat loss also has latent effects, meaning that those effects are present in the system 

immediately after habitat loss but do not become evident until later in time. As a result, their 

causes can be more difficult to detect (Krauss et al., 2010). For example, energetic stress from 

the loss of preferred foods can decrease reproductive success (Cui et al., 2020) and increase 

susceptibility to disease (Shanebeck et al., 2022), slowly decreasing population size. Decreased 

population size and isolation can reduce genetic diversity and lead to inbreeding which can cause 

further genetic diversity loss (Hedrick, 2000; Hedrick & Garcia-Dorado, 2016). If inbreeding 

continues over many generations, it can lead to population decline and reduced viability (Gould 

et al., 2020). Populations with decreased genetic diversity have less capacity to adapt to further 

environmental change (Stevens et al., 2018).  
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For example, in tropical regions, much animal biodiversity occurs in forests, and 

increasingly in forest fragments, where continued anthropogenic disturbance compounds the 

effects of habitat loss (Fischer and Lindenmayer 2007; Krauss et al. 2010). Human activities like 

hunting and over-exploitation of resources can directly reduce population size (Caro et al., 2022). 

In response to human presence within their habitat, animals may also alter their habitat 

preferences, using land surrounding the fragment as supplemental habitat, despite the additional 

risk (e.g.., from hunting, or disease) associated with these behavioral shifts (Galán-Acedo et al., 

2019). For populations experiencing genetic diversity loss, additional habitat loss or delayed 

trophic cascades can have strong negative consequences, even though they may have appeared to 

recover from the initial habitat and population loss (Brüniche-Olsen et al., 2018). In most 

instances, the immediate and latent effects of habitat loss are not isolated, and they interact to 

accelerate population decline (Krauss et al., 2010).  

Exploring both the immediate and latent effects of habitat loss are crucial in determining 

whether long-term persistence (> 10 generations) in a forest fragment is possible (Tellería, 

2016). This knowledge is particularly important for animals that are sensitive to forest loss, such 

as primates, which are largely arboreal forest-dwelling mammals, and which include many 

threatened taxa (Estrada et al., 2017; Galán‐Acedo et al., 2019). In fragments, they may 

experience increased parasite load (Amo et al., 2007; Chapman et al., 2006) and physiological 

stress responses (Balestri et al., 2014). However, for many threatened primates living in forest 

fragments, the information needed to understand their response to habitat loss is not available 

(Bezanson & McNamara, 2019; Fernández et al., 2022). 

Information on one population’s response to habitat loss (even if that population is not 

threatened) can be useful to predict how other populations, and even closely related species (such 
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as those that are data deficient), may respond to new and different threats and scenarios. For 

example, modeling how population-wide genetic diversity changes if 1) the environment 

continues to degrade, 2) environmental degradation stops, and 3) degradation stops and habitat 

restoration occurs, can provide an estimate of whether and how long a population might survive 

after each scenario. The predictive results from these scenarios can also indicate which 

interventions are likely the most useful for preserving a population and the most cost and 

resource effective (Green et al., 2022; Muscatello et al., 2021). However, many of these models 

rely on gross assumptions, such as stable population size, and provide coarse estimates at best 

(Muscatello et al., 2021; Velazco et al., 2020; Zurell et al., 2022).  

 Increasingly, calls have been made to incorporate historical records of species’ 

occurrence and genetic diversity into assessments and models made to examine a population’s 

potential for persistence (Fordham et al., 2016, 2020). Habitat change has occurred throughout 

evolutionary history, largely because of climate oscillations that, in some instances, are similar to 

the changes that have been brought about by recent human-mediated climate change (Fordham et 

al., 2020). In some cases, the resulting habitat loss changed species distribution or caused 

population bottlenecks (Seersholm et al., 2020). Understanding how a species, or a closely 

related species, responded to these historic changes in climate and habitat availability can 

provide additional information that may help increase the accuracy with which models predict 

how species will respond to different climate scenarios (Fordham et al., 2016). Those predictions 

can then inform the best course of action for species preservation (Fordham et al., 2016). 

II. Aims and approach 

My research aimed to explore how habitat loss has affected guenon monkeys, with a 

focus on two populations of endangered golden monkeys (Cercopithecus mitis kandti) in 



5 
 

Rwanda. First, I assessed how historic biogeographic events affected the effective population 

size of several guenon species (a.k.a tribe Cercopithecini), using high quality whole genome 

sequences. As golden monkeys also belong to Cercopithecini, understanding the long-term 

responses of closely related species to habitat change may help predict how current habitat loss 

could affect golden monkey populations. Then, I assessed the immediate effects of habitat loss 

on the two extant populations of golden monkeys with a focus on groups in Rwanda.  

Of particular interest is the smaller of these two populations, inhabiting the remnant 

Gishwati Forest of Gishwati-Mukura National Park (GMNP). While this population was once 

connected to the larger, more extensive population distributed across the Virunga massif to the 

north (including Volcanoes National Park; VNP), episodic deforestation led to population 

isolation and a dramatic decrease (90%) of available habitat over the course of ca. 4 decades 

(Nyandwi & Mukashema, 2011; Clay 2019). Today, the two extant golden monkey populations 

in Rwanda live in markedly different habitats, and while recent studies have begun to document 

ecological differences between them, little is known about the legacies of past habitat loss. With 

the added aim of furthering golden monkey conservation, I completed three projects as described 

below. 

In Chapter 1, I used the pairwise sequential Markovian coalescence (PSMC) to assess 

historic trends in effective population size in closely related guenon species, relate them to 

biogeographic events, and compare those trends among species. Next, I explored the effects of 

recent habitat loss by measuring the level of genetic differentiation between and inbreeding 

within the Gishwati and Virunga golden monkey populations (Chapter 2). I also used these 

measures to assess if historic or recent inbreeding had occurred by modeling several potential 

scenarios of the populations’ response to the recent habitat loss. Finally, I assessed the 
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physiological effects of habitat loss on golden monkeys in Chapter 4, examining differences in 

several measures of parasite infection between the two golden monkey populations and between 

groups in VNP and Gishwati Forest inhabiting areas where they experience more vs. less human 

contact (interior forest vs. forest edge, crop foraging or not). 

 

III. Study system 

The guenons are a highly diverse tribe of monkeys (~ 33 species) distributed across sub-

Saharan Africa (Butynski, 2005; Kingdon, 2013). The group first diverged from other 

Cercopithecinae monkeys around 9 mya and has experienced two burses of diversification since 

then (Guschanski et al., 2013). Species in this clade occupy a wide range of habitats including 

tropical forests, swamps, and savannas (Coleman & Hill, 2014). Correspondingly, they show 

variation in diets and social structures (Chapman et al., 2005; Coleman & Hill, 2014). This 

variation means that species may respond differently to habitat loss, and that response is likely to 

leave a signal in the genome that we can read generations later. Exploring these signals will 

provide potential scenarios of what golden monkeys may have experienced historically and how 

the population may respond (genetically) to the recent habitat loss (and population decline) they 

experienced.  

Golden monkeys are an endangered subspecies of guenon (Cercopithecus mitis; 

Guschanski et al. 2013) endemic to the Albertine Rift and distinguished by red-gold pelage on 

the back (Butynski & de Jong 2020). Like other C. mitis monkeys, golden monkeys are thought 

to be ecologically and behaviorally flexible (Tuyisingize et al., 2021; Twinomugisha, 2007; 

Twinomugisha et al., 2014). The distribution of the two extant golden monkey populations spans 

three countries and four national parks. The Virunga massif population extends across VNP, 
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Rwanda, Virunga National Park, DRC, and Mgahinga Gorilla National Park (MGNP), Uganda, 

while the Gishwati population is isolated in GMNP, Rwanda (Butynski & de Jong, 2020).  

The ecological and behavioral characteristics of this subspecies vary widely by location, 

though the sub-populations in VNP and MGNP are more similar to each other ecologically than 

either is to the Gishwati population (Table 1). The GMNP population’s estimated size is much 

smaller than that of the Virunga massif population (Siegel et al., 2020; Tuyisingize, 2016; 

Tuyisingize, Kaplin, et al., 2022) though recent studies suggest that the Virunga population is 

declining (Butynski & de Jong, 2020; Twinomugisha et al., 2014). The GMNP population has 

likely been isolated for at least 50 years (Nyandwi & Mukashema, 2011), while habitat 

continuity between the VNP and MGNP sub-populations suggests that there should be regular 

dispersal between the two locations where they have been studied (Tuyisingize pers. comm). 
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Table I.1: Ecological and behavioral characteristics of golden monkeys in three national parks 
 Gishwati-Mukura 

National Park, 
Rwanda 

Virunga massif population 
Volcanoes National 
Park, Rwanda 

Mgahinga Gorilla 
National Park, 
Uganda 

Population size ca. 2001,2,3 ca. 40001,3 ca. 35004 
Individual density 17.9 ind/km23 90.4 ind/km23 NA 
Avg. group size 203,5 503,6 304 
Group structure Single male / multi-

female1,3,6 
Multi-male / multi 
female1,3,5 

Single male / multi 
female4 

Primary habitat Broadleaf rainforest7 Bamboo forest1,7 Bamboo forest4 
Primary diet item Fruit6,7 Bamboo shoots1,7 Bamboo shoots8 
Sympatric primate 
species 

Chimpanzees, 
L’hoest’s monkeys, 
bushbabies7 

Mountain gorillas9 Mountain gorillas4 

 

1. Tuyisingize, 2016 
2. Siegel et al., 2020 
3. Tuyisingize et al., 2022 
4. Twinomugisha et al., 2014 
5. Wiper, 2020  
6. Uyizeye, 2010 
7. Tuyisingize et al., 2021 
8. Twinomugisha, 2007 
9. Sheil et al., 2012 
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 Both VNP and GMNP have experienced habitat loss through deforestation. The two 

parks were once connected by continuous forest, but deforestation for agricultural expansion 

from 1958-1972 decreased the total forest area by 50%, separating forested habitat into two parts 

(Arakwiye et al., 2021). Following this forest loss, strict regulations were put in place to stop 

further deforestation in VNP, primarily to protect endemic mountain gorillas (Gorilla beringei 

beringei) and allow their habitat to recover (Williamson & Fawcett, 2008). Following the 

implementation of those regulations (1986-2003), the forest cover in VNP has remained largely 

stable (Ordway, 2015). However, these measures have not fully stopped unlawful harvesting of 

natural resources from the park (Munanura et al., 2018; Tuyisingize, Eckardt, et al., 2022). 

Vegetation harvest (specifically bamboo), water collection, and snares for illegal hunting were 

documented in VNP in 2018 (Tuyisingize, Eckardt, et al., 2022). In addition, the land 

surrounding the park is primarily used for agriculture, and crop foraging by golden monkeys is a 

prevalent source of human-primate conflict (Ndayishimiye et al., 2023; Uyizeye, 2010). 

GMNP comprises two isolated forest fragments, Gishwati and Mukura Forests, which 

were separated by deforestation before the 1970s (Fig. 1; Gebauer & Doevenspeck, 2015). 

Golden monkeys occur only in Gishwati Forest, where gradual deforestation continued through 

the 1970s and 1980s, further reducing its size from 28,000 to 8,800 ha (Nyandwi and 

Mukashema 2011). In 1994, much of the remaining forest was rapidly cleared, reducing what 

was then a forest reserve to only 600 ha by 2005 (Fig. 1; Arakwiye et al., 2021; N. Clay, 2019). 

These activities eliminated entire forest types, including most of the bamboo stands (Ishimo, 

2010). In 2009, however, the government expanded the protected forest, increasing its area to 

1440 ha (Courard-Hauri et al., 2016). As in VNP, the forest is surrounded entirely by pastures 
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and agricultural fields (Rundus et al., 2022) and crop foraging by golden monkeys has been 

reported (R. Chancellor, unpublished data). 

 

Figure I.1: Changes in forest cover in the Gishwati Forest area of Gishwati-Mukura National 
Park and Volcanoes National Park. a) Map of land cover change from 1979 to 2020 b) Change in 
Gishwati Forest area with relevant historical events (Nyandwi & Mukashema, 2011). Sources: 
Esri, 2021b; Rwanda Service des terres, 1969; Chancellor & Rundus, unpublished data; 
Tuyisingize, unpublished data. 
 

IV. Relevance 

 Assessing the responses of guenons across a wide range of ecological and social types 

provides multiple social and ecological characteristics to assess how these species responded to 

past habitat loss. This information is particularly relevant given ongoing human-mediated 

environmental change which includes direct habitat change (including habitat destruction) and 

climate change which can also lead to habitat loss. The specific history of habitat loss along the 

Virunga Massif makes the Rwanda population of golden monkeys an ideal comparative system 
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to assess how habitat loss can affect a species. Additionally, the large decrease in the Gishwati 

population, but not the VNP monkeys, means the population is well suited for exploring genomic 

signatures of recent inbreeding, an effect that is understudied in wild primates (Lawler, 2018). 

Finally, the resulting differences in habitat type (which may have influenced the differences in 

social structure) provide an opportunity to explore the effects of habitat change on the ecology 

and health of each population.  
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Chapter 1: Ecological flexibility mediated population decline in guenons 

following habitat change during the Early-Mid Pleistocene Transition  

1.1 Introduction 

When assessing the genetic viability of a population, it is important to understand not 

only its current level of genetic diversity but also how that diversity has changed over time 

(Fordham et al., 2016). In particular, examining the demographic history of a species can provide 

insight into how a population may respond to events like genetic bottlenecks (Faulks et al., 2021; 

Palkopoulou et al., 2015), human activities (Faulks et al., 2021; Zhao et al., 2013), and climate 

change (Vijay et al., 2018). A genetically diverse population has a higher likelihood of adapting 

to such events because it has retained more variation for selection to act upon (Heuertz et al., 

2023) 

Biogeographic events, such as climate change or glaciations, affect a large number of 

species simultaneously, usually over many generations, and can have lasting effects on the 

genetic diversity of affected populations (Sanmartín, 2012). For example, Chinese pangolin 

(Manis pentadactyla) experienced large population declines during the last glacial maximum 

(LGM), which corresponded to a reduction in geographic distribution (Wei et al., 2022). 

However, the same event can have differing effects across closely related species (Vijay et al., 

2018) and even populations of the same species (Dalapicolla et al., 2024; Lozier et al., 2023). 

For instance, the genetic diversity of a coastal bottlenose dolphin (Tursiops truncatus) increased 

during the last glacial period while that of T. aduncus, the only other extant bottlenose dolphin 

species and one with a more tropical distribution, declined (Vijay et al., 2018).  

One method of identifying factors influencing a population’s genetic diversity is by 

estimating the effective population size (Ne) and observing how it has changed over time. Ne is 
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the size of a theoretical, ideal population (based on the Wright-Fisher Model) that undergoes 

genetic drift at the same rate per generation as the population of interest (Wright, 1931). A larger 

Ne implies greater genetic diversity, and as Ne decreases the probability of allele fixation through 

genetic drift increases, eroding genetic diversity (Hare et al., 2011). Reduced Ne also decreases 

the strength of selection relative to drift, and lost genetic diversity means less variation on which 

selection can act (Mather et al., 2020). Reductions in the census population size (N) and 

inbreeding can reduce Ne and thereby decrease genetic diversity, leading to inbreeding 

depression, reducing population fitness, and ultimately driving small populations closer to 

extinction (Hare et al. 2011). Additionally, reductions in population size have much longer 

lasting effects than population expansions. Once genetic diversity is lost from a population, it can 

be recovered only through mutation or gene flow (Hare et al. 2011). In structured populations (as 

is the case for almost all wild populations) genetic diversity is expected to be lost more quickly, 

as fixation rates are faster than those in a panmictic population (Frean et al., 2013). 

The pairwise sequential Markovian coalescent (PSMC) is a method that allows the 

estimation of population changes in Ne (i.e., demographic history) through time using a single 

high quality genome under the assumption of a single, panmictic population (Li & Durbin, 2011; 

Mather et al., 2020; Spence et al., 2018). To infer past Ne, PSMC examines the distribution of 

coalescent times between the two haplotypes over many segments of the genome from the 

density of heterozygous sites. Historical estimates of Ne are reconstructed by fitting a hidden 

Markov model to changes in spatial patterns of heterozygosity across the genome (Li & Durbin 

2011; Mather et al. 2020). Estimated coalescent times are finally translated to units of absolute 

time using an estimated mutation rate and generation time for the species (Li & Durbin 2011). 
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I assembled high quality reference genomes of 7 guenon species representing 4 genera 

and applied PSMC to assess the concordance in historical Ne across species, and its associations 

with biogeographic history. The guenons (tribe Cercopithecini) are a paraphyletic group of 

forest-dwelling African monkeys distributed across sub-Saharan Africa (Butynski, 2005). The 

group rapidly radiated 4 times across their evolutionary history over the last 9.6 million years 

(Guschanski et al., 2013). The Cercopithecini tribe includes 6 distinct genera: Allochrocebus, 

Allenopithecus, Cercopithecus, Chlorocebus, Erythrocebus, and Miopithecus (Bianco et al., 

2017). Guenon species are widely distributed across sub-Saharan Africa and, while primarily 

forest dwelling and arboreal, occupy an array of habitats and ecological niches, and exhibit 

diverse behaviors (Butynski, 2002). As a result, this group of primates provides an ideal lineage 

in which to compare how historic biogeographical events differentially affected diversity in 

genetically similar, but ecologically diverse species.  

To assess what factors may have affected Ne changes, I inferred ecological niche models 

(ENMs) for each species using MaxENT and used those models to assess species occurrence in 

four biogeographic periods: the Anthropocene, the last glacial maximum (LGM), the last 

interglacial (LIG), and the mid-Pliocene. I compared the PSMC results to changes in estimated 

habitat suitability within the time frame analyzed. I also considered diet, current range, and 

conservation status when comparing demographic histories among guenon species. I expected 

events that decreased available habitat would reduce species’ effective population size. 

Additionally, I anticipated that species differences in ecology, social organization and population 

structure would lead to interspecific differences in Ne estimates.  
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1.2 Methods 

1.2.1 Genomic data preparation 

High quality tissue samples were collected from six different arboreal guenon species 

(Table A1). High molecular weight (HMW) DNA was extracted with the Qiagen MagAttract 

HMW DNA Kit. DNA fragments greater than 50 kilobases (kb) in length were selected via a 

Blue Pippin (Sage Science) prior to library prep. The Chromium Genome library was then run on 

two lanes of an Illumina HiSeq 2500 with v. 4.0 chemistry. The 10X Chromium platform allows 

a pre-processing step that adds long-range positional information to Illumina short reads via 

integrated barcodes, and it also provides haplotype phasing for each sample. A reference genome 

was assembled for each species via the 10X Supernova assembly pipeline. Genomes were then 

scaffolded relative to the rhesus macaque reference genome (NCBI Macaca mulatta Annotation 

Release 102) using ragtag (Alonge et al., 2022). Because my focal demographic analyses require 

high quality base calls across contiguous recombining genomic regions, I used samtools (Li et al. 

2009) to remove the mitochondrial genome, sex chromosomes, and any scaffolds shorter than 

100 kb in length. Finally, I used RepeatMasker to mask repetitive regions (Chen, 2004). To 

assess the quality of my genome assemblies I compared them to the reference genome of a 

terrestrial guenon species. Accordingly, I downloaded the vervet (Chlorocebus sabaeus) 

reference genome (accession number: PRJNA240242; Warren et al., 2015) from the NCBI 

database, and vervet WGS FASTQ data from Ensembl (project number: PRJNA168621). 

 

1.2.2 PSMC analysis 

To make high quality variant calls to use in PSMC analyses, I mapped WGS data for 

each species to its reference genome using bwa-mem (Li, 2013) and called variants using 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=9544
https://www.ncbi.nlm.nih.gov/portal/utils/pageresolver.fcgi?recordid=6306824764cdf878f242bb64
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samtools mpileup (Li et al., 2009). PSMC infers historical effective population sizes through 

time by fitting a piecewise constant model where time is divided into discrete intervals. 

Following Zhou et al. (2016), I used the default parameter values to define these intervals, using 

p= “4+25*2+4+6” (number of free atomic time intervals) and t=25 (upper limit of time to most 

recent common ancestor, TRMCA) which were first outlined in Li and Durbin (2011) for initial 

PSMC runs. I scaled the results for each species using species-specific estimates of generation 

time and mutation rates, drawn from previous work by Kuderna et al. (2023). For C. wolfi, I used 

the generation time and mutation rate for the phylogenetically closest species they did include, C. 

pogonias (Table A2). Each analysis was run for 100 bootstrap replicates to assess confidence in 

the results. 

 

1.2.3 Species occurrence and environmental data 

To quantify how species distribution changed across geological time scales, I used 

MaxEnt to create ENMs. First, I downloaded species occurrence records from the Global 

Biodiversity Information Facility (GBIF; Telenius, 2011) using the rgbif package in R 

(Chamberlain et al., 2022), limiting the data to those that included GPS coordinates and were 

located in Africa. I then plotted the data onto a map of Africa to assess the logic of each point. I 

removed from the analysis any duplicate data points, or points that did not agree with the 

species’ extent of occurrence (as specified by the IUCN’s most recent assessment; DeJong & 

Butynski, 2019; Gonedelé et al., 2020; Hart, Detwiler, & Maisels, 2020; Koné et al., 2019; 

Maisels et al., 2020a; Maisels et al., 2020b; Mwenja, Maisels, & Hart, 2019). As is standard for 

ENMs, I split the occurrence data for each species, using 75% of the data to train the MaxEnt 

model and 25% of the data to test it (Feng et al., 2019).  



28 

Next, I used the geodata package in R to download environmental variables for four 

different biogeographic periods from Paleoclim: the Anthropocene (current day), the LGM ( ~20 

kya), the LIG ( ~110-130 kya), and the Pliocene (~ 3.5 mya; Brown et al., 2018; Dolan et al., 

2015; Fordham et al., 2017; Otto-Bliesner et al., 2006). I cropped each raster stack to the 

geographical extent of all occurrence data points (for every species) included in the study. Then, 

I applied a Pearson’s correlation test and calculated the variance inflation factor for each pair of 

biological variables to assess collinearity among the layers. To simplify the model, I removed 

layers which showed collinearity above 0.7 (Fig A1; Chattopadhyay et al., 2019) and confirmed 

the ecological validity of the remaining layers based on my knowledge of the species. For the 

Pliocene climate data, five of these variables were not available. Therefore, I created a second 

dataset for the Anthropocene that did not include those variables to predict species’ occurrence in 

that period accurately. 

 

1.2.4 Ecological Niche Modeling 

Using the maxent function in the R maxnet package, I estimated the ecological niche of 

each species using the occurrence training data and the Anthropocene climate variables under 

standard parameters, using 10,000 background points. I evaluated each model for fit by plotting 

the receiver operating characteristic (ROC) curve using the test data. I considered a model to be 

well fit if the ROC curve that fell over the diagonal had an area under the curve (AUC) above 0.7 

(Feng et al., 2019). Once I validated the MaxEnt model, I used it to estimate species distributions 

within each geologic period using the predict function in maxnet.  

To assess changes in species distribution I focused on areas with medium to high (0.36-1 

probability of occurrence) habitat suitability and limited my analyses to changes between the 
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Holocene and the LGM, and the LGM and the LIG. I did not include the Pliocene to the LIG 

because the bioclimatic variables for the Pliocene were incomplete, and I was unable to estimate 

Ne for all species into the Pliocene. Within each prediction raster, any cell with habitat suitability 

above 0.36 was marked as 1, while cells lower than 0.36 were assigned 0 (Chattopadhyay et al., 

2019). In this way, I could measure the change in habitat suitability between periods and assess if 

available habitat increased or decreased. I could then convert the area covered by cells with an 

assigned value of 1 into km2 to calculate the percentage change in suitable habitat within the two 

focal periods.  

 

1.3 Results 

PSMC analyses showed a concordant pattern across the 7 guenon species with a decline 

in Ne towards the present (Fig. 1). The mean genome length of the newly sequenced genomes 

was 5198 Mbp with a mean N50 of 6.1 Mbp and L50 of 637 bp (Table A3). Between 47.9 to 

49.4 percent of each genome was masked for PSMC and after mapping had an average of 38.5X 

coverage. Each species’ mean Ne line fell within the variation of the bootstrapped estimates. 

Large fluctuations in Ne at the two extremes of the time interval examined are likely artifacts of 

the low amount of information available to make estimates at either very recent or very historic 

timescales. Therefore, I did not attempt to interpret regions in which the Ne increased or 

decreased 5x104
 within one atomic time interval (and they have been removed from figures).  

The earliest reliable estimates of Ne vary among species owing primarily to differences in 

their generation times and recombination rates. For example, Chl. sabaeus and C. neglectus have 

the longest reconstructed demographic histories, starting several million years ago, while 

Miopithecus has the shortest reconstructed history, spanning only to approximately 1 Mya. This 
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pattern makes sense for C. neglectus and Miopithecus because they have the longest and shortest 

generation times respectively (Kuderna at al., 2023). Therefore, an equal number of generations 

for both species would cover more atomic time for C. neglectus compared to Miopithecus. 

However, the demographic history of C. ascanius, which like C. neglectus, has a generation time 

of 12 years, started much later than C. neglectus, while C. diana, which has a 9 year generation 

time, had the third longest biogeographic history, indicating that generation time is only one 

factor in how far back Ne can be estimated.  

 

 

Figure 1.1: PSMC results for the 7 guenon species included in this study. Each colored line 
represents one species' effective population size through time, where the x-axis shows time 
before present on a logarithmic scale, and the y-axis shows effective population size (x 104). The 
shaded rectangles represent different biogeographic periods: the late Holocene (present - 4.2 
kya), the last glacial maximum (LGM; ~21 kya), the last interglacial (LIG; ~ 130 kya), and the 
mid-Pliocene (~ 3.3 mya). 
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1.3.1 Fluctuations in Ne 

Of all samples tested, C. ascanius had the largest starting Ne which began to decline 

almost immediately. A. nigroviridis had the smallest initial Ne (at around 1 mya), and also began 

to decline immediately, even more rapidly than C. ascanius. Only C. neglectus and Chl. sabaeus 

did not show immediate, rapid declines. For all other arboreal guenons, Ne had a large initial 

decrease in size which eventually began to slow around 100 kya. 

The only arboreal guenons to show an increase in Ne after an initial decrease were C. 

neglectus and C. diana, though the timing of each increase differed. Ne for C. neglectus 

decreased slowly until around 1 mya. At that time, the Ne for C. neglectus began to increase 

slowly before beginning to decline again around 500 kya. That Ne continued to decline until 100 

kya at which point the population appeared to stabilize. C. diana experienced an immediate rapid 

decrease in Ne, but began a slow increase around 100 kya after the species reached its lowest Ne.  

Chl. sabaeus is the only species which did not experience a large decrease in Ne after 1 mya. 

Rather, Chl. sabaeus showed a moderate decrease in Ne until around 700 kya when the species 

began to increase and continued to do so (with the exception of a small decrease just before 100 

kya) until about 50 kya. At the final Ne estimate, which is also earlier than other species included 

in this study, Chl. sabaeus had the largest final Ne.  

Of the arboreal guenons, C. neglectus had the largest ending Ne, though the estimates of 

Ne for C. neglectus lost accuracy around 50 kya, earlier than any other arboreal species. Despite 

having a large starting Ne, C. ascanius had the lowest Ne of any species, around 10 kya, though it 

began to recover moving into the present day. C. wolfi and Miopithecus had similarly low final 

Ne which did not appear to recover after reaching their lowest point.  
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1.3.2 Fluctuation in species occurrence 

  Each MaxEnt model generated an AUC greater than 0.9 for both the training and testing 

dataset. This result included A. nigroviridis, for which we had fewer independent occurrence 

points than is ideal (15 is recommended to have a robust training and testing dataset, but I had 

only 11 for A. nigroviridis; Feng et al., 2019). For all species except C. neglectus, the area of 

estimated medium to high (0.36-1) habitat suitability was highest in the Pliocene and the 

Anthropocene (Fig 2). The LGM had the largest area of highly suitable (> 0.6) habitat for C. 

neglectus, though the Pliocene and Anthropocene contained similar amounts of medium (0.36 –  

0.5) suitable habitat. 
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Figure 1.2: PSMC plots with habitat suitability maps for A) A. nigroviridis, B) C. ascanius, C) 
C. diana, D) C. neglectus, E) C. wolfi, F) Miopithecus talapoin, and G) Chl. sabaeus. In each 
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plot the y axis shows Ne (note that the upper limit for the y axis differs among species), and the 
x-axis shows years before present (log scale). The blue lines denote change in Ne through time, 
with the light blue lines representing individual bootstrap results, and the dark blue line the mean 
Ne value across the bootstraps. Colored rectangles denote the geologic periods in which habitat 
suitability was predicted. The corresponding habitat suitability maps are connected by an arrow 
and outlined in the same color as the rectangle. Because the Anthropocene is too recent to be 
included in the PSMC estimates, the Late Holocene is instead represented by the gray rectangle 
to indicate the transition to present day, and the Anthropocene habitat suitability map labeled as 
such. The colored areas in the map indicated the suitability of the land for the given species on a 
scale of 0 to 1 as shown in the scale to the right of each set of maps. 
 

Overall, there was a large amount of fluctuation in the amount of suitable habitat for each 

species. In addition, the importance of each biological variable differed among species. 

Precipitation of the driest month was the most important variable for the greatest number of 

species (all species in the Cercopithecus genus). The most important variable was unique to each 

of the three remaining species. Mean diurnal range was most important for A. nigroviridis, while 

precipitation of the wettest month and precipitation of the warmest quarter were the top 

contributing variables for Chl. sabaeus and Miopithecus respectively.  

Corresponding changes between Ne and habitat availability 

 Changes in Ne and predicted habitat availability differed among species, but overall, 

decreases in Ne corresponded with decreases in habitat. The most dramatic decreases in Ne 

occurred in species with the largest fluctuations in suitable habitat. This pattern can be seen in A. 

nigroviridis, and C. wolfi, which show some of steepest declines in Ne and the greatest loss in 

suitable habitat during the LIG and LGM compared to previously available habitat in the 

Pliocene. C. neglectus, which had a more moderate decline in Ne had more potential available 

habitat in the LIG and LGM than the other guenons in this study. Surprisingly, Chl. sabaeus did 

not show large declines between the Pliocene and LIG, despite the large decrease in suitable 

habitat.  
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1.4 Discussion 

 All of the guenon species examined experienced a net decrease in effective population 

size over time that coincides with drastic shifts in available habitat resulting from climatic 

changes. However, the patterns of declines and changes in suitable habitat differed among 

species, supporting the hypothesis that differences in ecology would lead to differing patterns of 

change in Ne. Notably, the effective population size for Chl. sabaeus, the only terrestrial guenon 

species in this study, did not decline as dramatically as arboreal species, even though it 

experienced some of the most drastic changes in predicted habitat suitability.  

This difference may largely result from differences in ecological flexibility, the ability to 

survive within changing habitats, between Chl. sabaeus and the arboreal guenon species. 

Specifically, the ecological (mainly dietary) and social flexibility of Chl. sabaeus, may have 

provided an advantage in response to historic climate change in sub-Saharan Africa as a result of 

glacial cycling. Chl. sabaeus is a generalist omnivore (Galat et al., 2009) that lives in large multi-

male/multi-female groups (Galat & Galat-Luong, 2013). In resource rich environments these 

groups are territorial and have around 71 individuals, but in areas where food is spread out, 

groups may aggregate and feed together (Galat & Galat-Luong, 2013). Their ability to eat a large 

variety of food items and the benefits of large group size, such as protection from predators, (van 

Schaik, 1983) have allowed them to spread into a wide range of habitats (Bersacola et al., 2018), 

including as an invasive species (Dore et al., 2023; Anderson et al., 2017) 

1.4.1 Effects of post-Pleistocene glacial cycling 

Prior to 2.8 mya, glaciations had 41,000 year cycles (de Menocal, 2004). However, after 

that time, the intensity of each glacial period began to increase. Around 1.8-1.6 mya the cycles 

were still 41,000 years long but the peaks and troughs (which corresponded to glacial formation 
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and melting) became more extreme. After 1.2 - 0.8 mya, the glaciations transitioned to 100,000 

year cycles which also led to a global shift towards drier climates (de Menocal, 2004).  

Even though the ice sheets did not extend to Africa, the climate there was strongly 

affected (de Menocal, 2004). With glaciations intensifying in the northern hemisphere, large 

areas of Africa, particularly the rainforests in sub-Saharan Africa, experienced aridification in the 

early Pliocene (~ 2.7 mya; Couvreur et al., 2021). The droughts led to contraction of rainforests, 

leaving only small refugia for the forest-obligate species that survived (Bobe et al., 2002; 

Couvreur et al., 2021). As the forests shrank, grasslands spread, favoring species that could use 

those habitats (Bobe et al., 2002; Reed, 1997). These climate reconstructions, based on analysis 

of marine sediments and the fossil pollen record (Bobe et al., 2002; Couvreur et al., 2021), 

correspond to a shrinking in estimated suitable habitat following the mid-Pliocene for every 

species I assessed. Between glaciations, the forests rebounded, and populations of forest-obligate 

species almost certainly recovered (Bobe et al., 2002; Couvreur et al., 2021), but the effects of 

population decline, and isolation are not so easily reversed. 

A pattern of decreased genetic diversity following glaciations can be seen in many 

species within and outside of Africa. For example, the Chinese crested tern (Thalasseus 

bernsteini) had a similar Ne to other Chinese tern species prior to the LGM (Chen et al., 2023). 

During the LGM the population experienced a severe bottleneck which not only decreased Ne 

but also resulted in high levels of inbreeding and realized mutation load in comparison to the 

other tern species (Chen et al., 2023). The Chinese tern is only one example of many, including 

multiple penguin species (Vianna et al., 2020), giant pandas (Ailuropoda melanoleuca; Zhao et 

al., 2013), and primates such as macaques (Higashino et al., 2012; Tan et al., 2023), for which 

changes in Ne can be linked to glaciations.  
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1.4.2 Ecological and social differences among species 

Many of the differences in Ne among the species included in this study, including when 

and how it has changed over time, are likely related to ecological differences between these 

species. A notable example is that A. nigroviridis and C. neglectus are typically found near 

water, with A. nigroviridis in and around swamps (Gautier-Hion, 2013a; Maisels et al., 2006), 

and C. neglectus in gallery forest along rivers (Gautier-Hion, 2013b; King, 2008). However, C. 

neglectus occupies a much larger range of habitats than A. nigroviridis (McGoogan et al., 2007), 

suggesting more flexible behaviors. During glacial periods, rivers and other bodies of water 

shrank, including those within forests (de Menocal, 2004; Couvreur et al., 2021). While available 

habitat for both species declined following the Pliocene to Pleistocene transition, the loss in 

potential habitat was much more drastic for A. nigroviridis than C. neglectus.  

These ecological differences were broadly reflected in which climate variables from the 

MaxENT models had the greatest influence on species distribution. For Cercopithecus monkeys, 

the most influential variable, precipitation in the driest month, likely relates to diet. Most 

Cercopithecus monkeys are primarily frugivorous (Butynski, 2005). Fruiting events in many of 

the plant species these monkeys eat are tied to precipitation, such that the highest abundance of 

fruit occurs after heavy rains (Dunham et al., 2018).  The most influential variable for the other 

genera included are not as easy to explain.  

A. nigroviridis’s suitable habitat is most influenced by mean diurnal range (difference 

between maximum and minimum daily temperature). This result could stem from their limited 

geographic distribution which is close to the equator (Maisels et al., 2020b), and therefore 

experiences stable temperatures. For Chl. sabaeus, which spends the most time on the ground of 

any species included here (Galat & Galat-Luong, 2013), precipitation of the wettest month could 
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relate to health and environmental risks related to seasonal heavy rains. Heavy rains can lead to 

flooding which can make key habitats inaccessible (Beardmore-herd et al., 2025). Standing water 

may also harbor diseases and pests which carry disease (Bett et al., 2017).  The influence of 

precipitation of the warmest quarter on M. talapoin is the hardest of the four to explain. Because 

this variable includes precipitation, it could be tied to diet, which is primarily frugivorous like 

Cercopithecus monkeys. Or it may relate to M. talapoin’s propensity to sleep or rest by streams 

and rivers for use in escaping predators (Maisels et al., 2021a). Large amounts of precipitation 

could swell waterways making them dangerous for M. talapoin. 

Group size and ecological niche could also play a role in Ne changes. For example, C. 

neglectus group sizes are much smaller (~ 8 individuals; (Gautier-Hion, 2013) than those of C. 

ascanius groups (~ 25-35 individuals; Cords & Sarmiento, 2013). In many guenons, the resident 

male in a typical one-male groups sires a majority of the offspring within a breeding season 

(Roberts et al., 2014). Therefore, for C. neglectus, there are more breeding males, relative to 

females, within each season, introducing genetic diversity into the population. Additionally, 

these two species (C. ascanius and neglectus) are more widespread geographically than species 

such as A. nigroviridis and Miopithecus (Bianco et al., 2017; Colyn & Deleporte, 2005) which 

may indicate more ecological flexibility that could buffer the effects of climate change (Alberts 

& Altmann, 2006). Unfortunately, for many of the species included in this study, particularly 

those that are more cryptic, very little is known about their natural history across their range. As 

a result, there is insufficient information to assess accurately how ecological and social factors 

may have affected historic Ne.  
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1.4.3 Other assessments of PSMC in guenons 

 As a small part of a much larger study, Kuderna et al. (2023) also estimated the history of 

Ne change in all the primate species they assessed. While they used MSMC2 (Schiffels & Wang, 

2020) to calculate their estimates, their study included five of the same species as this one. While 

their results largely agree with those reported here, there are two notable differences. First, the C. 

ascanius sample they used showed a gradual increase in Ne over time, instead of a decline. C. 

ascanius is one of the most widespread guenon species included in the present study. It is 

possible that Kuderna et al. (2023) chose an individual that was geographically separated from 

this study’s ascanius population and therefore experienced different habitat and climate changes 

with correspondingly different effects on genetic diversity. Secondly, their C. diana sample 

began to recover earlier than our sample did. This earlier recovery could be a result of the 

difference in methods used, as C. diana populations are not as widespread as C. ascanius 

populations.  

 Many other species that Kuderna et al. (2023) included in their study support the 

hypothesis that declines in available habitat correspond to declines in Ne. Their vervet species, 

Chl. pygerthyrus also showed an increase in Ne following the change in glacial cycling. Arboreal 

species such as C. mitis, C. petaurista, and C. mona also declined with the climatic shifts. 

Additionally, Kuderna et al. (2023) included individuals from the genus Allochrocebus which are 

terrestrial, forest dwelling guenons. All 3 Allochrocebus species had slowly declining Ne values 

prior to ~3 mya. After that time (also when the climate became drier and cooler; de Menocal, 

2004; Couvreur et al., 2021), A. solatus began to increase, and continued increasing, and A. 

preussi showed an overall increase in Ne through evolutionary time. However, some of the 

arboreal species included by Kuderna et al. (2023), such as C. cephus and C. hamlyni , which 
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would likely experience large declines in available habitat, experienced steady increases in Ne 

rather than declines. Additionally, one of the terrestrial forest guenons, A. lhoesti had an overall 

decline in Ne. These differences in our results indicate a need for further assessments of the 

demographic history of these species, inclusion of more species and more individuals of the 

species included here, and exploration of how various methods of Ne estimation differ in their 

results. 

1.4.4 Limitations 

One limitation of this study is that it included only one terrestrial guenon species. When I 

started this project, there were few high-quality guenon genomes available in which the 

haplotypes were phased. Here, I chose not to include the samples from Kuderna et al (2023) in 

our analysis since they were generated using different sequencing technology: specifically, 

samples in my study were processed using Chromium 10X sequencing while Kuderna et al. used 

the Illumina NovaSeq 6000 platform and reported low coverage. While the Chl. sabaeus sample 

was also sequenced on a different platform, it is a reference quality genome (i.e. the genome was 

assembled rather than just mapped to a reference) and therefore less likely to present novel 

sequencing errors that could create bias.  

The fact that I was able to include only one sample per species was also limiting. High 

quality tissue samples, suitable for whole genome sequencing, can be difficult to obtain from 

wild primates. One must rely on unique opportunities such as natural deaths or seizure of 

bushmeat, which can be difficult to predict and rely on. Having only one sample per species 

limits the study in two ways. First, it restricts the number of genetic analyses that can be 

completed. Many population-wide genetic measures that assess current levels of diversity require 

samples from multiple individuals for accurate calculation (Barbosa et al., 2021; Holliday et al., 



41 

2019). While this does not limit the inference we can make with PSMC, it does affect inferences 

we can make about the long-term effects of the Ne changes. For example, several studies have 

compared changes in Ne to genome-wide heterozygosity and nucleotide diversity in extant 

populations which require multiple individuals per population to calculate (Brüniche-Olsen et al., 

2018; Chen et al., 2023). 

Secondly, for some of the species which occupy multiple habitat types, such as C. 

ascanius (which includes several subspecies), there could be differences in demographic history 

among populations (e.g. East vs. Central Africa). Such patterns (differing histories among 

populations of the same species) have been noted in turquoise killifish (Nothobranchius furzeri), 

where populations in ecologically different regions (arid vs. semi-arid) had markedly different 

histories of Ne change (Willemsen et al., 2020). Another example of this phenomenon can occur 

when one population is isolated and subject to high levels of inbreeding. For example, Sharko et 

al. (2021) found that the Stellar’s sea cow (Hydrodamalis gigas) had experienced severe declines 

before human hunting pressures drove the species to extinction. However, a later study showed 

that the population used in Sharko et al.’s (2021) study was isolated from the greater Stellar’s sea 

cow meta-population and likely did not accurately represent the species’ Ne prior to human 

hunting (Campos et al., 2022).  

Additionally, this study was not immune to the biases inherent in PSMC and ENM. As 

discussed in the introduction, this issue has been a long-running critique of PSMC and also 

applies to other SMC-based methods of Ne estimation (Mather et al., 2020). New methods 

adapted from PSMC explore new mechanisms to improve estimates in those time periods. 

However, some measures require more than one sample per individual (Mather et al., 2020) and 

the newest methods are relatively untested. These methods have the potential to provide more 
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accuracy in areas where PSMC is weak, like estimation of recent Ne change. For example, Chen 

et al. (2023) used GONE and SMC++ to estimate recent changes in Ne (within 100 generations) 

to supplement their PSMC results. They learned that Ne of the Chinese crested tern continued to 

decline after the LGM, while other tern populations were starting to recover (Chen et al., 2023).  

ENMs use current species occurrence distribution to assess the climate variables that are 

most influential on that distribution. Those variables, and the weighted effect of each, are then 

used to project the estimated habitat suitability across different climate models, such as the LGM 

(Feng et al., 2019).  Sometimes, the most influential variables can skew the estimates and 

attribute more or less habitat availability than makes sense biologically. A key example from my 

data is the distribution of available habitat predicted for C. neglectus in the LGM. Geological 

records from that period indicate that Africa was in the middle of an intense drought during the 

LGM (Couvreur et al., 2021). However, the LGM is also when C. neglectus had the most 

estimated suitable habitat which is contradictory given that the species is constrained to tropical 

forests and often found in riverine habitats. Unfortunately, without a time machine or more data 

it is impossible to discern if these estimates were correct, therefore, the potential biases should be 

considered when interpreting these results. 

Finally, the low number of species included in this study, and the corresponding low 

number of occurrence points for each species limited the inference we could make regarding how 

habitat availability affected Ne. The most relevant example is the low number of occurrence 

points for A. nigroviridis. While the model testing showed a good fit, the ENM model and 

predictions we present are likely biased. However, it was fortunate that it was A. nigroviridis that 

did have such low occurrence data as they are also the most geographically constrained species 

in this study (Gautier-Hion, 2013a; Maisels et al., 2006). A similar study of bats also included 
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statistical tests, such as a chi-squared test, to evaluate the relationship between changes in Ne and 

habitat suitability (see Chattopadhyay et al., 2019). Unfortunately, because I was able to include 

so few species, I did not have the power for such statistical tests.  

1.5 Conclusions 

 This study shows that differences in ecology contributed to the response of seven guenon 

species to historic climate variation resulting from biogeographic change. However, it is limited 

by an overall lack of information. Additional genetic samples would provide information on the 

current amount of genetic diversity within populations of these species, estimates of more recent 

changes in Ne, and amount of inbreeding and mutational load. These measures would help assess 

the realized consequences of such large decreases in Ne. In tandem, a better understanding of the 

ecology and distribution of these species will also illuminate why some species were more 

greatly affected by climate change than others. While obtaining this information is non-trivial, it 

would greatly aid our understanding of guenon diversification and evolution.  
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Chapter 2: Golden monkeys (Cercopithcus mitis kandti) in Rwanda show 

evidence of inbreeding after rapid, large-scale habitat loss. 

2.1 Introduction 

Genetic diversity is crucial to population persistence. A genetically diverse population 

has greater adaptive capacity, which leads to greater resilience and potential for long-term 

survival (Klütsch & Laikre, 2021). Generally, a large meta-population facilitates the maintenance 

of a high level of genetic diversity (Vandewoestijne et al., 2008). When population size declines, 

genetic variation is lost and the remaining individuals are more likely to be closely related 

(Hedrick & Garcia-Dorado, 2016). Progeny from this smaller population will likely be inbred, 

and if the population is isolated, continued inbreeding can lead to inbreeding depression (a 

decrease in fitness that results from mating between two closely related individuals; Hedrick & 

Garcia-Dorado, 2016). Eventually, the population’s gene pool becomes more homozygous 

because of increased inbreeding (Hedrick & Garcia-Dorado, 2016). 

The genetic effects of decline persist even if a population recovers its former size (Li et 

al., 2022). Current genetic variation and level of vulnerability may reflect past demographic 

events and life histories because new variation can be gained only through mutation, a slow 

process, or through immigration, which is unlikely in isolated populations (Hedrick & Garcia-

Dorado, 2016). Therefore, genetic diversity measures may provide a better proxy for the 

population’s risk of further decline than contemporary population metrics like census data and 

connectivity, which do not capture the legacy of past reductions. For example, van der Valk et al. 

(2019) found that severe declines in Grauer’s gorillas (Gorilla beringei graueri) in recent 

decades led to a reduction of genetic diversity and increase of inbreeding and genetic load, while 
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the small but stable mountain gorilla (G. b. beringei) population experienced limited genomic 

change in the last century. 

In some cases, genetic erosion may continue, despite population growth (Ramstad et al., 

2013). For populations where severe genetic bottlenecks (usually founder events) are followed 

by isolation, these genetic signatures are stronger and often correlated with high mutational load 

and more numerous deleterious variants (Arcos-Burgos & Muenke, 2002). This effect can be 

seen in cheetahs (Acinonyx jubatus), which experienced two bottleneck events leading to a 

widely inbred population with a high mutational load that manifests in kinked spines and tails, 

and overall poor health (Menotti-Raymond & O’Brien, 1993). However, genetic bottlenecks do 

not always result in high mutational load. The critically endangered vaquita (Phocoena sinus) 

was able to rebound after a severe bottleneck. The species has lower population-wide genetic 

diversity than the cheetah, but a much lower mutational load (Robinson et al., 2022). This low 

mutational load is thought to result from the vaquita’s ability to efficiently purge deleterious 

mutations because of historically low population sizes (Robinson et al., 2022).  

The pattern of a population bottleneck followed by isolation is becoming more prevalent 

in non-human primates, a trend largely accelerated by anthropogenic habitat modification 

(Estrada et al., 2017; Estrada & Garber, 2022). These primate populations provide an opportunity 

to observe how genetic diversity is lost after population decline and isolation. This information 

also contributes to an understanding of how diversity loss relates to historic population changes 

and future adaptive potential in both the target species and those that are closely related 

phylogenetically. 

Although there have been many studies of primate genetic diversity, most, and 

particularly those that focus on recent population declines, have used microsatellite data, which 
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do not typically provide enough sensitivity for robust detection of bottleneck events (Peery et al., 

2012). With next generation and whole genome sequencing becoming more affordable, these 

technologies are becoming more common. Kuderna et al. (2023) assessed patterns of genetic 

diversity across primate lineages, finding diversity varied widely among primate clades and was 

correlated with climate and sociality. Kuang et al. (2020) used whole genome data to measure 

genetic diversity and reported varying patterns between species. For example, several 

Rhinopithecus species had high genetic diversity despite small population sizes. Yet, R. 

roxellana, the species with the largest population size, had low genetic diversity, though no 

significant effects of mutational load (Kuang et al. 2020). Understanding how population 

separation and decline impacts genetic diversity is crucial to understanding how species persist 

in and adapt to their environments. 

Golden monkeys are an endangered subspecies of mitis monkey that have experienced 

significant habitat loss and population decline (Butynski & de Jong, 2020). They exist in only 

two populations: one larger (> 4000) on the Virunga Massif in Central Africa, and one smaller 

(~200) in Gishwati Forest of Gishwati-Mukura National Park, Rwanda (Tuyisingize et al., 2022). 

Historically, these two populations were connected, but episodic deforestation prior to the 1970s 

separated the forests of Volcanoes National Park (VNP), Rwanda (on the Virunga Massif) from 

Gishwati Forest and isolated the populations (Arakwiye et al., 2021).  

VNP experienced deforestation from at least 1963-1986, prior to the separation, losing 

about 25% of its total forest cover (Arakqiye et al., 2021). However, deforestation of VNP had 

largely halted by the 1980s to protect endangered Mountain Gorillas. While Gishwati Forest also 

shrank during that period, its most rapid and extensive deforestation occurred after 1994 

(Arakwiye et al., 2021). By 2006, around 90% of Gishwati Forest was cleared, leaving only 9 
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km2 (Arakwiye et al., 2021). The golden monkey population therefore must have faced similar 

severe declines during this period. However, as there are no census data for the Gishwati 

population during that period and no genetic data have been collected for any golden monkey 

population, it is impossible to know how severely habitat loss affected the Gishwati population. 

The assumed severe recent bottleneck event (occurring within 3 generations assuming a 

generation time of 12 years: Kuderna et al., 2023) in one of only two populations makes this 

taxon an ideal system for studying the effects of large and rapid population decline on genetic 

diversity. Unlike Gishwati Forest, which lost 90% of its total forest cover (Clay, 2019), VNP lost 

only 25% of its total forest cover (Arakwiye et al. 2021). Supporting the hypothesized difference 

in bottleneck severity, the modern VNP golden monkey population is much larger and has a 

higher population density than the Gishwati population (Tuyisingize et al. 2022). Finally, while 

the populations are geographically isolated (with sufficient distance to make dispersal between 

populations unlikely), they are still close enough that they experience similar climatic conditions. 

 I used genomic tools to examine how repeated, large-scale, habitat loss has affected 

genetic diversity of the two golden monkey populations. For these analyses, I targeted putatively 

neutral non-coding regions across the genome. To assess the adaptive potential of the golden 

monkey populations, I compared the golden monkey’s genetic diversity to other guenon 

populations. Because the genetic history of the golden monkey populations is unknown, I also 

modelled several scenarios representing change in population size to estimate which one best fit 

current genetic diversity measures.  

I expected that Rwandan golden monkeys would show low levels of genetic diversity, 

congruent with their limited population size. Because the most recent bottleneck (in 1994) was 

less than 4 generations ago (1 generation = 12 years; Kuderna et al., 2023), I did not anticipate a 
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difference in genetic diversity or strong evidence of structuring between the populations. 

However, I predicted that the model representing population decline followed by isolation 

between the populations would best match the genetics information present.  

2.2 Methods 

2.2.1 Study system 

VNP is a montane cloud forest on the Virunga Massif ranging from 2,300 to 4,500 m 

above sea level. The mean annual rainfall is 2,000 mm, with seasonal variation including a long 

rainy season from March through May and a short rainy season from September to November 

(Grueter et al., 2013). To the north, the forests of VNP continue into Uganda and the Democratic 

Republic of Congo (DRC), while the southern borders are largely surrounded by agricultural 

lands (Ndayishimiye et al., 2023; Kwizera et al., 2024). The only other primates in VNP are 

mountain gorillas (Gorilla gorilla berengei; Munanura et al., 2013) 

Gishwati Forest is a montane (2,020–2,500 m above sea level) broadleaf rainforest 

remnant (Nyandwi and Mukashema, 2011; Chancellor et al., 2012) within GMNP (Tuyusingize 

et al., 2021). Unlike VNP, Gishwati Forest is completely surrounded by agricultural fields and 

pastures (Nyandwi & Mukashema, 2011; Rundus et al., 2022). The terrain is hilly (mean slope = 

25.6º; Chancellor et al., 2017), and mean annual rainfall is 1,800 mm, with the same seasonal 

patterns in rainfall as VNP (Nyandwi and Mukashema, 2011). Primates in Gishwati Forest 

include eastern chimpanzees (Pan troglodytes schweinfurthii), L’hoest’s monkeys (A. lhoesti), 

bushbabies (Galago sp.), and golden monkeys (Chancellor et al., 2015; Tuyisingize et al., 2022). 

I worked with samples from four golden monkey groups in VNP and three in Gishwati 

Forest. The VNP groups are all habituated and had been followed on a near daily basis since 

2003 (Ndayishimiye et al., 2023). These groups resided mostly within bamboo forest and were 
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split between higher (> 2900 m) and lower altitude forest with two groups residing in each. Of 

the three groups in Gishwati Forest, one was partially habituated, while the other two were not, 

though the locations of their home ranges were known (Tuyisingize, Kaplin, et al., 2022).  

2.2.2 Sample collection 

I collaborated with the Dian Fossey Gorilla Fund International for sample collection. A 

field team, led by co-author Gategeko, with experience following golden monkeys from other 

research projects, collected fecal samples from monkeys in both parks. The team followed 

established protocols (Detwiler, 2010) that I modified to increase safety for both primates and 

humans in light of the Sars-CoV-2 outbreak. During 4-hour group follows (Rwanda limits the 

amount of team researchers may spend with primates in National Parks), the field team collected 

feces opportunistically and only after witnessing a monkey defecate. They collected from known 

individuals and/or individuals of unique age/sex classes or with identifying features to avoid 

repeat sampling. After locating a fecal bolus they collected 2 ml of fecal matter from the outside 

of the bolus, which was then stored in RNAlater to preserve the DNA. (Full collection protocols 

can be found at: dx.doi.org/10.17504/protocols.io.4r3l2o9ojv1y/v1) 

2.2.3 DNA extraction and sequencing 

I extracted DNA from collected samples using the Qiagen FastDNA Stool Mini Kit with 

help from a Rwandan student research assistant. For enrichment, library preparation, and 

sequencing, I sent the extracted samples to Arbor Biosciences (Ann Arbor, MI, USA). To enrich 

the golden monkey DNA, they used a hybrid-bait capture method with baits designed from a 

vervet (Chlorocebus sabaeus), a closely related monkey species, reference genome. These baits 

were designed to capture one hundred putatively neutral, 10 kb non-coding regions across the 

genome. Two rounds of capture were run to maximize the amount of DNA collected. After 
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enrichment, library preparation was completed with the Illumina barcoding and preparation kit. 

Samples were then batch sequenced on the HiSeq system (Illumina platform). 

2.2.4 Sequence preparation 

To prepare golden monkey sequences for analysis, I first trimmed the adapters using the 

program trimmomatic (Bolger et al., 2014). Next, I used the Burrows-Wheeler Aligner (BWA; Li 

& Durbin, 2009) to map golden monkey reads to the Chlorocebus sabaeus reference genome 

(GCF_015252025.1). Then, I used picard (Picard Toolkit, 2019) to mark duplicates, and bcftools 

to sort, call variants, and remove low quality variants (QC < 30, depth < 10). Before starting 

genetic analyses, I used the R package snpfiltr (DeRaad, 2022) to assess various cutoffs for 

missing data to balance SNP completeness (i.e., removing SNPs found in only a small number of 

samples) and keeping as many variants as possible. I also measured depth of coverage (Fig B.1) 

and allelic balance (Fig B.2). After assessing SNP quality, I excluded SNPs that deviated 

extremely from Hardy-Weinberg equilibrium (p < 1e-6), those classified as having minor allele 

frequencies (p < 0.05), loci that were not biallelic, and those that did not occur in at least 75 

percent of the population. In preparation for demographic modeling, I used easySFS 

(https://github.com/isaacovercast/easySFS; Gutenkunst et al., 2010) to compute the site 

frequency spectrum for the whole population from the filtered vcf file.  

2.2.5 Calculation of modern genetic diversity 

To assess the difference in current levels of heterozygosity between the VNP and 

Gishwati Forest populations, I used the package hierfstat (Goudet, 2005) in R (v. 4.3.2) to 

calculate the expected (He) and observed heterozygosity (Ho), standardized FST (F’ST), pairwise 

FST, and FIS for each population. To calculate the global (across the entire dataset) values for F 

statistics and heterozygosity, I used the diff_stats command in the mmod package (Winter, 2012) 
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in R. I assessed whether FIS was significantly different from zero by calculating the 95% 

confidence interval (CI): if the 95% CI did not include zero, then I interpreted that the mean FIS 

was significantly different from zero. I also used an exact binomial test to examine if the 

difference between Ho and He at each locus suggested heterozygosity excess. I confirmed these 

results by assessing the minor allele frequency per population, comparing it to the neutral 

expectation for a sample of this size, and calculating global Tajima’s D, also in heirfstat. Finally 

using the discriminant analysis of principal components function in adegenet (Jombart, 2008) 

and the STRUCTURE package (Porras-Hurtado et al., 2013), I explored the genetic structure of 

the global golden monkey population to see if the two geographically distinct populations were 

also genetically distinct. 

2.2.6 Exploration of past bottlenecks and demographic parameters 

To assess which demographic scenario best fit the observed golden monkey genetic 

dataset, I used fastsimcoal2 (Excoffier et al., 2021) to test four models of population change: 1) a 

population split with constant population size afterward, 2) a historic bottleneck with a recent 

population split, 3) a historic bottleneck and split with subsequent migration between 

populations, and 4) a population split followed by a population bottleneck in each daughter 

group. I used a uniform distribution for all priors. To set the maximum limits for the prior 

distributions, I estimated the current Ne for the VNP and Gishwati Forest populations using the 

formula Ne=4NmNf /(Nm + Nf), where Nm and Nf represent the number of males and females, 

respectively (Nomura, 2002; Tuyisingize et al., 2022).  

For each model I ran 20 iterations with 100 sets of 100,000 simulations per set. In each 

set, the results were compared to the actual site frequency spectrum, and fastsimcoal2 calculated 

the likelihood of that model accurately representing the observed data. Once the 20 iterations 
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were complete, I chose the iteration with the smallest difference between the maximum and 

observed likelihoods as the best model for that scenario. Then, I calculated the Akaike 

Information Criterion (AIC; Meier et al., 2017) for each best model, and compared the mean 

likelihood and AIC among the five scenarios to assess which one fit the data best. To confirm the 

accuracy of the estimated parameters in that scenario’s model, I re-ran 25 iterations of the model 

through fastsimcoal2 100 times per iteration. I again selected the best model, which I report 

below. 

2.3 Results 

The field team collected 48 fecal samples from 4 groups in VNP and 35 samples from 3 

groups in Gishwati Forest. Of these 83 samples, one was potentially contaminated and therefore I 

discarded it. I successfully extracted DNA from all 82 remaining samples, with extractions 

yielding an average of 1.34 and 1.25 μg of DNA from VNP and Gishwati Forest, respectively. 

Of the 82 samples, I recovered biallelic data from 76 individuals with a mean depth of 31.1. 

After filtering for quality, minimum allele frequency, and deviation from HWE, I was left with 

59 individuals in the sample pool: 43 from VNP and 16 from Gishwati Forest and 970 loci. 

Within that sample pool the average per locus missingness was 4.1 percent. For demographic 

modeling with the site frequency spectrum, I had to remove any samples that did not share all the 

same loci, therefore that analysis included 28 individuals from VNP and 11 from Gishwati 

Forest. 

2.3.1 Genetic diversity 

Across all samples, the mean genetic distance was 0.032, suggesting little differentiation. 

This conclusion was supported by the mean nucleotide diversity (π = 4.9e-5 heterozygous sites 

per basepair) and the pairwise Fst of 0.007. The F′st between the Gishwati and VNP populations 

https://www.zotero.org/google-docs/?lMt3KL
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was 0.056 (95% CI: 0.044 - 0.058) which indicates moderate population structuring (Beaumont, 

2005; Meirmans & Hedrick, 2011). This moderate amount of structure was also supported by a 

Tajima’s D of 1.055, which was calculated across both populations (Tajima, 1993). 

The He was 0.248 globally and similar between VNP (0.248) and Gishwati (0.238), with 

the VNP population driving the global value. Global observed heterozygosity was higher 

(Ho=0.313), and again the VNP population (Ho = 0.318) had a higher value than the Gishwati 

population (Ho= 0.302). From the exact binomial test, both populations and the global sample 

pool show heterozygosity excess (p < 0.001 for all). The population-wide Fis was -0.29, and the 

95% confidence interval did not include zero (CI: -0.31 to -0.27) further supporting the presence 

of excess heterozygotes. In addition, both populations also had a greater number of minor alleles 

than would be expected under neutral evolution (Fig. 1). 
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Figure 2.1: Minor allele frequency density plot for the Gishwati Forest (GF) and VNP 
populations (in blue) in comparison to the MAF density of a similarly sized population under 
neutral evolution. 

 

2.3.2 Population structure 

Discrimination analysis of principal components (DAPC) and STRUCTURE both 

supported two populations as the most likely number of genetic clusters within the sample (Fig. 

2). All samples from the VNP population belonged to the same genetic cluster. The Gishwati 

population, however, showed evidence of two ancestral lineages. Of the 16 Gishwati individuals, 

7 belonged to the VNP genetic cluster, 2 had split ancestry, and 7 belonged to the Gishwati 

cluster.  

 

Figure 2.2: Results of the discriminant analysis of principle components showing the probability 
of population membership for each individual. The proportion of the bar attributed to each 
population represents the probability of being assigned membership to the associated population. 
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2.3.3 Modeling population history 

Of the four demographic scenarios I modeled in fastsimcoal2, the model with the best 

support (highest likelihood, Fig. 3; and lowest AIC, Table 1) was model 1: a population split 

without a bottleneck before or after the split (Fig. 4). The parameters estimated by the model 

show an ancestral population with an effective population size of 4290 that split 15 generations 

ago into two populations, VNP (Ne = 4279) and Gishwati (Ne = 10).  

 
 
Figure 2.3: Distribution of likelihood values calculated for the best fit model of each 
demographic scenario. The scenario with the likelihood closest to zero was assessed to have the 
best fit. The numbers with each boxplot correspond to the median likelihood. 
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Table 2.1: Model testing results for four demographic scenarios estimated in fastsimcoal2. 
Akaike’s information criterion is weighted by number of model parameters, and Delta L 
represents the difference between the maximum expected and maximum observed likelihood 
calculated for each model. 
 
Model AIC Delta L 

1. Population split without bottleneck 15.80 0.601 

2. Bottleneck before population split 20.54 0.711 

3. Bottleneck before population split with subsequent migration 24.46 0.745 

4. Population split before bottleneck in both daughter populations 22.27 0.704 

 

 

 
 
Figure 2.4: Illustration of the best fit model as estimated by fastsimcoal2. The y axis denotes 
time in generations moving back from the present day (0). At the present day there are two 
populations, Volcanoes National Park (VNP) and Gishwati Forest (GF). 2N represents the 
effective population size of each population, while n is the number of individuals included for 
each population. The population size is also represented by the width of the rectangle associated 
with each population as noted by the scale below the x axis. There is not migration between 
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populations, so no migration matrix. The line connecting the two populations at Time = 5 
signifies a population split from the larger ancestral population in the single rectangle above that 
line. 
 

2.4 Discussion 

While it is clear that the golden monkeys in Rwanda have experienced population 

decline, the precise timing of that decline and whether some of it can be attributed to the recent 

deforestation in Rwanda remains unresolved. Contrary to expectations, each extant golden 

monkey population showed a moderate level of genetic diversity. Additionally, Fis and the 

presence of heterozygosity excess in both populations suggests a bottleneck likely occurred 

sometime within the golden monkey’s evolutionary history. Demographic modeling from the site 

frequency spectrum suggests that this bottleneck occurred before the two populations diverged, 

genetically if not physically. The presence of admixed individuals (containing both Gishwati and 

VNP ancestry) in the Gishwati population however, suggests that isolation of the two 

populations was not complete after the split.  

2.4.1 Genetic diversity and population bottlenecks 

The Fst and He
 (0.056 and 0.248 respectively) values suggest a moderate amount of 

genetic diversity within golden monkeys as a whole (Meirmans & Hedrick, 2011; Nei, 1973). 

However, species differ in what is considered a ‘healthy’ level of genetic diversity (Frankham, 

2022). Therefore, it is important to interpret these values in a phylogenetic context if possible. 

Other closely related primates show similar levels of diversity. Another Cercopithecus 

subspecies, C. mitis albogularis also referred to as the samango monkey, had a mean He of 0.415 

and a pairwise FST of 0.02 (Madisha et al., 2018). While pairwise FST values of 0.007 and 0.02 

seem quite different, neither differed from 0 and both indicate low genetic structuring (Madisha 

et al., 2018).  
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However, other measures tell a different story. Cercopithecus is one of the most 

genetically diverse primate clades, with a mean nucleotide diversity of 4.54e-3 het/bp across all 

species (Kuderna et al., 2023). Comparatively, the mean nucleotide diversity of the golden 

monkeys was much lower (4.9e-5 het/bp). This difference can be partially attributed to the low 

number of SNPs I was able to recover, however, it also appears that golden monkeys show much 

less genome-wide variation than other Cercopithecus taxa. Additionally, golden monkeys mean 

FIS (-0.29) was much higher than that of samangos (-0.077), indicating lower population-wide 

genetic diversity. The low, negative FIS in the samangos agrees with the low He and FST. The 

values of all three measures support the conclusion that the samango population has little genetic 

structure. In the golden monkeys, however, this is not the case.  

Taken together, the golden monkey’s genetic diversity measures may seem contradictory. 

However, moderate amounts of genome-wide variation with lower amounts of variation per 

locus and evidence of moderate population structuring support a reduction in population size (i.e. 

from a population bottleneck), recent inbreeding, assortative mating, or a combination of the 

three (Meirmans & Hedrick, 2011; Tajima, 1993; Van Dyke, 2008). The fastsimcoal2 results 

seem to support a recent population split, while the presence of a distinct genetic cluster in the 

Gishwati population lends support to inbreeding and assortative mating. 

2.4.2 Population structure 

Both the DAPC and STRUCTURE analyses show a unique Gishwati lineage. It is 

important to note that STRUCTURE cannot test for less than two populations. However, the fact 

that not only do three individuals show purely Gishwati heritage, but two others have mixed 

lineages, indicates that there is robust support for two population clusters. This result suggests 

https://www.zotero.org/google-docs/?fQvBCm
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that either 1) the two populations began to differentiate before becoming geographically isolated 

or 2) there was gene flow from a third population into Gishwati, potentially from the south.  

The first scenario would suggest that barriers to gene flow (though incomplete) existed 

between the two populations prior to large-scale deforestation in north-western Rwanda. There 

are few major geographic barriers in Rwanda that would limit dispersal between the Gishwati 

and VNP populations, but other barriers, such as human settlements, as well as assortative 

mating can lead to population structuring (Kitada et al., 2021; Meirmans & Hedrick, 2011). The 

demographic modeling results suggest a population split around 15 generations ago. For golden 

monkeys, which likely have a generation time similar to that of other mitis subspecies (13.7 

years; Bronikowski et al., 2016), that would have been approximately 180 years ago. This 

number supports a population split (creating a new genetic lineage) that occurred before the 

recent, human-caused deforestation in Rwanda. 

If the population structuring is a result of gene flow from populations in the south, there 

are two possible sources. The first is that a now extinct population of golden monkeys bred with 

the Gishwati monkeys. Old maps of Africa suggest that the Albertine Rift was historically 

covered in continuous forest (Fig 5; Carl Uhlig, 1902). If so, it is possible and even likely that 

golden monkeys extended farther south than Gishwati Forest and could have formed a 

genetically distinct subpopulation.  

https://www.zotero.org/google-docs/?8yOYe0
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Figure 2.5: Vegetation map of the German East-African colonies drawn by Carl Uhlig (1902), 
modified to highlight the area of the Albertine Rift adjacent to Lake Kivu. The light green color 
represents areas covered by gallery or montane forest. 

 

Continuous forest may have also meant that Gishwati Forest and Nyungwe Forest were 

connected. Golden monkeys have never been seen in Nyungwe Forest, but there is a large 

population of silver monkeys (Cercopithecus mitis doggetti; Kaplin, 2001). Because both golden 

and silver monkeys are Cercopithecus mitis subspecies, hybridization between the two is 

certainly possible. Testing this hypothesis would be possible with silver monkey DNA samples 

https://www.zotero.org/google-docs/?O0xud6
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but is outside the scope of this project. If hybridization proves to be the source of genetic 

structuring in Gishwati, it could indicate that hybridization is currently occurring in the golden 

monkeys’ present-day range in the Democratic Republic of Congo. The most recent census of 

mammals in Virunga National Park documented both golden and silver monkeys in the same 

survey quadrant (Owiunji et al., 2005). 

2.4.3 Limitations 

Though I was able to recover a large enough number of SNPs to assess genetic diversity 

within the sample pool, a large number of those SNPs were not shared by many individuals. To 

increase the accuracy of the genetic tests I used in this study, I had to remove variant sites and in 

some instances individuals because they did not share certain SNPs. The amount of DNA 

extracted from each sample was considered normal for fecal DNA extractions, but fecal DNA is 

highly fragmented, which can decrease accuracy in library preparation and sequencing 

(Lathuillière et al., 2001). Additionally, the samples were transported multiple times (both while 

frozen and dried) which could have led to further DNA degradation before sequencing.  

Fastsimcoal2 in particular is sensitive to missing data (Excoffier et al., 2021), and 

therefore even fewer sites could be included in that analysis. Site frequency spectrum based 

simulation models are most accurate with very large (> 3000 SNPs), therefore the small sample 

size in this study limits the confidence of the model’s inference (Excoffier et al., 2021). In 

particular, the estimated Nes are highly suspicious, and I suspect the VNP value to be much too 

high and the Gishwati value much too low. To obtain a more accurate and conclusive estimate of 

historical demographic change in the golden monkeys, either a much greater number of SNPs 

from more individuals or at least one high quality whole genome will need to be sequenced 

(Lapierre et al., 2017; Mather et al., 2020)  

https://www.zotero.org/google-docs/?6m1AJo
https://www.zotero.org/google-docs/?zdGhiJ
https://www.zotero.org/google-docs/?YaKsuC
https://www.zotero.org/google-docs/?NjJUp4
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I found that the Gishwati population had a higher number of missing SNPs (Fig. A2.1), 

which corresponds with a lower mean concentration of extracted DNA. This pattern could 

perhaps be attributed to the smaller size and higher likelihood of breakage in the Gishwati 

monkey fecal boluses. The highest concentration of host DNA is found on the outside of the 

fecal mass (Perry et al., 2010). Therefore, a smaller bolus has a smaller surface area that is also 

harder to sample, which could lead to a lower concentration of host DNA in the sample. 

Additionally, according to data recorded by the field team, the Gishwati feces were found in 

multiple pieces more often than in VNP. I suspect that the Gishwati fecal boluses were more 

prone to breakage because they often dropped from higher in the canopy, and possibly because 

of dietary differences (more fiber, from greater folivory, in VNP; Tuyisingize et al., 2021).  

2.4.4 Implications for conservation 

While both the VNP and Gishwati populations appear to have a healthy amount of 

genetic diversity, there is clear evidence that historic and likely recent population declines have 

occurred. The low nucleotide diversity and heterozygosity excess in the golden monkey 

population limits the taxon’s adaptive potential, which will be crucial for responding to future 

climate scenarios (Booy et al., 2000). The severity of previous declines and whether golden 

monkeys are still experiencing diversity loss is outside the reach of this study. However, 

assessing the degree to which golden monkeys have and are still losing diversity is crucial for 

future conservation efforts, particularly for the Gishwati population. 

  Because of its small census population size of just over 200 (Tuyisingize, 2022) and 

isolation from other golden monkey populations, the Gishwati population is particularly 

vulnerable. A single event, such as a highly infectious virus, could push the population to the 

brink of extinction. With the evidence provided here, that the Gishwati golden monkeys possess 

https://www.zotero.org/google-docs/?20Ybzb
https://www.zotero.org/google-docs/?dA0y1S
https://www.zotero.org/google-docs/?m1yLi0
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unique genetic variants, it is more important than ever to preserve this population. At the 

moment, the Gishwati population appears stable (Tuyisingize et al., 2022). Therefore, preventing 

further decline, and promoting population growth, actions that are already underway 

(Tuyisingize et al., 2023), will likely prevent further loss of genetic diversity. 

2.4.5 Future directions 

This study is the first to assess golden monkey population genetics, and there is much 

more to learn about this subspecies. Of high priority should be sequencing a golden monkey 

reference genome to facilitate future research, assess demographic history, and search for 

evidence of recent inbreeding and mutational load from past population declines. It is also 

important to assess the population genetics of golden monkeys in Uganda and the Democratic 

Republic of Congo as they are part of the larger golden monkey population spread across the 

Virunga massif. Adding this information to the results presented here will provide a clearer 

picture of how golden monkey populations have changed throughout their evolutionary history.  

  

https://www.zotero.org/google-docs/?ueaP9t
https://www.zotero.org/google-docs/?3CRHQ2


76 

2.5 References 

Akinyemi, F. O. (2017). Land change in the central Albertine rift: Insights from analysis and 

mapping of land use-land cover change in north-western Rwanda. Applied Geography, 

87, 127–138. https://doi.org/10.1016/j.apgeog.2017.07.016 

Arakwiye, B., Rogan, J., & Eastman, J. R. (2021). Thirty years of forest-cover change in 

Western Rwanda during periods of wars and environmental policy shifts. Regional 

Environmental Change, 21(2), 27. https://doi.org/10.1007/s10113-020-01744-0 

Arcos-Burgos, M., & Muenke, M. (2002). Genetics of population isolates. Clinical Genetics, 

61(4), 233–247. https://doi.org/10.1034/j.1399-0004.2002.610401.x 

Beaumont, M. A. (2005). Adaptation and speciation: What can Fst tell us? Trends in Ecology & 

Evolution, 20(8), 435–440. https://doi.org/10.1016/j.tree.2005.05.017 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina 

sequence data. Bioinformatics, 30(15), 2114–2120. 

https://doi.org/10.1093/bioinformatics/btu170 

Booy, G., Hendriks, R. J. J., Smulders, M. J. M., Groenendael, J. M. V., & Vosman, B. (2000). 

Genetic diversity and the survival of populations. Plant Biology, 2(4), 379–395. 

https://doi.org/10.1055/s-2000-5958 

Bronikowski, A. M., Cords, M., Alberts, S. C., Altmann, J., Brockman, D. K., Fedigan, L. M., ... 

& Morris, W. F. (2016). Female and male life tables for seven wild primate 

species. Scientific data, 3(1), 1-8. 

Butynski, T. M., & de Jong, Y. A. (2020). Cercopithecus mitis ssp. kandti. (e. T4236A92571626; 

The IUCN Red List of Threatened Species). https://dx.doi.org/10.2305/IUCN.UK.2020- 

2.RLTS.T4236A92571626.en 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


77 

Clay, N. (2019). Fixing the ecosystem: Conservation, crisis and capital in Rwanda’s Gishwati 

Forest. Environment and Planning E: Nature and Space, 2(1), 23–46. 

https://doi.org/10.1177/2514848619826576 

Crandall, K. A., Bininda-Emonds, O. R. P., Mace, G. M., & Wayne, R. K. (2000). Considering 

evolutionary processes in conservation biology. Trends in Ecology & Evolution, 15(7), 

290–295. https://doi.org/10.1016/S0169-5347(00)01876-0 

DeRaad, D. A. (2022). snpfiltr: An R package for interactive and reproducible SNP filtering. 

Molecular Ecology Resources, 22(6), 2443–2453. https://doi.org/10.1111/1755-

0998.13618 

Detwiler, K. M. (2010). Natural hybridization between Cercopithecus mitis x C. ascanius in 

Gombe National Park, Tanzania [Ph.D. dissertation, New York University]. 

https://search.proquest.com/docview/305210454/abstract/7906521AD37548CAPQ/1 

Estrada, A., & Garber, P. A. (2022). Principal drivers and conservation solutions to the 

impending primate extinction crisis: Introduction to the special issue. International 

Journal of Primatology, 43(1), 1–14. https://doi.org/10.1007/s10764-022-00283-1 

Estrada, A., Garber, P. A., Rylands, A. B., Roos, C., Fernandez-Duque, E., Fiore, A. D., Nekaris, 

K. A. I., Nijman, V., Heymann, E. W., Lambert, J. E., Rovero, F., Barelli, C., Setchell, J. 

M., Gillespie, T. R., Mittermeier, R. A., Arregoitia, L. V., Guinea, M. de, Gouveia, S., 

Dobrovolski, R., … Li, B. (2017). Impending extinction crisis of the world’s primates: 

Why primates matter. Science Advances, 3(1), e1600946. 

https://doi.org/10.1126/sciadv.1600946 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


78 

Excoffier, L., Marchi, N., Marques, D. A., Matthey-Doret, R., Gouy, A., & Sousa, V. C. (2021). 

fastsimcoal2: Demographic inference under complex evolutionary scenarios. 

Bioinformatics, 37(24), 4882–4885. https://doi.org/10.1093/bioinformatics/btab468 

Frankham, R. (2022). Evaluation of proposed genetic goals and targets for the Convention on 

Biological Diversity. Conservation Genetics. https://doi.org/10.1007/s10592-022-01459-

1 

Goudet, J. (2005). Hierfstat, a package for r to compute and test hierarchical F-statistics. 

Molecular Ecology Notes, 5(1), 184–186. https://doi.org/10.1111/j.1471-

8286.2004.00828.x 

Guschanski, K., Krause, J., Sawyer, S., Valente, L. M., Bailey, S., Finstermeier, K., Sabin, R., 

Gilissen, E., Sonet, G., Nagy, Z. T., Lenglet, G., Mayer, F., & Savolainen, V. (2013). 

Next-generation museomics disentangles one of the largest primate radiations. Systematic 

Biology, 62(4), 539–554. https://doi.org/10.1093/sysbio/syt018 

Gutenkunst, R., Hernandez, R., Williamson, S., & Bustamante, C. (2010). Diffusion 

Approximations for Demographic Inference: DaDi. Nature Precedings, 1–1. 

https://doi.org/10.1038/npre.2010.4594.1 

Hedrick, P. W., & Garcia-Dorado, A. (2016). Understanding inbreeding depression, purging, and 

genetic rescue. Trends in Ecology and Evolution, 31(12), 940–952. 

https://doi.org/10.1016/j.tree.2016.09.005 

Jombart, T. (2008). adegenet: A R package for the multivariate analysis of genetic markers. 

Bioinformatics, 24(11), 1403–1405. https://doi.org/10.1093/bioinformatics/btn129 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


79 

Kaplin, B. A. (2001). Ranging behavior of two species of guenons (Cercopithecus lhoesti and C. 

mitis doggetti) in the Nyungwe Forest Reserve, Rwanda. International Journal of 

Primatology, 22(4), 521–548. https://doi.org/10.1023/A:1010716001014 

Kitada, S., Nakamichi, R., & Kishino, H. (2021). Understanding population structure in an 

evolutionary context: Population-specific FST and pairwise FST. G3 

Genes|Genomes|Genetics, 11(11), jkab316. https://doi.org/10.1093/g3journal/jkab316 

Klütsch, C. F. C., & Laikre, L. (2021). Closing the conservation genetics gap: Integrating genetic 

knowledge in conservation management to ensure evolutionary potential. In C. C. 

Ferreira & C. F. C. Klütsch (Eds.), Closing the Knowledge-Implementation Gap in 

Conservation Science: Interdisciplinary Evidence Transfer Across Sectors and 

Spatiotemporal Scales (pp. 51–82). Springer International Publishing, Cham, NE. 

https://doi.org/10.1007/978-3-030-81085-6_3 

Kuang, W., Hu, J., Wu, H., Fen, X., Dai, Q., Fu, Q., Xiao, W., Frantz, L., Roos, C., Nadler, T., 

Irwin, D. M., Zhou, L., Yang, X., & Yu, L. (2020). Genetic diversity, inbreeding level, 

and genetic load in endangered snub-nosed monkeys (Rhinopithecus). Frontiers in 

Genetics, 11. https://doi.org/10.3389/fgene.2020.615926 

Kuderna, L. F. K., Gao, H., Janiak, M. C., Kuhlwilm, M., Orkin, J. D., Bataillon, T., Manu, S., 

Valenzuela, A., Bergman, J., Rousselle, M., Silva, F. E., Agueda, L., Blanc, J., Gut, M., 

de Vries, D., Goodhead, I., Harris, R. A., Raveendran, M., Jensen, A., … Marques Bonet, 

T. (2023). A global catalog of whole-genome diversity from 233 primate species. 

Science, 380(6648), 906–913. https://doi.org/10.1126/science.abn7829 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


80 

Lapierre, M., Lambert, A., & Achaz, G. (2017). Accuracy of demographic inferences from the 

site frequency spectrum: The case of the Yoruba population. Genetics, 206(1), 439–449. 

https://doi.org/10.1534/genetics.116.192708 

Lathuillière, M., Ménard, N., Gautier‐Hion, A., & Crouau‐Roy, B. (2001). Testing the reliability 

of noninvasive genetic sampling by comparing analyses of blood and fecal samples in 

Barbary macaques (Macaca sylvanus). American Journal of Primatology, 55(3), 151–

158. https://doi.org/10.1002/ajp.1048 

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler 

transform. Bioinformatics, 25(14), 1754–1760. 

https://doi.org/10.1093/bioinformatics/btp324 

Li, S.H., Liu, Y., Yeh, C.F., Fu, Y., Yeung, C. K. L., Lee, C.C., Chiu, C.C., Kuo, T. H., Chan, 

F.T., Chen, Y.C., Ko, W.Y., & Yao, C.T. (2022). Not out of the woods yet: Signatures of 

the prolonged negative genetic consequences of a population bottleneck in a rapidly re-

expanding wader, the black-faced spoonbill Platalea minor. Molecular Ecology, 31(2), 

529–545. https://doi.org/10.1111/mec.16260 

Madisha, M. T., Dalton, D. L., Jansen, R., & Kotze, A. (2018). Genetic assessment of an isolated 

endemic Samango monkey (Cercopithecus albogularis labiatus) population in the 

Amathole Mountains, Eastern Cape Province, South Africa. Primates, 59(2), 197–207. 

https://doi.org/10.1007/s10329-017-0636-5 

Mather, N., Traves, S. M., & Ho, S. Y. W. (2020). A practical introduction to sequentially 

Markovian coalescent methods for estimating demographic history from genomic data. 

Ecology and Evolution, 10(1), 579–589. https://doi.org/10.1002/ece3.5888 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


81 

Meier, J. I., Sousa, V. C., Marques, D. A., Selz, O. M., Wagner, C. E., Excoffier, L., & 

Seehausen, O. (2017). Demographic modelling with whole-genome data reveals parallel 

origin of similar Pundamilia cichlid species after hybridization. Molecular Ecology, 

26(1), 123–141. https://doi.org/10.1111/mec.13838 

Meirmans, P. G., & Hedrick, P. W. (2011). Assessing population structure: FST and related 

measures. Molecular Ecology Resources, 11(1), 5–18. https://doi.org/10.1111/j.1755-

0998.2010.02927.x 

Menotti-Raymond, M., & O’Brien, S. J. (1993). Dating the genetic bottleneck of the African 

cheetah. Proceedings of the National Academy of Sciences, 90(8), 3172–3176. 

https://doi.org/10.1073/pnas.90.8.3172 

Munanura, I. E., Backman, K. F., & Sabuhoro, E. (2013). Managing tourism growth in 

endangered species’ habitats of Africa: Volcanoes National Park in Rwanda. Current 

Issues in Tourism, 16(7–8), 700–718. https://doi.org/10.1080/13683500.2013.785483 

Nei, M. (1973). Analysis of gene diversity in subdivided populations. Proceedings of the 

National Academy of Sciences, 70(12), 3321–3323. 

https://doi.org/10.1073/pnas.70.12.3321 

Nomura, T. (2002). Effective size of populations with unequal sex ratio and variation in mating 

success. Journal of Animal Breeding and Genetics, 119(5), 297–310. 

https://doi.org/10.1046/j.1439-0388.2002.00347.x 

Owiunji, I., Nkuutu, D., Kujirakwinja, D., Liengola, I., Plumptre, A., Nsanzurwimo, A., Fawcett, 

K., Gray, M. & McNeilage, A. (2005). The biodiversity of the Virunga 

Volcanoes. Unpublished report, Wildlife Conservation Society, New York. 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://doi.org/10.1073/pnas.90.8.3172
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


82 

Peery, M. Z., Kirby, R., Reid, B. N., Stoelting, R., Doucet‐Bëer, E., Robinson, S., Vásquez‐

Carrillo, C., Pauli, J. N., & Palsbøll, P. J. (2012). Reliability of genetic bottleneck tests 

for detecting recent population declines. Molecular Ecology, 21(14), 3403–3418. 

https://doi.org/10.1111/j.1365-294X.2012.05635.x 

Perry, G. H., Marioni, J. C., Melsted, P., & Gilad, Y. (2010). Genomic-scale capture and 

sequencing of endogenous DNA from feces. Molecular Ecology, 19(24), 5332–5344. 

https://doi.org/10.1111/j.1365-294X.2010.04888.x 

Porras-Hurtado, L., Ruiz, Y., Santos, C., Phillips, C., Carracedo, Á., & Lareu, M. (2013). An 

overview of STRUCTURE: Applications, parameter settings, and supporting software. 

Frontiers in Genetics, 4. https://doi.org/10.3389/fgene.2013.00098 

Ramstad, K. M., Colbourne, R. M., Robertson, H. A., Allendorf, F. W., & Daugherty, C. H. 

(2013). Genetic consequences of a century of protection: Serial founder events and 

survival of the little spotted kiwi (Apteryx owenii). Proceedings of the Royal Society B: 

Biological Sciences, 280(1762), 20130576. https://doi.org/10.1098/rspb.2013.0576 

Robinson, J. A., Kyriazis, C. C., Nigenda-Morales, S. F., Beichman, A. C., Rojas-Bracho, L., 

Robertson, K. M., Fontaine, M. C., Wayne, R. K., Lohmueller, K. E., Taylor, B. L., & 

Morin, P. A. (2022). The critically endangered vaquita is not doomed to extinction by 

inbreeding depression. Science, 376(6593), 635–639. 

https://doi.org/10.1126/science.abm1742 

Tajima, F. (1993). Statistical analysis of DNA polymorphism. 遺伝学雑誌, 68(6), 567–595. 

https://doi.org/10.1266/jjg.68.567 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


83 

Tuyisingize, D. (2022). Conservation ecology of the golden monkeyscercopithecus mitis kandti 

and their habitats in Rwanda [PhD Dissertation, University of Rwanda]. 

http://dr.ur.ac.rw/handle/123456789/1631 

Tuyisingize, D., Cipolletta, C., Eckhardt, W., Caillaud, D., Musana, A., Muvunyi, R., Turinawe, 

M., Muhabwe, R., Amanya, S., Mburanumwe, I., Katutu, J., Shalukoma, C., 

Ndagijimana, F., Stoinski, T. S., & Kaplin, B. A. (2023). Regional golden monkey 

(Cercopithecus mitis kandti) conservation action plan 2023-2028. IUCN, 36. 

https://doi.org/10.2305/VGRZ7036 

Tuyisingize, D., Eckardt, W., Caillaud, D., & Kaplin, B. A. (2021). High flexibility in diet and 

ranging patterns in two golden monkey (Cercopithecus mitis kandti) populations in 

Rwanda. American Journal of Primatology, e23347. https://doi.org/10.1002/ajp.23347 

Tuyisingize, D., Kaplin, B. A., Eckardt, W., Musana, A., & Caillaud, D. (2022). Distribution and 

conservation status of the golden monkey Cercopithecus mitis kandti in Rwanda. Oryx, 

1–9. https://doi.org/10.1017/S0030605321001009 

Uhlig, C. (1902). Wirtschaftskarte von Deutsch-Ostafrika: im amtlichen auftrage und in 

verbindung mit dem Kolonial-Wirtschaftlichten Kommitee, auf grund der berichte der 

bezirsämter u. Militärstationen, nach eigenen erkundungen u. anderen angeben. [Map]. 

Penn State Universities Libraries, Digital Collections. 

digital.libraries.psu.edu/digital/collection/maps1/id/30224/rec/1 

van der Valk, T., Díez-del-Molino, D., Marques-Bonet, T., Guschanski, K., & Dalén, L. (2019). 

Historical genomes reveal the genomic consequences of recent population decline in 

eastern gorillas. Current Biology, 29(1), 165-170.e6. 

https://doi.org/10.1016/j.cub.2018.11.055 

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://doi.org/10.1002/ajp.23347
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


84 

Van Dyke, F. (2008). Genetic diversity–Understanding conservation at genetic 

levels. Conservation biology: foundations, concepts, applications, 153-184. 

Vandewoestijne, S., Schtickzelle, N., & Baguette, M. (2008). Positive correlation between 

genetic diversity and fitness in a large, well-connected metapopulation. BMC Biology, 

6(1), 46. https://doi.org/10.1186/1741-7007-6-46 

Winter, D. J. (2012). mmod: An R library for the calculation of population differentiation 

statistics. Molecular Ecology Resources, 12(6), 1158–1160. 

https://doi.org/10.1111/j.1755-0998.2012.03174.x 

 

 

 

 

  

https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9
https://www.zotero.org/google-docs/?jUnRS9


85 

Chapter 3: Patterns of helminth infection in wild golden monkeys 

(Cercopithecus mitis kandti) in Rwanda 

3.1 Introduction: 

Despite their ubiquity in many wildlife and rural human communities, helminths are 

often underestimated as a health concern (Hotez et al., 2018). Helminth infections are typically 

sub-lethal, but they have negative consequences for host fitness, mainly through an energetic 

pathway (Shanebeck et al., 2022). By allocating energy to fighting helminth infections, hosts 

have less energy to use for functions like growth or reproduction. This loss of energy may at first 

have little effect on the host, but with time it can negatively affect fitness and increase 

susceptibility to further infection (Shanebeck et al. 2022). Therefore, helminths can impose long-

lasting costs on their hosts. Further, because these effects are sub-lethal, helminths can infect a 

larger proportion of the population (Ghai et al., 2015; Shanebeck et al., 2020). Widespread 

infection may contribute to population decline, especially in small populations (Pedersen et al., 

2007; Thompson et al., 2010). Accordingly, the prevalence and intensity of helminth infections 

can indicate population health (Aleuy et al., 2018; Böhm et al., 2006; Kuklin et al., 2019). 

Helminths in primates have been fairly well studied (Stephens et al., 2017) as they are 

relatively easy to sample, even non-invasively, and to identify (Thompson et al. 2010). Helminth 

infections can lead to increased glucocorticoid levels (Müller-Klein et al., 2019), increased 

lethargy, and decreased sociality (Akinyi et al., 2019; Bordes & Morand, 2011; Ghai et al. 2015; 

Müller-Klein et al. 2019). Fewer and weaker social connections have in turn been linked to 

overall reduced fitness (Archie et al., 2014; Snyder-Mackler et al., 2020). These individual-level 

costs of infection underlie assessments of population health (Howells et al., 2011; MacIntosh et 

al., 2011). For example, Krief et al. (2005) included an analysis of helminth parasites in a 
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comprehensive assessment of population health for chimpanzees inhabiting Kibale National 

Park, Uganda. The authors interpreted the overall low parasite load as a sign of a healthy 

population, with the caveat that they did not inspect potential sources of pathogen exposure.  

The risk of helminth infection, both in general and in primates particularly, relates to 

processes at the host, social group, and population level, but the influencing factors at each level 

appear to vary among groups and populations (Akinyi et al., 2019). Helminths are commonly 

transmitted through inter-individual contact or ingestion of contaminated soil or water 

(Cleaveland et al., 2001). Some helminth species are host specific, while others are generalists 

and will cross between humans, domestic animals, and wildlife (Fehlmann et al., 2021). Still 

others are constrained to phylogenetically similar hosts (Cleaveland et al. 2001; Cooper et al., 

2012; Zinner et al., 2023). Social factors can affect parasite infection, such that individuals with 

more grooming partners have a higher parasite load because each additional partner increases the 

chance of transmission between group-mates (MacIntosh et al. 2012; González-Hernández et al. 

2014). The risk of infection also increases with an individual’s experienced density (group size, 

or number of individuals per home range (Bordes and Morand 2011; Gillespie et al., 2013).  

There is evidence that exposure to humans is associated with helminth prevalence in 

primate populations (Barelli et al., 2019; Gillespie & Chapman, 2006; Young et al., 2013), 

though there are also cases in which greater proximity to human settlements corresponds to 

lower levels of infection (Lane et al, 2011; Martínez-Mota et al., 2018). Proximity to humans 

may increase infection risk via direct transmission to wild-living animals (including from 

livestock; Medkour et al., 2020; Obanda et al., 2019). Additionally, human presence and activity 

increases stress, which in turn increases the risk of infection (Borg et al., 2014). 
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Patterns of helminth infection provide information important for understanding 

conservation risks. The breakdown of natural barriers between humans and wildlife (Fuller et al., 

2019; Wells et al. 2018), including non-human primates (Grande et al., 2020; Schwitzer et al., 

2011) has accelerated over the last century, increasing potential pathogen transmission (Devaux 

et al., 2019). At these interfaces, transmission of generalist helminth taxa between humans, non-

human primates, and potentially other mammals is possible (Devaux et al., 2019; Ghai, 

Chapman, et al., 2014; Ghai, Simmons, et al., 2014). Many factors that increase infection risk, 

such as inbreeding (Charpentier, Williams, & Drea, 2008), have their own negative 

consequences for the population (Gibson, 2022). Comparing the differences in infection 

characteristics between groups and populations may highlight other conservation concerns 

(Charpentier, Williams, & Drea, 2008; Gagne et al., 2022). Documenting patterns of infection is 

therefore the first step to understanding how parasite infection affects the host population.   

I characterized helminth infections in golden monkeys (Cercopithecus mitis kandti), an 

endangered subspecies that occurs in only two populations in central Africa. Historically, the two 

populations were connected, but both populations experienced habitat loss and suspected 

population declines that also isolated them (Arakwiye et al., 2021). In Volcanoes National Park 

(VNP) where the Rwandan portion of the larger population resides, forest loss was largely halted 

in the early 1970’s and only ca. 25 percent of the forest cover was lost overall (Williamson and 

Fawcett, 2008). Gishwati Forest (part of Gishwati-Makura National Park; GMNP), where the 

smaller population is located, lost over 90 percent of its forest cover between 1970 and 2006 

(Ishimo, 2010) and therefore likely suffered a more dramatic population decline. Both parks 

border farmland which provides crop foraging opportunities (Ndayishimiye et al., 2023; Rundus 

et al., 2022).  
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The two populations differ somewhat in their ecology. The VNP golden monkeys have 

larger groups (50-100 individuals) with multiple resident adult males in each group and their 

main food source is bamboo shoots which requires foraging on the forest floor (Tuyisingize et 

al., 2021). The Gishwati golden monkey groups are smaller (ca. 30 individuals) with only a 

single resident male in each group, and they feed primarily on arboreal fruits (Tuyisingize et al., 

2021). While both populations co-occur with other primates, there are more primate species in 

Gishwati Forest (4 vs 2 in VNP, including golden monkeys; Chancellor et al., 2012; Tuyisingize, 

Kaplin, et al., 2022). L’hoest’s monkeys (Allochrocebus lhoesti), which are phylogenetically 

close to golden monkeys (Guschanski et al., 2013), occur only in Gishwati. 

I used both between- and within (group level)- population comparisons to test the effects 

of the factors summarized above on helminth infections in golden monkeys. I expected 

individuals in VNP, with a higher experienced density (in their larger groups) and higher 

likelihood of contact with contaminated substrates (from foraging on the forest floor), to have a 

higher prevalence of helminth infection (i.e., greater number of infected individuals), reflecting 

increased opportunities for contact with infected individuals and substrates (Bordes and Morand, 

2011; Gillespie et al., 2013). Additionally, I anticipated the presence of phylogenetically close, 

sympatric primates in Gishwati Forest would increase parasite richness (i.e. diversity of 

parasites) in that population, reflecting the greater likelihood of sharing host-adapted helminths 

(Cooper et al., 2012). I also expected that groups with more human exposure, such as those 

foraging on crops or living near the forest edge, would have higher measures of infection than 

those with less human exposure.  
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3.2 Methods: 

3.2.1 Study Sites and Groups: 

 VNP is a montane cloud forest on the Virunga Massif containing eight habitat types, 

most recently classified in Plumptre (1991). The forest ranges in altitude from 2,300 to 4,500 m 

with mean annual rainfall of 2,000 mm, a long dry season from June through August and a short 

dry season from December through February (Grueter et al., 2013). VNP is surrounded by 

agricultural lands along much of its borders (Ndayishimiye et al., 2023; Kwizera et al., 2024). 

However, to the north, the forests of VNP continue into Uganda and the Democratic Republic of 

Congo (DRC). Golden monkeys, along with mountain gorillas (Gorilla gorilla beringei), are the 

only primates inhabiting this park (Hickey et al. 2019). 

Gishwati Forest is a montane (2,020–2,500 m asl) broadleaf rainforest remnant (Nyandwi 

and Mukashema, 2011; Chancellor et al., 2012) within GMNP (Tuyusingize et al., 2021). It is 

surrounded on all sides by agricultural fields and pastures (Nyandwi & Mukashema, 2011; 

Rundus et al., 2022). The terrain is hilly (mean slope = 25.6º; Chancellor et al., 2017), and mean 

annual rainfall is 1,800 mm (Nyandwi and Mukashema, 2011) with a dry season typically 

between June and August. Gishwati Forest is the only forest in GMNP that contains primates, 

including eastern chimpanzees (Pan troglodytes schweinfurthii), L’hoest’s monkeys, bushbabies 

(Galago sp.), and golden monkeys (BIOCHEM-RD Ltd, 2018; Tuyisingize et al., 2022). 

The study included four golden monkey groups from VNP, all of which were habituated 

by the Rwanda Development Board and Dian Fossey Gorilla Fund staff and followed on a near 

daily basis since 2003 (Ndayishimiye et al., 2023). These groups reside mostly within bamboo 

forest and are split between high and low altitude forest with two groups residing in each. Only 

the lower altitude groups have access to human crops (Tuyusingize et al, 2021). The study also 
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included three groups from Gishwati Forest. One was partially habituated in 2018 by Dian 

Fossey Gorilla Fund staff, while the other two were unhabituated, though the locations of their 

home ranges were known to the field staff (Tuyisingize, Kaplin, et al., 2022).  

Golden monkeys in both VNP and Gishwati Forest have been documented crop foraging 

(Ndayishimiye et al., 2023; R. Chancellor pers. comm.). Because golden monkeys are territorial 

(Tuyisingize et al., 2021), only groups located near the forest edge can access agricultural fields 

that border the forest. In VNP, golden monkeys primarily forage for potatoes (Ndayishimiye et 

al., 2023) while the primary crop abutting Gishwati Forest is maize (Rundus et al., 2022). Crop 

foraging by golden monkeys affected 95% of farmers interviewed outside of VNP 

(Ndayishimiye et al., 2022), indicating that it occurs regularly there. According to reports from 

farmers outside of Gishwati Forest, golden monkey crop foraging happens much less frequently, 

with less than 10 reported incidents from 2015 to 2019 (R. Chancellor, unpublished data). 

However, farmers outside of Gishwati Forest are much more concerned with more destructive 

chimpanzee crop foraging (Rundus et al., 2022) so reports are likely to underestimate rates of 

crop foraging by golden monkeys.  

3.2.2 Fecal Collection: 

A field team from the Dian Fossey Gorilla Fund, led by co-author Gategeko, collected 

fecal samples in VNP from 30-May-2022 to 30-June-2022 and Gishwati Forest from 20-July-

2022 to 14-September-2022. Within these periods, golden monkey groups were followed daily. 

The team followed amended protocols developed for fecal collection from unhabituated blue 

monkeys (C. mitis; Detwiler, 2010). I adjusted the protocols to include shorter observation days 

(4 hours) for both parks pursuant to VNP research policy, and more safety measures for both 

human field staff and golden monkey populations in light of the SARS-CoV-2 pandemic. 
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Immediately after witnessing a defecation event, the team located the fecal mass and 

placed it in a plastic bag. For each sample, they recorded the group and age/sex class of the 

source monkey, and time and location of collection. Members of the field team were able to 

identify VNP individuals by sight and thus avoided collecting duplicate samples. To avoid repeat 

sampling in Gishwati Forest, samples were collected from individuals in different age-sex 

classes (juvenile, adult male, adult female) and/or individuals with unique identifiers (scars, stiff 

digits). The field team continued to follow groups until they collected a sample from each 

age/sex class and as many uniquely identifiable individuals as possible (Detwiler 2010). At the 

end of each collection day, the field team measured the total mass of each fecal bolus and then 

took two 3 g subsamples which were stored in 10% formalin. One subsample was used for 

morphological parasite identification and the duplicate subsample remained in Rwanda. 

Additional fecal matter was discarded. (Full collection protocols can be found at 

https://www.protocols.io/view/golden-monkey-fecal-sampling-protocol-4r3l2o9ojv1y/v1.) 

3.2.3 Parasite Identification: 

Morphological parasite analysis was completed by Carine Uwamahoro, an independent 

Rwandan researcher. She homogenized and filtered the first set of 3 g fecal samples in 10% 

formalin, using a sugar solution, to separate eggs and larvae from the fecal matter. Once 

separated, she placed a known aliquot of filtered suspension in a Mini-FLOTAC chamber under 

10× magnification to count the number of eggs in each chamber to estimate eggs per gram of 

feces. During flotation, she also identified helminth larvae to the lowest possible taxonomic 

level.  

After identification, I went through the data generated by Ms. Uwamahoro, and indicated 

for each sample the presence of any helminth, multiple infection, and each taxon identified, 



92 

coding 1 for presence and 0 for absence. I used the presence/absence data for the 4 taxa she 

identified (Capillaria, Strongyloides, strongylids, and Trichuris) to quantify prevalence, richness, 

and number of multiple infections (Chapman et al., 2006). I calculated prevalence as the 

proportion of infected individuals in a population (whether for specific helminth taxa, or for all 

combined), richness refers to the total number of parasite taxa found in the host population. 

Number of multiple infections is the number of individuals in a population that host multiple 

helminth taxa (Chapman et al. 2006).  

3.2.4 Statistical Analysis: 

I used Fisher exact tests, comparing counts of infected and non-infected individuals, to 

assess differences between populations and groups (experiencing high vs low human exposure) 

in prevalence (of general and taxon-specific infection) and multiple infection. I assessed human 

exposure in two ways. First, I assigned groups as high vs. low exposure based on whether they 

participated in crop foraging. Second, I used the near tool in ArcPro to measure the shortest 

distance from the sample collection coordinates to the forest edge. In both parks, the transition 

for forest to agricultural land is abrupt, so the forest edge is easy to identify. The shapefile for 

each park was created using GPS points taken at every 100 m by field staff walking the forest 

edge which were then connected in ArcPro (R. Chancellor & D. Tuyisingize, pers. comm.) For 

the Fisher’s exact tests, I used only assignment of crop foraging status to measure human 

exposure. 

To explore whether an interaction existed between population location (VNP vs 

Gishwati) and level of human exposure, I assessed individual infection parameters (infection 

with specific helminth taxa, presence of any infection, and of multiple infection) using a series of 

logistic regression models (glm function in R; v. 4.3.1). I used the associated r2 values to assess 
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which of the two measures of human exposure (crop foraging vs. distance to edge) provided the 

best model fit. I then assessed population, distance to forest edge and the interaction between the 

two as predictors, using likelihood ratio tests (LRT) and AIC to assess which variables 

influenced each measure of parasite infection (specifically, I compared a full model to a model 

that dropped a single term in turn, starting with the interaction). 

I report full model results but include the interaction term only if the LRT showed that it 

was significant (Engqvist 2005). To assess the likelihood of making a Type 2 statistical error, I 

calculated the effect size for each statistical test run, using Cramer’s V for the Fisher exact tests 

and Cohen’s f for the logistic regression models. I then ran a power analysis using the statmod 

(Giner & Smyth, 2016) and pwr (Champely, 2020) packages in R for the Fisher exact and 

logistic regression models respectively to ensure the significance of the statistical results reported 

below.  

Because there was only one data point per population (or crop foraging status) for 

richness, I simply described the difference. Finally, I calculated each population’s fecal output by 

multiplying the average fecal bolus mass by the average egg count per sample (Sinayitutse et al., 

2021). When combined with information on population density (Tuyisingize, Kaplin, et al., 

2022) and defecation patterns (Lambert, 2002), fecal output can be used to estimate helminth 

contamination potential (Sinayitutse et al., 2021). 

3.3 Results: 

The field team collected 48 fecal samples from VNP and 35 samples from Gishwati 

Forest. VNP monkeys had a greater mean bolus size (14.8 ± 7.2 g) than those in Gishwati Forest 

(8.0 ± 3.0 g). Of 83 individuals, 72 were infected with at least one helminth. Only one fecal 

sample (from VNP) showed infection with Strongyloides (Fig 1), so I removed this genus from 
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further analyses. Across the entire study population, Trichuris was the most prevalent taxon. The  

most prevalent taxon in the Gishwati population was also Trichuris, while the most prevalent 

taxon in the VNP monkeys were gastrointestinal strongylid nematodes (a suborder of helminths 

and the only taxon not identified to the genus level). All statistical models had a power of at least 

97% (Table 1).  

 

Figure 3.1: Difference between GMNP and VNP in parasite infection by taxon. Numbers above each 
column represent the number of individuals where that taxon is present. 
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Table 3.1: Effect size and statistical power for tests of infection 

Model/Test Effect Size Power 
Infection with any taxa ~ crop foraging- Fisher’s exact test 0.39 1 
Multiple infection ~ crop foraging - Fisher’s exact test 0.85 1 
Capillaria infection ~ crop foraging - Fisher’s exact test 0.37 1 
Trichuris infection ~ crop foraging – Fisher’s exact test 0.35 1 
Strongylid infection ~ crop foraging - Fisher’s exact test 0.87 1 
   
Infection ~ Site + Distance + Site*Distance 0.47 0.99 
Trichuris infection ~ Site + Distance + Site*Distance 0.25 0.97 
Multiple infection ~ Site + Distance 2.57 1 
Strongylid infection ~ Site + Distance 4.26 1 
Capillaria infection ~ Site + Distance 1.27 1 

 

 VNP monkeys were more likely to be infected (by any helminth) and to harbor multiple 

infections than Gishwati monkeys (Fisher exact test, p < 0.001 for both tests; Fig 2). VNP 

monkeys also had a higher prevalence of Capillaria, Trichuris, and strongylid infections (p < 

0.001 for all tests). There was no difference in richness between the populations or groups 

identified as low or high human exposure (each had all 3 helminth taxa; Fig 3). Additionally, 

there was no difference in infection prevalence, infection with strongylids, infection with 

Trichuris, or multiple infection between groups with high vs. low human exposure. However, 

groups with high human exposure (crop foraging) had a higher prevalence of Capillaria 

infection (p < 0.001). 
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Figure 3.2: Mosaic plot showing A) percentage of infected vs. non-infected individuals and B) percentage 
of individuals infected with multiple parasite species vs. infected with one species or fewer in GMNP 
(yellow) vs. VNP (orange). Fisher’s exact test for both tests had a p-value less than 0.001. 

 

B) A) B) 
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Figure 3.3: Difference in parasite infection by taxon between groups in Gishwati Forest (squares) and 
VNP (triangles) experiencing high vs low human exposure as assessed by participation (or not) in crop 
foraging. Numbers above each point represent the number of individuals where that taxon is present. 

 

When I used distance to the forest edge to assess human exposure, rather than assigning 

high vs. low exposure values based on known crop foraging patterns, the model results better fit 

the data (based on r2 values). Therefore, I have prioritized reporting models using distance to 

forest edge, while noting that results from both sets of models agreed. Only the model of the 

presence of any helminth infection included a significant interaction term. VNP had more 
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helminth-infected individuals, regardless of distance from forest edge; in Gishwati Forest, 

however, samples nearer to the edge were more likely to be infected (Fig. 4; Table A1).  

Figure 3.4: Model results for prevalence of helminth infection with any taxa. Data points (vertical lines) at 
y=1 indicate individuals with infection, while points at y= 0 indicate those without. The gray shaded area 
represents the 95% confidence interval.  
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Figure 3.5: Model results for number of multiple infections. Data points (vertical lines) at y=1 indicate 
individuals infected with more than one helminth species, while points at y= 0 indicate those infected 
with one or fewer species. The gray shaded area represents the 95% confidence interval. 

 

For all other models, the interaction term was not significant and was dropped. VNP had 

a higher number of multiple infections (Fig 5; Table A2), and infection with strongylids (Fig 6: 

Table A3), and Trichuris (Fig 6; Table A4) with no effect of distance to park edge, confirming 

the results from the Fisher exact tests. More individuals in VNP, compared to Gishwati, were 

also infected with Capillaria; however, in both populations the likelihood of Capillaria infection 

declined at larger distances from the forest edge (Fig 6; Table A5). Daily fecal contamination 

was much greater for the VNP population (238,230 eggs/km2/day) than the Gishwati population 

(13,280 eggs/km2/day).  
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 Figure 3.6: Model results (without interaction term) for a) prevalence of Capillaria infection, b) 
prevalence of Trichuris infection, and c) prevalence of strongylid infection. Data points (vertical lines) at 
y=1 indicate individuals infected with more than one helminth species, while points at y=0 indicate those 
infected with one or fewer species. The gray shaded area represents the 95% confidence interval. 

 

3.4 Discussion: 

3.4.1 Social and Ecological Factors 

The VNP golden monkeys, which have a higher population density (90.4 vs 17.9 ind/m2) 

and larger group sizes (50-100 vs ~ 30 ind; Tuyisingize, Kaplin, et al., 2022), had a higher 

prevalence of infection, as predicted. Almost all (98%) of the VNP monkeys were infected 

compared to only 77% of the Gishwati individuals. Contrary to predictions, both populations had 

similar parasite richness, even though the Gishwati golden monkeys co-exist with the 

 

 

a) 

c) 

b) 
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phylogenetically close L’hoest’s monkeys. However, the similarity in richness could reflect the 

fact that I was unable to identify parasites below the genus level; such identification is a priority 

for follow-up research. 

The higher prevalence and rate of multiple infection in VNP monkeys is likely a result of 

their increased exposure to contaminated materials, such as soil or hair while grooming. 

Individuals in larger groups generally have more grooming partners, as known for other C. mitis 

subspecies (Cords & Nikitopoulus, 2015; Richardson & Cords, 2025), which should also 

increase risk of parasite infection (MacIntosh et al., 2012). Animals in the VNP population also 

spend more time on the forest floor than Gishwati monkeys, likely because their primary food 

source (bamboo shoots) is located there (Tuyusingize, Eckhardt, et al., 2022). Combined with a 

greater daily rate of fecal contamination, their time on the forest floor can increase exposure, and 

therefore risk of infection and multiple infection.  

Gishwati Forest experienced greater and more recent deforestation than VNP (Arakwiye 

et al., 2021), losing more than 90% of its cover over approximately four decades up to 2006 

(Ishimo, 2010; Nyandwi & Mukashema, 2011). In contrast, deforestation in VNP was limited to 

the forest edges that do not border Uganda and DRC and largely stopped after 1972 when VNP 

was first named a national park, and protections were put in place to preserve the mountain 

gorillas (Arakwiye et al., 2021). As a result, there is less interior forest in Gishwati Forest in 

relation to the edge (Courard-Hauri et al., 2016), and fewer habitat types present in Gishwati 

Forest compared to VNP (Courard-Hauri, et al., 2016; Plumptre 1991). Greater forest edge and 

habitat change allows for more opportunities for helminth parasites to be carried into the forest 

interior, increasing infection risk (Carrera-Játiva, & Acosta-Jamett, 2023; Fahrig et al., 2003).  
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3.4.2 Human Exposure and Crop Foraging: 

My prediction regarding how exposure to humans would affect helminth infection was 

correct for Gishwati Forest, but not VNP. In Gishwati Forest, samples collected farther from the 

forest edge were less likely to be infected with any helminth. It is well documented that forest 

edges are more permeable to parasite transmission (Fahrig, 2003), and this effect is likely to 

contribute to differences in infection among Gishwati groups. Golden monkeys are territorial 

(Tuyisingize, Kaplin, et al., 2021), so groups whose home ranges do not border the forest edge 

(and are therefore in the forest interior) would experience less pathogen exposure than groups 

bordering the forest edge. However, as all of the parasites in this study are soil transmitted 

(Pedersen et al., 2005), the monkeys from the forest edge can transport those parasites to the 

forest interior where non-border groups may forage. Regardless, the cause of differential 

infection is not clear, given that the same pattern was not present for any specific helminth taxon, 

even the most common one (Trichuris). In VNP, there was also no difference in infection with 

any helminth taxon between groups that were near to vs. far from the forest edge. 

More frequent crop foraging may contribute to the higher prevalence of infection in VNP 

vs. Gishwati monkeys (Ndayishimiye et al., 2023). The VNP golden monkeys dig for potatoes 

(Ndayishimiye et al., 2023) which further increases their exposure to potentially contaminated 

substrates from other golden monkeys, humans, or livestock. Strongylid parasites (the most 

prevalent taxon in VNP monkeys) are common in cattle (Sun et al., 2018) and have been found 

in human populations, particularly Oesphagostomum bifurcum (Gasser et al., 2006) and O. 

stephanostomum (Ilík et al., 2023). Crop foraging outside Gishwati Forest by golden monkeys 

has been observed (Chancellor & Rundus, unpublished data), but appears much less common 

than in VNP. A lower incidence of crop foraging in Gishwati golden monkeys could reflect land-
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use and management patterns around the park edge (potato fields outside VNP vs. maize around 

Gishwati Forest; Ndayishimiye et al., 2023; Rundus et al., 2022) but more likely can be 

attributed to the presence of chimpanzees. Chimpanzees in Gishwati Forest forage in maize 

fields (Rundus et al., 2022), which may deter the golden monkeys from doing the same: 

chimpanzees are likely predators of the monkeys (pers. comm. Rebecca Chancellor). However 

without genetic study (to identify the helminths to species) it is impossible to attribute potential 

infections to any one source.  

3.4.3 Effects on other primates: 

Parasite infection in the groups included in this study have health implications for groups 

of golden monkeys in Uganda and the DRC, sympatric non-human primate species, and humans 

living adjacent to golden monkey habitats. The Virunga Massif, on which VNP is located, spans 

three countries (Rwanda, Uganda, and DRC). Golden monkeys also occur in all three countries 

(Butynski & deJong, 2020), and though they have been studied in Uganda (Twinomugisha et al., 

2003; Twinomugisha & Chapman, 2007; Twinomugisha & Chapman, 2008), that research has 

not included parasitology. Given the distribution of the population across international 

boundaries, dispersal between golden monkey groups in different countries probably occurs, 

although it has not been examined or documented. It is therefore likely that golden monkeys in 

Rwanda transmit parasites to monkeys in Uganda and the DRC, and vice versa.  

 In both locations in Rwanda, golden monkeys share habitat with sympatric primates, 

almost all of which are threatened. In VNP, the only other extant primate is the mountain gorilla 

(Sheil et al., 2012). The helminth taxa infecting these gorillas are known, and at least strongylid 

nematodes occur in both taxa (Petrželková et al., 2021). Though I was not able to compare the 

effects of habitat type on infection among groups in VNP, studies of VNP mountain gorillas 
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show that differences in habitat, including elevation, temperature, rainfall, and humidity, affect 

the prevalence and community composition of helminth infections (Petrželková et al., 2021; 2022). 

Additionally, similar to the VNP golden monkeys, almost all VNP mountain gorillas show 

infection with strongylids (Petrželková et al., 2021; 2022). Because golden monkey and 

mountain gorilla habitats overlap, inter-species transmission of helminths is likely.  

Golden monkeys in Gishwati Forest occur with three other primate taxa: eastern 

chimpanzees, galagos, and L’hoest’s monkeys (Chancellor et al., 2012). Unlike the mountain 

gorillas, the helminth communities for these populations are unknown, although it is likely that 

these primates share generalist helminth taxa. Because the L’hoest’s monkeys are 

phylogenetically close to golden monkeys (Guschanski et al., 2013), and spend much of their 

time on the forest floor (Kaplin & Moermond, 2000) where they have a higher chance of 

encountering contaminated soil, they are more likely than other sympatric primates to be at risk 

of infection from golden monkeys.  

 This research is also the first step in assessing how golden monkey parasites may affect 

surrounding human populations. Many studies have shown that helminth parasites are shared 

among non-human primates and surrounding humans and livestock (Fehlmann et al., 2021; 

Obanda et al., 2019). Research focusing on mountain gorillas in the Virunga Massif suggests that 

human workers spending more time around non-human primates have a higher risk of infection 

with fecal parasites (The Mountain Gorilla Veterinary Project 2002 Employee Health Group, 

2004). Crop foraging by non-human primates also increases the likelihood of human infection by 

contaminating farmland (Medkour et al., 2020). Livestock, which regularly graze close to forest 

edges (Chancellor et al., 2020; Ndayishimiye et al., 2023), can also pick up parasites from 

infected soil and pass those parasites on to the humans who care for them (Obanda et al., 2019). 
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Helminth infections are often an overlooked health risk in African populations (Hotez et al., 

2008), so identifying potential infection risk from golden monkeys is important to reduce 

potential human-wildlife conflict.  

3.4.4 Future Directions: 

Future conservation efforts targeting golden monkey habitats have the potential to affect 

parasite infection, particularly for the Gishwati population whose access to crop foraging 

opportunities is likely to increase. The Rwandan government and the Rwanda Development 

Board plan to expand the borders of Gishwati Forest through reforestation. While it will take 

several human generations, if not longer, for the forest to regenerate (Chazdon & Guariguata, 

2016), the forest edge will increase, along with the ratio of edge to interior areas. Given that 

golden monkeys have already started using ‘new’ forest arising from restoration efforts started in 

2015 (Tuyisingize, Eckardt, et al., 2022), it is likely that they will begin using additional new 

habitat before it has fully regenerated, thus increasing their exposure to forest edge and the 

higher infection risk that occurs there. Additionally, the new habitat may provide them more 

access to agricultural fields for crop foraging. Both of these effects (more forest edge and access 

to crop foraging opportunities) increase infection risk in primates (Young et al., 2013).  

  There are additional factors, not accounted for in this study, that could influence helminth 

infection, including diet, ranging patterns, social behavior (grooming patterns and social 

network), season, and body condition. Exploring these possibilities requires repeated sampling of 

individuals over time and additional data to assess genetic diversity and relatedness, ranging 

behavior, and stress levels that I was unable to collect for this project. For measures that indicate 

body condition, like urinary c-peptides (Thompson et al., 2009), it can be difficult to fully isolate 

the effects parasites have on health from the increased parasite infection risk that comes with 
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poor health (Shanebeck et al., 2022).  Additionally, the methods I used did not allow 

identification of the helminths to a lower taxonomic level, thus limiting some of inferences I 

could make, such as identifying if the parasites are phylogenetically specialized or more 

generalist species. Generalist helminths are more likely to be transferred to golden monkeys from 

cattle and humans, while more host-specific parasites could infect other primate species. 

 It seems clear that the differences in habitat and ecology between the two golden monkey 

populations in Rwanda are affecting parasite infection patterns. However, additional research 

would allow a better understanding of the specific factors that are contributing to the differences 

in infection and how those differences affect the health of the golden monkeys. Key questions 

that merit further investigation are as follows: 1) how phylogenetically diverse are helminth 

species found in golden monkeys? 2) how does metabolic stress, itself related to habitat change, 

relate to parasite infection? and 3) do golden monkeys share helminth species with sympatric 

human and non-human primates (including golden monkey groups in other countries)? We show 

here that there are clear differences in parasite infection between the two golden monkey 

populations, which have implications for long-term health, particularly of the VNP monkeys 

where infection is more prevalent. Answering the questions above is the next step to assessing 

how the health risks posed by helminth parasites can be addressed for this endangered taxon. 

  



107 

3.5 References: 

Akinyi, M. Y., Jansen, D., Habig, B., Gesquiere, L. R., Alberts, S. C., & Archie, E. A. (2019). 

Costs and drivers of helminth parasite infection in wild female baboons. Journal of 

Animal Ecology, 88(7), 1029–1043. https://doi.org/10.1111/1365-2656.12994 

Aleuy, O. A., Ruckstuhl, K., Hoberg, E. P., Veitch, A., Simmons, N., & Kutz, S. J. (2018). 

Diversity of gastrointestinal helminths in Dall’s sheep and the negative association of the 

abomasal nematode, Marshallagia marshalli, with fitness indicators. PLOS ONE, 13(3), 

e0192825. https://doi.org/10.1371/journal.pone.0192825 

Arakwiye, B., Rogan, J., & Eastman, J. R. (2021). Thirty years of forest-cover change in 

Western Rwanda during periods of wars and environmental policy shifts. Regional 

Environmental Change, 21(2), 27. https://doi.org/10.1007/s10113-020-01744-0 

Archie, E. A., Tung, J., Clark, M., Altmann, J., & Alberts, S. C. (2014). Social affiliation 

matters: Both same-sex and opposite-sex relationships predict survival in wild female 

baboons. Proceedings of the Royal Society B: Biological Sciences, 281(1793), 20141261. 

https://doi.org/10.1098/rspb.2014.1261 

Barelli, C., Gonzalez-Astudillo, V., Mundry, R., Rovero, F., Hauffe, H. C., & Gillespie, T. R. 

(2019). Altitude and human disturbance are associated with helminth diversity in an 

endangered primate, Procolobus gordonorum. PLOS ONE, 14(12), e0225142. 

https://doi.org/10.1371/journal.pone.0225142 

BIOCHEM-RD Ltd. (2018). Biodiversity survey of Gishwati-Mukura National Park. Rwanda 

Environment Managemant Authority. 

Böhm, M., White, P. C. L., Daniels, M. J., Allcroft, D. J., Munro, R., & Hutchings, M. R. (2006). 

The health of wild red and sika deer in Scotland: An analysis of key endoparasites and 

https://doi.org/10.1371/journal.pone.0192825


108 

recommendations for monitoring disease. The Veterinary Journal, 171(2), 287–294. 

https://doi.org/10.1016/j.tvjl.2004.10.020 

Bordes, F., & Morand, S. (2011). The impact of multiple infections on wild animal hosts: A 

review. Infection Ecology and Epidemiology. https://doi.org/10.3402/iee.v1i0.7346 

Borg, C., Majolo, B., Qarro, M., & Semple, S. (2014). A comparison of body size, coat condition 

and endoparasite diversity of wild Barbary macaques exposed to different levels of 

tourism. Anthrozoös, 27(1), 49–63. https://doi.org/10.2752/175303714X13837396326378 

Butynski, T. M., & de Jong, Y. A. (2020). Cercopithecus mitis ssp. kandti. (e. T4236A92571626; 

The IUCN Red List of Threatened Species). https://dx.doi.org/10.2305/IUCN.UK.2020- 

2.RLTS.T4236A92571626.en 

Carrera-Játiva, P. D., & Acosta-Jamett, G. (2023). Influence of habitat alteration on the structure 

of helminth communities in small mammals: A systematic review and critical appraisal of 

theory and current evidence. Parasitology Research, 122(5), 1053–1070. 

https://doi.org/10.1007/s00436-023-07804-8 

Champely S (2020). pwr: Basic functions for power analysis. R package version 1.3-0. 

https://CRAN.R-project.org/package=pwr 

Chancellor, R., Rundus, A., Nyiratuza, M., Nyandwi, S., & Aimable, T. (2020). Community-

based conservation and chimpanzee research in Gishwati forest, Rwanda. American 

Journal of Primatology. https://doi.org/10.1002/ajp.23195 

Chancellor, R. L., Rundus, A. S., & Nyandwi, S. (2012). The influence of seasonal variation on 

chimpanzee (Pan troglodytes schweinfurthii) fallback food consumption, nest group size, 

and habitat use in Gishwati, a montane rain forest fragment in Rwanda. International 

Journal of Primatology, 33(1), 115–133. https://doi.org/10.1007/s10764-011-9561-4 

https://doi.org/10.1016/j.tvjl.2004.10.020
https://doi.org/10.3402/iee.v1i0.7346
https://doi.org/10.2752/175303714X13837396326378
https://dx.doi.org/10.2305/IUCN.UK.2020-%202.RLTS.T4236A92571626.en
https://dx.doi.org/10.2305/IUCN.UK.2020-%202.RLTS.T4236A92571626.en
https://doi.org/10.1007/s00436-023-07804-8
https://cran.r-project.org/package=pwr
https://doi.org/10.1002/ajp.23195


109 

Chancellor, R. L., Rundus, A. S., & Nyandwi, S. (2017). Chimpanzee seed dispersal in a 

montane forest fragment in Rwanda. American Journal of Primatology, 79(3), 1–8. 

https://doi.org/10.1002/ajp.22624 

Chapman, C. A., Speirs, M. L., Gillespie, T. R., Holland, T., & Austad, K. M. (2006). Life on the 

edge: Gastrointestinal parasites from the forest edge and interior primate groups. 

American Journal of Primatology, 68(4), 397–409. https://doi.org/10.1002/ajp.20233 

Charpentier, M. J. E., Williams, C. V., & Drea, C. M. (2008). Inbreeding depression in ring-

tailed lemurs (Lemur catta): Genetic diversity predicts parasitism, immunocompetence, 

and survivorship. Conservation Genetics, 9(6), 1605–1615. 

https://doi.org/10.1007/s10592-007-9499-4 

Chazdon, R. L., & Guariguata, M. R. (2016). Natural regeneration as a tool for large-scale forest 

restoration in the tropics: Prospects and challenges. Biotropica, 48(6), 716–730. 

https://doi.org/10.1111/btp.12381 

Cleaveland, S., Woolhouse, M. E. J., Dye, C., Laurenson, M. K., & Taylor, L. H. (2001). 

Diseases of humans and their domestic mammals: Pathogen characteristics, host range 

and the risk of emergence. Philosophical Transactions of the Royal Society of London. 

Series B: Biological Sciences, 356(1411), 991–999. 

https://doi.org/10.1098/rstb.2001.0889 

Cooper, N., Griffin, R., Franz, M., Omotayo, M., & Nunn, C. L. (2012). Phylogenetic host 

specificity and understanding parasite sharing in primates. Ecology Letters, 15(12), 

1370–1377. https://doi.org/10.1111/j.1461-0248.2012.01858.x 

Cords, M., & Nikitopoulos, E. (2015). Maternal kin bias in affiliative behavior among wild adult 

female blue monkeys. American Journal of Primatology, 77(1), 109–123. 

https://doi.org/10.1002/ajp.22315 

https://doi.org/10.1007/s10592-007-9499-4
https://doi.org/10.1111/btp.12381
https://doi.org/10.1002/ajp.22315


110 

Courard-Hauri, D., Chancellor, R., Rundus, A., & Boland, A. (2016). A method for estimating 

the current and future carbon content of standing biomass applied to Gishwati Forest 

Reserve, Rwanda. Journal of Tropical Forest Science, 28(4), 416–425. 

Detwiler, K. M. (2010). Natural hybridization between Cercopithecus mitis x C. ascanius in 

Gombe National Park, Tanzania [Ph.D. dissertation, New York University]. 

https://search.proquest.com/docview/305210454/abstract/7906521AD37548CAPQ/1 

Devaux, C. A., Mediannikov, O., Medkour, H., & Raoult, D. (2019). Infectious disease risk 

across the growing human-non human primate interface: A review of the evidence. 

Frontiers in Public Health, 7. https://doi.org/10.3389/fpubh.2019.00305 

Engqvist, L. (2005). The mistreatment of covariate interaction terms in linear model analyses of 

behavioural and evolutionary ecology studies. Animal Behavior. 70(4):967–971. 

https://doi.org/10.1016/j.anbehav.2005.01.016. 

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual Review of Ecology, 

Evolution, and Systematics, 34(1), 487–515. 

https://doi.org/10.1146/annurev.ecolsys.34.011802.132419 

Fehlmann, G., O’riain, M. J., Fütbauer, I., & King, A. J. (2021). Behavioral causes, ecological 

consequences, and management challenges associated with wildlife foraging in human-

modified landscapes. BioScience, 71(1), 40–54. https://doi.org/10.1093/biosci/biaa129 

Fuller, C., Ondei, S., Brook, B. W., & Buettel, J. C. (2019). First, do no harm: A systematic 

review of deforestation spillovers from protected areas. Global Ecology and 

Conservation, 18, e00591. https://doi.org/10.1016/j.gecco.2019.e00591 

https://doi.org/10.3389/fpubh.2019.00305
https://doi.org/10.1093/biosci/biaa129
https://doi.org/10.1016/j.gecco.2019.e00591


111 

Gagne, R. B., Crooks, K. R., Craft, M. E., Chiu, E. S., Fountain-Jones, N. M., Malmberg, J. L., 

Carver, S., Funk, W. C., & VandeWoude, S. (2022). Parasites as conservation tools. 

Conservation Biology, 36(1), e13719. https://doi.org/10.1111/cobi.13719 

Gasser, R. B., de Gruijter, J. M., & Polderman, A. M. (2006). Insights into the epidemiology and 

genetic make-up of Oesophagostomum bifurcum from human and non-human primates 

using molecular tools. Parasitology, 132(4), 453–460. 

https://doi.org/10.1017/S0031182005009406 

Ghai, R. R., Chapman, C. A., Omeja, P. A., Davies, T. J., & Goldberg, T. L. (2014). Nodule 

worm infection in humans and wild primates in Uganda: Cryptic species in a newly 

identified region of human transmission. PLOS Neglected Tropical Diseases, 8(1), e2641. 

https://doi.org/10.1371/journal.pntd.0002641 

Ghai, R. R., Fugère, V., Chapman, C. A., Goldberg, T. L., & Davies, T. J. (2015). Sickness 

behaviour associated with non-lethal infections in wild primates. Proceedings of the 

Royal Society B: Biological Sciences, 282(1814), 20151436. 

https://doi.org/10.1098/rspb.2015.1436 

Ghai, R. R., Simons, N. D., Chapman, C. A., Omeja, P. A., Davies, T. J., Ting, N., & Goldberg, 

T. L. (2014). Hidden population structure and cross-species transmission of whipworms 

(Trichuris sp.) in humans and non-human primates in Uganda. PLOS Neglected Tropical 

Diseases, 8(10), e3256. https://doi.org/10.1371/journal.pntd.0003256 

Gibson, A. K. (2022). Genetic diversity and disease: The past, present, and future of an old idea. 

Evolution, 76(s1), 20–36. https://doi.org/10.1111/evo.14395 

Gillespie, T. R., Barelli, C., & Heistermann, M. (2013). Effects of social status and stress on 

patterns of gastrointestinal parasitism in wild white-handed gibbons (Hylobates lar): 

https://doi.org/10.1371/journal.pntd.0002641
https://doi.org/10.1371/journal.pntd.0003256
https://doi.org/10.1111/evo.14395


112 

Social status, parasitism, and stress in gibbons. American Journal of Physical 

Anthropology, 150(4), 602–608. https://doi.org/10.1002/ajpa.22232 

Gillespie, T. R., & Chapman, C. A. (2006). Prediction of parasite infection dynamics in primate 

metapopulations based on attributes of forest fragmentation. Conservation Biology, 20(2), 

441–448. https://doi.org/10.1111/j.1523-1739.2006.00290.x 

Giner G., Smyth, G.K. (2016). statmod: probability calculations for the inverse Gaussian 

distribution. R Journal, 8(1), 339-351.  

González-Hernández, M., Rangel-Negrín, A., Schoof, V. A. M., Chapman, C. A., Canales-

Espinosa, D., & Dias, P. A. D. (2014). Transmission patterns of pinworms in two 

sympatric congeneric primate species. International Journal of Primatology, 2(35), 445–

462. https://doi.org/10.1007/s10764-014-9751-y 

Grande, T. O., Alencar, R. M., Ribeiro, P. P., & Melo, F. R. (2020). Fragment shape and size, 

landscape permeability and fragmentation level as predictors of primate occupancy in a 

region of Brazilian Cerrado. Acta Scientiarum. Biological Sciences, 42, e48339–e48339. 

https://doi.org/10.4025/actascibiolsci.v42i1.48339 

Grueter, C. C., Ndamiyabo, F., Plumptre, A. J., Abavandimwe, D., Mundry, R., Fawcett, K. A., 

& Robbins, M. M. (2013). Long-term temporal and spatial dynamics of food availability 

for endangered mountain gorillas in Volcanoes National Park, Rwanda. American 

Journal of Primatology, 75(3), 267–280. https://doi.org/10.1002/ajp.22102 

Guschanski, K., Krause, J., Sawyer, S., Valente, L. M., Bailey, S., Finstermeier, K., Sabin, R., 

Gilissen, E., Sonet, G., Nagy, Z. T., Lenglet, G., Mayer, F., & Savolainen, V. (2013). 

Next-generation museomics disentangles one of the largest primate radiations. Systematic 

Biology, 62(4), 539–554. https://doi.org/10.1093/sysbio/syt018 

https://doi.org/10.4025/actascibiolsci.v42i1.48339
https://doi.org/10.1093/sysbio/syt018


113 

Hickey, J. R., Granjon, A. C., Vigilant, L., Eckardt, W., Gilardi, K. V., Cranfield, M., Musana, 

A., Masozera, A. B., Babaasa, D., Ruzigandekwe, F., & Robbins, M. M. (2019). Virunga 

2015–2016 surveys: Monitoring mountain gorillas, other select mammals, and illegal 

activities. GVTC, IGCP & partners, Kigali, Rwanda. 

Hotez, P. J., Brindley, P. J., Bethony, J. M., King, C. H., Pearce, E. J., & Jacobson, J. (2008). 

Helminth infections: The great neglected tropical diseases. The Journal of Clinical 

Investigation, 118(4), 1311–1321. https://doi.org/10.1172/JCI34261 

Howells, M. E., Pruetz, J., & Gillespie, T. R. (2011). Patterns of gastro-intestinal parasites and 

commensals as an index of population and ecosystem health: The case of sympatric 

western chimpanzees (Pan troglodytes verus) and guinea baboons (Papio hamadryas 

papio) at Fongoli, Senegal. American Journal of Primatology, 73(2), 173–179. 

https://doi.org/10.1002/ajp.20884 

Ilík, V., Kreisinger, J., Modrý, D., Schwarz, E. M., Tagg, N., Mbohli, D., Nkombou, I. C., 

Petrželková, K. J., & Pafčo, B. (2023). High diversity and sharing of strongylid 

nematodes in humans and great apes co-habiting an unprotected area in Cameroon. PLOS 

Neglected Tropical Diseases, 17(8), e0011499. 

https://doi.org/10.1371/journal.pntd.0011499 

Ishimo, Y. (2010). Effects of anthropogenic activities on tree species diversity in Gishwati forest 

reserve, Western, Rwanda [M.S. Thesis; Kampala International University, School of 

Engineering and Applied Science]. https://ir.kiu.ac.ug/jspui/handle/20.500.12306/5111 

Kaplin, B. A., & Moermond, T. C. (2000). Foraging ecology of the mountain monkey 

(Cercopithecus l’hoesti): Implications for its evolutionary history and use of disturbed 

https://doi.org/10.1371/journal.pntd.0011499


114 

forest. American Journal of Primatology, 50(4), 227–246. 

https://doi.org/10.1002/(SICI)1098-2345(200004)50:4<227::AID-AJP1>3.0.CO;2-S 

Krief, S., Huffman, M. A., Sévenet, T., Guillot, J., Bories, C., Hladik, C. M., & Wrangham, R. 

W. (2005). Noninvasive monitoring of the health of Pan troglodytes schweinfurthii in the 

Kibale National Park, Uganda. International Journal of Primatology, 26(2), 467. 

Kuklin, V. V., Kuklina, M. M., & Ezhov, A. V. (2019). Helminths of the Barents Sea northern 

fulmar (Fulmarus glacialis, Procellariiformes, Procellariidae): Composition, impact on 

host, and indicator properties. Biology Bulletin, 46(8), 804–813. 

https://doi.org/10.1134/S1062359019080077 

Kwizera, E., Rumbeiha, W. K., Nishimwe, K., & Nziza, J. (2024). A survey to document toxic 

hazards in the zone surrounding volcanoes national park, a habitat for mountain gorillas, 

an endangered wildlife species in Rwanda. Frontiers in Veterinary Science, 10. 

https://doi.org/10.3389/fvets.2023.1320162 

Lambert, J. E. (2002). Digestive retention times in forest guenons (Cercopithecus spp.) with 

reference to chimpanzees (Pan troglodytes). International Journal of Primatology, 23(6), 

1169–1185. https://doi.org/10.1023/A:1021166502098 

Lane, K. E., Holley, C., Hollocher, H., & Fuentes, A. (2011). The anthropogenic environment 

lessens the intensity and prevalence of gastrointestinal parasites in Balinese long-tailed 

macaques (Macaca fascicularis). Primates, 52(2), 117–128. 

https://doi.org/10.1007/s10329-010-0230-6 

MacIntosh, A. J. J., Alados, C. L., & Huffman, M. A. (2011). Fractal analysis of behaviour in a 

wild primate: Behavioural complexity in health and disease. Journal of The Royal Society 

Interface, 8(63), 1497–1509. https://doi.org/10.1098/rsif.2011.0049 

https://doi.org/10.1002/(SICI)1098-2345(200004)50:4%3c227::AID-AJP1%3e3.0.CO;2-S
https://doi.org/10.1134/S1062359019080077
https://doi.org/10.3389/fvets.2023.1320162
https://doi.org/10.1007/s10329-010-0230-6


115 

MacIntosh, A. J. J., Jacobs, A., Garcia, C., Shimizu, K., Mouri, K., Huffman, M. A., & 

Hernandez, A. D. (2012). Monkeys in the middle: Parasite transmission through the 

social network of a wild primate. PLOS ONE, 7(12), e51144. 

https://doi.org/10.1371/journal.pone.0051144 

Martínez-Mota, R., Pozo-Montuy, G., Bonilla Sánchez, Y. M., Gillespie, T. R., Martínez-Mota, 

R., Pozo-Montuy, G., Bonilla Sánchez, Y. M., & Gillespie, T. R. (2018). Effects of 

anthropogenic stress on the presence of parasites in a threatened population of black 

howler monkeys (Alouatta pigra). Therya, 9(2), 161–169. 

https://doi.org/10.12933/therya-18-572 

Medkour, H., Amona, I., Laidoudi, Y., Davoust, B., Bitam, I., Levasseur, A., Akiana, J., Diatta, 

G., Pacheco, L., Gorsane, S., Sokhna, C., Hernandez-Aguilar, R. A., Barciela, A., 

Fenollar, F., Raoult, D., & Mediannikov, O. (2020). Parasitic infections in African 

humans and non-human primates. Pathogens, 9(7). 

https://doi.org/10.3390/pathogens9070561 

The Mountain Gorilla Veterinary Project 2002 Employee Health Group. (2004). Risk of disease 

transmission between conservation personnel and the mountain gorillas: Results from an 

employee health program in Rwanda. EcoHealth, 1(4), 351–361. 

https://doi.org/10.1007/s10393-004-0116-4 

Müller-Klein, N., Heistermann, M., Strube, C., Morbach, Z. M., Lilie, N., Franz, M., Schülke, 

O., & Ostner, J. (2019). Physiological and social consequences of gastrointestinal 

nematode infection in a nonhuman primate. Behavioral Ecology, 30(2), 322–335. 

https://doi.org/10.1093/beheco/ary168 

https://doi.org/10.12933/therya-18-572
https://doi.org/10.3390/pathogens9070561
https://doi.org/10.1007/s10393-004-0116-4


116 

Ndayishimiye, E., Eckardt, W., & Fletcher, A. W. (2023). Human-wildlife conflict in golden 

monkeys (Cercopithecus mitis kandti) of the Volcanoes National Park, Rwanda. 

International Journal of Primatology. https://doi.org/10.1007/s10764-023-00365-8 

Nyandwi, E., & Mukashema, A. (2011). Excessive deforestation of Gishwati Mountainous forest 

& biodiversity changes. Participatory Geographic Information Systems (P-GIS) for 

natural resource management and food security in Africa. Available on http://www.crdi. 

ca/Documents/ICT4D_article_forests_nyandwi_EN. pd f.  

Obanda, V., Maingi, N., Muchemi, G., Ng’ang’a, C. J., Angelone, S., & Archie, E. A. (2019). 

Infection dynamics of gastrointestinal helminths in sympatric non-human primates, 

livestock and wild ruminants in Kenya. PLOS ONE, 14(6), e0217929. 

https://doi.org/10.1371/journal.pone.0217929 

Pedersen, A. B., Altizer, S., Poss, M., Cunningham, A. A., & Nunn, C. L. (2005). Patterns of 

host specificity and transmission among parasites of wild primates. International Journal 

for Parasitology, 35(6), 647–657. https://doi.org/10.1016/j.ijpara.2005.01.005 

Pedersen, A. B., Jones, K. E., Nunn, C. L., & Altizer, S. (2007). Infectious Diseases and 

Extinction Risk in Wild Mammals. Conservation Biology, 21(5), 1269–1279. 

https://doi.org/10.1111/j.1523-1739.2007.00776.x 

Petrželková, K. J., Samaš, P., Romportl, D., Uwamahoro, C., Červená, B., Pafčo, B., Prokopová, 

T., Cameira, R., Granjon, A. C., Shapiro, A., Bahizi, M., Nziza, J., Noheri, J. B., Syaluha, 

E. K., Eckardt, W., Ndagijimana, F., Šlapeta, J., Modrý, D., Gilardi, K., … Cranfield, M. 

(2022). Ecological drivers of helminth infection patterns in the Virunga Massif mountain 

gorilla population. International Journal for Parasitology: Parasites and Wildlife, 17, 

174–184. https://doi.org/10.1016/j.ijppaw.2022.01.007 

https://doi.org/10.1016/j.ijpara.2005.01.005
https://doi.org/10.1111/j.1523-1739.2007.00776.x
https://doi.org/10.1016/j.ijppaw.2022.01.007


117 

Petrželková, K. J., Uwamahoro, C., Pafčo, B., Červená, B., Samaš, P., Mudakikwa, A., Muvunyi, 

R., Uwingeli, P., Gilardi, K., Nziza, J., Noheri, J. B., Eckardt, W., Ndagijimana, F., 

Ssebide, B., Okwirokello, R., Nizeyimana, F., Syaluha, E. K., Nzayisenga, G., Flores 

Girón, L., … Modrý, D. (2021). Heterogeneity in patterns of helminth infections across 

populations of mountain gorillas (Gorilla beringei beringei). Scientific Reports, 11(1). 

https://doi.org/10.1038/s41598-021-89283-4 

Plumptre, A. J. (1991). Plant-herbivore dynamics in the Birungas. [PhD dissertation, University 

of Bristol]. 

Richardson, P. S., & Cords, M. (2025). The importance of partner inclusion criteria for 

understanding drivers of social variation among individuals: Data from blue monkeys. 

Behavioral Ecology and Sociobiology, 79(3), 37. https://doi.org/10.1007/s00265-025-

03566-8 

Rundus, A., Chancellor, R., Nyandwi, S., & Johnston, A. (2022). Factors influencing 

chimpanzee (Pan troglodytes schweinfurthii) crop foraging in farmland outside of 

Gishwati Forest, Rwanda. International Journal of Primatology, 43(3), 494–512. 

https://doi.org/10.1007/s10764-022-00291-1 

Schwitzer, C., Glatt, L., Nekaris, K. A.-I., & Ganzhorn, J. U. (2011). Responses of animals to 

habitat alteration: An overview focussing on primates. Endangered Species Research, 

14(1), 31–38. https://doi.org/10.3354/esr00334 

Shanebeck, K. M., Besson, A. A., Lagrue, C., & Green, S. J. (2022). The energetic costs of sub-

lethal helminth parasites in mammals: A meta-analysis. Biological Reviews, n/a(n/a). 

https://doi.org/10.1111/brv.12867 

Sheil, D., Ducey, M., Ssali, F., Ngubwagye, J. M., van Heist, M., & Ezuma, P. (2012). Bamboo 

for people, Mountain gorillas, and golden monkeys: Evaluating harvest and conservation 

https://doi.org/10.1038/s41598-021-89283-4
https://doi.org/10.3354/esr00334


118 

trade-offs and synergies in the Virunga Volcanoes. Forest Ecology and Management, 

267, 163–171. https://doi.org/10.1016/j.foreco.2011.11.045 

Sinayitutse, E., Modry, D., Slapeta, J., Nyiramana, A., Mudakikwa, A., Muvunyi, R., & Eckardt, 

W. (2021). Daily defecation outputs of mountain gorillas (Gorilla beringei beringei) in 

the Volcanoes National Park, Rwanda. Primates, 62(2), 311–320. 

https://doi.org/10.1007/s10329-020-00874-7 

Snyder-Mackler, N., Burger, J. R., Gaydosh, L., Belsky, D. W., Noppert, G. A., Campos, F. A., 

Bartolomucci, A., Yang, Y. C., Aiello, A. E., O’Rand, A., Harris, K. M., Shively, C. A., 

Alberts, S. C., & Tung, J. (2020). Social determinants of health and survival in humans 

and other animals. Science, 368(6493). https://doi.org/10.1126/science.aax9553 

Stephens, P. R., Pappalardo, P., Huang, S., Byers, J. E., Farrell, M. J., Gehman, A., Ghai, R. R., 

Haas, S. E., Han, B., Park, A. W., Schmidt, J. P., Altizer, S., Ezenwa, V. O., & Nunn, C. 

L. (2017). Global Mammal Parasite Database version 2.0. Ecology, 98(5), 1476–1476. 

https://doi.org/10.1002/ecy.1799 

Sun, P., Wronski, T., Bariyanga, J. D., & Apio, A. (2018). Gastro-intestinal parasite infections of 

Ankole cattle in an unhealthy landscape: An assessment of ecological predictors. 

Veterinary Parasitology, 252, 107–116. https://doi.org/10.1016/j.vetpar.2018.01.023 

Thompson, R. C. A., Lymbery, A. J., & Smith, A. (2010). Parasites, emerging disease and 

wildlife conservation. International Journal for Parasitology, 40(10), 1163–1170. 

https://doi.org/10.1016/j.ijpara.2010.04.009 

Thompson, M. E., Muller, M. N., Wrangham, R. W., Lwanga, J. S., & Potts, K. B. (2009). 

Urinary C-peptide tracks seasonal and individual variation in energy balance in wild 

https://doi.org/10.1016/j.foreco.2011.11.045
https://doi.org/10.1016/j.vetpar.2018.01.023


119 

chimpanzees. Hormones and Behavior, 55(2), 299–305. 

https://doi.org/10.1016/j.yhbeh.2008.11.005 

Tuyisingize, D., Cipolletta, C., Eckardt, W., Caillaud, D., Musana, A., Muvunyi, R., Turinawe, 

M., Amanya, S., Mburanumwe, I., Katutu, J., Shalukoma, C., Ndagijimana, F., Stoinski, 

T., & Kaplin, B. (2023). Regional golden monkey (Cercopithecus mitis kandti) 

conservation action plan 2023–2028. https://doi.org/10.2305/VGRZ7036 

Tuyisingize, D., Eckardt, W., Caillaud, D., & Kaplin, B. A. (2021). High flexibility in diet and 

ranging patterns in two golden monkey (Cercopithecus mitis kandti) populations in 

Rwanda. American Journal of Primatology, e23347. https://doi.org/10.1002/ajp.23347 

Tuyisingize, D., Eckardt, W., Caillaud, D., Ngabikwiye, M., & Kaplin, B. A. (2022). Forest 

landscape restoration contributes to the conservation of primates in the Gishwati-Mukura 

Landscape, Rwanda. International Journal of Primatology. 

https://doi.org/10.1007/s10764-022-00303-0 

Tuyisingize, D., Kaplin, B. A., Eckardt, W., Musana, A., & Caillaud, D. (2022). Distribution and 

conservation status of the golden monkey Cercopithecus mitis kandti in Rwanda. Oryx, 

1–9. https://doi.org/10.1017/S0030605321001009 

Twinomugisha, D., Basuta, G. I., & Chapman, C. A. (2003). Status and ecology of the golden 

monkey (Cercopithecus mitis kandti) in Mgahinga Gorilla National Park, Uganda. 

African Journal of Ecology, 41(1), 47–55. https://doi.org/10.1046/j.1365-

2028.2003.00409.x 

Twinomugisha, D., & Chapman, C. A. (2007). Golden monkey populations decline despite 

improved protection in Mgahinga Gorilla National Park, Uganda. African Journal of 

Ecology, 45(2), 220–224. https://doi.org/10.1111/j.1365-2028.2006.00692.x 

https://doi.org/10.2305/VGRZ7036


120 

Twinomugisha, D., & Chapman, C. A. (2008). Golden monkey ranging in relation to spatial and 

temporal variation in food availability. African Journal of Ecology, 46(4), 585–593. 

https://doi.org/10.1111/j.1365-2028.2007.00905.x 

Wells, K., Gibson, D. I., Clark, N. J., Ribas, A., Morand, S., & McCallum, H. I. (2018). Global 

spread of helminth parasites at the human–domestic animal–wildlife interface. Global 

Change Biology, 24(7), 3254–3265. https://doi.org/10.1111/gcb.14064 

Williamson, E.A. & Fawcett, K. (2008) Long-term research and conservation of the Virunga 

mountain gorillas. In: Wrangham R & Ross E (eds.) Science and Conservation in African 

Forests: The Benefits of Longterm Research. pp. 213-229. Cambridge University Press, 

Cambridge, UK.  

Young, H., Griffin, R. H., Wood, C. L., & Nunn, C. L. (2013). Does habitat disturbance increase 

infectious disease risk for primates? Ecology Letters, 16(5), 656–663. 

https://doi.org/10.1111/ele.12094 

Zinner, D., Paciência, F. M. D., & Roos, C. (2023). Host–parasite coevolution in primates. Life, 

13(3), Art. 3. https://doi.org/10.3390/life13030823 

 

 

 

 

 

  



121 

Conclusion 

 Habitat loss is one of the greatest threats to biodiversity (Caro et al., 2022; Williams et 

al., 2022). Not only does it have devastating immediate effects on wildlife populations, but 

signatures of habitat loss can also be seen generations into the future (Fahrig, 1997; Krauss et al., 

2010). These threats have particularly affected primates as a group (Fernández et al., 2022). Over 

60 percent of extant primates are classified as threatened by the IUCN (Estrada et al., 2017) and 

habitat loss is one of the primary drivers of their declines (Estrada & Garber, 2022). I explored 

the mechanism through which habitat loss leads to population decline in primates by examining 

the responses of species within the guenon tribe to historic (> 1 kya) and very recent (within 3 

generations) habitat loss.  

 The results of each chapter have shown that habitat loss does have both immediate and 

long-term effects on guenon populations and that those effects can be mediated by species’ and 

habitat characteristics. In Chapter 1, I compared changes in effective population size (Ne) 

estimated in PSMC to ecological niche models (ENMs) at four biogeographic periods for seven 

guenon species. Through those comparisons, I confirmed that changes in available habitat can 

have long term effects on a species’ genetic diversity. I looked at the short-term effects of habitat 

loss in Chapter 2 by comparing genetic diversity between the only two extant golden monkey 

populations across their range in Rwanda. Genome wide measures of diversity were similar to 

those of Cercopithecine populations that had not experienced habitat loss. However, individual 

levels of genetic diversity, such as FIS and the ratio of observed to expected heterozygosity show 

evidence of a recent bottleneck or population structuring. This trend was confirmed by 

demographic modeling using the site frequency spectrum, which supported a recent population 

split (within 5 generations). I also found evidence of two ancestral lineages, one shared between 
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Gishwati and VNP, and one unique to the Gishwati population. Finally, in Chapter 3, I compared 

helminth infection between those same golden monkey populations and between groups within 

those populations with high vs. low human contact. The results of Chapter 3 show that changes 

to habitat, as a result of habitat loss, lead to population differences in helminth infection, which 

could have implications for population health.  

 

C.1 Consequences of habitat loss for wildlife populations 

 The results of my dissertation add to a large literature detailing the effects of habitat loss 

on wildlife populations and to the few studies exploring how guenons have responded to habitat 

loss. The most obvious consequence of habitat loss documented in this project is a decline in 

population size. Both the historic trends of Ne across multiple guenon species and current 

patterns of genetic diversity in golden monkeys link declines in genetic diversity, likely resulting 

from population loss, to changes in available suitable habitat. Population declines that 

correspond to habitat loss have been documented in many other species as well (Bender et al., 

1998; Lino et al., 2019; Sih et al., 2000). 

 These results also highlight the independent effect that habitat change can have on 

wildlife populations. The two populations of golden monkeys in Rwanda occupy very different 

habitats (Tuyisingize et al., 2021). While we do not have sufficient information to assess the full 

extent of habitat change that occurred in Rwanda as a result of human activity, we do know that 

resources have changed, particularly in Gishwati Forest (Clay, 2019). For example, within the 

last 30 years, humans have cleared almost all of the bamboo that used to be in Gishwati forest 

(Tuyisingize, pers. comm). Ecological characteristics can strongly affect infection risk (Smith et 

al., 2009; Thompson et al., 2010), as I showed in Chapter 3. This effect has also been seen in the 
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lizard Psammodromus algirus (Amo et al., 2007). Populations of this lizard in more degraded 

habitats showed a higher parasite load because a lack of vegetative cover required them to 

allocate more energy to antipredatory behavior rather than fighting off infection (Amo et al., 

2007). 

 

C.2 Implications of PSMC results for golden monkeys 

 The results of the PSMC analysis, in conjunction with the ENM models suggest that 

species that can occupy a wide range of habitats, such as Chl. sabaeus and C. neglectus, are less 

likely to face severe negative consequences genetically as a result of habitat loss. This 

conclusion is based on the amount of suitable habitat for these species within each biogeographic 

period and their current distributions. Golden monkeys belong to one of the most widely 

distributed guenon species groups, C. mitis (Guschanski et al., 2013). Members of this assembly 

can be found across sub-Saharan Africa, from Congo to South Africa in ecotypes ranging from 

lowland swamps to high-altitude rainforests (Butynski & de Jong, 2020).  

Within their limited distribution, golden monkeys show incredible ecological flexibility. 

Just within Rwanda, they occupy various habitat types including high altitude bamboo forests, 

broadleaf rainforest, and even pine plantations (Tuyisingize et al., 2022). Within those habitat 

types they eat different primary foods, have a wide range of group sizes and population densities, 

and even have two distinct social structures (Tuyisingize, 2016; Tuyisingize et al., 2021). As 

more is learned about the groups in Uganda and the DRC (part of the larger Virunga population), 

the breadth of their phenotypic diversity may increase even more.  

While I was unable to assess golden monkey demographic history with PSMC, I can use 

the results from other guenons to speculate on how biogeographic change may have affected 
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them. There were not enough unique occurrence data for golden monkeys to create a MaxENT 

model to estimate how their available habitat changed in response to climate fluctuations. 

However, similar reconstructions for C. mitis, the larger species group to which golden monkeys 

belong, show a pattern similar to that of C. neglectus where the largest amount of potential 

habitat occurred during the last glacial maximum and decreased into the present day (Fig 1). 

Therefore, I expect that while golden monkeys also faced declines after the change in glacial 

cycling, they were likely not as steep as other guenons because of their ecological flexibility. 

Rather, they had to face shrinking habitats and human-mediated habitat change going into the 

Anthropocene in which their most recent declines occurred.  

 

Figure C.1: Change in suitable habitat for blue monkeys (C. mitis) estimated with MaxENT 
models within four geographic times scales. Level of habitat suitability (0-1) is denoted by color 
as indicated by the scale on the right. Biogeographic eras left to right: Anthropocene, last glacial 
maximum (LGM), last interglacial (LIG), and mid-Pleistocene transition.  
 

C.3 Conservation implication for golden monkeys 

 The results presented in Chapters 2 and 3 provide a first look at genetic diversity and 

parasite infection in golden monkeys. Both populations seem to be at low risk of negative 

consequences from inbreeding or parasite infection. Therefore, it also seems unlikely that these 

factors are interacting with each other at the moment. For example, inbreeding can increase the 

risk of parasite infection, but that occurs only when inbreeding is present in higher amounts than 
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I have documented here (Cassinello et al., 2001; Christe et al., 2006). However, both subjects 

merit closer study and future consideration as I outlined in the associated chapters.  

Specifically, gathering additional genetic samples from a larger number of individuals 

would improve the accuracy of demographic modelling from the site frequency spectrum 

(Lapierre et al., 2017). Similarly, the collection of genetic information for the parasites included 

in Chapter 3, would allow identification down to a taxonomic level lower than the genus. More 

specific identification would then reveal other vectors for those parasites and their transmission 

pathways. 

 

C.4 Next Steps 

Like most other guenons, golden monkeys are relatively understudied compared to other 

primate groups such as baboons or great apes (Bezanson & McNamara, 2019). Studies of golden 

monkeys did not start until 2004 when researchers first appreciated the taxon’s unique 

characteristics and vulnerability (Saving Golden Monkeys, 2018). The culmination of that early 

research was the Golden Monkey Conservation Action Plan (Tuyisingize et al., 2023), which 

articulates multiple, well thought out goals, with a primary emphasis on increasing knowledge of 

this taxon. These goals were developed by people better acquainted with the local communities 

and governments surrounding golden monkey habitats (Tuyisingize et al., 2023). Therefore, I 

will limit my recommendations to aspects that would follow up on the results presented here.  

 The greatest benefit to future genetic studies of golden monkeys would be to publish a 

high-quality reference genome for the taxon (Brandies et al., 2019). Currently, the vervet (Chl. 

sabaeus) reference that I used in Chapter 2 is the most phylogenetically close high-quality 

genome. Golden monkeys are 7.5 mya diverged from vervets (Guschanski et al., 2013). Having a 
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golden monkey reference genome would not only reduce biases in studies of golden monkey 

population genetics, but would allow for studies of demographic history, more accurate measures 

of recent inbreeding, and mutational load to see if previous population declines have contributed 

to deleterious mutations (Brandies et al., 2019).  

Collecting genetic samples from golden monkeys in Uganda and DRC is also important 

for conservation efforts. The groups in VNP, Uganda, and DRC together comprise the larger 

Virunga population (Tuyisingize, 2016). Therefore, the genetic results from the VNP monkeys 

provide some information on the monkeys in Uganda and DRC because individuals disperse 

among groups in all three countries. However, expanding the sampling range could provide 

information on how golden monkeys travel across the landscape, and potentially give us clues 

regarding the unique lineage that is present in the Gishwati population but not in any VNP 

monkeys.  

 Genetic information on the parasites infecting golden monkeys would also be greatly 

beneficial. As I detailed in Chapter 3, genetic information would provide greater taxonomic 

resolution of the types of helminth infecting golden monkeys. Additionally, DNA for other types 

of parasites, including protozoans which cause malaria in both humans and monkeys (Voinson et 

al., 2022), can be extracted at the same time as helminth DNA. Identifying parasites is the first 

step in assessing risks to golden monkey health, but the next step is understanding how those 

parasites affect them physiologically. Hormones such as cortisol, which indicates an individual’s 

stress level, can also be measured from fecal samples (Ash et al., 2018; Corlatti, 2018). A long-

term study across populations with repeated samples to identify fecal parasites and hormone 

levels, such as Carlsson et al.’s (2016) study of reindeer (Rangifer tarandus tarandus), would go 

far in painting a picture of the health risk parasites pose to golden monkeys. 
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 My dissertation provides insight into how historic habitat change has affected current 

levels of genetic diversity in guenons and sets the groundwork for future research on golden 

monkey population genetics and parasite infection. I am glad to report that the results seem 

favorable for the stability of golden monkey populations in Rwanda. Nevertheless, these results 

are a first step toward better understanding not just their conservation needs, but also the 

fascinating behavior and ecology of this taxon.   



128 

C.5 References 

Amo, L., López, P., & Martín, J. (2007). Habitat deterioration affects antipredatory behavior, 

body condition, and parasite load of female Psammodromus algirus lizards. Canadian 

Journal of Zoology, 85(6), 743–751. https://doi.org/10.1139/Z07-052 

Ash, H., Smith, T. E., Knight, S., & Buchanan-Smith, H. M. (2018). Measuring physiological 

stress in the common marmoset (Callithrix jacchus): Validation of a salivary cortisol 

collection and assay technique. Physiology and Behavior, 185. 

https://doi.org/10.1016/j.physbeh.2017.12.018 

Bender, D. J., Contreras, T. A., & Fahrig, L. (1998). Habitat loss and population decline: A 

meta-analysis of the patch size effect. Ecology, 79(2), 517–533. 

https://doi.org/10.1890/0012-9658(1998)079[0517:HLAPDA]2.0.CO;2 

Bezanson, M., & McNamara, A. (2019). The what and where of primate field research may be 

failing primate conservation. Evolutionary Anthropology, 28(4), 166–178. 

https://doi.org/10.1002/evan.21790 

Brandies, P., Peel, E., Hogg, C. J., & Belov, K. (2019). The value of reference genomes in the 

conservation of threatened species. Genes, 10(11), Article 11. 

https://doi.org/10.3390/genes10110846 

Butynski, T., & de Jong, Y. (2020). Taxonomy and biogeography of the gentle monkey 

Cercopithecus mitis Wolf, 1822 (Primates: Cercopithecidae) in Kenya and Tanzania, and 

designation of a new subspecies endemic to Tanzania. Primate Conservation, 34, 71–

127. 

Carlsson, A. M., Mastromonaco, G., Vandervalk, E., & Kutz, S. (2016). Parasites, stress and 

reindeer: Infection with abomasal nematodes is not associated with elevated 



129 

glucocorticoid levels in hair or faeces. Conservation Physiology, 4(1). 

https://doi.org/10.1093/conphys/cow058 

Caro, T., Rowe, Z., Berger, J., Wholey, P., & Dobson, A. (2022). An inconvenient 

misconception: Climate change is not the principal driver of biodiversity loss. 

Conservation Letters, 15(3), e12868. https://doi.org/10.1111/conl.12868 

Cassinello, J., Gomendio, M., & Roldan, E. R. S. (2001). Relationship between coefficient of 

inbreeding and parasite burden in endangered gazelles. Conservation Biology, 15(4), 

1171–1174. https://doi.org/10.1046/j.1523-1739.2001.0150041171.x 

Christe, P., Morand, S., & Michaux, J. (2006). Biological conservation and parasitism. In S. 

Morand, B. R. Krasnov, & R. Poulin (Eds.), Micromammals and Macroparasites: From 

Evolutionary Ecology to Management (pp. 593–613). Springer Japan, Tokyo. 

https://doi.org/10.1007/978-4-431-36025-4_27 

Clay, N. (2019). Fixing the ecosystem: Conservation, crisis and capital in Rwanda’s Gishwati 

Forest. Environment and Planning E: Nature and Space, 2(1), 23–46. 

https://doi.org/10.1177/2514848619826576 

Corlatti, L. (2018). Fecal cortisol metabolites under anonymized sampling: Robust estimates 

despite significant individual heterogeneity. Ecological Indicators, 95, 775–780. 

https://doi.org/10.1016/j.ecolind.2018.08.028 

Estrada, A., & Garber, P. A. (2022). Principal drivers and conservation solutions to the 

impending primate extinction crisis: Introduction to the special issue. International 

Journal of Primatology, 43(1), 1–14. https://doi.org/10.1007/s10764-022-00283-1 

Estrada, A., Garber, P. A., Rylands, A. B., Roos, C., Fernandez-Duque, E., Fiore, A. D., Nekaris, 

K. A. I., Nijman, V., Heymann, E. W., Lambert, J. E., Rovero, F., Barelli, C., Setchell, J. 



130 

M., Gillespie, T. R., Mittermeier, R. A., Arregoitia, L. V., Guinea, M. de, Gouveia, S., 

Dobrovolski, R., … Li, B. (2017). Impending extinction crisis of the world’s primates: 

Why primates matter. Science Advances, 3(1), e1600946. 

https://doi.org/10.1126/sciadv.1600946 

Fahrig, L. (1997). Relative effects of habitat loss and fragmentation on population extinction. 

The Journal of Wildlife Management, 61(3), 603–610. JSTOR. 

https://doi.org/10.2307/3802168 

Fernández, D., Kerhoas, D., Dempsey, A., Billany, J., McCabe, G., & Argirova, E. (2022). The 

current status of the world’s primates: Mapping threats to understand priorities for 

primate conservation. International Journal of Primatology, 43(1), 15–39. 

https://doi.org/10.1007/s10764-021-00242-2 

Guschanski, K., Krause, J., Sawyer, S., Valente, L. M., Bailey, S., Finstermeier, K., Sabin, R., 

Gilissen, E., Sonet, G., Nagy, Z. T., Lenglet, G., Mayer, F., & Savolainen, V. (2013). 

Next-generation museomics disentangles one of the largest primate radiations. Systematic 

Biology, 62(4), 539–554. https://doi.org/10.1093/sysbio/syt018 

Krauss, J., Bommarco, R., Guardiola, M., Heikkinen, R. K., Helm, A., Kuussaari, M., Lindborg, 

R., Öckinger, E., Pärtel, M., Pino, J., Pöyry, J., Raatikainen, K. M., Sang, A., Stefanescu, 

C., Teder, T., Zobel, M., & Steffan‐Dewenter, I. (2010). Habitat fragmentation causes 

immediate and time-delayed biodiversity loss at different trophic levels. Ecology Letters, 

13(5), 597–605. https://doi.org/10.1111/j.1461-0248.2010.01457.x 

Lapierre, M., Lambert, A., & Achaz, G. (2017). Accuracy of demographic inferences from the 

site frequency spectrum: The case of the Yoruba population. Genetics, 206(1), 439–449. 

https://doi.org/10.1534/genetics.116.192708 



131 

Lino, A., Fonseca, C., Rojas, D., Fischer, E., & Pereira, M. J. R. (2019). A meta-analysis of the 

effects of habitat loss and fragmentation on genetic diversity in mammals. Mammalian 

Biology, 94(1), 69–76. https://doi.org/10.1016/j.mambio.2018.09.006 

Saving golden monkeys: Conservation action plan work begins. (2018). The Dian Fossey Gorilla 

Fund International. https://gorillafund.org/saving-golden-monkeys-conservation-action-

plan-work-begins/ 

Sih, A., Jonsson, B. G., & Luikart, G. (2000). Habitat loss: Ecological, evolutionary and genetic 

consequences. Trends in Ecology & Evolution, 15(4), 132–134. 

https://doi.org/10.1016/S0169-5347(99)01799-1 

Smith, K. F., Acevedo-Whitehouse, K., & Pedersen, A. B. (2009). The role of infectious diseases 

in biological conservation. Animal Conservation, 12(1), 1–12. 

https://doi.org/10.1111/j.1469-1795.2008.00228.x 

Thompson, R. C. A., Lymbery, A. J., & Smith, A. (2010). Parasites, emerging disease and 

wildlife conservation. International Journal for Parasitology, 40(10), 1163–1170. 

https://doi.org/10.1016/j.ijpara.2010.04.009 

Tuyisingize, D. (2016). Virungas Golden Monkey. In N. Rowe & M. Myers (Eds.), All the 

World’s Primates (pp. 500–501). Pogonias Press, Charleston, RI. 

Tuyisingize, D., Cipolletta, C., Eckhardt, W., Caillaud, D., Musana, A., Muvunyi, R., Turinawe, 

M., Muhabwe, R., Amanya, S., Mburanumwe, I., Katutu, J., Shalukoma, C., 

Ndagijimana, F., Stoinski, T. S., & Kaplin, B. A. (2023). Regional golden monkey 

(Cercopithecus mitis kandti) conservation action plan 2023-2028. IUCN, 36. 

https://doi.org/10.2305/VGRZ7036 

Tuyisingize, D., Eckardt, W., Caillaud, D., & Kaplin, B. A. (2021). High flexibility in diet and 



132 

ranging patterns in two golden monkey (Cercopithecus mitis kandti) populations in 

Rwanda. American Journal of Primatology, e23347. https://doi.org/10.1002/ajp.23347 

Tuyisingize, D., Eckardt, W., Caillaud, D., Ngabikwiye, M., & Kaplin, B. A. (2022). Forest 

landscape restoration contributes to the conservation of primates in the Gishwati-Mukura 

landscape, Rwanda. International Journal of Primatology. 

https://doi.org/10.1007/s10764-022-00303-0 

Voinson, M., Nunn, C. L., & Goldberg, A. (2022). Primate malarias as a model for cross-species 

parasite transmission. eLife, 11, e69628. https://doi.org/10.7554/eLife.69628 

Williams, J. J., Freeman, R., Spooner, F., & Newbold, T. (2022). Vertebrate population trends 

are influenced by interactions between land use, climatic position, habitat loss and 

climate change. Global Change Biology, 28(3), 797–815. 

https://doi.org/10.1111/gcb.15978 

. 

 

 

 

 

  



133 

 

 

 

 

 

 

 

Appendix A: Chapter 1 

Table A.1: Information on guenon samples collected for this project. 

Species Common Name Sample ID Location collected 

Allenopithecus 
nigroviridis 

Allen’s swamp 
monkey 

10076 Lincoln Park Zoo 

Cercopithecus ascanius Red-tail monkey 41137B Louisiana Purchase & 
Gardens 

Cercopithecus diana Diana monkey M2737 BREC’s Baton Rouge Zoo 

Cercopithecus neglectus DeBrazza’s monkey 971203 Bronx Zoo 

Cercopithecus wolfi Wolf’s Monkey 871162 San Antonio Zoological 
Garden & Aquarium 

Miopithecus talapoin Angolan Talapoin 1760 Audubon Zoo 
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Table A2: Species’ specific generation time and mutation rates used in PSMC as reported by 
Kuderna et al. (2023).  
Species Generation time Mutation rate 

(bp/cell generation) 

Allenopithecus spp. 10 3.33e-9 

Chlorocebus sabaeus * 11 4.53e-9 

Cercopithecus ascanius 12 4.82e-9 

Cercopithecus diana 9 4.82e-9 

Cercopithecus neglectus 12 4.82e-9 

Cercopithecus wolfi * 9 4.82e-9 

Miopithecus spp. 8 2.5e-9 

* For Chl. sabaeus and C. wolfi, generation time and mutation rate were taken from 
phylogenetically closest species included in Kuderna et al., Chl. pygerthyrus and C. pogonias 
respectively.  
 

 

Table A3: Assembly statistics for each newly sequenced genome. 

Species Length 
(mbp) 

N_50 
(kbp) 

L_50 
(bp) 

# contigs % Masked Mean 
coverage 

C. ascanius 5400.55 18781.52 88 43508 47.9 42X 

C. diana 5388.60 4656.30 356 37465 49.4 46X 

C. neglectus 4975.20 998.51 1365 47707 48.7 30X 

C. wolfi 5248.55 8310.38 187 31282 48.8 42X 

Allenopithecus 4938.92 1006.42 1348 44215 49.0 27X 

Miopithecus 5233.68 3191.85 489 28547 48.9 44X 
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Figure A.1: Correlation plot of environmental variables (bio_1 - 19 from the paleoclim database) 
based on aggregated occurrence data. 
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Appendix B: Chapter 2 

Figure B.1: Heat-map of depth coverage for alleles in each sample. Every line represents an 
allele, with the color of the allele indicating the depth of coverage for the allele, with blue 
indicating low coverage. White spaces indicate that the allele was not present in that sample. The 
gray bars on each sample name represent the total mean coverage for that sample, while the 
horizontal gray bars to the right of the heat-map indicate the mean coverage for that allele.  
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Figure B.2: Histogram of the allelic balance for heterozygote genotypes. The proportion of 
reference reads is calculated by dividing the number of reference reads by the sum of the 
reference reads and the alternative reads. The height of each bin represents the number of sites 
with that proportion. A balanced sample should peak around 0.5.  
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