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ABSTRACT 
 

 

The field of conservation genetics, in combination with non-invasive sampling, 

provides a powerful set of tools for investigating the conservation status and 

natural history of rare species that are otherwise difficult to study. A systematic 

literature review demonstrated that this is certainly the case for many forest-

associated antelope species, which are poorly studied and yet constitute some of 

the most heavily hunted wildlife in Africa. The aim of the present study was to use 

non-invasive sampling to investigate genetic patterns in forest antelope 

populations in the high-biodiversity Udzungwa Mountains, Tanzania, within the 

context of the conservation of these species and the wider ecosystem.  

 

Genetic information was derived from faecal samples collected across the 

Udzungwa landscape and assigned to five antelope species (N = 618, collected 

2006-09). Faecal pellet length was measured for a subset of samples but statistical 

assignment to species by this method proved unreliable. Phylogenetic analysis 

using mitochondrial control region sequences unexpectedly revealed that Harvey’s 

duiker within the Udzungwas are paraphyletic with respect to sequences from a 

putative sister species from southern Africa. However, there was no corresponding 

pattern in the microsatellite dataset suggesting that these mitochondrial lineages 

do not represent contemporary genetic isolation. Instead, Harvey’s duiker nuclear 

variation is shaped both by isolation by distance, due to positive spatial 

autocorrelation at short distances, and clustering of distinct genotypes from 

western outlying forests. These forests also harbour the endangered Abbott’s 

duiker and therefore require effective conservation management. Despite being 

detected throughout the Udzungwas, genetic diversity in Abbott’s duiker was very 

low in comparison to other species. These results suggest several promising 

research directions but also have significant conservation implications that will be 

disseminated to the Tanzanian wildlife authorities and the wider conservation 

community. 



 3

ACKNOWLEDGEMENTS 
 

This study would not have been possible without the multiple networks of people 

that have provided genetic samples, technical guidance, financial and logistical 

assistance, motivation and support over the course of the last six years. These 

networks span three continents, five research institutions and numerous 

partnerships and agreements. I cannot hope to thank every individual who 

contributed but I am extremely grateful to everyone who helped me learn so much 

during this project, including many not mentioned below.  

 

I would first like to thank my supervisors Dr Jamie Stevens, University of Exeter, 

and Dr Amy Plowman, Whitley Wildlife Conservation Trust. Both have shown great 

faith in my ability to achieve new tasks, Amy for over ten years. I am also grateful 

to Drs Nicola Anthony and Bettine Jansen van Vuuren, who were both crucial to the 

success of this study, particularly at the early stages when Jamie didn’t know what 

a duiker was! Bettine generously hosted me at the University of Stellenbosch for 

six months and personally watched over my first ever PCRs. Drs Francesco Rovero 

and Andrew Marshall first encouraged me to join them in Tanzania to research 

forest antelope. 

 

The following individuals deserve special acknowledgement for their much-

needed assistance in various aspects of my research, whether in the office, field or 

laboratory. In Exeter: Emma Kennedy, Patrick Hamilton, Andrew Griffiths, Angela 

Pountney, Sarah-Louise Counter, Lyndsey Holland, Laura McDonagh, Jon Ellis, 

Andy King, Charles Ikediashi and all other members of the Molecular Ecology and 

Evolution Group past and present. In Paignton: Natasha de Vere, Kirsten Pullen, 

Vicky Melfi, Dave Ellacott, Michelle Youd and my contemporary PhD students: 

Tracey Hamston, Kathy Baker, Joanna Bishop and Holly Farmer. In New Orleans: 

Anne Johnston and Stephan Ntie. In Stellenbosch: Sandi Willows-Munro, Anne 

Ropiquet, Woody Cotterill, Gayle Pedersen, Thomas Lado, Prince Kaleme and Nico 

Solomons. In Tanzania: Richard Laizzer, Arafat Mtui, Yahaya Sama, Ali Chitata, 

Mwajuto Matola, Amani Kitegile, Adinani Seki, Athmani Mndeme, Martin Mlewa, 

Silvia Ricci, Tim Davenport, Sophy Machaga, Ruben Mwakisoma, Kuruthumu A. 

Mwamende, Paul and Victoria Banga, Ponjoli Joram Kabepele and Baraka de Graf. I 



 4

would also like to thank many friends who provided equally important support in 

a social rather than technical context. 

 

Particular thanks go to those individuals named as co-authors in the following 

research chapters, some but not all of whom are named above. Trevor Jones played  

a vital role in retrieving samples from the more remote Udzungwa forests. 

 

The final acknowledgements must go to those people who have had to put up with 

the most. To my parents and their partners, whose support is probably far more 

appreciated than they realise, and especially to Alexis – thank you. 

 

This thesis is dedicated to all those people who have shown me kindness and 

hospitality during the times I have spent working overseas, in particular the late 

Leonard Mpofu (~1960-2008) and Amani Mahundu (1978-2012).  

 
 
 

 



 5

TABLE OF CONTENTS 
 

 

 Abstract 2 

 Acknowledgments 3 

Chapter 1 Introduction 18 

1.1.  Introduction 19 

1.2. Methods 21 

1.2.1. Literature search 21 

1.2.2. Bibliometric analysis 22 

1.3. Results 22 

1.3.1. Literature search 22 

1.3.2. Bibliometric analysis 24 

1.3.3. Literature review 26 

1.4. Discussion 37 

1.4.1. State of scientific knowledge on forest antelope 37 

1.4.2. Non-invasive genetics and forest antelope 

conservation research 

37 

1.5. Structure and aims of the present study 40 

1.5.1. Chapter aims 

 

41 

Chapter 2 Study Site and Methods 44 

2.1.  Introduction to methods 45 

2.2.  Study site: Udzungwa Mountains, Tanzania 45 

2.2.1.  Biogeography 45 

2.2.2.  Conservation 46 

2.2.3.  The Udzungwa Mountains as a research site 49 

2.3.  Sample collection 50 

2.3.1.  Personnel 53 

2.3.2.  Site selection and timing 53 

2.3.3.  Recce and line transect sampling 53 

2.4.  Sample storage 55 

2.5.  Laboratory methods 57 

2.5.1. DNA extraction 57 



 6

2.5.2. Molecular marker selection 57 

2.5.3. Mitochondrial markers 58 

2.5.4. Microsatellites 60 

2.5.5. Other potential markers 64 

2.6.  Methods summary 

 

64 

Chapter 3 Can molecular data validate morphometric 

identification of faecal pellets in Tanzanian 

forest antelope species? 

66 

 Abstract 67 

3.1. Introduction 68 

3.2. Materials and methods 69 

3.3. Results 70 

3.4. Discussion 75 

3.5. Acknowledgments 

 

76 

Chapter 4 Inferring evolutionary species, lineages and 

population subdivision from non-invasive 

genetic sampling of forest antelope across a 

tropical mountain range 

78 

 Abstract 80 

4.1. Introduction 82 

4.1.1. Antelope taxonomy and evolutionary species 

distribution 

83 

4.1.2. Intra-specific lineage diversity in antelope 84 

4.1.3. Conservation management units and population 

subdivision  

84 

4.1.4. Study aims and limitations 85 

4.2. Methods 85 

4.2.1. Study site and subjects 85 

4.2.2. Sample collection and processing 86 

4.2.3.  Genetic analysis 86 

4.2.4.  Data analysis 87 

4.3. Results 89 



 7

4.3.1. Revised species designations 90 

4.3.2. Distribution 91 

4.3.3. Phylogenetic analysis 100 

4.3.4. Genetic diversity and differentiation 102 

4.4. Discussion 107 

4.4.5. Antelope taxonomy and evolutionary species 

distribution 

107 

4.4.6. Intra-specific lineage diversity in antelope 110 

4.4.7. Genetic diversity and differentiation 111 

4.4.8. Conservation and management implications 111 

4.4.9. Conclusion 

 

113 

Chapter 5 Fragmented forests, fragmented populations? 

Fine-scale genetic structure in Harvey’s duiker 

Cephalophus harveyi across a heterogeneous 

landscape 

116 

 Abstract 117 

5.1. Introduction 118 

5.2. Methods 119 

5.2.1. Study site and sample collection 119 

5.2.2. Microsatellite genotyping 120 

5.2.3. Spatial autocorrelation and isolation by distance 121 

5.2.4. Genetic clusters 122 

5.3. Results 124 

5.3.1. Spatial autocorrelation and isolation by distance 125 

5.3.2. Genetic clusters 129 

5.4. Discussion 137 

5.4.1. Patterns and processes in Harvey’s duiker genetic 

structure 

137 

5.4.2. Habitat fragmentation and conservation 

 

138 

Chapter 6 Distribution and genetic diversity of the 

endangered Abbott’s duiker Cephalophus 

spadix in the Udzungwa Mountains, Tanzania 

144 



 8

 Abstract 146 

6.1. Introduction 147 

6.2. Materials and methods 148 

6.3. Results 152 

6.4. Discussion 157 

6.5. Acknowledgements 

 

159 

Chapter 7 General discussion 162 

7.1. Preamble 163 

7.2. Main findings 163 

7.2.1. Morphological identification of forest antelope 

dung 

163 

7.2.2. Genetic patterns as revealed by non-invasive 

sampling 

164 

7.2.3. Spatial genetic structure in Harvey’s duiker 164 

7.2.4. Abbott’s duiker in the Udzungwa Mountains 165 

7.3. Implications for conservation 166 

7.3.1. Conservation status of newly recognised 

evolutionary species 

166 

7.3.2. Uzungwa Scarp Forest Reserve and New Dabaga-

Ulang’ambi Forest Reserve 

166 

7.3.3. Connectivity and wildlife corridors 167 

7.3.4. Feasibility of genetic monitoring of forest antelope 

populations 

168 

7.4. Future research directions 169 

7.4.1. Novel genomic resources for forest antelope 

conservation 

169 

7.4.2. Landscape genetics in the Udzungwa Mountains 

and east African region 

170 

7.4.3. Charting the ‘duiker-sphere’ – towards an 

evolutionary map of the Cephalophini 

171 

7.5. Conclusion 172 

 Bibliography 175 

 Appendix A. Associated publications 197 



 9

LIST OF FIGURES 
 

 

Chapter 1 Introduction  

Figure 1.1 Numbers of peer-reviewed literature on forest 

antelope published per year between 1970 and 

2012 (ISI Web of Science 2012). 

25 

Figure 1.2 Figure 1.2. Parsimony tree for the Bovidae (38 

taxa) based on the complete mtDNA cytochrome 

b gene (1140 bp).  

27 

Figure 1.3 Example of a gap in our scientific knowledge of 

forest antelope distribution: Cephalophus 

natalensis and harveyi in sub-Saharan Africa. 

 

29 

Chapter 2 Study Site and Methods  

Figure 2.1 Map of the Udzungwa Mountains, Tanzania, 

showing sample collection sites (stars). 

51 

Figure 2.2 Box-and-whisker plots showing median 

differences in field estimated age-class and days 

stored at different temperatures between 

antelope faecal samples which were successfully 

genotyped at 8 microsatellite loci. 

 

56 

Chapter 3 Can molecular data validate morphometric 

identification of faecal pellets in Tanzanian 

forest antelope species? 

 

Figure 3.1 Control region neighbour-joining bootstrap 

consensus phylogeny for faecal DNA sequences 

from the Udzungwa Mountains, Tanzania (c.530 

bp). 

72 

Figure 3.2 Box-and-whisker plot of faecal pellet length for 

five species of forest antelope from the 

Udzungwa Mountains, Tanzania. 

 

73 



 10 

Chapter 4 Inferring evolutionary species, lineages and 

population subdivision from non-invasive 

genetic sampling of forest antelope across a 

tropical mountain range 

 

Figure 4.1a Forest antelope non-invasive sampling locations 

in the Udzungwa Mountains, Tanzania. Charts 

represent the proportion of samples assigned to 

each species. 

92 

Figure 4.1b Forest antelope non-invasive sampling locations 

in the Udzungwa Mountains, Tanzania. Charts 

represent the proportion of major mtDNA 

control region phylogenetic clades in C. harveyi 

samples 

93 

Figure 4.2a Bayesian consensus phylogeny for Cephalophus 

harveyi CR haplotypes from the Udzungwa 

Mountains, with representative sequences from 

other regions and species. 

96 

Figure 4.2b Bayesian consensus phylogeny for Cephalophus 

spadix haplotypes from the Udzungwa 

Mountains, with representative sequences from 

other regions and species.  

97 

Figure 4.2c Bayesian consensus phylogeny for putative 

Neotragus kirchenpauri CR haplotypes from the 

Udzungwa Mountains, with representative 

sequences from other regions and species.  

98 

Figure 4.2d Bayesian consensus phylogeny for putative 

Philantomba lugens CR haplotypes from the 

Udzungwa Mountains, with representative 

sequences from other regions and species.  

99 

Figure 4.3 Two dimensional PCA plot of C. harveyi / 

natalensis microsatellite genotypes labelled by 

phylogenetic clade (Fig 2a).  

102 

Figure 4.4a + b Control region median-joining network for C. 

harveyi and natalensis (a) and C. spadix (b).  

103 



 11 

Figure 4.4c + d Control region median-joining network for N. 

moschatus including kirchenpaueri (c) and P. 

monticola including lugens (d). 

 

104 

Chapter 5 Fragmented forests, fragmented 

populations? Fine-scale genetic structure in 

Harvey’s duiker Cephalophus harveyi across a 

heterogeneous landscape  

 

Figure 5.1 Global relationship between genetic and 

geographic distance for C. harveyi in the 

Udzungwa Mountains, Tanzania. A. Correlogram 

showing the autocorrelation coefficient (r) for 

different distance class sizes. B. The 

autocorrelation coefficient at increasing 

cumulative distance size classes. 

127 

Figure 5.2 Local relationships between genetic and 

geographic distance for C. harveyi within 

sampling locations in the Udzungwa Mountains, 

Tanzania. Correlogram showing the 

autocorrelation coefficient (r) for different 

distance class sizes in A. Mwanihana, B. Ruipa, C. 

Lumemo, and D. Uzungwa Scarp.  

128 

Figure 5.3 STRUCTURE analysis with standard model for C. 

harveyi genotypes from the Udzungwa 

Mountains (N = 148). 5.3A: Proportion of each 

individual’s genotype allocated to each cluster at 

K = 4 for comparison between models. 5.3B: 

Mean log likelihood of the data for 5 runs 

showing that K = 1.  

131 

Figure 5.4 STRUCTURE analysis with location prior model 

for C. harveyi genotypes from the Udzungwa 

Mountains (N = 148). A: Proportion of each 

individual’s genotype allocated to each cluster at 

K = 4 for comparison between models. B: Mean 

132 



 12 

log likelihood of the data for 5 runs showing that 

K = 1. C: Delta K-values for 5 runs showing K = 2. 

Figure 5.5  Geneland analysis with uncorrelated alleles 

spatial model (K = 2) for C. harveyi microsatellite 

genotypes from the Udzungwa Mountains (N = 

141). Map shows the posterior mode of 

population membership for the highest 

probability model run (black dots are sample 

spatial coordinates). 

133 

Figure 5.6 Geneland analysis with uncorrelated correlated 

alleles spatial model (K = 5) for C. harveyi 

microsatellite genotypes from the Udzungwa 

Mountains (N = 141). Map shows the posterior 

mode of population membership for the highest 

probability model run (black dots are sample 

spatial coordinates). 

134 

Figure 5.7 Map of sampling locations in the Udzungwa 

Mountains, south-central Tanzania. Colour-

coded locations represent C. harveyi 

microsatellite genotypes allocated to genetic 

clusters by the Geneland correlated alleles 

model. 

135 

Supp. Figure 5.1 

+ 5.2 

Geneland analysis with correlated spatial model 

for C. harveyi microsatellite genotypes from the 

Udzungwa Mountains (N = 141). Maps show the 

posterior mode of population membership for 

the model run indicated (black dots are sample 

spatial coordinates). 

142 

Supp. Figure 5.3 

+ 5.4 

Geneland analysis with correlated spatial model 

for C. harveyi microsatellite genotypes from the 

Udzungwa Mountains (N = 141). Maps show the 

posterior mode of population membership for 

the model run indicated (black dots are sample 

spatial coordinates). 

143 



 13 

 

Chapter 6 Distribution and genetic diversity of the 

endangered Abbott’s duiker Cephalophus 

spadix in the Udzungwa Mountains, Tanzania  

 

Figure 6.1 Global distribution of the endangered Abbott’s 

duiker (red hatching). Highland areas referred to 

in the text are italicized. Modified from IUCN 

(2012). 

149 

Figure 6.2 Map of the Udzungwa Mountains, Tanzania, 

showing recorded presence of Abbott’s duiker. 

150 

Figure 6.3 mtDNA control region Bayesian consensus 

phylogeny for C. spadix from the Udzungwa 

Mountains (~600 bp).  

154 

Figure 6.4 Neighbour-joining dendrogram based on DAS 

distances (Chakraborty & Jin 1993) using 

genotype data from seven microsatellite loci for 

Abbott’s duiker. 

155 

Figure 6.5 Two-dimensional PCA plot of Abbott’s duiker 

microsatellite genotypes labelled by 

geographical regions in Tanzania.  

156 

Supp. Figure 6.1 Abbott’s duiker photographed in Mwanihana, 

Udzungwa Mountains National Park, Tanzania. 

161 

Supp. Figure 6.2 Abbott’s duiker photographed in Nyumbanitu, 

Kilombero Nature Reserve, Tanzania. 

161 

 

 



 14 

LIST OF TABLES 
 

 

Chapter 1 Introduction  

Table 1.1 Search terms and results for forest antelope 

and comparative ungulate taxa using ISI Web of 

Science and additional articles from combined 

World Wide Web searches 

23 

Table 1.2 Forest antelope found in Tanzania. 

 

35 

Chapter 2 Study Site and Methods  

Table 2.1 Site characteristics, sampling effort and 

number of collected samples for nine forest 

blocks in the Udzungwa Mountains, Tanzania. 

52 

Table 2.2 Primers used to amplify the mitochondrial 

control region from antelope faecal samples. 

59 

Table 2.3 PCR conditions for control region (CR) and 

microsatellite markers (MPLX) with antelope 

faecal DNA. 

61 

Table 2.4 Microsatellite primers and multiplex design for 

use with antelope faecal DNA.  

63 

Table 2.5 

 

Preparation of 10x primer mix for use with the 

QIAGEN Multiplex PCR Kit as recommended by 

the manufacturer (each primer at 2 µM) and 

relative primer concentrations used with 

antelope faecal DNA. 

 

64 

Chapter 3 Can molecular data validate morphometric 

identification of faecal pellets in Tanzanian 

forest antelope species? 

 

Table 3.1 Species identity of antelope dung piles from the 

Udzungwa Mountains, Tanzania, as established 

by mitochondrial control region sequencing 

compared to predicted species from a linear 

74 



 15 

discriminant analysis of faecal pellet length. 

 

Chapter 4 Inferring evolutionary species, lineages and 

population subdivision from non-invasive 

genetic sampling of forest antelope across a 

tropical mountain range 

 

Table 4.1 Best-fit evolutionary substitution models 

selected for Maximum-Likelihood analysis of 

forest antelope mitochondrial control region 

haplotypes from the Udzungwa Mountains. 

88 

Table 4.2 Sample size (N), number of mitochondrial 

control region haplotypes, haplotypic richness 

and genetic diversity values for four species of 

antelope sampled in twelve locations in the 

Udzungwa Mountains, Tanzania. 

94 

Table 4.3 Sample size, polymorphism, unbiased expected 

heterozygosity (HE) and allelic richness for two 

species of antelope sampled in nine locations in 

the Udzungwa Mountains, Tanzania. 

95 

Table 4.4 Pair-wise mitochondrial control region 

uncorrected genetic distances between red 

duiker clades and species. 

105 

Table 4.5 Pair-wise FST values between sampling 

locations for two species of antelope in the 

Udzungwa Mountains, Tanzania. 

106 

Table 4.6 Analyses of molecular variance among and 

within sampling locations for three species of 

forest antelope in the Udzungwa Mountains, 

Tanzania. 

107 

Supp. Table 4.1 Details of mitochondrial control sequences 
included in this study excluding those derived 
from faecal samples. 
 

114 

Chapter 5 Fragmented forests, fragmented 

populations? Fine-scale genetic structure in 

 



 16 

Harvey’s duiker Cephalophus harveyi across 

a heterogeneous landscape  

Table 5.1 Number of C. harveyi microsatellite genotypes 

(N) from nine sampling locations in the 

Udzungwa Mountains together with mean 

genetic distance (Peakall and Smouse 2006), 

kinship coefficient (Loiselle et al. 1995), mean 

and maximum Euclidean distance (km). 

124 

Table 5.2 Microsatellite locus details for 141 C. harveyi 

genotypes from the Udzungwa Mountains, 

Tanzania. 

125 

Table 5.3 Isolation by distance in C. harveyi in the 

Udzungwa Mountains, Tanzania. 

126 

Table 5.4 Genetic diversity and equilibrium values for C. 

harveyi inferred spatial genetic clusters in the 

Udzungwa Mountains, Tanzania. 

136 

Table 5.5 Pair-wise FST (below diagonal) and Jost’s D 

values (above diagonal) between inferred 

spatial genetic clusters (K = 4) for C. harveyi in 

the Udzungwa Mountains, Tanzania. 

 

136 

Chapter 6 Distribution and genetic diversity of the 

endangered Abbott’s duiker Cephalophus 

spadix in the Udzungwa Mountains, 

Tanzania  

 

Table 6.1   Forest characteristics and Abbott’s duiker 

survey results for the ten forest blocks studied 

in the Udzungwa Mountains, Tanzania.  

153 

Table 6.2 Frequency of Abbott’s duiker mtDNA control 

region haplotypes recovered from the 

Udzungwa Mountains, together with available 

data from other regions.  

156 

Table 6.3 Number of alleles (Na), observed (HO) and 

unbiased expected (uHE) heterozygosities for 

157 



 17 

seven microsatellite loci in Abbott’s duiker (n = 

19) and Harvey’s duiker (n = 149) within the 

Udzungwa Mountains. 

Table 6.4 Mitochondrial control region diversity in four 

species of forest antelope in the Udzungwa 

Mountains, Tanzania.  

157 

 
 
 
 
 



 18 

CHAPTER 1. 
 

INTRODUCTION
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1.1. Introduction 
 

The importance of genetic factors in conservation was first recognised in the early 

1970s (Frankel 1970, 1974) and shortly thereafter became integral to the birth of 

modern conservation biology, a multidisciplinary approach to studying the loss of 

biodiversity and identifying the most appropriate preventative actions (Soulé 

1985). The role of genetics in population decline and recovery was outlined in key 

chapters of the seminal publication in conservation biology (Soulé and Wilcox 

1980) and had a major influence on conservation policy, particularly the design of 

nature reserves (Soulé and Simberloff 1986) and captive breeding programmes 

(Soulé et al. 1986).  

 

Despite this early role in the theoretical development of conservation biology, the 

significance of genetic factors in the decline and management of threatened wild 

populations has long been the subject of debate (Hedrick et al. 1996; Asquith 2001; 

Caro and Laurenson 1994). Some authors argued that environmental and 

demographic factors would drive populations to extinction before any negative 

genetic impact, such as inbreeding depression, could take effect (Lande 1988) and 

that there was very little evidence for deleterious effects on wild populations 

(Caughley 1994). This argument, together with the artificial distinction between 

small versus declining population paradigms (Caughley 1994), has largely been 

superseded by theoretical frameworks that incorporate both ecological and 

genetic agents of decline (Soulé and Mills 1998) and, crucially, by direct evidence 

from wild populations (Saccheri et al. 1998; Madsen et al. 1999). 

 

The field of conservation genetics can be defined as the theory and practice of 

genetics in the preservation of species as dynamic entities capable of coping with 

environmental change (Frankham et al. 2002). This broadly encompasses the 

genetic management of small populations, resolution of taxonomic and 

management units, and the use of genetic analyses in forensics and understanding 

species biology (Frankham et al. 2002), but could also include any application 

where quantitative or molecular genetic information is used in the conservation of 

biodiversity. 
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These applications of conservation genetics were limited in the past by the 

technical and logistical difficulty of obtaining molecular data on rare and 

threatened species in the wild. However, the widespread adoption of efficient 

polymerase chain reaction (PCR) methods to amplify nucleic acids and the 

development of suitable molecular markers has allowed the recovery of genetic 

information from an ever-increasing array of source material. In particular, non-

invasive sampling of faeces (Kohn and Wayne 1997), hair (Sloane et al. 2000) and 

shed feathers (Rudnick et al. 2005) is now commonly employed in research into 

threatened species (Goossens et al. 2005; Zhan et al. 2006). Such sampling involves 

minimal disturbance to the population of interest but provides a suite of genetic 

analyses previously only possible with invasive sampling methods (Beja-Pereira et 

al. 2009). 

 

African forest antelope are typically shy, crepuscular or nocturnal, and found in 

habitats where visibility is low, making them difficult to study in the field. These 

species thus provide a good example of circumstances where non-invasive 

genetics could provide a wealth of information that would otherwise be very 

difficult or impossible to obtain. Such information is crucial to the scientific 

management of species that are highly threatened by habitat loss and exploitation 

and yet remain poorly studied compared to their savannah counterparts (Bowkett 

2003). A pertinent case-study may be that of the Udzungwa Mountains in south-

central Tanzania, where the forest antelope community has only recently been 

described (Dinesen et al. 2001; Rovero and Marshall 2004; Bowkett et al. 2008) 

despite the presence of at least one globally endangered species, Abbott’s duiker 

Cephalophus spadix (Rovero et al. 2005; Jones and Bowkett 2012), and the 

documented threat of illegal hunting for bushmeat (Rovero et al. 2010). 

 

This chapter provides an introduction to forest antelope, quantifies the state of 

scientific knowledge regarding their natural history and conservation by way of a 

systematic literature search, and assesses the potential role of conservation 

genetics in improving this knowledge using examples from east Africa. It also sets 

out the structure and aims of the following chapters that investigate genetic 

patterns in forest antelope populations across the Udzungwa Mountains and 
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highlight the implications for conservation management of this important 

landscape. 

 

 

1.2. Methods 
 
1.2.1. Literature search 
 

A comprehensive and repeatable strategy for searching scientific literature is a 

critical part of the systematic review process (Roberts et al. 2006). Systematic 

reviews of interventions, in order to establish evidence-based practice, are 

common in medicine (Higgins and Green 2011), and have recently been introduced 

for conservation and environmental management (Centre for Evidence-Based 

Conservation 2010). We followed the literature search guidelines of Pullin and 

Stewart (2006) in order to reduce bias and allow this review to be repeated in the 

future. 

 

For the purposes of our literature review we defined forest antelope as any 

member of the bovid tribes Cephalophini (Blyth, 1863) and Neotragini (Scalter and 

Thomas, 1894) plus the two forest-dwelling members of Tragelaphini (Blyth, 

1863): bushbuck Tragelaphus scriptus (Pallas, 1776) and bongo T. euryceros 

(Ogilby, 1837). This definition is a broad one as it includes the savannah-dwelling 

bush or grey duiker Sylvicapra grimmia (Linneaus, 1758) and the bushbuck 

species complex (Groves and Grubb 2011), whose members are found in many 

different wooded habitats. It does not include the savannah or desert inhabiting 

genera Raphicerus and Madoqua, which were traditionally included in Neotragini 

but are now generally accepted to be members of the Antilopini (Groves and Grubb 

2011).  

 

We used ISI Web of Science (WOS) as our primary electronic database. After 

several trial runs to gauge the likely volume and precision of searches, we 

combined terms within each antelope tribe using Boolean operators and wildcard 

terms and searched between 1899-2012 (Table 1.1). We also ran search terms in 

Google Scholar but the large number of spurious hits precluded analysis due to 

time constraints (e.g. for the duiker search terms there were 9,430 total ‘hits’ but 
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checking the first 50 results only returned 12 relevant articles, 18th September 

2012). We also conducted World Wide Web searches for articles and other 

publications by reviewing the first 50 hits from www.google.com and 

www.dogpile.com (a meta-search engine that combines results from multiple 

algorithms). The “any of these words” option was selected under advanced search 

options, although we were unable to include the alternative spelling of T. euryceros 

(Table 1.1) in dogpile.com searches due to character limits. Time constraints 

limited our search to documents in English and we only included book chapters 

and grey literature if cited by peer-reviewed articles (or found through web 

searches).  

 

1.2.2. Bibliometric analysis 
  

As a course measure of the current scientific knowledge of forest antelope species 

we compared the raw unedited search results in WOS for forest antelope genera, 

between 1970 and 2011, with those for other ungulate taxa (Table 1.1). We then 

processed the forest antelope results to remove spurious records and duplicates, 

and to check for consistency with Price’s law of scientific literature growth (Price 

1951). Price’s Law states that productivity in a specific scientific field will be 

exponential unless a saturation point has been reached, after which growth 

changes to linear and eventually declines to zero. Alternatively, artificial 

boundaries to research, such as a lack of resources, may prevent exponential 

growth (Price 1951). We measured productivity as the number of relevant articles 

published per year with equal weighting given to all articles (Prieto et al. 2011). It 

is important to note that articles did not need to be primarily focused on forest 

antelope taxa to be included as relevant, only to refer specifically to those taxa in 

the title, abstract or key words. 

 

 

1.3. Results 
 

1.3.1. Literature search 
 

The WOS searches generated 475 relevant hits using the forest antelope search 

terms (Table 1.1). Although the earliest article was published in 1903 the vast 
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majority of articles (96.5%) were published after 1970. This is probably because 

much of the older natural history literature has not been electronically archived. 

Search results were exported and stored in EndNote X5 (Thomson Reuters, New 

York, NY, USA). 

 

The World Wide Web searches were variable between taxa in terms of relevancy 

(Google: 32-82%; dogpile: 42-84%) but didn’t reveal any publications not already 

found in WOS. Much highly relevant information on forest antelope was contained 

in publications other than journal articles (Kingdon 1982, 1997; East 1999; 

Plowman 2003; Wilson and Mittermeier 2011; Groves and Grubb 2011). 

 

Table 1.1. Search terms and results for forest antelope (in bold) and comparative 
ungulate taxa using ISI Web of Science and additional articles from combined 
World Wide Web searches (all searches executed on 19th September 2012). 
Number of species based on Wilson and Reeder (2005). 
 
Search term Number 

of 
species 

WOS 
total 

articles 

WOS 
relevant 
articles 

WWW 
extra 

articles  
duiker* OR "Cephalophus" OR "Philantomba" 
OR "Sylvicapra" OR "Cephalophinae" OR 
"Cephalophini" 
 

18 330 262 0 

Neotragus OR "Nesotragus" OR "suni" OR 
"royal antelope" OR "dwarf antelope" OR 
"pygmy antelope" OR "Neotragini" 
 

3 96 40 0 

"Tragelaphus scriptus" OR "Tragelaphus 
sylvaticus" OR "bushbuck" OR "Tragelaphus 
euryceros" OR "Tragelaphus eurycerus" OR 
(bongo AND antelope) 
 

2 175 173 0 

Gazella 
 

10 1,029 - - 

Connochaetes OR wildebeest* OR (gnu and 
antelope) 
 

2 438 - - 

Capreolus OR "roe deer" OR "chevreuil" 
 

2 2,355 - - 

Odocoileus OR "white-tailed deer" OR "mule deer" 
OR "black-tailed deer" OR "Virginia deer" 
 

2 6,762 - - 

Loxodonta africana OR "savannah elephant" OR 
"savanna elephant" OR "African elephant" 
 

1* 1,227 - - 

* Includes L. cyclotis (considered a subspecies until recently). 
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While not a precise comparison, due to differences in the number of species 

included in search terms, the raw search results for other ungulates indicate that 

forest antelope are under-studied at least compared to temperate or charismatic 

species (Table 1.1).   

 

1.3.2. Bibliometric analysis 
 

Analysis of scientific productivity was restricted to 1970 and 2011 to avoid the 

large number of years prior to this period that contained no relevant publications 

and the potential effect of conducting searches on different dates during 2012. 

 

Scientific knowledge of duiker and forest tragelaphines is clearly growing as 

measured by peer-reviewed articles (Fig. 1.1A and C). For both these groups, 

growth was significantly exponential as predicted by Price (1951) although linear 

relationships explained more of the variation. In contrast, research into Neotragus 

species appears stagnant (Fig. 1.1B). 
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Figure 1.1. Numbers of peer-reviewed literature on forest antelope published per 
year between 1970 and 2011 (ISI Web of Science 2012). Exponential (narrow line) 
and linear (broad line) models were fitted to the data to check for compliance with 
Price’s Law of scientific productivity. A. Duiker species, exponential: y = 1E-
187e0.2163x (r2 = 0.458; P < 0.001), linear: y = 0.384x – 759.22 (r2 = 0.725; P < 
0.001); B. Neotragus species, exponential: y = 3E-97e0.1097x (r2 = 0.077; P = 0.121), 
linear: y = 0.027x - 52.833 (r2 = 0.084; P = 0.129); C. Forest Tragelaphus species, 
exponential: y =4E-119e0.137x (r2 = 0.281; P < 0.001), linear: y = 0.268x - 530.25 (r2 
= 0.588; P < 0.001). 
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1.3.3. Literature review 
 

1.3.3.1. Forest antelope natural history  
 

Natural history is the scientific endeavour of discovering, describing and 

classifying facts concerning landscapes and biodiversity, in this case forest 

antelopes. Such idiographic fact gathering is crucial, if often unappreciated, to the 

subsequent formation of nomothetic (law-like) generalizations in science (Cotterill 

and Foissner 2010). Here we use the term natural history to encompass what is 

known about forest antelope in terms of their evolution, taxonomy, distribution, 

ecology and behaviour. How this knowledge relates to conservation, monitoring 

and management is dealt with in the following section. 

 

Antelope is a generic term referring to horned ungulates from two subfamilies 

within the Bovidae (Fig. 1.2). These are the Bovinae, including cattle and spiral-

horned antelope (Tragelaphini), and the Antilopinae, including all other antelopes, 

sheep and goats (Gentry 1992). Tribes within these subfamilies diverged between 

17 and 15 million years ago (Hassanin et al. 2012), coincident with the Middle 

Miocene Climatic Optimum, a global warm period, the end of which saw a marked 

transition to a period of global cooling that led to increased aridity in Africa (Senut 

et al. 2009). This aridity may have resulted in the isolation of forests at a 

continental scale and the emergence of forest-associated lineages that later 

became tribes such as Cephalophini (duikers) and Neotragini (dwarf antelope). 

The modern bovid taxa emerged in successive radiations over the last 12 million 

years (Hassanin et al. 2012) with many duiker species diverging as recently as the 

Pleistocene (Johnston and Anthony 2012).  
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Figure 1.2. Parsimony tree for the Bovidae (38 taxa) based on the complete mtDNA 

cytochrome b gene (1140 bp). Bootstrap values are shown above nodes. Forest 

antelope, as defined in this chapter, are highlighted in yellow. Traditional names 

for taxonomic tribes are shown on the right. Note that the savannah-dwelling grey 

duiker was also included in our literature search. Modified from Matthee and 

Robinson (1999a).  
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Duiker taxonomy traditionally comprises of three genera within the Cephalophini: 

the smallest species in Philantomba, the species-rich Cephalophus and the 

savannah-specialist Sylvicapra. Molecular evidence suggests further divisions 

within Cephalophus constituting three clades: giant duikers (including C. spadix), 

east African red duikers and west African red duikers (van Vuuren and Robinson 

2001).  The most comprehensive molecular phylogeny for Cephalophini (Johnston 

and Anthony 2012) supports the recognition of four major lineages, Philantomba 

and the three previously described within Cephalophus, but places Sylvicapra as 

sister to the giant duikers leaving Cephalophus paraphyletic. This relationship was 

also found in a mitochondrial genome-wide phylogeny of the Cetartiodactyla 

(Hassanin et al. 2012). 

 

This recent divergence, as supported by the allopatric distribution of various sister 

species (Johnston and Anthony 2012), may be one reason why the taxonomy of 

forest antelope, particularly duikers, is so confusing. Much of the difficulty centres 

on whether certain populations should be considered young species or subspecies 

(Perrin et al. 2003; Groves and Grubb 2011), or even eco-types (Wronski et al. 

2009). In the bushbuck species complex, traditional taxonomy has obscured two 

highly divergent lineages that are more closely related to other tragelaphine 

species than they are to each other (Moodley et al. 2009). Several duiker species 

are often treated as subspecies by different authorities. For example, Harvey’s 

duiker C. harveyi is recognised by some authorities (Kingdon 1997; East 1999) but 

treated as a subspecies of C. natalensis by others (Ellerman et al. 1953; Wilson and 

Reeder 2005). This different treatment of variable populations has been 

highlighted by the most recent ungulate taxonomy which recognises forty-one 

species within Cephalophini (Groves and Grubb 2011), see Table 1.2. 

 

Forest antelope taxonomy is further weakened by gaps in our knowledge of these 

species’ distributions. Harvey’s duiker again provides an example as the species is 

listed by East (1999) as present in Ethiopia (Fig. 1.3), but these populations are not 

mentioned by  Kingdon (1997) or Groves and Grubb (2011). Grubb et al. (2003) 

outline further examples from all over Africa.  
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Figure 1.3. Example of a gap in our scientific knowledge of forest antelope 
distribution: Cephalophus natalensis (red) and harveyi (black) in sub-Saharan 
Africa (according to the African Antelope Database 1998). Red dots in Malawi and 
Zambia (encircled) are considered C. harveyi by other authorities, e.g. Groves and 
Grubb (2011). Blue dots represent populations of unknown taxonomic status. 
Dots: Present but abundance unknown, Blocks: Population estimated between 
1,000 and 10,000. Modified from East (1999). 
 

In terms of ecology and behaviour, generally more is known about the forest 

tragelaphines, particularly bushbuck, than the duikers or neotragines. The ecology 

of bongo, the only large social forest antelope, has been studied in South Sudan 

(Hillman 1986; Hillman and Gwynne 1987) and Central African Republic (Klaus-

Hugi et al. 1999; Klaus-Hugi et al. 2000) and the species has also been studied in 

captivity (see below). Behavioural observations of bushbuck have been made at 

many sites (Allsopp 1978; Odendaal and Bigalke 1979; Okiria 1980; Simbotwe and 

Sichone 1989; MacLeod et al. 1996; Coates and Downs 2005, 2006) including 

detailed research into ecology and social organisation in Queen Elizabeth National 

Park, Uganda (Apio et al. 2010; Apio and Wronski 2005; Wronski and Apio 2006; 

Wronski et al. 2006a; Wronski et al. 2006b). However, much of this research has 

been undertaken in savannah habitat rather than dense forest (Wronski et al. 

2009). 

 



 30 

What is known of duiker ecology mainly concerns what they eat, and what they are 

eaten by, although preliminary research has been undertaken on the role of small 

antelope faecal deposits in local nutrient cycling in savannah woodlands (Lunt 

2011). Duikers and neotragines are commonly preyed upon by mammalian 

carnivores (Hart et al. 1996; Henschel et al. 2005), eagles (Boshoff et al. 1994), and 

probably pythons (Python spp.). They are also amongst the species most heavily 

hunted by people in rural areas (see below). 

 

Small antelope have often been assumed to be high-concentrate feeders, foraging 

for highly dispersed but energy-rich foods such as fallen fruit, e.g. Jarman (1974). 

However, while duikers preferentially feed on fruit when available (Feer 1995), 

most feeding observations, and analysis of rumen contents, reveal a significant 

proportion of dicotyledonous leaves in the diet (Feer 1989a; Hofmann and Roth 

2003). This is particularly the case in lower productivity habitats, for example dry 

coastal forest where blue duiker Philantomba monticola, Natal red duiker C. 

natalensis and suni antelope Neotragus moschatus feed primarily on mature fallen 

leaves (Lawson 1989; Bowland and Perrin 1998). Additional dietary items include 

fungi, blossoms and root tubers, as well as occasional animal matter (Hofmann and 

Roth 2003). Duikers have been known to eat small birds (Wilson 1966) and one of 

the first ever camera-trap photos of Abbott’s duiker C. spadix appears to show a 

frog in its mouth (Rovero et al. 2005). 

 

Small forest antelope behaviour is largely a consequence of their feeding strategy. 

Unlike larger ruminants they do not need to spend long periods feeding (Owen-

Smith 1988). Instead, they can remain hidden in dense vegetation for much of the 

time to avoid predators and ruminate between foraging bouts (Bowland and 

Perrin 1995). The smallest duiker species (genus Philantomba) are able to meet 

their feeding requirements from a small area and therefore monogamous pairs 

maintain fixed territories (Dubost 1980; Perrin et al. 2003). Larger species cannot 

secure adequate resources within a defended territory and therefore their home 

ranges overlap extensively, at least in Natal red duiker (Bowland and Perrin 1995).  

 

Other species likely vary in their social behaviour and at least one, the white-

bellied duiker C. leucogaster, has a skull characteristic of head-butting in other 
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ungulate species, perhaps indicating aggressive territorial defence despite its 

relatively large size (Snively and Theodor 2011). It should be emphasized that 

current knowledge of forest duiker behaviour is based largely on a small number 

of radio-telemetry studies which, according to our literature search, include a total 

of six species in four different countries (Feer 1989b; Bowland and Perrin 1995; 

Hart 2000; Mockrin 2010).  

 

1.3.3.2. Forest antelope conservation and management 
 

The majority of forest antelope species are not listed as threatened in the IUCN 

Red List (IUCN 2012). However, conservation assessment of these species has 

followed the traditional taxonomy, which often treats morphologically similar but 

distinct populations as single widespread polymorphic species (Cotterill 2003b). 

This may obscure the true conservation status of threatened populations. Indeed, 

several threatened forest antelope taxa, e.g. the endangered Brooke’s duiker C. 

ogilbiyi crusalbum, are listed as subspecies by the IUCN (2012). Any taxonomic re-

assessment accepted by the IUCN, following the publication of Groves and Grubb 

(2011), is likely to lead to further antelope taxa being listed as threatened (see 

Table 1.2 for potential examples from Tanzania). 

 

The major threats to forest antelope are habitat loss and over-harvesting. The most 

threatened species, such as Aders’ duiker C. adersi (Critically endangered) and 

Abbott’s duiker C. spadix (Endangered), have highly localised distributions due to 

historical and ongoing habitat loss. However, many species appear to adapt well to 

disturbed habitats such as secondary forest (Fimbel 1994; Hofmann and Roth 

2003). Therefore, the greatest collective threat to forest antelope is overharvesting 

of populations for wild meat – so called “bushmeat”.  

 

Hunting for bushmeat encompasses a wide range of socio-cultural circumstances 

from subsistence hunting by resident forest communities to illegal poaching in 

protected areas. Typically, forest antelope abundance is lower in hunted, 

compared to non-hunted, areas (Muchaal and Ngandjui 1999; Hart 2000; Van Vliet 

and Nasi 2008a). However, hunting is only a threat to population persistence if it is 

not biologically sustainable. Several studies have concluded that duiker hunting is 

locally unsustainable (Wilkie and Carpenter 1999; Fa et al. 2000), although such 
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analyses are confounded by the difficulty in estimating population densities and 

species-specific reproductive and demographic parameters (van Vliet and Nasi 

2008b). Local extinctions as a result of hunting have rarely been reported in the 

scientific literature although are not entirely undocumented, e.g. van Vliet et al. 

(2007). 

 

Wilson (2001) suggested that certain duiker species could be “farmed” to supply 

meat to rural communities and alleviate the impact of hunting. Generally, forest 

antelope seem unsuitable for intensive rearing as they have relatively low 

reproductive rates (typically one young per year) and some species are territorial 

(Eaves 2000). However, some form of game ranching whereby population 

densities are maintained artificially through supplementary feeding and/or 

predator exclusion may have potential. Blue duiker P. monticola, one of the most 

heavily hunted species, are reported to have smaller territories in better quality 

habitats (Perrin et al. 2003).  

 

The potential impact of hunting on forest antelope populations highlights the 

necessity of long-term monitoring, particularly for globally endangered species. 

Similarly, surveys are needed to improve our knowledge of species distribution 

and conservation status. However, such enterprises are by no means 

straightforward (Bowkett et al. 2006). Common approaches to estimating forest 

antelope density include line transect surveys (Struhsaker 1997; Rovero and 

Marshall 2004), drive counts (Bowland 1990; Noss 1999), territory mapping 

(Bowland and Perrin 1994), and extrapolation from faecal deposit counts (Schmidt 

1983; Plumptre and Harris 1995).  

 

More recently, automatic camera-traps have been used to monitor terrestrial 

mammal communities, including forest antelope, e.g. Ahumada et al. (2011). 

Camera-traps have also been the principal method employed in surveys for 

threatened duiker species (Andanje et al. 2011; Jones and Bowkett 2012). One 

promising survey tool is the use of fake alarm calls to attract duikers as used by 

traditional hunters in some area (van Vliet et al. 2009). 
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All these survey methods have limitations for long-term monitoring. Line transect 

methods require regular sightings for accurate density estimates and are difficult 

to conduct at night when many forest antelope are most active, although see 

Waltert et al. (2006). Drive counts risk injury to the animals and may be expensive 

to conduct, as they require multiple skilled people to mind the nets. Territory 

mapping involves radio-collaring and is therefore expensive and more applicable 

to research than monitoring. Extrapolation from dung counts requires accurate 

faecal deposition and decomposition rates amongst other assumptions (Lunt et al. 

2007). Critically, dung counts rely on accurate identification of dung to species, a 

skill that rarely stands up to validation (van Vliet et al. 2008; Bowkett et al. 2009b; 

Yamashiro et al. 2010).  

 

Camera-traps are excellent survey tools for detecting forest antelope (Bowkett et 

al. 2006) but do not directly estimate abundance. Photographic trap-rates can be 

an accurate relative abundance index but this needs to be tested with independent 

density estimates (Rovero and Marshall 2009). It may also be possible to estimate 

animal density from camera-trap data by modelling contact between the camera’s 

detection zone and animal movement, although this requires knowledge of daily 

movement patterns (Rowcliffe et al. 2008).  

 

Few forest antelope have attracted species-specific conservation action. However, 

Aders’ duiker C. adersi, as the only forest antelope species currently listed as 

Critically Endangered (Finnie 2008), has been the subject of various strategies and 

plans (Masoud 2003), including translocation of small numbers of individuals to 

offshore islets (Mwinyi and Wiesner 2003). The rediscovery of a significant 

population of Aders’ duiker on the northern Kenyan coast (Andanje et al. 2011) 

has improved the conservation status of this species, perhaps to the extent that 

Abbott’s duiker is now the most seriously threatened species. This Tanzanian 

endemic is very poorly known but has been the subject of recent surveys in the 

Udzungwa Mountains (Jones and Bowkett 2012) and Southern Highlands 

(Machaga and Davenport 2009). 

 

Duikers and other forest antelope have been maintained successfully at several 

captive facilities, e.g. Bowman and Plowman (2002), and captive breeding 
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programmes have been recommended for the most threatened species (Wilson 

2001; Masoud 2003). However, very few captive populations have been able to 

maintain viable numbers in the long-term. In contrast, bongo antelope are 

intensively managed in captivity (Dresser et al. 1985; Phillips et al. 1998), partly 

due to the critically endangered status of the eastern or mountain subspecies T. 

euryceros isaaci (East 1999). This taxon is only found in a handful of forests in the 

Kenyan highlands and is a realistic candidate for reintroduction (Reillo 2002). 

Surveys and monitoring of these last few populations have been enhanced by 

remote sensing (Estes et al. 2011) and non-invasive genetic sampling (Faria et al. 

2011). 

 

1.3.3.3. Ecological and economic importance of forest antelope species 
 

Given the relative paucity of research for many forest antelope taxa (Table 1.1), 

what is the evidence for these species being important components of African 

ecosystems, and therefore worthy of conservation attention beyond an ethical 

desire to prevent extinctions?  

 

Firstly, the ubiquity and abundance of antelopes in forest and woodland 

ecosystems provides indirect evidence of their importance. Forest antelope as 

defined here are found throughout sub-Saharan Africa although, with the 

exception of the previously mentioned savannah-adapted species, they are 

obviously absent from large stretches of the continent without lowland, montane 

or coastal forests (Kingdon 1997; East 1999; Wilson and Mittermeier 2011). 

Within forests they often constitute a significant proportion of the vertebrate 

biomass (Plumptre and Harris 1995; Fa and Purvis 1997) and are amongst the 

most frequently photographed species in camera-trap surveys (Ahumada et al. 

2011; Mugerwa et al. 2012). As antelope are so commonly found in African forests 

they can be inferred to play important ecological roles as seed dispersers 

browsers, and prey (see 1.3.3.1).  
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Table 1.2. Forest antelope found in Tanzania. Traditional species names and 
conservation status follow IUCN (2012); weights are from Kingdon (1997) and 
taxonomic notes follow Groves and Grubb (2011).  
 
Species 
 

Body 
weight 

IUCN Red 
List 

Notes 

Abbott’s duiker Cephalophus spadix 
 

50-60 kg EN Up-listed from Vulnerable in 
2008. 
 

Harvey’s red duiker Cephalophus 
harveyi 
  

13-16 kg LC Distribution uncertain. See Fig. 
1.3. 

Natal red duiker Cephalophus 
natalensis  
 

12-14 kg LC Distribution uncertain. See Fig. 
1.3. 

Blue duiker Philantomba monticola
  

3.5-9 kg LC Split into Tanzania highland 
blue duiker P. lugens (endemic) 
and coastal East African blue 
duiker P. aequatorialis 
sundevalli. 
Pemba Island population (C. m. 
pembae) not recognised as 
distinct. 

Weyn’s duiker Cephalophus weynsi 
 

16-23 kg LC Western border forests only. 

Aders’ duiker Cephalophus adersi 
 

6.5-12 kg CR Only confirmed from Zanzibar 
(and mainland Kenya). 

Suni Neotragus moschatus 4-6 kg LC Split into mountain suni N. 
kirchenpaueri and coastal suni 
N. moschatus. 
Zanzibar population (N. m. 
moschatus) not recognised as 
distinct. 

Bushbuck Tragelaphus scriptus 24-80 kg LC Savannah woodland species 
sometimes found in forest 
habitats. 
Split into three subspecies 
within Tanzania: T. ornatus in 
the west, T. fasciatus on the 
coast and T. sylvaticus in central 
and north (and most of eastern 
and southern Africa). 
 

 

 

Secondly, we have evidence from studies that have investigated forest antelope 

ecology more directly. Analysis of duiker stomach contents indicates these species 

have significant seed dispersal roles in primary forest (Gautier-Hion et al. 1980), 

secondary forest and moist savannah (Hofmann and Roth 2003). Hard-coated 

seeds may either survive digestion and be deposited in faeces or be spat out during 

rumination at resting sites. Such processes may stimulate seed germination in 

some species (Feer 1995). Most soft-coated seeds probably do not survive 

mastication and therefore antelope may represent significant seed predators as 
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well as dispersers. The functional role of antelope in browsing the forest 

understory is essentially unknown although there is evidence that small-bodied 

antelope regulate woody plant encroachment in savannahs (Lunt 2011). Until 

further research is undertaken we can only guess at the effects forest antelope 

have on the viability of Africa’s vast forests. 

 

Forest antelope are also important to human livelihoods. While forest 

tragelaphines, and to a lesser extent duiker species, can be locally important to the 

trophy hunting industry (von Brandis and Reilly 2008; Lindsey et al. 2007) the 

main economic impact of forest antelope is as wild meat (Eaves 2000). Nasi et al. 

(2011) estimate that approximately 4.5 million tonnes of bushmeat are consumed 

each year in the Congo Basin. As forest antelope typically constitute 30-70% of 

hunted animals in reported studies (Fa et al. 2005; Fa et al. 2006) this represents 

tens of millions of individuals. 

 

In rural areas, bushmeat may be the primary source of protein available and 

therefore essential to survival. Bushmeat is a significant part of the informal 

economy in such areas with hunting undertaken for both consumption and trade 

(Kümpel et al. 2010). Bushmeat is also consumed in urban areas where it may be a 

cheap alternative to domestic meat or a luxury product depending on the location, 

culture and economic context (Nasi et al. 2011). There may also be significant 

international trade across borders (Fa et al. 2006) and even into western countries 

(Chaber et al. 2010).  

 

Given that bushmeat feeds millions of people, and represents millions of dollars in 

trade, it seems strange that society has invested comparatively little in 

understanding the species that make-up such a large component of this natural 

resource.  
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1.4. Discussion 

 

1.4.1. State of scientific knowledge on forest antelope 
 

Our crude comparison of scientific literature for different ungulate taxa illustrates 

the discrepancy between poorly known African forest antelope and well-studied 

temperate species (Table 1.1). This difference is not quite so stark for other 

tropical antelope groups (i.e. wildebeest and gazelles) although these contain 

fewer taxa so their article to species ratio is still much higher.  

 

The bibliometric analysis does show that, at least for duikers and tragelaphines, 

the number of articles on forest antelope is increasing (Fig. 1.1.A and C). For both 

groups there is significant exponential growth as expected under Price’s Law. 

Inspection of the graphs indicates that the higher r2 values for linear relationships 

appears to be due to scientific productivity being at an early stage of exponential 

growth rather than having passed a saturation point (Fig. 1.1.A and C). This pattern 

does not hold for the three traditionally recognised Neotragus species with a total 

of only 40 research articles and no trend towards increasing research activity (Fig. 

1.1.B). Moreover, with a few exceptions (Feer 1979; Lawson 1989), most of these 

articles do not focus on the behaviour or ecology of wild populations. 

 

While we do not provide an analysis of the literature by topic, the increasing trend 

is probably related to greater recognition of the impact of bushmeat hunting. 

There also appears to be a decline in the study of basic ecology and behaviour (as 

noted above in terms of radio-telemetry). These trends are counter-intuitive if you 

consider the need for data with which to model population viability and 

sustainable resource management. This dereliction of forest antelope ecology is 

perhaps indicative of a general denigration of natural history (Cotterill and 

Foissner 2010). The demographic study of a hunted blue duiker population by 

Mockrin (2010) requires replication for other species. 

 

1.4.2. Non-invasive genetics and forest antelope conservation research 
 

Frankham et al. (2002)’s description of activities encompassed by conservation 

genetics (see 1.1) provides a useful framework for assessing the contribution the 
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field could make to the study and management of forest antelope. Given the 

difficulty in humanely capturing forest antelope, and the rarity of some species, the 

two main sources of genetic material for these species are most often likely to be 

tissue from hunted animals or field-collected faecal samples. Therefore, for areas 

where hunting is infrequent or highly covert, non-invasive sampling is likely to be 

a valuable tool despite the limitations of low-quality DNA (Taberlet et al. 1999). 

 

The genetic management of small populations was one of the first applications of 

conservation genetics to be recognised by the conservation community (Soulé et 

al. 1986). Genetic drift has a larger impact on smaller populations thereby 

increasing the risk of inbreeding and reducing the potential for adaptation to 

environmental change. This has major implications for conservation not just 

because threatened populations are, or will become, small, but also because they 

may remain so over multiple generations. This may be the case for populations on 

islands (or other isolated habitats), in protected areas or under captive 

management.  

 

Active genetic management of threatened duikers has not been attempted for wild 

populations and neither has population genetic analysis been undertaken for 

captive or translocated duikers as far as can be determined. This will clearly need 

rectifying if the translocated Aders’ duikers on offshore Zanzibari islets are to play 

any demographic role in the species’ recovery. This is also true for the small 

captive populations of other duiker species (Rohr and Pfefferkorn 2003).  

 

Less intensive monitoring and management of forest antelope in fragmented 

habitat may be more widely applicable. If deforested land acts as a barrier to gene 

flow, then forest antelope in isolated habitat patches may be affected by small 

population processes, although this has yet to be tested with molecular data. This 

situation is potentially the case in the fragmented forests of the Udzungwa 

Mountains, particularly for the endangered Abbott’s duiker. Translocation, or more 

practicably the establishment of wildlife corridors, may be needed in the long-term 

to maintain the genetic health of isolated populations. 
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The “molecular revolution” in taxonomy (Groves and Grubb 2011) clearly has 

implications for conservation as explicated above (Table 1.2). Conservationists 

need to be able to recognise divergent evolutionary lineages if they are to facilitate 

the conservation of biodiversity at the genetic as well as the species and ecosystem 

levels (McNeely et al. 1990). In forest antelope, conservation genetics is urgently 

required to validate, or otherwise, the recent revision of many taxa (Groves and 

Grubb 2011) The recognition of many former subspecies as species will demand 

re-evaluation of their conservation status. Genetic information has already led to 

the discovery of a new species of Philantomba (Colyn et al. 2010) and recognition 

of paraphyly within bushbuck (Moodley et al. 2009). In the Udzungwa Mountains, 

all species, except Abbott’s duiker, have been the subject of recent taxonomic 

discussion (Groves and Grubb 2011; Hassanin et al. 2012). 

 

Similarly, conservation genetics has a role to play in the identification of 

management units within species (Palsboll et al. 2007). The separate management 

of demographically independent units, i.e. stocks, is fundamental to sustainable 

harvests of exploited species but does not appear to have been considered for 

forest antelope beyond the recommendation of no-take zones, e.g. Hart (2000). 

Meta-population dynamics (source and sink populations) has been proposed as an 

explanation for the persistence of duiker populations at theoretically 

unsustainable harvest levels (Fimbel et al. 2000). Population genetic data, 

potentially from non-invasive samples, could be employed to identify source 

populations for protection. This application is again relevant to the Udzungwa 

Mountains where different levels of protected area management have resulted in 

contrasting levels of antelope abundance (Nielsen 2006a; Rovero et al. 2010).  

 

The forensic application of genetics to forest antelope conservation is again highly 

relevant. Bushmeat is often butchered and/or smoked before it reaches the village 

or market and so identification for monitoring, or prosecution in the case of 

protected species (Pitra and Lieckfeldt 1999), can be enhanced by molecular 

methods. Similarly, identification of forest antelope dung is often unreliable (van 

Vliet et al. 2008) and genetic identification can be useful to confirm distribution 

records or validate dung counts.  
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These applications are highly suitable to a DNA bar-coding approach 

(Ratnasingham and Hebert 2007) and this has been attempted for forest antelope 

bushmeat samples (Eaton et al. 2010). However, tests of this approach at a wider 

geographic scale question the suitability of standard bar-coding markers for 

resolving closely related antelope species (Ntie et al. 2010a; Johnston et al. 2011). 

Verification of Abbott’s duiker records from dung is a very useful survey tool for 

this rarely seen species (Jones and Bowkett 2012), especially in areas where 

camera-trapping is difficult (Machaga and Davenport 2009). Identification of 

individual animals by molecular tags (e.g. microsatellite genotypes) would allow 

population density estimates with capture-recapture models, e.g. Miller et al. 

(2005). 

 

Finally, conservation genetics has a role in understanding species biology. This 

broad application could cover any aspect of a threatened population that can be 

investigated through genetic methods including social organisation, diet, parasites 

and disease (Beja-Pereira et al. 2009).  The application of modern genomic 

methods has enormous potential for this area of conservation genetics, 

particularly in conserving adaptive variation (Kohn et al. 2006; Primmer 2009). In 

forest antelope, fine-scale sampling of genetic variation to infer social organisation 

and dispersal patterns may be a promising alternative to the lack of radio-

telemetry studies bemoaned earlier. This approach is especially relevant to 

montane forests and east Africa, where there have been no long-term ecological 

studies as in other areas. The importance of spatial genetic structure has been 

identified in modelling disease transmission in deer (Cullingham et al. 2011) and 

may have important implications in forest antelope which can suffer Ebola 

infections (Leroy et al. 2004). 

 

1.5. Structure and aims of the present study 
 

The overall aim of the present study is to use non-invasive sampling to investigate 

genetic patterns in forest antelope populations in the Udzungwa Mountains, 

Tanzania, within the context of the conservation of these species and the wider 

ecosystem. In short, to apply genetic methods to the conservation of Tanzanian 

forest antelope species for the first time.  
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This thesis consists of seven chapters including this introduction to conservation 

genetics and forest antelope. The following chapters include a dedicated methods 

chapter, four research chapters and a concluding summary. The research chapters 

are intended to be self-contained documents and follow the standard research 

article format. However, some cross-referencing between chapters has been 

allowed, particularly where it allows us to avoid repetition of shared methods. 

 

Each of the research chapters contains its own specific predictions concerning the 

data, and these are clearly stated in the respective introductions. Therefore, what 

follows are general aims for each chapter that together provide an overview of the 

whole study. Associated research articles, that are complimentary to the central 

study, are included as appendices.  

 

1.5.1. Chapter aims 
 

Chapter 3. Can molecular data validate morphometric identification of faecal 

pellets in Tanzanian forest antelope species? 

 

Field identification of forest antelope is unreliable in the Udzungwa Mountains 

(Bowkett et al. 2009b) and genetic identification is not practical for routine 

surveys. We therefore investigate the validity of using morphometric data to 

statistically assign samples to species based on faecal pellet size. A method that, if 

reliable, could be easily replicated in the field by protected area staff to monitor 

the globally endangered Abbott’s duiker. This chapter has been accepted, subject 

to revision, by the journal Conservation Genetics Resources. 

 

Chapter 4. Inferring evolutionary species, lineages and population subdivision 

from non-invasive genetic sampling of forest antelope across a tropical mountain 

range. 

 

The diversity of forest antelope in the Udzungwa Mountains is poorly 

characterized and even knowledge of which species are present requires 

reassessment in light of a recent major taxonomic revision of the Bovidae (Groves 

and Grubb 2011). This chapter aims to demonstrate the value of non-invasive 

sampling across the Udzungwa landscape to assess forest antelope diversity at 
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three levels: the distribution of putative evolutionary species; significant 

evolutionary lineages within these species; and genetic divergence between 

subdivided populations. 

 

Chapter 5. Fragmented forests, fragmented populations? Fine-scale genetic 

structure in Harvey’s duiker Cephalophus harveyi across a heterogeneous 

landscape. 

 

The spatial distribution of individuals can have important conservation and 

management implications and yet fine-scale genetic variation has not previously 

been investigated in duikers. This chapter aims to test the prediction that forest 

fragmentation, and other landscape features, structure Harvey’s duiker 

populations, and identifies management actions to maintain or enhance genetic 

diversity within the Udzungwa Mountains.   

 

Chapter 6. Distribution and genetic diversity of the endangered Abbott’s duiker 

Cephalophus spadix in the Udzungwa Mountains, Tanzania. 

 

This chapter builds on Chapter 4 and aims to assess the distribution and genetic 

diversity of Abbott’s duiker within what is potentially a global stronghold for this 

species. It includes distribution records from camera-trapping, an alternative 

survey-tool, and all existing genetic information from other Tanzanian regions. It 

also provides a baseline for future genetic assessment of Tanzania’s largest 

endemic species and possibly Africa’s rarest duiker. This chapter will be published 

in part in the Proceedings of the 8th TAWIRI Scientific Conference, December 2011, 

Arusha, Tanzania. 

 

Appendix A: Associated publications with author contributions. 

 

Bowkett, A.E., Plowman, A.B., Stevens, J.R., Davenport, T.R.B. and Jansen van 

Vuuren, B. (2009) Genetic testing of dung identification for antelope surveys in the 

Udzungwa Mountains, Tanzania. Conservation Genetics 10: 251-255  

 

DOI: 10.1007/s10592-008-9564-7 
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AEB, JRS, and ABP designed the study; AEB and TRB collected samples and field 

data; AEB undertook all genetic and statistical analysis under the guidance of BJvV 

and JRS; BJvV provided consumables and reference samples; AEB wrote the paper 

with comments and improvements from all other authors.  

 

Ntie, S., Johnston, A.R., Mickala, P., Bowkett, A.E., Jansen van Vuuren, B., Colyn, M., 

Telfer, P., Maisels, F., Hymas, O., Rouyer, R.L., Wallace R.A., LeBlanc, K., van Vliet, N., 

Sonet, G., Verheyen, E., Pires, D., Wickings, E.J., Lahm, S.A. and Anthony, N.M. (2010) 

A molecular diagnostic for identifying Central African forest artiodactyls from 

faecal pellets. Animal Conservation 13: 80-93  

 

DOI: 10.1111/j.1469-1795.2009.00303.x 

 
SN and NMA designed and led the study. AEB provided samples and sequences and 

commented on the manuscript. 

 

Jones, T. and Bowkett, A.E. (2012) New populations of an Endangered Tanzanian 
antelope confirmed using DNA and camera-traps. Oryx 46: 14-15 
 
Conservation news article 
 
TJ undertook the camera-trap work and wrote the paper with comments from 
AEB; TJ and AEB collected samples and field data; AEB undertook the genetic 
analysis.  
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CHAPTER 2.  
 

STUDY SITE AND METHODS 
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2.1. Introduction to methods 
 
This chapter is intended to provide an overview of the study site and methods 

used during the course of this study. Although specific methods are given in the 

relevant research chapters the concise nature of modern journal articles can 

prevent inclusion of background information and development details. This is an 

important consideration for this study as extensive development work was 

undertaken both in the field and the laboratory. This development work is 

summarized here together with details of the study site, sample collection and 

collaboration with other researchers. 

 
 
2.2. Study site: Udzungwa Mountains, Tanzania 
 
The Udzungwa Mountains (the “Udzungwas”) are the southernmost and largest 

block of the Eastern Arc Mountains, a chain of ancient mountain ranges stretching 

from southern Kenya to south-central Tanzania renowned for their exceptional 

biodiversity (Burgess et al. 2007).  The Udzungwas encompass a total area of 

approximately 10,000 km2 including 1,600 km2 of forest (Marshall et al. 2010) 

representing the largest area of rainforest remaining in the Eastern Arc Mountains 

(Burgess et al. 2007). This makes the Udzungwas internationally important for 

wildlife conservation and ecosystem services (see below).   

 

The sampling sites included in this study include almost all the major forest 

fragments (> 10 km2) in the central Udzungwas, an area of approximately 6,500 

km2 (Fig. 2.1) excluding Image to the north (c. 106 km2) and fragmented secondary 

forests on the Mufindi plateau to the west. The mountains rise steeply from the 

Kilombero Valley on their eastern side (200-300 m above sea level) to the highest 

peaks (> 2,500 m above sea level). The study site crosses the administrative 

districts of Kilola (Iringa Region) and Kilombero (Morogoro Region).  

 
2.2.1. Biogeography 
 
The Eastern Arc Mountains (“Eastern Arcs”) are recognised as one of the most 

important global sites for biodiversity conservation due to their exceptional 

species richness and number of endemic species (Burgess et al. 2007). In their 

original designation of biodiversity hotspots Myers et al. (2000) ranked the 
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Eastern Arcs (together with the associated east African coastal forests) as the 

highest ranking global site for number of endemic species per area.  Although since 

reclassified as part of Conservation International’s Eastern Afromontane hotspot 

(Mittermeier et al. 2005) the Eastern Arcs have established their reputation for 

extraordinary biodiversity with the regular discovery of new species (Lovett et al. 

1988; Dinesen et al. 1994; Rovero et al. 2008; Menegon et al. 2008).  

 

The high level of endemicity in the Eastern Arcs is likely due to a combination of 

exceptional factors. Firstly, in contrast to the younger volcanic mountains to the 

north and south, the crystalline Eastern Arcs are geologically ancient having first 

been uplifted 7 to 10 million years ago (Griffiths 1993). Secondly, the climate has 

remained stable due to the influence of the Indian Ocean circulation system 

(Marchant et al. 2006) allowing the probable persistence of humid forest 

throughout the Pleistocene (Lovett 1993) including the last glacial maximum as 

indicated by the paleoecological record (Mumbi et al. 2008).  This is in contrast to 

the wider Africa region which underwent repeated climatic changes during Plio-

Pleistocene. This long-term ecological stability, in addition to the ‘island’-effect of 

many isolated mountain ranges (Kingdon 1990), may have resulted in high 

speciation rates as well as the persistence of relict species (Fjeldsa and Lovett 

1997).   

 

With the largest area of forest in the Eastern Arcs the Udzungwas consistently rank 

amongst the highest priority sites for conservation. Burgess et al. (2007) ranked 

the Udzungwas first amongst Eastern Arc blocks for site-endemic vertebrate 

species (17 species) and for Eastern Arc endemic and near-endemic vertebrate 

species (96 species combined). This pattern is similar for plant species partly 

reflecting the altitudinal range of the forest on the eastern slopes from 300 to 2580 

m (Lovett et al. 2006; Burgess et al. 2007). 

 
2.2.2. Conservation 
 
The importance of the Udzungwas to biodiversity conservation was first 

recognised internationally when a new primate species, the Sanje mangabey 

Cercocebus sanjei, was discovered leading to a proposal for a new national park 

(Homewood and Rodgers 1980; Rodgers and Homewood 1982). Much of the 
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forested land in the Udzungwas was gazetted as catchment forest reserves by the 

British government in the middle of the twentieth century. These early protected-

areas were established primarily to protect water catchments from deforestation 

but served to establish generally recognised boundaries around habitat that was 

later discovered to be globally important for biodiversity. Four of these forest 

reserves were combined to form the Udzungwa Mountains National Park in 1992 

thus transferring responsibility from the Forestry and Bee-keeping Division (now 

Tanzania Forestry Service) to Tanzania National Parks. Many important high 

biodiversity forests were not included in the National Park although most of the 

contiguous forest reserves subsequently became part of the Kilombero Nature 

Reserve, a higher category of protected area under the Tanzania Forestry Service 

(Marshall et al. 2007).    

 

While it is possible that the Udzungwas were once covered by continuous forest 

this may have been disrupted by early human habitation (Rodgers 1993) and has 

certainly been significantly impacted by people for the last 100 years or more 

(Struhsaker et al. 2004). Despite retaining more forest cover than other parts of 

the Eastern Arcs the area had been reduced to 26 forest patches by the mid-1990s 

(Newmark 1998). A habitat matrix of village agriculture, savannah woodland and 

extensive areas of fire-maintained grassland separates these forest patches. 

 

The causes of deforestation in the Udzungwas include clearance for subsistence 

and commercial agriculture (largely historical or outside of reserves) and the 

removal of timber species commercially (until the 1980s) and for local use 

(ongoing). When large trees are removed the resulting gaps in the canopy are 

maintained or expanded by rapid growth of light-tolerant climbing plants, 

increased vulnerability of neighbouring trees to wind and fire, and elephant 

feeding activity (Struhsaker 1997).  Forest regeneration is also prevented over 

larger areas by dry season bushfires. Natural fires occur in the savannah areas 

between forests but fires are also set deliberately to maintain open areas for 

access and cattle grazing (Dinesen et al. 2001). 

 

Forests are also impacted by the demand for biomass fuel. Firewood is mainly 

collected from forests as cut branches or deadwood. The latter was restricted but 
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legal within the Udzungwa Mountains National Park until 2011, when the activity 

was banned partly due to fears about the ecological impacts (Rovero, F. pers. 

comm.), but is largely unregulated in forest reserves. The most commonly available 

fuel alternative to firewood is charcoal, the most frequently used fuel by urban 

populations, but this increases the demand for wood from forests as charcoal 

production is highly inefficient (Mwampamba 2007). 

 

Forest ecosystems are also threatened by hunting of wildlife for bushmeat. 

Hunting is illegal in protected areas but appears to be the primary cause of 

declining mammal populations in several Udzungwa forests (Rovero et al. 2012). 

The largest mammal species such as buffalo and elephants appear to have been 

hunted out of several outlying forests such as Uzungwa Scarp and Kising’a Rugaro 

as they have from most other Eastern Arc forests (Jones, T. unpubl. data). Other 

mammals targeted by hunters, including forest antelope and primates, are also 

ecologically important as seed dispersal agents and as prey for top predators 

(Gautier-Hion et al. 1980; Lambert 2011). 

 

Demand for forest resources such as firewood and bushmeat is directly linked to 

local human population growth. Migration to the Udzungwa Mountains, 

particularly the eastern side, is high as fertile soils and readily available water 

encourage people to settle. The human population in the twenty administrative 

wards surrounding the Udzungwas was approximately 356,000 in 2002 (GoT 

2006). Harrison (2006) found that 70% of household heads in fifteen villages in 

the Kilombero Valley, representing nearly 70,000 people, were immigrants from 

elsewhere in Tanzania and annual population growth was 3.4%. 

 

Conservation of the Udzungwas is important for socio-economic as well as 

biodiversity reasons (MTSN 2007). Ecosystem services are resources and 

processes provided by natural ecosystems that benefit human societies. The 

Udzungwa forests provide a crucial role in water catchment that benefits hundreds 

of thousands of people living in the area and many more downstream. Small rivers 

and streams flowing from the escarpments provide year round drinking water and 

irrigation to surrounding villages and commercial plantations including rice and 

sugar cane. Water from the Udzungwas also feeds the major rivers of the 
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Kilombero and Rufiji River Basins benefiting millions of people. At a national scale, 

two of Tanzania’s largest hydropower plants are found in the Udzungwas, at 

Kidatu and Kihansi, together providing between 30 and 50 % of Tanzania’s total 

energy per year (GoT 2006).     

 

The carbon storage capacity of the Eastern Arc forests is nationally significant in 

mitigating global carbon emissions responsible for climate change (Munishi and 

Shear 2004). This means that high biodiversity forests such as those in the 

Udzungwas could potentially benefit from carbon payment schemes aimed at 

reducing deforestation and degradation (REDD+) and Tanzania has been active in 

preparing such policy (Burgess et al. 2010). Potentially such schemes could fund 

joint forest management between government and local communities as allowed 

for under Tanzanian law (Blomley et al. 2008).    

 

Other economic benefits from the Udzungwa forests include protection from soil 

erosion and flooding, income from tourism to the National Park and other non-

timber forest products such as grass thatching, medicinal plants (Ndanyalasi et al. 

2007), food (Msuya et al. 2010) and honey (Njau et al. 2009).  

 
2.2.3. The Udzungwa Mountains as a research site 
 
International research interest in the Udzungwa Mountains did not begin until the 

late 1970s. The early decades of research focused on documenting the poorly 

known biodiversity especially plants (Lovett et al. 1988), birds (Stuart et al. 1987) 

and primates (Rodgers and Homewood 1982; Rodgers 1981). These surveys led to 

surprising discoveries of new species perhaps most notably the Sanje mangabey 

(Homewood and Rodgers 1980) and Udzungwa partridge (Dinesen et al. 1994). 

The establishment of the Udzungwa Mountains National Park in the 1990s led to a 

rapid expansion in research to include other taxa, e.g. Trentin and Rovero (2011), 

monitoring programmes for key species (Rovero and Marshall 2004; Rovero et al. 

2006) and the wider conservation and socio-economic context (Harrison 2006). A 

significant development in facilitating scientific activity in the area has been the 

establishment of the Udzungwa Ecological Monitoring Centre in 2007 by the 

Trento Science Museum and Tanzania National Parks (Rovero 2008). 
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The modern Udzungwa landscape of forest patches more or less isolated from each 

other by intervening habitat provides an excellent opportunity for comparative 

research that addresses critical questions in conservation biology regarding 

habitat fragmentation, population level response to change and ecosystem 

resilience to anthropogenic pressure. Forest fragments in the Udzungwas differ 

not just in terms of their isolation but also in size, altitude, topography, plant 

community and human impact. All these factors may affect which species are 

present in any particular patch and their abundance and population structure. 

Careful comparison of forests allows us to identify which factors are most 

important, e.g. Marshall et al. (2010), and draw conclusions relevant to other areas. 

 
 
2.3. Sample collection 
 
The genetic resources employed in this study were primarily derived from forest 

antelope faecal samples collected in Tanzania by the author (AEB) and 

collaborating researchers (Fig. 2.1). Although forest antelope dung is one of the 

more commonly encountered mammalian field signs in many African forests, the 

collection of samples from areas as rugged and remote as the sites visited during 

this study represents a significant physical and financial effort (Table 2.1).
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[This image has been removed by the author of this thesis for copyright reasons] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Map of the Udzungwa Mountains, Tanzania, showing sample collection sites (stars). Forest patches surveyed during this project are 
underlined in yellow. Modified from Marshall et al. (2010).
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Table 2.1. Site characteristics, sampling effort and number of collected samples for nine forest blocks in the Udzungwa Mountains, 
Tanzania. Protected area: FR = Forest Reserve, NP = National Park, NR = Nature Reserve; Collector: AEB = Andrew Bowkett, FR = 
Franceco Rovero, MN = Martin Nielsen, TJ = Trevor Jones. 
 
Forest Protected 

area 
Size 
(km2) 

Elevation 
(m) 

Collector and year visited Walked 
transects 
(km)* 

Faecal 
samples 

Tissue 
samples 

Matundu 
 

NP/FR 526 279-1,046 AEB (2008); TJ (2008, 
2009) 

40 135 0 

Uzungwa Scarp 
 

FR 314 290–2,144 AEB and TJ (2008) 25 56 2 

Luhombero- 
Ndundulu 
 

NP/NR 231 1105–2,520 AEB, TJ and FR (2008) 76 98 1 

Mwanihana 
 

NP 151 351–2,263 AEB (2006, 2008, 2009); TJ 
(2008) 

68 212 6 

Kising’a-Rugaro 
 

FR 116 1,627–2,322 TJ (2007) 30 3 0 

Nyumbanitu 
 

NR 57 1,074–2,322 TJ (2007) 27 11 0 

Nyanganje 
 

FR 42 350–1,038 TJ (2009) 23 34 0 

New Dabaga -
Ulang’ambi 
 

FR 40 1,764–2,081 TJ (2009); MN (2008) 21 50 4 

Iwonde 
 

NP 5 980-1,472 TJ (2009) 9 40 0 

    Total 319 639 13 
* Line and recce transects combined. 
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2.3.1. Personnel  
 
There are very few roads and no permanent accommodation within the protected 

areas of the Udzungwa Mountains so accessing sampling sites requires hiking and 

staying in temporary camps. Sample collection therefore relies on a team including 

porters, camp attendants, research assistants and, for some areas, armed rangers 

for protection against dangerous wildlife. In order to maximize the number of 

sampling sites, especially in remote areas, collaboration was sought with other 

researchers working in the Udzungwas (Table 2.1). The most important 

arrangement involved Trevor Jones (TJ), Anglia Ruskin University, who conducted 

extensive surveys across the Udzungwas to assess large mammal populations 

during 2007-2009 (T. Jones, in prep.). Richard Laizzer worked on both projects 

and was responsible for antelope sample collection and associated meta-data in 

the absence of the principal investigators. Other researchers that helped access 

samples included Tim Davenport and Sophy Machaga, Wildlife Conservation 

Society; Martin Nielsen (MN), University of Copenhagen; and Francesco Rovero 

(FR) and co-workers from Trento Science Museum and Udzungwa Ecological 

Monitoring Centre. The latter also provided extensive logistical support.   

 
2.3.2. Site selection and timing 

Sampling sites were selected to provide extensive geographic coverage of forested 

areas within the central Udzungwas (Fig. 2.1) but also to sample contrasting sites 

in terms of forest size, altitude, habitat, protected area status and distance to 

human settlement (Table 2.1; T. Jones, in prep.). All surveys were conducted 

between November 2006 and October 2009 during the dry season (late May to 

November extending into the early short rains in December 2006). Dung 

encounter rates are lower in the wet season due to more rapid decomposition 

rates (Jones, T. and Bowkett, A.E. unpubl. data). 

 
2.3.3. Recce and line transect sampling 
 
A systematic sample collection approach was attempted by conducting transect 

walks following a pre-determined compass bearing and measuring distance using 

a hip-chain, a device that measures the precise distance traveled on foot by 

dispensing biodegradable cotton thread. A handheld GPS unit (GPSMAP 60Cx, 

Garmin, Kansas City, USA) was used to log each transect and record the location of 
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each collected dung sample (with an estimated error position of < 10 m wherever 

possible). 

 

Most transects were undertaken following the reconnaissance walk or ‘recce 

transect’ method, modified from White and Edwards (2000). This involves 

following a compass bearing along a one-off route but allows for short deviations 

from the straight line to avoid obstacles, including dense vegetation, in contrast to 

formal ‘line transects’ which are normally established for repeated sampling along 

cleared paths, e.g. Plumptre (2000).  

 

Recce transects allow for more rapid data collection when compared to traditional 

transect sampling and can be undertaken during the course of other activities such 

as anti-poaching patrols. However, as for any relative abundance index, encounter 

rates on recce walks should have a monotonic relationship with true population 

density (Conroy 1996). Despite potential bias due to non-random sampling of 

accessible habitat, several studies have found a positive relationship between field 

sign encounter rates on recce walks and density estimates from transect surveys 

(Hall et al. 1998; Walsh and White 1999). This study employed recce transects to 

avoid spatial sampling bias rather than to infer antelope abundance although TJ 

undertook both line and recce transects to examine this relationship for forest 

antelope and other mammals in the Udzungwas (T. Jones, in prep.). 

 

Recce transects were generally undertaken in a triangular configuration whereby 

each of three transects (typically 1 km each) walked on a particular day formed 

one side of the triangle. The advantage of this approach is that the area sampled is 

independent of linear features such as valleys and ridges that might otherwise 

introduce bias. Moreover, a triangular circuit maximizes the potential distance 

travelled per day as sampling starts and finishes at a point accessible from the 

campsite. Single linear recce transects were also sometimes undertaken by AEB to 

sample particular forest areas when time was limited (mostly in 2006).  

 

In addition to location data, the date, time, age (on an arbitrary scale of 1 – 4 with 1 

being the newest) and species guess were also recorded for collected dung 

samples each of which was allocated a unique code based on the collector’s initials. 
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2.4. Sample storage  
 
Faecal samples were stored in 2 mL plastic tubes containing 1 – 1.5 mL of the 

nucleic acid preservative RNAlater (Ambion Ltd, Huntington, UK). Samples 

consisted of one to five faecal pellets (depending on size) from the same dung pile 

and were manipulated into tubes in the field using a fresh stick or leaf for each pile. 

Antelope dung stored in RNAlater has been shown to have good DNA amplification 

success rates (> 80% for mtDNA after one month’s storage at ambient 

temperature) superior to some alternative media (Soto-Calderon et al. 2009) . 

Samples were refrigerated (c.4°C) as soon as possible after field collection and 

exported to the University of Exeter in the UK by courier service where they were 

frozen at -20°C until DNA extraction. 

 

Tissue samples were recovered from antelope found dead in the field or from 

remains found in poaching camps on an opportunistic basis. Small amounts of skin 

or muscle (c.1-5 cm2) were stored in RNAlater or 95% Ethanol and kept at c.4°C 

for the duration of the study. Katharina Hecker, Nico van Rooyen Taxidermy, 

provided additional skin samples from trophy hunters operating in Mozambique, 

Tanzania and South Africa. Full details for all tissue samples included in the genetic 

analysis are given in Chapter 4 (Supp. Table 4.1). 

 

We tested for the effect of estimated age at collection and of the different storage 

conditions on genotyping success at seven combined microsatellite loci (see 

below) for 329 faecal samples for which we had complete sampling records. All 

samples were identified as C. harveyi or spadix by sequencing the mitochondrial 

control region (see below). There were too few failures to test for storage effects 

on mtDNA amplification success (Chapter 4). Whether or not a sample was 

successfully repeat-genotyped at all loci was used as a binary response in 

statistical analysis with the following explanatory variables: age category assigned 

in the field (field age), days stored at ambient temperature during fieldwork, days 

stored in the refrigerator (c.4°C) and days stored frozen before DNA extraction (-

20°C), see Fig. 2.2. A generalised linear model with a quasi-binomial error 

structure (to account for over-dispersion) was used to explore the combined 

effects of the four variables including two-way interactions. We followed the model 

selection protocol described by Crawley (2007) whereby interactions and main 
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effects can be dropped if there is no difference in variance explained between the 

model with and without that term as tested by ANOVA.  

 

 
 
Figure 2.2. Box-and-whisker plots showing median differences in field estimated 
age-class and days stored at different temperatures between antelope faecal 
samples which were successfully genotyped at 7 microsatellite loci (“1”, n = 136) 
or not (“0”, n = 193). 
 
 
The resulting final model retained field age (t = -3.57; P < 0.001) and days stored at 

-20°C (t = 3.24; P = 0.001) as highly significant terms. The other two main effects 

were also retained in the best-fit model due to a significant interaction effect (t = -

2.16; P = 0.03). The negative effect of field age is expected and likely due to DNA 

deterioration before collection. In contrast, a significant positive effect of days 

spent frozen is unexpected as long-term storage should have a negative (or at best 

neutral) effect. The most likely explanation is that samples stored for longer at -

20°C were genotyped later in the life of the project when laboratory methods were 
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better optimized as opposed to a genuine effect of storage condition. Further 

investigation would require an experimental approach to isolate the effects of 

different variables. 

 

 2.5. Laboratory methods 

 
Sample processing and genetic methods were informed by collaboration with 

other research groups working on duiker antelope. This study benefitted greatly 

from development work for west and central African duiker research by Nicola 

Anthony and colleagues at the University of New Orleans, USA. Training in 

molecular biology, access to reference tissue (van Vuuren and Robinson 2001) and 

optimization of methods for east African species was supervised by Bettine Jansen 

van Vuuren, Evolutionary Genomics Group, University of Stellenbosch, South 

Africa. All genetic work was undertaken at the Universities of Stellenbosch (2007; 

September 2010) and Exeter, UK (2007-2012). 

 
2.5.1. DNA extraction 
 
DNA was extracted from dung samples with the QIAamp DNA Stool Mini Kit 

(QIAGEN, Crawley, UK) following the manufacturer’s instructions but including an 

extended incubation step of 20 to 30 minutes for digestion with proteinase K. This 

method uses spin columns with silica-gel membranes to bind DNA but remove 

other material. Blanks were included in the majority of extraction series to control 

for contamination. For tissue samples we used a similar procedure (QIAGEN 

DNeasy Blood and Tissue Kit) with overnight digestion for dried skin samples.   

 
2.5.2. Molecular marker selection 
 
The choice of molecular markers for this study was restricted by the low quality 

and quantity of DNA, and the potential presence of amplification inhibitors, typical 

of dung samples (Taberlet et al. 1999). Mitochondrial DNA is often amplified more 

successfully than nuclear DNA due to the high density of mitochondria in most 

animal cells. Nuclear DNA in dung samples is typically degraded and so primers 

need to target short fragments (100-300 bp). Microsatellite markers of this size 

are therefore often the most appropriate nuclear markers for use in non-invasive 

genetic studies (Broquet et al. 2007). The background to non-invasive faecal 
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sampling is discussed in Chapter 1; this chapter describes the practical steps taken 

in this study to deal with faecal DNA.  

 

2.5.3. Mitochondrial markers 

 
Several mitochondrial genes have been used in mammals to confirm species 

identity (bar-coding) and infer phylogenetic structure including the cytochrome c 

oxidase subunit 1 - COX1 (Clare et al. 2007), cytochrome b (Telfer et al. 2003) and 

the control region or D-loop (Matthee and Robinson 1999b). This study initially 

targeted the left-hand domain of the control region because this marker had 

previously been used successfully with antelope dung (Pitra et al. 2006), is the 

most rapidly evolving region of the mitochondrial genome (Iyengar et al. 2006) 

and has therefore been frequently used for examining intra-specific variation in 

other antelope species (Matthee and Robinson 1999b; Lorenzen et al. 2007; 

Nersting and Arctander 2001). However, as part of an extensive collaboration, we 

later found that this marker distinguished duiker species more reliably than 

cytochrome b (Ntie et al. 2010a). Johnston et al. (2011) used the same genetic 

resources to show that the commonly used bar-coding marker COX1 also fails to 

distinguish species reliably. 

 

Initially, we targeted a ~600 bp control region fragment using published primers 

in general use at the Stellenbosch lab: N777 and H16498. However, following the 

genetic analysis for Bowkett et al. (2009b) we switched to duiker-specific primers 

designed by the University of New Orleans team: CRF1 and CRR3 (Ntie et al. 

2010a). For poor quality samples these primers were used in conjunction with a 

set of internal primers (CRR5A and CRF6A) to amplify the target sequence as two 

overlapping fragments of approximately 350 bp. Primer sequences and origins are 

given in Table 2.2. Two main sets of polymerase chain reaction (PCR) conditions 

were used during the course of the study depending on availability of reagents 

(Table 2.3). Generally, the QIAGEN kit-based method performed better and was 

used throughout the latter stages of laboratory work. PCR negative controls were 

always run to test for contamination.  

 

PCR products were run on 2% agarose gel stained with ethidium bromide and the 

resulting bands cut from the gel and purified with the QIAquick PCR purification 
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kit (QIAGEN) following the gel extraction protocol with an extended second wash 

step of 10 minutes (‘PE buffer’). The purified products were sent to an external 

company for sequencing (Beckman Coulter Genomics, Takeley, UK). 

 

Sequence electropherograms were viewed and edited in AutoAssembler (Applied 

Biosystems, Foster City, CA, USA) and a preliminary species assignment made 

using BLAST searches (NCBI, Bethesda, MD, USA). Edited sequences were aligned 

in SEAVIEW (Gouy et al. 2010) using MUSCLE (Edgar 2004) and checked visually.  

 

To check for consistency in sequence reads we re-extracted 68 of the 644 dung 

samples that amplified antelope DNA (10.6%). We were able to sequence 63 of 

these re-extracted samples and all but three sequences were identical to the 

original extraction of the same sample (95%). The remaining three samples 

yielded different sequences to our original results but the cause could be traced to 

human error (mislabeling during the original DNA extraction) rather than 

amplification slips or sequencer misreads. We then re-extracted other samples 

from those original extraction series containing mistakes but found no further 

evidence for mislabeling (results included in the figures above). The re-extracted 

sequences were considered the true results for the three samples (all suni) 

following successful PCR repeats. Many PCR products were also sequenced in both 

directions lending further support to the accuracy of our sequence data.  

 
 
Table 2.2. Primers used to amplify the mitochondrial control region from antelope 
faecal samples. 
 
Primer Sequence Paired with Fragment 

length 
(bp) 

Source 

CRF1 5’-CTCCCTAAGGCTCAAGGAAGC-3’ CRR3 600 Ntie et al. 
(2010a) 

CRR3 5’-CCTGAAGRAAGAACCAGATGTC-3’ CRF1  Ntie et al. 
(2010a) 

N777* 5’-TACACTGGTCTTGTAAACC-3’ H16498 600 Hoelzel et 
al. (1991) 

H16498 5’-CCTGAAGTAGGAACCAGATG-3’ N777  Shields 
and 
Kocher 
(1991) 

CRR5A 5’-CATTAATCCTTGTTGTACTTGC-3’ CRF1 350 Ntie et al. 
(2010a) 

CRF6A 
 

5’-GTTATACAGACATACTATGTATATAG-3’ CRR3 350 Ntie et al. 
(2010a) 

* Modified from original sequence 
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An additional source of potential error in analyzing mitochondrial DNA is the 

inadvertent sequencing of nuclear mitochondrial pseudogenes (Numts). Numts are 

mitochondrial DNA regions that have become integrated into the nuclear genome 

and have been documented in many species across different taxonomic groups 

(Bensasson et al. 2001). Numts can be detected in coding mitochondrial genes by 

the presence of frameshifts or stop codons but this does not apply to non-coding 

regions like the control region (Anthony et al. 2007). However, we find no 

compelling evidence that Numts are present in our dataset as we did not uncover 

any random or unexpected phylogenetic patterns (Chapter 4), we did not 

encounter many ambiguous sequence sites and faecal material is a poor source of 

nuclear relative to mitochondrial DNA (as demonstrated here by far higher control 

region amplification success compared to microsatellites).    

 
2.5.4. Microsatellites 
 
Thirty-four dinucleotide microsatellite markers from other bovid species were 

initially screened for polymorphism in duikers by the University of New Orleans 

team. Sixteen loci were found to be polymorphic in six central African duiker 

species and twelve primer pairs were combined in three multiplex panels of four 

loci each (Ntie et al. 2010b). Fourteen of these markers were then tested for use 

with forest antelope species from the Udzungwas at the University of Exeter. 

 

Trials were carried out with unlabelled primers and DNA from Harvey’s and 

Abbott’s duiker tissue samples. PCR products were run on a 1% agarose gel to test 

for successful amplification across a gradient of annealing temperatures (50-60°C). 

For loci that produced clean consistent bands we selected one primer from each 

pair for labeling with a fluorescent tag based on a further PCR test whereby 

forward and reverse primers were amplified singly to check for spurious 

amplicons. The single-run primer with the least associated stutter was then 

selected for labeling. The labeled microsatellite can be accurately sized against an 

internal size standard on an automated sequencer. Ntie et al. (2010c) optimized 

their central African duiker microsatellites on an ABI 3100 sequencer. 
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Fragment analysis for this study was carried out on an eight capillary Beckman 

Coulter sequencer (Beckman Coulter, Fullerton, CA, USA). This platform has four 

different coloured dyes including the size standard. Therefore a minimum of three 

microsatellite loci can be scored simultaneously from a single well (multiplexed). 

Multiplexes with more than three loci are also possible as long as allele size ranges 

do not overlap between markers with the same dye. Markers can also be 

multiplexed at the amplification stage as in this study (Table 2.3 and 2.4). 

Electropherogram traces were scored visually using the CEQ 3000 software 

(Beckman Coulter). 

 
 
Table 2.3. PCR conditions for control region (CR) and microsatellite markers 
(MPLX) with antelope faecal DNA. 
 
 PCR media PCR cycles 
CR 1 
 

30 µl: 1x buffer, 2 mM MgCl2, 
0.3 units BIOTAQ Red 
Polymerase (Bioline, London, 
UK), 1 mM dNTP, 2 pmol of 
each primer (forward and 
reverse), 0.1 mg/ml BSA, 
ddH2O and 1 µl DNA 
extraction elute 

Denaturation: 96°C for 5 min 
Amplification: 96°C for 20 s, 
48°C for 20 s and 72°C for 55 s 
(40 cycles)  
Extension: 72°C for 2 min 

CR 2 
 

20 µl: 10 µl QIAGEN HotStar 
PCR kit (inc. 3 mM MgCl2), 2 
pmol of each primer (forward 
and reverse), ddH2O and 1 µl 
DNA extraction elute 

As for CR 1 

MPLX1 
 

11 µl: 5 µl QIAGEN Multiplex 
PCR kit (inc. 2 mM MgCl2), 1 
µl of 10x primer mix*, 2 µl of 
Q-solution, 1 µl of RNAase free 
water, and 2 µl DNA elute  

Denaturation: 95°C for 15 min 
Amplification: 94°C for 30 s, 
58°C for 3 min and 72°C for 60 
s (35 cycles)  
Extension: 60°C for 30 min 

MPLX2A 
 

As for MPLX1 As for MPLX1 (40 cycles) 

MPLX2B 
 

As for MPLX1 except primers 
not pre-mixed (0.9 µM each) 
 

As for MPLX1 (40 cycles) 

* See Table 2.5 
 Combined for automated sequencer analysis 
 
 
Despite the developmental work carried out for central African duiker species we 

experienced considerable difficulty optimizing microsatellite multiplexes for east 

African species on a different sequencing platform. Problems included small alleles 

being obscured by initial flare (MM12), failure to amplify or very weak 

amplification in single locus reactions (INRA05), failure to amplify or very weak 

amplification in multiplex reactions (BM1225, BRRIBO, BM143, INRA05, BM2830), 
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spurious amplification of non-target PCR products (BM143, ETH225, BM1862) and 

difficulty in scoring due to split peaks and forward stutter (BRRIBO in all species 

and BM121 in Abbott’s duiker). These problems were in addition to standard 

issues in non-invasive genetics such as allelic drop-out and null alleles [Taberlet et 

al. (1999); Chapter 4 and 5]. 

 

Some of these problems could be resolved for particular loci through a process of 

prolonged trial and error. Difficulty in scoring stuttered peaks in BRRIBO was 

overcome by pig-tailing the reverse primer (Brownstein et al. 1996). For INRA05 

weak amplification was resolved by labeling the fluorescent primer with a 

different dye (blue instead of black). In some cases, false peaks of the same size 

were consistently amplified in multiple samples. Where these peaks did not exhibit 

a typical microsatellite profile and were seen in heterozygous genotypes (i.e. in the 

presence of two other ‘genuine’ alleles at the same locus) they were ignored and 

excluded from subsequent analysis. In most cases spurious peaks were only seen 

as a result of single reactions and were discounted after repeat PCRs (see below). 

Optimal amplification in multiplexed reactions required adjustment of relative 

primer concentrations (Table 2.5). Final PCR multiplexes are shown in Table 2.4. 

MM12 (Mommens et al. 1994), BM864, BM848, BM1862, BM2830 (Bishop et al. 

1994) and ETH225 (Steffen et al. 1993) were discarded due to continual problems.  
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Table 2.4. Microsatellite primers and multiplex design for use with antelope faecal 
DNA. F = forward, R = reverse, primer labeled with fluorescent tag in bold.  
 
Multiplex Marker Sequence Dye Size 

range* 
Source 

MPLX1 BM2113 F gctgccttctaccaaataccc 
R cttcctgagagaagcaacacc 
 

Blue 120-150 Bishop et al. 
(1994) 

 INRA40 F tcagtctccaggagagaaaac 
R ctctgccctggggatgattg 
 

Green 135-187 Beja-Pereira 
et al. (2004) 

 BM1225 F tttctcaacagaggtgtccac 
R acccctatcaccatgctctg 
 

Black 221-237 Bishop et al. 
(1994) 

 BRRIBO F cacccgtaccctcactgc 
R tcacaaccctcttctcaccc 
 

Blue 236-250 Bishop et al. 
(1994) 

MPLX2A BM121 F tggcattgtgaaaagaagtaaa 
R actagcactatctggcaagca 
 

Black 110-120 Bishop et al. 
(1994) 

 SR12 F tgaccaggtgactaacac 
R aatctgatttcatttcatg 
 

Blue 217-231 Kogi et al. 
(1995) 

MPLX2B BM143 F acctgggaagcctccatatc 
R ctgcaggcagattctttatcg 
 

Green 87-109 Bishop et al. 
(1994) 

 INRA05 F caatctgcatgaagtataaatat 
R cttcaggcataccctacacc 
 

Blue 129-153 Beja-Pereira 
et al. (2004) 

* Twenty C. callipygus individuals Ntie et al. (2010c) 
 Reverse primer designed by Ntie et al. (2010c) 
 
 
Errors in microsatellite genotyping from faecal DNA are common due to PCR 

failure, false alleles, non-amplification of one allele in heterozygotes (allelic drop-

out resulting in false homozygotes) and contamination (Taberlet et al. 1999). 

These errors mean that scoring the correct genotype from a single PCR with low 

yield DNA is highly unlikely and therefore multiple repeat PCRs are necessary for 

reliable genotyping (Taberlet et al. 1996). In this study, we followed the multiple-

tubes approach of Taberlet et al. (1996) by only accepting an individual as 

heterozygous at a locus if both alleles were scored in three independent PCRs 

(although because loci were amplified in multiplex PCRs c.95% of samples were 

scored a minimum of four times at each locus). However, we relaxed their 

threshold for accepting a homozygote (a minimum of seven PCR repeats) to four 

independent PCRs. While this potentially lowers the confidence level below 99% 

(but not below 90%) it represents a significant reduction in time and cost and 

remains more conservative than the comparative approach of Frantz et al. (2003) 

which has been shown to achieve similar levels of reliability despite requiring less 
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repeats (Frantz et al. 2003; Hansen et al. 2008). We ran negative PCR controls with 

the majority of PCR runs and excluded identical genotypes, including samples that 

differed by only one allele, which we assumed to be derived from the same 

individual following Pickles et al. (2011). 

 
 
Table 2.5. Preparation of 10x primer mix for use with the QIAGEN Multiplex PCR 
Kit as recommended by the manufacturer (each primer at 2 µM) and relative 
primer concentrations used with antelope faecal DNA. 
 
 Recommended Multiplex 1 Multiplex 2A 
Primer stock 
concentration 

50 µM 50 µM 50 µM 

Each primer (forward 
and reverse) 

20 µl  
(up to 12 pairs) 

24 µl (BM1225, 
BRRIBO); 

16 µl (INRA40, 
BM2113) 

16 µl (BM121); 
8 µl (SR12) 

TE buffer or H2O Variable 340 µl 452 µl 
Final volume 
 

500 µl 500 µl 500 µl 

 
 
2.5.5. Other potential markers  
 
Nuclear intron markers used previously for antelope (Willows-Munro et al. 2005) 

were tested with tissue samples at the University of Exeter as part of a parallel 

study (Johnston and Anthony 2012) but failed to amplify from faecal DNA. An 

additional marker, the seventh intron of the nuclear fibrinogen gene, was also 

tested using primers from Seddon et al. (2001). This latter marker amplified DNA 

from dried skin samples but only two out of thirteen dung samples. The University 

of New Orleans team also attempted to incorporate a sex-linked marker 

(Amelogenin) into their microsatellite multiplexes but without consistent success 

(Ntie, S. pers. comm.).  For future work, redesigned primers for both these markers 

may allow further insight into forest antelope genetics. 

 
 
2.6. Methods summary 
 
This chapter has provided a detailed background to the study site and methods 

used during this study. This information is important to highlight the Udzungwas 

as a global priority for biodiversity conservation as well as an appropriate area in 

which to study forest antelope genetics. Subsequent chapters will aim to 

demonstrate that the latter endeavour can benefit the former. 
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Methodological detail is important both to allow future repetition by other 

researchers and to demonstrate the arduous development work necessary for the 

application of molecular techniques to wild populations of non-model organisms. 

Statistical analysis methods are described in the respective research chapters. 

While the genetic methods developed during this study are by no means 

exhaustive the rest of this thesis will investigate their potential to uncover 

significant patterns in forest antelope populations that have wider implications for 

the fields of conservation and evolutionary biology. 
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CHAPTER 3.  
 

CAN MOLECULAR DATA VALIDATE MORPHOMETRIC 

IDENTIFICATION OF FAECAL PELLETS IN TANZANIAN FOREST 

ANTELOPE SPECIES? 
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Abstract 

 
Forest-dwelling antelope species are often difficult to detect during surveys due to 

their cryptic behaviour and densely vegetated habitats. Dung counts have 

traditionally been used to infer forest antelope abundance but genetic 

identification has shown that visual identification of ungulate dung to species is 

often unreliable. This study attempted to use easily obtained morphometric data 

from faecal pellets to statistically assign antelope dung piles to species. We 

measured pellets from 238 dung piles collected from the Udzungwa Mountains, 

south-central Tanzania, a largely forested landscape with five forest-associated 

antelope species including the endangered Abbott’s duiker Cephalophus spadix. 

The species identity of sampled dung piles was determined by amplifying a c.600 

bp fragment of the mitochondrial control region and aligning DNA sequences with 

published references. We found no diagnostic differences in faecal pellet size 

between antelope species although there were significant differences in mean 

pellet length and width. We employed a single variable linear discriminant analysis 

to predict the species of dung piles based on pellet length. Despite significant 

differentiation between species we obtained an overall accuracy of 58.8% that did 

not meet our specified probability threshold (P < 0.05). Abbott’s duiker dung piles 

were correctly assigned in the majority of cases (74%). Overall, morphometric 

assignment of dung piles to species was not accurate enough to validate dung 

counts as a survey method for forest antelope. We recommend genetic 

identification of dung for species of conservation concern, in addition to 

alternatives such as camera-traps, despite the significant financial and technical 

investment required. 
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3.1. Introduction 
 
Encounter rates and density estimates of faecal deposits are often used to infer the 

abundance of ungulates for research or management (Campbell et al. 2004; Lunt et 

al. 2007; Plumptre and Harris 1995). However genetic identification of ungulate 

faeces (referred to here as dung), by amplifying species-specific fragments of 

mitochondrial DNA, has revealed that dung piles are often mistakenly identified in 

the field (Faria et al. 2011; van Vliet et al. 2008; Yamashiro et al. 2010). This is a 

particular problem when species of conservation concern, for example the 

mountain bongo Tragelaphus eurycerus isaaci in Kenya (Faria et al. 2011), occupy 

the same areas as other ungulate species with similar dung morphology.  

 

In common with the previously cited studies, Bowkett et al. (2009b) found that 

identification of forest antelope dung to species in the field was unreliable, in this 

case in the Udzungwa Mountains, Tanzania. This result cast doubt on the validity of 

using dung counts as a survey and monitoring tool for the endangered Tanzanian 

endemic Abbott’s duiker Cephalophus spadix and sympatric species. Abbott’s 

duiker is found in only a small number of highland forests and is threatened by 

continuing habitat disturbance and hunting for bushmeat (Moyer et al. 2008). Like 

other forest antelopes, this species appears to be largely solitary and nocturnal 

(Rovero et al. 2005) and therefore unsuitable for survey methods based on 

sightings.  

 

Surveys using genetic identification of dung and automatic camera-traps have been 

successful in documenting the presence of Abbott’s duiker (Jones and Bowkett 

2012). However these methods are relatively expensive and not easily replicated 

as part of routine monitoring by wildlife authorities. Hibert et al. (2008) 

demonstrated the potential for discriminant analysis to identify savannah antelope 

species based on faecal pellet morphometric data. Bowkett et al. (2009b) 

attempted to statistically assign dung piles to species based on the size of faecal 

pellets, a method that could easily be carried out in the field by local survey teams. 

However their preliminary morphometric analysis only sampled a small part of the 

Udzungwa landscape and was limited by small sample size. For this study we 

employ a larger data set of genetically verified antelope dung piles from across the 
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Udzungwa Mountains to assess whether dung from forest antelope can be reliably 

determined to species using simple size measurements.  

 

Specifically, we aimed to test (1) whether or not diagnostic differences in faecal 

pellet measurements exist between target antelope species, (2) whether a 

discriminant analysis can assign pellets to their correct species group with a high 

statistical probability (P < 0.05), and (3) whether these approaches can distinguish 

Abbott’s duiker pellets even if other species are unresolved.  In addition, we test 

some of the assumptions of reliability inherent in applying such a method under 

field conditions. 

 
 
3.2. Materials and methods 
 
Antelope faecal pellets were collected from all but one of the major forest 

fragments (> 10 km2) in the Udzungwa Mountains, south-central Tanzania 

between 2006 and 2009. General landscape and habitat details are given in 

Marshall et al. (2010). Each pile was visually assigned to species in order to test 

the accuracy of identification in the field. A subset of faecal pellets from each dung 

pile was stored in RNAlater (Ambion Ltd, Huntington, UK) for later DNA extraction 

(QIAamp DNA Stool Mini Kit, QIAGEN, Crawley, UK). Molecular identification of 

samples involved amplifying c.600 bp of the mitochondrial control region using the 

primer combinations and PCR conditions detailed by Ntie et al. (2010a). We opted 

not to use the cytochrome c oxidase subunit 1 (COX1) as this marker fails to 

delineate several duiker species under standard DNA bar-coding criteria (Johnston 

et al. 2011). Sequences were aligned with published references for all potential 

antelope species using MUSCLE (Edgar 2004) in SEAVIEW (Gouy et al. 2010). We 

constructed a neighbour-joining phylogeny based on Kimura 2-parameter 

corrected distances (Kimura 1980) in PAUP* (Swofford 2001) to show that all 

haplotypes formed monophyletic species clades. The tree was rooted using 

bushbuck sequences as an out-group. A highly variable 103 bp section was 

removed before tree-building as it proved difficult to align consistently. 

 

For each dung pile, we measured up to twenty randomly selected pellets with 

calipers (to the nearest 0.01 mm) and subsequently treated the mean value as our 

sampling unit. All measured dung piles were estimated to be less than 24 hours old 
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due to their shiny moist surface. We measured length as the maximal distance 

between pellets ends and width as the diameter at the widest point. We also 

calculated the length to width ratio following Bowkett et al. (2009b). Pellets were 

stored in tied plastic bags and either measured during the field survey or kept 

refrigerated (c. 4oC) and measured at a later date (mean delay in days of 138 

recorded dung piles = 6, maximum = 21, see below). Pellets were not dried before 

measurement as we wanted to test a method that could be easily replicated by 

protected area staff under humid forest conditions.   

 

As well as testing for absolute inter-specific differences in mean pellet size we also 

attempted a linear discriminant analysis for statistically assigning dung piles to 

species. All three measured variables were normally distributed but highly inter-

correlated (r = 0.35-0.73, P < 0.001). Length was identified as the variable with the 

highest discriminatory power following one-way ANOVA tests using species as a 

factor:  Length (R2 = 0.67), Width (R2 = 0.63), Ratio (R2 = 0.03) where R2 measures 

the proportion of the observed variance explained by the independent factor 

species. The discriminant analysis was therefore carried out on the single variable 

Length (log10 transformed to improve homogeneity of variance). Box’s M test was 

used to test for homogeneity in the variance-covariance matrices and the 

significance of discrimination between species tested with Wilks’ Λ. 

  

We also tested two assumptions in measuring faecal pellets that could potentially 

be violated under field conditions. Firstly, we tested for the effect of a delay 

between collecting and measuring pellets by measuring individual pellets on the 

day of collection and again after 31 days under two different storage conditions: 

refrigerated (n = 135) and ambient temperature (n = 119). Secondly, we checked 

for inter-observer bias (different survey personnel) by two of us (AEB and RLL) 

measuring the same 220 individual pellets. All statistical tests were carried out in 

SPSS 16 (SPSS Inc., Chicago, IL, USA).  

 
 
3.3. Results 
 
We measured pellets from 238 dung piles (4654 individual pellets) from which we 

successfully obtained control region sequences (two additional piles did not yield 

readable sequences). This dataset included 48 dung piles measured for Bowkett et 
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al. (2009b). Sixty-eight dung piles (28.6 %) were incorrectly assigned to species by 

the survey teams. 

 

All control region haplotypes recovered from dung samples aligned with published 

sequences for forest antelope species known from the Udzungwa Mountains and 

formed monophyletic clades with high bootstrap support (97-100%, Fig. 3.1): 

Harvey’s duiker Cephalophus harveyi (36 haplotypes), blue duiker Philantomba 

monticola (4), suni Neotragus moschatus (27), bushbuck Tragelaphus scriptus (2) 

and Abbott’s duiker (6). All sequence reads were at least 520 bp except for one 

Abbott’s duiker sample (310 bp). Two sequences aligned closely to reference 

species but contained too many ambiguous bases to assign to a specific haplotype 

and so were excluded from the phylogeny shown here.  
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Figure 3.1. Control region neighbour-joining bootstrap consensus phylogeny for 
faecal DNA sequences from the Udzungwa Mountains, Tanzania (c.530 bp). 
Bootstrap values are percentages of 1000 iterations (values below 90% not 
shown). GenBank accession numbers and species names are given for published 
sequences. 
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There was a statistically significant difference across the five species detected in 

untransformed mean pellet length (One way ANOVA: F4, 233 = 120.3, P < 0.001) and 

width (F4, 233 = 98.3, P < 0.001) but not in length:width ratio (F4, 233 = 1.67, P = 

0.16). Similar P values were obtained with Welch’s ANOVA which was carried out 

for width (P < 0.001) and ratio (P = 0.15) which did not meet the assumption of 

homogeneity of variance. However the range of all variables overlapped between 

at least two species, thus no diagnostic differences in pellet size were apparent. 

Abbott’s duiker pellets overlapped with those of Harvey’s duiker and bushbuck 

(Fig. 3.2).  

 

 
Figure 3.2. Box-and-whisker plot of faecal pellet length for five species of forest 
antelope from the Udzungwa Mountains, Tanzania. Species identity determined 
from mitochondrial control region sequences. 
 
 
Discriminant analysis was carried out for faecal pellet length with equal prior 

probability assumed for all species. Significant discrimination was found between 

species (Wilks’ Λ = 0.32, 2 = 265.28, P < 0.001) and 58.8% of samples were 

correctly classified. There was no significant deviation from homogeneity (Box’s M 

test: P = 0.131). Correct identification varied by species (Table 3.1) with 74% of 

Abbott’s duiker dung piles correctly assigned with the remainder predicted to be 
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either Harvey’s duiker or bushbuck. Conversely, 16% of Harvey’s duiker dung piles 

were incorrectly predicted to be Abbott’s duiker.  

 
 
Table 3.1. Species identity of antelope dung piles from the Udzungwa Mountains, 
Tanzania, as established by mitochondrial control region sequencing compared to 
predicted species from a linear discriminant analysis of faecal pellet length. 
 
  Predicted species 
 mtDNA Harvey’s 

duiker 
Blue 
duiker 

Suni Bushbuck Abbott’s 
duiker 

Harvey’s 
duiker 
 

136 60 (44%) 40 (29%) 14 (10%) 0 22 (16%) 

Blue duiker 
 

5 2 (40%) 3 (60%) 0 0 0 

Suni 
 

57 1 (2%) 9 (16%) 47 (83%) 0 0 

Bushbuck 
 

2 0 0 0 2 (100%) 0 

Abbott’s 
duiker 

38 5 (13%) 0 0 5 (13%) 28 (74%) 

 
 
We found no statistical differences in the three pellet variables following 31 days 

storage in plastic bags (Independent t-tests and Mann-Whitney tests depending on 

data distribution, all tests = P > 0.05). However there was a greater decrease in size 

for pellets stored at ambient temperature (e.g. mean length [log10]: day 1 = 9.07 

mm, day 31 = 8.66 mm, U = 6159, P = 0.083) compared to refrigerated (mean 

length [log10]: day 1 = 9.15, day 31 = 9.11 mm, t268 = 0.196, P = 0.845). We 

therefore assume our storage protocol had a minimal effect on this study’s results 

(as pellets were refrigerated and usually measured within 7 days). We note that 

the difference in mean pellet length at ambient temperature approached statistical 

significance (P < 0.1).  

 

There was a significant difference in mean length when two observers measured 

the same individual pellets (Paired t-test: t219 = 6.514, P < 0.001, with similar 

results for width and ratio). However, the mean difference was only 0.09 mm, less 

than the within-group variance recorded for any dung pile measured for this study 

(mean variance = 1.62 ± 0.15). Therefore, we included measurements taken by 

either observer in our final analysis but we also note that a discriminant analysis 

with only AEB measurements (207 dung piles) produced highly similar results 
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(AEB only: 58.9% correct, Wilks’ Λ = 0.326, 2 = 227.49, P < 0.001, results for full 

data-set shown above).  

 

 

3.4. Discussion 
 
Overall our results indicate that morphometric assignment of antelope dung piles 

to species is not a valid method for identification during dung count surveys. Our 

results also further emphasize the inaccuracy of visual field identification (van 

Vliet et al. 2008; Bowkett et al. 2009b).  

 

We did not find diagnostic differences in pellet size between species and the 

discriminant analysis was unable to correctly identify species with high 

probability. The lack of absolute difference between species is perhaps not 

surprising given the likely individual variation due to age, sex and diet (Lunt and 

Mhlanga 2011). However, prior to this analysis it seemed likely that a statistical 

assignment based on mean pellet size would be valuable given the difference in 

adult body size between some species. For example, Harvey’s duiker weighs 13-16 

kg compared to 50-60 kg for Abbott’s duiker (Kingdon 1997) and yet we found 

substantial overlap in faecal pellet size between the two species (Fig. 3.2). 

 

One limitation of our discriminant approach was the small sample size included for 

the less frequently encountered species (bushbuck and blue duiker) even though 

these species clearly overlap with at least one other species. Given that blue duiker 

are absent from some areas of the Udzungwa Mountains (Rovero and Marshall 

2009) and that bushbuck appear to be rare in our study area it could be argued 

that these species should be excluded from our analysis in order to improve 

accuracy. Indeed, the percentage of correctly assigned dung piles does improve if 

we run the analysis with only three species (77.5% correct, Wilks’ Λ = 0.332, 2 = 

251.18, P < 0.001). However, we do not recommend this approach because the 

probability of correct identification still falls far short of our specified 95%, the 

analysis would not be valid for large areas where blue duiker may be present, and 

camera-trap surveys reveal that Harvey’s duiker and bushbuck are almost always 

found in the same forests as Abbott’s duiker in the Udzungwa Mountains [(Rovero 

and Marshall (2009); TJ unpubl. data].  
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The lack of resolution for Abbott’s duiker faecal pellets invalidates dung counts as 

a suitable survey method for this highly endangered species (in the absence of 

molecular testing). The rarity and nocturnal nature of Abbott’s duiker also rules 

out distance sampling along walked transects for monitoring purposes (Rovero 

and Marshall 2004, 2009). However this study does demonstrate the value of 

genetic identification as a non-invasive approach to detecting rare species in 

remote areas, see also Jones and Bowkett (2012).  Camera-trapping is another 

survey tool that has proven useful for Abbott’s duiker (Rovero et al. 2005; Rovero 

and Marshall 2009; Jones and Bowkett 2012) but similarly to genetic identification 

of dung it requires significant financial and scientific input. These resources are 

not normally available to protected area staff in Tanzania but such investment in 

the relatively few areas where viable Abbott’s duiker populations remain is 

recommended for the conservation of what may well be Africa’s rarest duiker 

species.  

 

More generally we cannot recommend a morphometric approach to validating 

dung counts in the Udzungwa Mountains nor indeed in any area where similar-

sized ungulate species overlap. For routine monitoring of forest antelope 

abundance, for instance as an indicator of hunting pressure, non-specific dung 

encounter rates may be sufficient or alternatively it may be possible to estimate 

diurnal species abundance from line transect encounters, e.g. Rovero and Marshall 

(2009).  In conclusion, this study highlights the importance of genetic testing to 

verify species identity during surveys based on indirect field signs. 
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Abstract 
 
Forest-associated antelope are ecologically important species in African rainforest 

ecosystems including in the Udzungwa Mountains, south-central Tanzania. As with 

many other species in the region, the evolutionary distinctiveness and 

demographic status of antelope populations in the Udzungwa Mountains are 

poorly resolved despite the urgent need for evidence on which to base 

conservation management. The advent of non-invasive genetic sampling has 

provided a potential source of such evidence for cryptic species such as forest 

antelope. Here we employ genetic information derived from faecal samples (N = 

618, collected 2006-09) to assess the status of five traditionally recognised forest 

antelope species in the light of a recent taxonomic revision of the Bovidae and in 

terms of their intra-specific diversity, distribution and population subdivision 

within the Udzungwa Mountains.  

 

Forest antelope species in the Udzungwa Mountains are provisionally identified as 

Abbott’s duiker Cephalophus spadix (True, 1898), Tanzania highland blue duiker 

Philantomba lugens (Thomas, 1898), Harvey’s or East African red duiker 

Cephalophus harveyi (Thomas, 1893), mountain suni Neotragus kirchenpaueri 

(Pagenstecher, 1885) and Cape bushbuck Tragelaphus sylvaticus (Sparrman, 1780) 

following the taxonomy of Groves and Grubb (2011). DNA from all five species was 

recovered from faecal samples although T. sylvaticus was rarely detected (N= 6). 

Phylogenetic analyses of mtDNA control region sequences (c.600 bp) for the other 

species were largely consistent with the above classification with the exception of 

C. harveyi which was paraphyletic with respect to a putative sister species C. 

natalensis (Smith, 1834). There was strong support for three C. harveyi mtDNA 

control region clades within the Udzungwa Moutains although nuclear genetic 

variation (eight microsatellite loci) did not partition between these maternal 

lineages (FST = 0.007, P = 0.047). 

 

Most species were detected in the majority of forest fragments, except for P. 

‘lugens’, which was absent from major central and eastern forests despite 

seemingly suitable habitat. mtDNA haplotype and nucleotide diversities were high 

and there was significant partitioning of variation amongst sampling areas (FST = 

0.08 – 0.37, P < 0.001) indicating genetic differentiation within all species except 
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the endangered C. spadix which had much lower genetic diversity and no evidence 

for subdivision (FST = 0.04, P = 0.124). Partitioning of microsatellite variation in the 

most frequently encountered species, C. harveyi, was weaker than for mtDNA but 

still highly significant (FST = 0.04, P < 0.001). These patterns suggest that habitat 

fragmentation may impact genetic structure in these forest antelope populations 

although we also detected a significant effect of isolation by distance. Overall, our 

results demonstrate the value of non-invasive genetic sampling to conservation 

managers by documenting species presence, identifying significant evolutionary 

lineages and prioritising populations for conservation.  



 82 

4.1. Introduction 
 
Antelope constitute a major trophic guild in African forest and woodland 

ecosystems (Wilson 2001) and play important roles as seed dispersal agents 

(Gautier-Hion et al. 1980), understory browsers (Lunt 2011) and as a food base for 

top predators (Boshoff et al. 1994; Hart et al. 1996) and human communities (Nasi 

et al. 2011). Forest antelope populations are, therefore, likely to be key 

components of some of Africa’s major biomes but these roles are not well studied, 

particularly in comparison to savannah antelope (Du Toit and Cumming 1999; 

Lorenzen et al. 2012). The ecological effects of well-documented population 

declines in response to habitat loss and hunting are particularly difficult to 

determine.  

 

Identifying the products of evolutionary and demographic processes in forest 

antelope is important for selecting appropriate conservation units, accurately 

documenting their role in ecosystems and predicting the ecological consequences 

of anthropogenic change. And yet forest antelope diversity is poorly defined at all 

levels from populations through to species and higher taxonomic ranks. This may 

seem surprising for relatively large mammal species but it could be argued that 

antelope taxa were poorly characterised by taxonomic revisions in the mid-

twentieth century, e.g. Ellerman et al. (1953). Under the influence of the Biological 

Species Concept (Mayr 1963) taxonomists at that time tended to lump superficially 

similar antelope from geographically separated populations as subspecies 

(Cotterill 2003a, 2005; Groves and Grubb 2011). At a local scale, forest antelope 

distributions and population dynamics are also poorly known primarily due to the 

difficulty of studying cryptic species in dense habitats leading to stark differences 

in how studies estimate demographic rates (van Vliet and Nasi 2008b). 

 

Non-invasive genetic sampling from low-quantity DNA sources such as shed hair 

or faeces is potentially a highly informative tool for characterising populations in 

terms of taxonomy or conservation management (Kohn and Wayne 1997; Beja-

Pereira et al. 2009). While ecological or behavioural data are often also required 

for robust conclusions regarding evolutionary or demographic status (Crandall et 

al. 2000; Fraser and Bernatchez 2001), non-invasive genetics provides information 

that would otherwise be very difficult or expensive to obtain.     
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This study investigates genetic variation within forest antelope by non-invasive 

faceal DNA sampling across an Afrotropical mountain range, the Udzungwa 

Mountains in Tanzania. The Udzungwa Mountains are a high priority conservation 

landscape of global significance due to their remarkable levels of species diversity 

and endemism (Burgess et al. 2007). This biodiversity, and associated ecosystem 

services, is under increasing threat from habitat fragmentation and extraction of 

natural resources, including hunting for bushmeat (Rovero et al. 2010; Rovero et 

al. 2012). Despite recent efforts to document the mammalian fauna (Rovero and De 

Luca 2007; Rovero et al. 2009), including development of survey methods for 

forest antelope (Bowkett et al. 2009a; Rovero and Marshall 2009), the patterns of 

diversity within traditionally recognised species across the Udzungwas remain 

essentially unknown. We present the first genetic assessment and test predictions 

at three levels of antelope diversity.   

 
4.1.1. Antelope taxonomy and evolutionary species distribution 
 
The term antelope is not a taxonomic grouping as it encompasses some, but not all, 

members of the two bovid subfamilies Bovinae and Antilopinae. Nevertheless, the 

term is commonly used to refer to horned ungulates from Africa and Asia and we 

employ it here to differentiate our species of interest from sympatric artiodactyls, 

i.e. wild cattle and pigs, which have very different ecological niches. A recent 

taxonomic treatment of hoofed mammals recognises 204 antelope species (Groves 

and Grubb 2011), a substantial increase on the 92 recognised by the World 

Conservation Union (IUCN 2012). We employ this new taxonomy to re-examine 

those forest antelopes found in the Udzungwas and discuss their status as 

‘evolutionary species’ (Simpson 1961), a term used here to differentiate these taxa 

from traditionally recognised species. We test the prediction that forest antelope 

species are distributed uniformly throughout the major Udzungwa forested areas 

using genetic identification of faecal samples (Bowkett et al. 2009b). Regarding our 

genetic data we predict that mitochondrial haplotypes will be monophyletic with 

respect to other species named by Groves and Grubb (2011) within those species 

groups (i.e. the traditionally recognised species). 
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4.1.2. Intra-specific lineage diversity in antelope 
 
Recognition of evolutionary diversity below the species level in antelopes has most 

often been attempted through the designation of subspecies. In some, but not all, 

cases this has led to separate management of subspecies in zoos, game ranches and 

protected areas, e.g. Pitra et al. (2006). Phylogeographic study of savannah 

antelope species has revealed regionally distinct evolutionary histories that in 

many cases are consistent with named subspecies (Lorenzen et al. 2012). In 

contrast, very little is known about variation within forest antelope species and the 

apparent recent Pleistocene radiation of duiker species (Johnston and Anthony 

2012) brings into question at what point divergent lineages should be considered 

as species. We assess the genetic evidence for intra-specific diversity within the 

Udzungwas in the context of identifying evolutionary significant units for 

conservation (Ryder 1986; Fraser and Bernatchez 2001). We predict that 

mitochondrial haplotypes will be monophyletic with respect to available 

conspecific sequences from other regions and we test strongly supported clades 

for significant genetic differentiation at nuclear loci sensu Moritz (1994). 

 
4.1.3. Conservation management units and population subdivision  
 
It is often desirable from a management perspective to identify demographically 

independent populations within species, e.g. fish stocks, and genetic data can be 

critical to such decisions (Moritz 1994; Palsboll et al. 2007). Management of such 

units conserves overall evolutionary potential by maintaining local adaptations but 

also has practical implications for achieving sustainable harvesting of populations 

– a situation highly relevant to forest antelope many of which are hunted for 

bushmeat (van Vliet and Nasi 2008b). Conversely, managers may wish to identify 

populations that are not demographically or genetically viable without 

intervention in order to prioritise units for recovery. This may be the case where 

habitat fragmentation has resulted in population subdivision and reduced gene 

flow, e.g. Goossens et al. (2005). We predict significant partitioning of genetic 

variation across the Udzungwas and divergence in allele frequencies between 

discrete forest fragments. 
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4.1.4. Study aims and limitations 
 
Our intention is to demonstrate the value of non-invasive genetic data in providing 

useful information to conservation managers at a population or landscape scale. By 

“useful” we mean information that either conflicts with or supports our specific 

predictions concerning local populations and thereby identifies areas for further 

research or improves the evidence upon which management decisions are 

currently based. We do not seek to definitively resolve the taxonomy or 

phylogeography of those antelope species found in the Udzungwas as this would 

require range-wide information constituting multiple lines of evidence pertinent to 

the broader evolution of these taxa. Similarly, robust conclusions concerning meta-

population dynamics would require greater sampling effort over a longer time 

period than feasible within this study. Nevertheless, the genetic patterns revealed 

by our non-invasive sampling, interpreted with the appropriate caveats, have 

important implications for forest antelope conservation in the Udzungwa 

Mountains.  

 
 
4.2. Methods 
 
4.2.1. Study site and subjects 
 
The Udzungwa Mountains have been described in detail elsewhere (Chapter 2 and 

references therein). The salient facts to consider with regards to forest antelope 

diversity are that forest and woodland habitats are patchily distributed across the 

landscape and so is the level of protection received under the different protected 

area categories (Fig. 4.1; Chapter 2). 

 

Rovero and De Luca (2007) list 12 species of antelope in the Udzungwa Mountains 

based on the taxonomy of Wilson and Reeder (2005). Their list includes three 

species only found in forest habitats: Abbott’s duiker Cephalophus spadix, blue 

duiker Philantomba monticola and suni Neotragus moschatus and two species that 

also occur in dry woodland: Harvey’s duiker Cephalophus harveyi and bushbuck 

Tragelaphus scriptus. The remaining species, including the grey or bush duiker 

Sylvicapra grimmia, are almost entirely restricted to grassland and savannah 

woodland and are not considered further.  
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We re-assessed the specific status of forest antelope by examining the descriptions 

and distributions given by Groves and Grubb (2011) and adopted by the Handbook 

of the Mammals of the World (Wilson and Mittermeier 2011). For recent literature, 

particularly molecular studies, we were able to cross-check Groves and Grubb 

(2011)‘s interpretation of primary sources. We also checked for additional 

references, including subsequent publications, with a systematic search of 

electronic databases (1970-2012; Chapter 1). 

 
4.2.2. Sample collection and processing 
 
We undertook transect-based surveys in all forest fragments in the central 

Udzungwas over 10 km2, except for Iyondo, during the dry seasons between late 

2006 and 2009 (Fig. 4.1). Transects were walked in a triangular configuration 

(typically 1 km per side) and all antelope faecal samples visible from the transect 

line were recorded (Chapter 2). A subsample of recorded samples were collected 

in RNAlater (Ambion Ltd, Huntington, UK) and stored for genetic analysis (Chapter 

2). DNA was extracted using the QIAamp DNA Stool Mini Kit (QIAGEN, Crawley, 

UK) following the manufacturer’s instructions but including an extended 

proteinase K digestion step of 20 to 30 minutes. Blank extractions were 

undertaken to control for contamination. 

 
4.2.3. Genetic analysis 
 
Antelope genetic diversity was characterised in the first instance using the 

mitochondrial control region (or d-loop), a highly variable non-coding marker that 

has been recommended for species identification in forest antelope (Ntie et al. 

2010a; Johnston et al. 2011) and is often used in ungulate phylogeography 

(Lorenzen et al. 2012). Primers and PCR conditions followed Ntie et al. (2010a), 

see Chapter 2 for details. Sequences were edited in AutoAssembler (Applied 

Biosystems, Foster City, CA, USA) and aligned by MUSCLE (Edgar 2004) in 

SEAVIEW (Gouy et al. 2010). 

 

For the two Cephalophus species we developed a panel of nuclear microsatellite 

markers from those optimized for central African species by Ntie et al. (2010c). 

Loci that amplified consistently for our target species were combined in three pre-
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PCR multiplexes: MPLX1 = INRA40 (Beja-Pereira et al. 2004), BM1225, BM2113 

and BRRIBO (Bishop et al. 1994), MPLX2A = BM121 (Bishop et al. 1994), and SR12 

(Ntie et al. 2010b; modified from Kogi et al. 1995) and MPLX2B = BM143(Bishop et 

al. 1994) and INRA05 (Vaiman et al. 1994). MPLX2A and B were then combined for 

automated sequencer analysis. The majority of these loci failed to amplify 

consistently in the other antelope species tested and so microsatellite analysis was 

restricted to Cephalophus species. We used the QIAGEN PCR Multiplex Kit 

(QIAGEN) with PCR conditions modified for degraded DNA (Chapter 2). Fragment 

analysis was undertaken on a Beckman Coulter capillary sequencer and allele sizes 

scored using CEQ 8000 software (Beckman Coulter, Fullerton, CA, USA). 

 
4.2.3.1. Data quality  
 
To check for consistency in sequencing from degraded DNA we re-extracted and 

re-sequenced just over 10% of all identified faecal samples. We also took a 

conservative approach to scoring microsatellite alleles, modified from Taberlet et 

al. (1996), whereby we only accepted heterozygous or homozygous genotypes at 

each locus if scored from three or four separate PCR reactions respectively (See 

Chapter 2). Negative PCR controls for both types of marker were used throughout.  

 

Deviations from Hardy–Weinberg (HW) and linkage equilibria in the microsatellite 

dataset were tested for in GENEPOP 4.0.10 (Raymond and Rousett 1995) with 

significance thresholds corrected for multiple tests using the False Discovery Rate 

(FDR) (Verhoeven et al. 2005). The presence of null alleles, stutter and large allelic 

drop-out were tested for in MICROCHECKER (Van Oosterhout et al. 2004)   

 
4.2.4. Data analysis 
 
4.2.4.1. Phylogenetics 
 
Phylogenetic analysis of the control region haplotypes was employed to confirm 

species identification and explore intra-specific diversity. Separate analyses were 

carried out for each species. Trees were built using a maximum-likelihood 

approach in PhyML (Guindon and Gascuel 2003) and a Bayesian Monte-Carlo 

Markov Chain (MCMC) approach in MrBayes 3.2 (Huelsenbeck and Ronquist 

2001). Trees included all GenBank/EMBL entries for target taxa, plus 

representative sequences for other genus members, with the exception of 
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Philantomba where some published sequences contain a c.100 bp insertion, as 

reported by Ntie et al. (2010a), and so were excluded. We were also able to 

sequence a number of tissue or faecal samples from outside of the study area 

including C. natalensis from other African countries (see Supp. Table 4.1). Out-

group taxa from the sister genus to each of the species concerned, as presented in 

Hassanin et al. (2012), were used to root phylogenies, e.g. Philantomba for 

Cephalophus species. 

 

Maximum-likelihood analysis (ML) was undertaken starting with an initial 

neighbour-joining tree and with default PhyML settings except for user-defined 

substitution models and parameters which were selected in jModelTest 0.1.1 

(Posada 2008), see Table 4.1. The final choice of models was based on AIC values 

(all models were also ranked in the top three for AICc and BIC). The best tree 

topology was estimated from both NNI and SPR search options and branch-

support was calculated with 1000 bootstrap repetitions. 

 
 
Table 4.1. Best-fit evolutionary substitution models selected for Maximum-
Likelihood analysis of forest antelope mitochondrial control region haplotypes 
from the Udzungwa Mountains, selected with jModelTest (Posada 2008). 
 
Species group Model Transition/ 

transversion 
ratio 

Proportion of 
invariable sites 

Gamma shape 

C. harvey 
 

HKY+I+G 16.38 0.33 0.64 

C. spadix 
 

TPM3uf+I+G * 0.30 0.50 

N. moschatus 
 

HKY+I+G 11.55 0.41 0.44 

P. monticola 
 

TIM2+I+G * 0.39 0.88 

* Unequal base frequencies entered separately. 
 
 
The Bayesian analysis implemented two Metropolis coupled MCMC searches each 

consisting of one cold and three heated chains. Multiple chains are recommended 

to avoid false convergence on a local optimum. Model parameters were left at 

default settings except that instead of pre-selecting a substitution model we 

sampled across the entire general time reversible (GTR) model space 

(Huelsenbeck et al. 2004) by averaging different models according to their 

posterior probability (lset nst=mixed rates=gamma) and checking for convergence 
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across different runs with the sump command (Ronquist et al. 2011). Convergence 

of MCMC runs was achieved by allowing the analysis to continue until the standard 

deviation of split frequencies reached the recommended threshold of 0.01 

(between 1 and 1.5 million iterations in our case). The default burn-in fraction of 

25% was applied to the convergence diagnostic and the subsequent parameter and 

tree summaries. Effective sample sizes, log-likelihood values and stationarity plots 

were checked using the sump command.  

 
Phylogenetic relationships within species were also explored using the median-

joining algorithm in Network 4.6.1.0 (Fluxus Technology, Clare, UK). For the C. 

harveyi control region phylogeny we also calculated uncorrected genetic distances 

between major clades and other species in MEGA5 (Tamura et al. 2011) including 

additional GenBank sequences (Supp. Table 4.1). We also investigated 

microsatellite variation between samples grouped by their position in the mtDNA 

phylogeny (i.e. control region clades) with principal coordinates analysis in 

GenAlEx 6 (Peakall and Smouse 2006). 

 
4.2.4.2. Genetic diversity and differentiation 
 
Standard genetic diversity values were calculated in GenAlEx and Arlequin 3.5.1.2 

(Excoffier et al. 2005). To account for differences in number of samples per 

location we recalculated control region haplotype richness, microsatellite allelic 

richness and private allelic richness by rarefaction to the smallest sample size in 

Contrib (Petit et al. 1998) and HP-Rare (Kalinowski 2005).  

 

Partitioning of genetic variation within and amongst sampling locations was tested 

for using AMOVA, excluding sample sizes less than 5.  Pair -wise FST values between 

sampling locations were estimated with FDR correction applied to probability 

values. To test for an effect of isolation by distance we carried out Mantel tests for 

the larger datasets (> 5 sampling locations) in Arlequin.     

 
 
4.3. Results 
 
We extracted DNA from 639 antelope faecal samples from the Udzungwa 

Mountains of which all but 10 yielded a sequence that could be assigned to one of 

the five traditionally recognised species. Samples that contained many ambiguous 
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bases were excluded leaving a total of 618 Udzungwa sequence reads for genetic 

analysis plus sequences from other regions (Supp. Table 4.1). 

 
4.3.1. Revised species designations 
 
Three of the five traditionally recognised species found in the Udzungwas have 

been split by Groves and Grubb (2011): P. monticola (into 10 species), N. 

moschatus (3 spp.) and T. scriptus (8 spp.). In all cases the new taxa were assigned 

names previously treated as subspecies or synonyms.  

 

P. monticola has been split into two groups: red-legged (6 spp.) and grey-legged 

blue duikers (4 spp.); Udzungwa populations fall within the latter and are assigned 

to Tanzanian highland blue duiker, P. lugens (Thomas, 1898), together with those 

in the rest of the Eastern Arcs, the Southern Highlands and Kigoma district. N. 

moschatus has been split into two species north of the Zambezi River, the nominate 

moschatus (Von Dueben, 1846) and kirchenpaueri (Pagenstecher, 1885), with a 

third species, livingstonianus (Kirk, 1865), to the south. N. kirchenpaueri is “not 

positively recorded” from the Udzungwas according to Groves and Grubb (2011), 

although given that kirchenpaueri is described from highland areas to the north 

and south we follow Wilson and Mittermeier (2011) in provisionally assigning 

Udzungwa populations to this species rather than moschatus. T. scriptus is split on 

morphological and genetic (Moodley et al. 2009) evidence into two groups: 

harnessed bushbuck “scriptus” (3 spp.) and keeled bushbuck “sylvaticus” (5 spp.). 

Bushbuck from central Tanzania, including the Udzungwas, are assigned to T. 

sylvaticus (Sparrman, 1780). As these species designations are provisional we 

employ inverted commas when referring specifically to populations in the 

Udzungwas. 

 

The two remaining species, C. spadix and C. harveyi, retain their previous mono-

specific status under Groves and Grubb (2011). Strangely, Groves and Grubb 

(2011) describe the southern limit of harveyi as north of the Udzungwas although 

the area is included in the range map of Wilson and Mittermeier (2011) along with 

highlands in Malawi. 
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4.3.2. Distribution 
 
T. ‘sylvaticus’ was only detected on six occasions during our study, three times in 

Ruipa and once in Iwonde, Lumemo, and New Dabaga. C. harveyi was recorded 

from all sampling locations and C. spadix and N. ‘kirchenpaueri’ from all but one 

each. P. ‘lugens’ had the most disparate distribution with no faecal DNA records 

from the central or eastern forests despite sampling effort being greatest in these 

areas (Fig. 4.1a, Table 4.2; see Chapter 2). 
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Figure 4.1a. Forest antelope non-invasive sampling locations in the Udzungwa Mountains, Tanzania. Charts represent the 
proportion of samples assigned to each species (see Table 4.2). See text for taxonomic notes. 
 



 93 

 

 
 
Figure 4.1b. Forest antelope non-invasive sampling locations in the Udzungwa Mountains, Tanzania. Charts represent the 
proportion of major mtDNA control region phylogenetic clades in C. harveyi samples (Fig. 4.2a; N = 334). 
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Table 4.2. Sample size (N), number of mitochondrial control region haplotypes, haplotypic richness and genetic diversity values for 
four species of antelope sampled in twelve locations in the Udzungwa Mountains, Tanzania. Haplotypic richness was rarefied to the 
smallest sample size (min. 5). 
 

 Iw Ki Luh Lum Ma Mw Nd Ne Nya Nyu Ru Uz Total 
C. harveyi              
N 28 2 6 30 12 137 1 21 16 4 47 29 334 
Haplotypes 11 2 4 15 7 29 1 10 9 3 19 7 59 
Haplotypic richness 3.740 - 3.000 3.959 2.999 4.009 - 3.811 3.857 - 4.257 2.827 23.922 
Gene diversity 0.905 1 0.800 0.917 0.773 0.923 0 0.910 0.917 0.833 0.946 0.808 0.953 
Nucleotide diversity 
 

0.038 0.003 0.031 0.039 0.035 0.034 0 0.030 0.041 0.004 0.036 0.030 0.037 

C. spadix              
N 8 1 8 3 1 35 9 2 0 1 2 1 73 
Haplotypes 2 1 3 2 1 4 1 2 - 1 2 1 6 
Haplotypic richness 1 - 2 - - 1.049 0 - - - - NA 4.266 
Gene diversity 0.429 1 0.464 0.667 1 0.266 0 1 - 1 1 1.000 0.381 
Nucleotide diversity 
 

0.010 0 0.010 0.001 0 0.003 0 0.017 - 0 0.017 0.000 0.006 

N. ‘kirchenpaueri’              
N 2 0 26 12 2 30 12 26 17 1 12 17 157 
Haplotypes 2 - 7 6 2 8 5 5 5 1 6 7 28 
Haplotypic richness NA - 3.639 5 - 4.82 4 2.63 3.676 - 5 4.794 16.366 
Gene diversity 1 - 0.649 0.818 1 0.837 0.788 0.582 0.809 1 0.849 0.582 0.922 
Nucleotide diversity 
 

0.044 - 0.025 0.036 0.0178 0.033 0.029 0.010 0.043 0 0.038 0.010 0.039 

P. ‘lugens’              
N 0 0 34 0 0 0 3 2 0 0 0 9 48 
Haplotypes - - 9 - - - 3 2 - - - 3 13 
Haplotypic richness - - 1.594 - - - 2 - - - - 1.226 12 
Gene diversity - - 0.857 - - - 1 1 - - - 0.722 0.905 
Nucleotide diversity 
 

- - 0.019 - - - 0.021 0.032 - - - 0.033 0.026 

Key to forests: Iw = Iwonde, Ki = Kising’a-Rugaro, Luh = Luhomero, Lum = Lumemo, Ma =Mat. west, Mw = Mwanihana, Nd = Ndundulu, Ne = New Dabaga,  
Nya = Nyanganje, Nyu = Nyumbanitu, Ru = Ruipa, Uz = Uzungwa Scarp
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Table 4.3. Sample size, polymorphism, unbiased expected heterozygosity (HE) and allelic richness for two species of antelope 
sampled in nine locations in the Udzungwa Mountains, Tanzania. C. spadix and C. harveyi were genotyped at seven and eight 
microsatellite loci respectively. 
 

 Iwonde Luhomero Lumemo Mat.west Mwanihana New 
Dabaga 

Nyanganje Ruipa Uzungwa 
Scarp 

Total# 

C. harveyi           
N 8 2 20 6 49 10 8 34 12 149 
Polymorphic loci 8 8 8 7 8 8 7 8 8 8 
Unbiased HE 0.627 0.729 0.570 0.663 0.609 0.613 0.614 0.611 0.653 0.635 
Allelic richness 4.875 2.625 6.500 4.375 7.250 5.250 4.500 6.875 4.500 8.375 
Rarefied Allelic 
richness* 

4.05 - 3.82 4.07 3.86 3.97 3.77 3.83 3.6 6.79 
 

Private allelic richness  0 0 0 0 0.13 0 0 0.25 0.13 7.29 
Rarefied Private allelic 
richness* 
 

0.21 - 0.12 0.1 0.12 0.27 0.19 0.09 0.19 5.2 

C. spadix           
N 5 1 0 0 10 1 0 1 1 19 
Polymorphic loci 4 0 -  4 2 - 2 2 5 
Unbiased HE 0.411 - - - 0.503 1 - 1 1 0.431 
Allelic richness 2.750 - - - 2.750 2 - 2 2 4 
Rarefied Allelic 
richness* 

2 - - - 1.87 - - - - 2.81 

Private allelic richness 0.429 0 - - 0 0.143 - 0.143 0 1.14 
Rarefied Private allelic 
richness* 
 

0.57 - - - 0.44 - - - - 1.22 
 

* Allelic richness values calculated with rarefaction to the smallest sample size for locations where N > 5.  
# Total private allele values were calculated with respect to species across seven loci, private and standard allelic richness were rarefied to the smallest 
sample size (17).
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Figure 4.2a. Bayesian consensus phylogeny for Cephalophus harveyi CR haplotypes 
from the Udzungwa Mountains, with representative sequences from other regions 
and species. Node support values are posterior probabilities (black) and bootstrap 
percentages (1000 iterations) from Maximum-Likelihood analysis (red). C. harveyi 
clades are labelled A-C with non-Tanzanian natalensis labelled NAT. Red clades 
represent haplotypes from outside of the Udzungwas. GenBank accession numbers 
and species names are given for published sequences. 
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Figure 4.2b. Bayesian consensus phylogeny for Cephalophus spadix haplotypes 
from the Udzungwa Mountains, with representative sequences from other regions 
and species. Node support values are posterior probabilities (black) and bootstrap 
percentages (1000 iterations) from Maximum-Likelihood analysis (red). Red 
clades represent spadix haplotypes from outside of the Udzungwas. GenBank 
accession numbers and species names are given for published sequences. 
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Figure 4.2c. Bayesian consensus phylogeny for putative Neotragus kirchenpauri CR 
haplotypes from the Udzungwa Mountains, with representative sequences from 
other regions and species. Node support values are posterior probabilities (black) 
and bootstrap percentages (1000 iterations) from Maximum-Likelihood analysis 
(red). Red clades represent suni haplotypes from outside of the Udzungwas. 
GenBank accession numbers and species names are given for published sequences. 
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Figure 4.2d. Bayesian consensus phylogeny for putative Philantomba lugens CR 
haplotypes from the Udzungwa Mountains, with representative sequences from 
other regions and species. Node support values are posterior probabilities (black) 
and bootstrap percentages (1000 iterations) from Maximum-Likelihood analysis 
(red). Red clades represent ‘P. monticola’ haplotypes from outside of the 
Udzungwas. GenBank accession numbers and species names are given for 
published sequences.
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4.3.3. Phylogenetic analysis 
 
A total of 111 control region haplotypes were recovered from Udzungwa faecal 

samples. Sixty of 68 re-extracted samples yielded identical sequences while five 

failed to amplify target DNA on repeat and three samples had different sequences 

due to a mislabelling error that was subsequently corrected (Chapter 2). We did 

not conduct phylogenetic analysis for T. ‘sylvaticus’ as we only recovered 5 

haplotypes and an extensive CR phylogeny for this species group has been 

published previously (Moodley et al. 2009). However, we note that our sequences 

were highly similar to haplotypes from the sylvaticus cluster, as opposed to 

scriptus, in BLAST (NCBI, Bethesda, MD, USA).   

 

In comparison to published multi-locus phylogenies (Johnston and Anthony 2012) 

Bayesian analysis recovered inter-species relationships more accurately than 

Maximum-Likelihood. Therefore, Bayesian trees are presented with bootstrap 

values (BS) for nodes supported by ML. Posterior probability values (PP) below 0.5 

(or bootstraps below 50%) are not shown and some node values near terminal 

ends were omitted for clarity. 

 

Three of the four evolutionary species were potentially monophyletic with respect 

to other sequences (Fig. 4.2b-d). For P. ‘lugens’ and N. ‘kirchenpaueri’ this pattern is 

uncertain as the more strongly supported clades also included sequences from 

elsewhere in Tanzania but because precise localities are unknown these sequences 

could potentially originate from other evolutionary species, i.e. coastal taxa also 

elevated to species by Groves and Grubb (2011). Reciprocal monophyly was 

strongly supported for C. spadix, as was a sister relationship to C. sylvicultor (Fig. 

4.2b). 

 

In contrast, C. harveyi was paraphyletic with respect to C. natalensis. C. harveyi 

haplotypes from the Udzungwas fell into three strongly supported clades (Fig. 4.2a 

clades A-C; PP = 1, BS = 82-98%; Fig. 4.1b), two of which appeared closer to C. 

natalensis than the third although this deeper node was not supported by the ML 

tree. All three clades were recovered from the majority of sampling locations with 

the only exceptions being locations with minimal sampling (Fig. 4.1b; Table 4.2). 

Clade B was monophyletic with respect to sequences outside of the Udzungwas as 



 101

were Udzungwa P. ‘lugens’ haplotypes although with less support (PP = 0.86, BS = 

56%). Uncorrected genetic distances between clades within C. harveyi were 

equivalent to those between C. harveyi clades and C. natalensis (4.5 – 6.3%) but less 

than inter-species values for other red duiker. 

 

The median-joining haplotype networks were largely congruent with tree-based 

analyses although this approach highlights the long branch-lengths typically 

connecting haplotypes from other regions to those in the Udzungwas (Fig. 4.4). 

The one sample from the Selous Game Reserve, to the east of the Udzungwas and 

mapped as part of the range of C. natalensis in East (1999), clustered closely with 

Clade A in both tree and network analyses (Fig. 4.2a and 4.4a). 

 
Microsatellite variation did not partition strongly between mitochondrial clades in 

the Udzungwas for C. harveyi (AMOVA: Among clade variation 0.67%, within clade 

variation 99.33%, global FST = 0.007, P = 0.047) as illustrated by a plot of principal 

components (Fig. 4.3). Therefore, we conclude that these lineages do not fulfil 

Moritz (1994)’s criteria for evolutionary significant units whereby mitochondrial 

monophyletic groups should also exhibit corresponding significant divergence at 

nuclear loci. 
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Figure 4.3. Two dimensional PCA plot of C. harveyi / natalensis microsatellite 
genotypes labelled by phylogenetic clade (Fig. 2a).  
 
 
4.3.4. Genetic diversity and differentiation 

 

All eight microsatellite loci were polymorphic in C. harveyi but only four loci 

showed any variation in C. spadix (BM2113, INRA40, BRRIBO and BM143). There 

were no significant deviations from Hardy-Weinberg or Linkage expectations in C. 

spadix following FDR correction but three loci deviated from HW equilibrium for C. 

harveyi (BRRIBO, BM143 and INRA05). Furthermore, three loci exhibited 

homozygote excess indicating the potential presence of null alleles in C. harveyi 

(BM2113, BRRIBO, BM143) and one locus in C. spadix (BM2113)  

 

Genetic diversity differed markedly between species with the most notable result 

being the low values for C. spadix. mtDNA results for C. spadix were typically less 

than half than those of other species (Table 4.2) and microsatellite heterozygosity 

and allelic richness were much lower than for C. harveyi (Table 4.3). Analysis of 

genetic diversity within sampling locations was confounded by small sample size 

particularly for the more rarely encountered species. However, most locations had 

similar results within species with no obvious outliers (Table 4.2 and 4.3). 
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Figure 4.4a + b. Control region median-joining network for C. harveyi and 
natalensis (a) and C. spadix (b). Yellow nodes indicate haplotypes recovered from 
the Udzungwa Mountains, Tanzania, red nodes indicate haplotypes from elsewhere 
and grey nodes are inferred mutational steps. Long branches are labelled with the 
number of mutational steps. Major clades are labelled as in Fig. 4.2a. Nodes are 
proportional to frequency for C. spadix to illustrate the dominance of one 
haplotype in the Udzungwas (SA18). 
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Figure 4.4c + d. Control region median-joining network for N. moschatus including 
kirchenpaueri (c) and P. monticola including lugens (d). Yellow nodes indicate 
haplotypes recovered from the Udzungwa Mountains, Tanzania, red nodes indicate 
haplotypes from elsewhere and grey nodes are inferred mutational steps. Long 
branches are labelled with the number of mutational steps.
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Table 4.4. Pair-wise mitochondrial control region uncorrected genetic distances between red duiker clades and species. Values 
along the diagonal (in bold) are mean within-clade distances. Within-species clades (A-C; 1-2) are labelled on Fig. 4.2a. Number of 
haplotypes is given in parentheses. 
 

 1 2 3 4 5 6 7 8 9 10 
1 C. harveyi A(9) 
 

0.012          

2 C. harveyi B (25) 
 

0.051 0.017         

3 C. harveyi C (30) 0.063 
 

0.048 0.024        

4 C. natalensis (14) 0.055 
 

0.045 0.056 0.021       

5 C. nigrifrons 1 (2) 0.097 
 

0.088 0.095 0.093 0.000      

6 C. nigrifrons 2 (2) 0.104 
 

0.086 0.100 0.105 0.100 0.000     

7 C. rufilatus 1 (5) 0.080 
 

0.083 0.093 0.079 0.079 0.087 0.011    

8 C. rufilatus 2 (2) 0.127 
 

0.108 0.116 0.118 0.102 0.050 0.099 0.000   

9 C. leucogaster (4) 0.133 
 

0.131 0.150 0.136 0.144 0.127 0.110 0.144 0.022  

10 C. callipygus (6) 0.146 
 

0.154 0.148 0.148 0.145 0.157 0.140 0.173 0.137 0.058 
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Table 4.5. Pair-wise FST values between sampling locations for two species of antelope in the Udzungwa Mountains, Tanzania. 
Values below the diagonal are for mtDNA control region and above for eight microsatellite loci (the latter not used for N. 
‘kirchenpaueri’). 
 
C. harveyi Iwonde Luhomero Lumemo Mat.west Mwani-

hana 
Ndundulu New 

Dabaga 
Nyanganje Ruipa Uzungwa  

Scarp 
Iwonde  - -0.002 0.019 0.024 - 0.099* 0.025 0.003 0.095* 
Luhomero 0.200*  - - - - - - - - 
Lumemo 0.162* -0.007  0.024 0.019* - 0.118* 0.021 0.006 0.095* 
Mat.west 0.126* 0.132 0.099*  0.019 - 0.066* 0.026 0.007 0.099 
Mwanihana 0.160* -0.008 0.000 0.117*  - 0.104* 0.001 0.028* 0.094* 
Ndundulu - - - - -  - - - - 
New Dabaga 0.204* 0.079 0.078* -0.034 0.090* -  0.086* 0.081* 0.065* 
Nyanganje 0.050 0.032 0.007 0.076 0.010 - 0.103*  0.025 0.070* 
Ruipa 0.155* -0.010 0.003 0.121* 0.009 - 0.100* 0.015  0.069* 
Uzungwa Scarp 
 

0.223* 0.125 0.119* -0.012 0.126* - -0.009 0.129* 0.146*  

           
N. 'kirchenpaueri'           
Iwonde           
Luhomero -          
Lumemo - 0.250*         
Mat.west - - -        
Mwanihana - 0.149* 0.253* -       
Ndundulu - 0.274* 0.309* - 0.153*      
New Dabaga - 0.558* 0.576* - 0.459* 0.515*     
Nyanganje - 0.230* 0.049 - 0.073* 0.190* 0.466*    
Ruipa - 0.166* -0.010 - 0.203* 0.249* 0.492* 0.058*   
Uzungwa Scarp 
 

- 0.342* 0.291* - 0.238* 0.328* 0.454* 0.206* 0.245*  

* Significant at α = 0.05 level after correction for False Discovery Rate.  
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Small sample sizes reduced the number of pair-wise FST estimates for C. spadix to 

six (FST = 0 - 0.16 ; P > 0.05) and one for P. ‘lugens’ (Luhomero vs. Uzungwa Scarp, 

FST = 0.37; P < 0.001). Most comparisons were statistically significant for N. 

‘kirchenpaueri’ as were half for C. harveyi (Table 4.5). For microsatellite loci, all but 

two significant comparisons for C. harveyi involved New Dabaga or Uzungwa Scarp 

(Table 4.5), while only one estimate was made for C. spadix (Iwonde and 

Mwanihana; FST = 0.04; P~1). AMOVA results were highly significant for all species 

except C. spadix indicating potential population subdivision (Table 4.6). 

 

There was moderate support for isolation by distance across sampling locations 

for the control region: N. ‘kirchenpaueri’ (r = 0.47; P = 0.04) and C. harveyi (r = 0.25; 

P = 0.08) but a strong signal for microsatellite variation in C. harveyi (r = 0.54; P < 

0.001). 

 
 
Table 4.6. Analyses of molecular variance among and within sampling locations for 
four species of forest antelope in the Udzungwa Mountains, Tanzania. 
 

 Control Region   Microsatellites 
 C. harveyi C. spadix N. ‘kirchenpaueri’ 

 
P. ‘lugens’ C. harveyi C. spadix 

Sampling locations 
 

9 4 8 2 8 2 

Among population 
variation 

8.02 4.92 29.36 36.62 4.26 3.83 

Within population 
variation 

91.98 95.08 70.64 63.38 95.74 96.17 

Global FST 
 

0.08 0.05 0.29 0.37 0.04 0.04 

P * 
 

0.00 0.12 0.00 0.00 0.00 0.17 

* Probability values calculated with 1023 permutations 
 
 
4.4. Discussion 
 
4.4.5. Antelope taxonomy and evolutionary species distribution 
 
As noted by Ntie et al. (2010a) the highly variable control region is potentially not 

well suited to investigating evolutionary relationships above the species level. 

Nevertheless our results are largely consistent with other published phylogenies 

(van Vuuren and Robinson 2001; Hassanin et al. 2012; Johnston and Anthony 

2012) in recovering major monophyletic species groups including the giant 

duikers (C. sylvicultor, spadix and dorsalis), dwarf duikers (P. maxwelli and 
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monticola including lugens), west African red duikers (C. callipygus, ogilbiyi, weynsi 

and niger) and east African red duikers (C. natalensis, harveyi, nigrifrons and 

rufilatus). Placement of C. leucogaster, normally allied to the east African red 

duikers (Johnston and Anthony 2012), was inconsistent in our trees. There was 

also only weak support for S. grimmia being sister to all other duiker species or 

just to Cephalophus (Fig. 4.2a, b, d). In fact, both Hassanin et al. (2012) and 

Johnston and Anthony (2012) place Sylvicapra as sister to the giant duiker clade 

making Cephalophus paraphyletic (Fig. 4.2d). Systematic resolution of this issue 

requires including grimmia in Cephalophus or splitting the genus into at least three 

groups with the name Cephalophura suggested for the red duiker clade by 

Hassanin et al. (2012).   

 

At the species level we have provisionally classified forest antelope in the 

Udzungwas according to the taxonomic revision of Groves and Grubb (2011). 

The name changes for three species reflect the tendency for these authors to split 

geographically widespread morphologically variable taxa. In many cases the 

authors admit that a robust classification still requires more research and this may 

be the case for P. monticola and N. moschatus where populations have been 

separated based largely on pelage characters. Our genetic results are clearly not 

suitable for establishing the phylogenetic status of these putative species although 

they did not contradict our prediction that such taxa would be monophyletic at the 

locus tested. Much more extensive sampling is needed to document morphological 

and genetic variation across the ranges of these new taxa.  

 

The most interesting phylogenetic result was the mitochondrial paraphyly of C. 

harveyi with respect to C. natalensis (Fig. 4.2a). Although this has been reported 

before, based on a small number of sequences including nuclear loci (Ntie et al. 

2010a; Johnston and Anthony 2012), the present study (despite limitations) 

represents the most extensive genetic assessment of these species to date. Several 

authors have treated C. harveyi as a subspecies of C. natalensis (Ellerman et al. 

1953) or interpreted narrow genetic distance as support for this proposition (van 

Vuuren and Robinson 2001; Hassanin et al. 2012). However, differences between 

the two taxa in body size and coat pattern have led other authors and the IUCN 

Antelope Specialist Group to continue to recognise them as separate species 



 109

(Kingdon 1997; East 1999; Groves and Grubb 2011). Kingdon (1982) suggested 

that the two forms hybridise in southern Tanzania but, crucially, we lack samples 

from south and east of the Udzungwas except for the single Selous sample that 

grouped with harveyi clade A (Fig. 4.2a and 4.4a). Given the geographical and 

genetic evidence the situation may be more complicated than a simple choice 

between one or two species or subspecies (see below). 

 

Groves and Grubb (2011) employed a phylogenetic species concept that recognises 

a population, or aggregation of populations, with “fixed heritable differences” from 

all other such groups as a species. This approach is likely to prove controversial, 

particularly with taxonomists who favour the more traditionally applied Biological 

Species Concept. While the debate over species concepts has been discussed 

extensively elsewhere (Wheeler and Meier 2000; Hey 2006; De Queiroz 2007) we 

note here that failure to recognise genuine evolutionary divergence may have 

serious applied consequences in the conservation of species (Groves et al. 2010; 

Manceau et al. 1999) and landscapes (Cotterill 2006).   

 

Our prediction that these evolutionary species of forest antelope would be 

distributed uniformly across the forested Udzungwas was fulfilled for C. harveyi 

and nearly so for N. ‘kirchenpaueri’ and C. spadix which were detected in all but one 

forest each. In the case of N. ‘kirchenpaueri’ this is almost certainly a false absence 

due to under-sampling in Nyumbanitu whereas the genuine absence of C. spadix 

from Nyanganje is possible (Chapter 6). The exception to this pattern is P. ‘lugens’ 

which is almost certainly absent from Mwanihana, contra to reports in Dinesen et 

al. (2001), and probably also from the central Matundu, Iwonde and Nyanganje 

forests. This species not only went unrecorded during this study but also during 

intensive camera-trap surveys of the same areas (Rovero and Marshall 2009). 

There is no obvious explanation for the patchy distribution of this duiker in the 

Udzungwas as the habitat and anthropogenic threats appear similar and blue 

duiker coexist with suni in the western Udzungwas as well as in east African 

coastal forests (Fitzgibbon et al. 1995). Interestingly, there are other forest 

mammals that have highly localised distributions within the Udzungwas e.g. the 

grey-faced elephant shrew Rhyncocyon udzungwensis (Rovero et al. 2008) and 

kipunji monkey Rungwecebus kipunji (Davenport et al. 2008). 
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4.4.6. Intra-specific lineage diversity in antelope 
 
There was little evidence for forest antelope populations in the Udzungwas 

constituting potential evolutionary significant units. Udzungwa haplotypes did not 

form exclusive monophyletic clades, except for P. ‘lugens’ (weak support, Fig. 2d) 

and Clade B in C. harveyi (see below). We interpret this to mean that for the 

majority of species gene flow with other regions is ongoing or if populations are 

now isolated they have yet to undergo complete lineage sorting.  

 

The lineage diversity within C. harveyi is more puzzling. On the one hand, the three 

strongly supported clades within the Udzungwas are as different from one another 

as they are to C. natalensis samples from a wide geographic area and exhibit 

equivalent genetic variation (Table 4.5). On the other, the geographic and nuclear 

genetic data do not indicate any separation of individuals from different clades 

into different populations (or ESUs).   

 

Unexpected diversity in mitochondrial DNA can be caused by a variety of 

processes including inadvertent amplification of mitochondrial pseudo-genes from 

the nuclear genome (Numts), hybridisation with other species or incomplete 

sorting of ancestral lineages. Given the limited nature of our dataset we cannot rule 

out any of these explanations. However, in light of the climatic history of Africa 

(DeMenocal 2004) and the radiation of Cephalophus during the Pleistocene 

(Johnston and Anthony 2012) we speculate that an ancestral red duiker lineage 

may have diverged whilst populations were isolated during arid inter-pluvial 

periods and repeatedly undergone secondary contact in the Udzungwas (and 

elsewhere) when a wetter climate allowed forest refugia to reconnect. This is the 

opposite pattern to that shown by savannah antelope species (Lorenzen et al. 

2012). This secondary contact resulted in inter-breeding populations that show no 

segregation at microsatellite loci but retain the mitochondrial (and perhaps 

nuclear intron) signature of past isolation. This hypothesis requires testing with 

multi-locus data from throughout the range of C. harveyi and related species 

together with coalescent dating of lineage divergence as in Bowie et al. (2006).  
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4.4.7. Genetic diversity and differentiation 
 
Pair-wise comparisons and significant partitioning of molecular variation among 

sampling locations indicates substantial population subdivision in the Udzungwas 

at least for the two most sampled species (Table 4.5 and 4.6). As the majority of 

sampling locations represent discrete forest patches this potential structure could 

be interpreted as reduced gene flow across unsuitable habitat and implicate 

deforestation as a threat to population persistence. Indeed, the majority of 

significant FST values for the C. harveyi microsatellite dataset involved the relatively 

isolated forests of Uzungwa Scarp and New Dabaga, which therefore stand out as 

priorities for conservation attention.  

 

However, we also found a moderate-to-strong effect of isolation by distance which 

may complicate interpretation of spatial genetic structure (Safner et al. 2011). In 

our case, we note that many pair-wise FST values were highly significant over 

relatively short distances and that most comparisons between sampling locations 

within continuous forest were not significant (e.g. Lumemo and Ruipa). Therefore, 

we conclude that there is a likely effect of habitat fragmentation, in addition to 

isolation by distance, operating on forest antelope population structure. 

 

Despite the potential impact of population subdivision we found little evidence for 

negative effects on genetic diversity. Diversity values were generally high and 

microsatellite heterozygosity in C. harveyi was very similar to the mean for healthy 

bovid populations (Garner et al. 2005). The stark exception to this pattern was the 

endangered Tanzanian endemic C. spadix for which we consistently estimated the 

lowest diversity values regardless of sample size or genetic marker (Table 4.2 and 

4.3). Being one of the largest duiker species, C. spadix exists at much lower 

population densities than other species and so may suffer disproportionately from 

threats such as hunting (Chapter 6).   

 
4.4.8. Conservation and management implications 
 
We suggest that the data presented here may be typical of non-invasive genetic 

surveys undertaken over a relatively short period, although few such multi-species 

studies have been published to date. Problems such as small sample size, DNA 

quality and failure of loci to cross-amplify in related species are likely to feature in 
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similar attempts to non-invasively sample ecological guilds at a landscape scale. 

Nevertheless, we have attempted to demonstrate that such surveys can yield 

valuable information that can guide further research and informs conservation 

management. 

 

The recognition of highland populations of suni and blue duiker as separate 

species, the latter endemic to Tanzania, attaches a far greater significance to the 

Udzungwas as a potential stronghold for what could now be considered range-

restricted taxa largely confined to protected areas. The Udzungwas are one of the 

largest remaining areas of forest within either species’ range. This designation did 

not depend on our genetic sampling but is informed by the knowledge that N. 

‘kirchenpaueri’ is found throughout the Udzungwas, whereas P. ‘lugens’ is 

restricted to the western and southern escarpments. Whether these taxa are 

referred to as evolutionary species, subspecies or Evolutionary Significant Units 

may not matter as long as they prove to be individually diagnosable lineages and 

are recognised as such in conservation priority-setting exercises. 

 
In contrast, C. spadix is recognised by all recent authorities as a unique species 

restricted to Tanzanian highlands and highly endangered (Moyer 2003). This study 

provides the first genetic assessment of this species in the Udzungwas (or 

anywhere else) and provides evidence for its continued existence in the majority of 

surveyed forests (Jones and Bowkett 2012). Conservationists are challenged to 

maintain this rare species across remote areas and facilitate maintenance or 

improvement of its genetic variation (Chapter 6).  

 

Given the potentially negative effect of habitat fragmentation on forest antelope 

gene flow, conservation management should aim to maintain connectivity between 

forest patches where it persists and potentially establish wildlife corridors to 

connect outlying areas as has been recommended for Uzungwa Scarp (MTSN 

2007). While this would be very difficult for forests surrounded by agricultural 

land, many central forests are now within the Udzungwa Mountains National Park 

and contiguous Kilombero Nature Reserve. Corridors within these protected areas 

could be established principally by the control of fire and enforcing bans on cutting 

trees and hunting. For forests outside of the core protected area such as New 

Dabaga and Uzungwa Scarp the priority for antelope conservation is to control 
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illegal hunting and halt current population declines (Nielsen 2006b; Rovero et al. 

2010).  

 

4.4.9. Conclusion 

 

Non-invasive genetic sampling is an increasingly important tool for assessing the 

evolutionary and conservation status of rare or elusive species (Zhan et al. 2006; 

Gebremedhin et al. 2009).  This study has used these methods to assess forest 

antelope diversity across the Udzungwa landscape at three levels: the distribution 

of putative evolutionary species, evolutionary lineages within these species and 

genetic divergence between subdivided populations. While expensive and 

technology-intensive, non-invasive genetic sampling provides a method to monitor 

the response of forest antelope populations to conservation efforts in terms of 

abundance, distribution and genetic health. 
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CHAPTER 4: Supplementary table 1. Details of mitochondrial control sequences 
included in this study excluding those derived from faecal samples. 
 
Sample name 
 

Species Geographic origin Provider GenBank 

PhC20 A. melampus  JN632592 
VV14* C. callipygus Republic of the Congo B.J. van Vuuren FJ823338 
VV17* C. callipygus Republic of the Congo B.J. van Vuuren FJ823339 
VV18* C. callipygus Republic of the Congo B.J. van Vuuren FJ823340 
OK23* C. callipygus Okondja, Gabon S. Touladjan FJ823341 
OK27 C. callipygus Okondja, Gabon S. Touladjan FJ823342 
OK18* C. callipygus Okondja, Gabon S. Touladjan FJ823345 
N2274 C. dorsalis Republic of the Congo D. Pires FJ823366 
861ou198 C. dorsalis Dja, Cameroon M. Colyn FJ823376 
AB5 / HD01 C. harveyi Uzungwa Scarp, Udz., 

Tanzania 
F. Rovero AM903088 

AB36 / TIS03 C. harveyi Rubeho Mts., Tanzania F. Rovero AM903089 
AB105 /TIS02 C. harveyi Mwanihana, Udz., Tanzania A.E. Bowkett AM903090 
SUN125 / 
VV125 

C. harveyi Mt. Meru, Tanzania B.J. van Vuuren FJ823316 

SUN117 / 
VV117 

C. harveyi Usambara Mts., Tanzania B.J. van Vuuren FJ823317 

SUN115 / VV15 C. harveyi Mt. Meru, Tanzania B.J. van Vuuren FJ823318 
SUN130 / 
VV130 

C. harveyi Usambara Mts., Tanzania B.J. van Vuuren FJ823319 / 
AM903087 

TIS01 C. harveyi Mwanihana, Udz., Tanzania A.E. Bowkett 
M1 C. harveyi New Dabaga, Udz., Tanzania M.R. Nielsen  
M2 C. harveyi New Dabaga, Udz., Tanzania M.R. Nielsen  
M3 C. harveyi New Dabaga, Udz., Tanzania M.R. Nielsen  
M4 C. harveyi New Dabaga, Udz., Tanzania M.R. Nielsen  
NAT14 C. harveyi? Selous, Tanzania K. Hecker  
VV16* C. leucogaster Republic of the Congo B.J. van Vuuren FJ823334 
N22157* C. leucogaster Republic of the Congo D. Pires FJ823335 
N22151* C. leucogaster Republic of the Congo D. Pires FJ823336 
OK17 C. leucogaster Okondja, Gabon S. Touladjan FJ823337 
VV11 C. leucogaster  Republic of the Congo B.J. van Vuuren FJ823333 
105483 C. maxwelli AMNH FJ823309 
OR587013 C. maxwelli San Diego Zoo FJ823310 
OR837 C. maxwelli San Diego Zoo FJ823311 
E11-9 C. maxwelli  JN632685 
VV124 C. monticola Tanzania B.J. van Vuuren FJ823301 
KB15149 C. monticola Cape Province, S. Africa San Diego Zoo FJ823302 
86307M28 C. monticola Kinsangani, DRC M. Colyn FJ823306 
DIV009 C. monticola Bamenda, Cameroon M. Colyn FJ823307 
R16520 C. monticola Lefini, Republic of the Congo M. Colyn FJ823308 
Cameroon C. monticola Cameroon  JN632686 
AJ235318 C. natalensis E.J.P. Douzery AJ235318 
VV1470 C. natalensis KwaZulu-Natal, S. Africa B.J. van Vuuren FJ823314 
VV1467 C. natalensis KwaZulu-Natal, S. Africa B.J. van Vuuren FJ823315 
NAT01 C. natalensis Zambezi Delta, Mozambique K. Hecker  
NAT02 C. natalensis Zambezi Delta, Mozambique K. Hecker  
NAT03 C. natalensis Zambezi Delta, Mozambique K. Hecker  
NAT04 C. natalensis Lorursberg, South Africa K. Hecker  
NAT05 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT06 C. natalensis KwaZulu-Natal? South Africa K. Hecker  
NAT07 C. natalensis Hluhluwe, South Africa K. Hecker  
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NAT08 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT09 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT10 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT11 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT12 C. natalensis KwaZulu-Natal, South Africa K. Hecker  
NAT13 C. natalensis Zambezi Delta, Mozambique K. Hecker  
OR2758 C. niger Liberia San Diego Zoo FJ823346 
N221004 C. nigrifrons Republic of the Congo D. Pires FJ823327 
VV12 C. nigrifrons Republic of the Congo B.J. van Vuuren FJ823328 
N2293* C. nigrifrons Republic of the Congo D. Pires FJ823329 
VV24* C. nigrifrons Republic of the Congo B.J. van Vuuren FJ823331 
AJuin1995 C. ogilbyi Brazzaville, Republic of the 

Congo 
M. Colyn FJ823360 

GA172 C. ogilbyi Malounga, Gabon M. Colyn FJ823363 
OR2115* C. rufilatus  San Diego Zoo FJ823320 
VV19* C. rufilatus Central African Republic B.J. van Vuuren FJ823321 
VV22 C. rufilatus Central African Republic B.J. van Vuuren FJ823322 
KB11228* C. rufilatus Guinea San Diego Zoo FJ823323 
KB13889* C. rufilatus  San Diego Zoo FJ823324 
KB14034 C. rufilatus  San Diego Zoo FJ823325 
OR3182 C. rufilatus Guinea San Diego Zoo FJ823326 
N22224 C. silvicultor Republic of the Congo D. Pires FJ823353 
OR356 C. silvicultor Liberia San Diego Zoo FJ823354 
VV25 C. silvicultor Republic of the Congo B.J. van Vuuren FJ823355 
OR409 C. silvicultor Liberia San Diego Zoo FJ823356 
N220853 C. silvicultor Republic of the Congo D. Pires FJ823357 
DIE2 C. silvicultor Diecke, Guinea M. Colyn FJ823358 
NIM2 C. silvicultor Mt. Nimba, Guinea M. Colyn FJ823359 
AB6 /TIS08 C. spadix W. Usambaras, Tanzania  J. Beraducci AM903084 
AB37 /TIS07 C. spadix S. Highlands, Tanzania T.R.B. Davenport AM903085 
SUN118 / 
VV118 

C. spadix Kilimanjaro, Tanzania B.J. van Vuuren FJ823348 

SUN122 / 
VV122 

C. spadix Usambara Mts., Tanzania B.J. van Vuuren FJ823349 

SUN121 / 
VV121 

C. spadix Usambara Mts., Tanzania B.J. van Vuuren FJ823350 

SUN120 
/VV120 

C. spadix Usambara Mts., Tanzania B.J. van Vuuren FJ823351 

SUN126 / 
VV126 

C. spadix Usambara Mts., Tanzania  B.J. van Vuuren FJ823352 / 
AM903083 

ROV01 C. spadix Mwanihana, Udz., Tanzania F. Rovero  
ROV02 C. spadix Mwanihana, Udz., Tanzania F. Rovero  
ROV03 C. spadix Mwanihana, Udz., Tanzania F. Rovero  
ROV04 C. spadix Mwanihana, Udz., Tanzania F. Rovero  
TRD01 C. spadix S. Highlands, Tanzania T.R.B. Davenport 
TJ050 C. spadix Luhomero, Udz., Tanzania T. Jones  
AB107 / TIS05 C. spadix  S. Highlands, Tanzania T.R.B. Davenport AM903086 
D456 C. weynsi Rwanda B.J. van Vuuren FJ823385 
CAR86 N. batesi   JN632668 
AJ235323 N. moschatus E.J.P. Douzery AJ235323 
68 N. moschatus Mozambique  FJ985772 
108 N. moschatus Tanzania A.E. Bowkett FJ985773 
SUN N. moschatus  JN632669 
OR1502 S. grimmia  San Diego Zoo FJ823296 
VV26 S. grimmia Central African Republic B.J. van Vuuren FJ823297 

 
* Included in genetic distance matrix (Table 4.4) but not in phylogenetic analysis. 
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Abstract 
 
Fine-scale genetic structure has important implications for population 

management and conservation but has not previously been studied in a duiker 

species. We investigated spatial genetic structure in Harvey’s duiker Cephalophus 

harveyi, a small-bodied antelope dependent on vegetation cover, in the high-

biodiversity fragmented forests of the Udzungwa Mountains, Tanzania. We 

genotyped 141 geo-referenced faecal samples collected over 35 months from 

across the central Udzungwa range at eight microsatellite loci. We found a highly 

significant pattern of isolation by distance across the study area (rxy = 0.189; P < 

0.001) and positive global spatial autocorrelation at distances below 10 km (r = 

0.033; P = 0.001). However, within sampling areas of continuous forest there was 

little evidence for genetic structure, indicating possible local panmixia. There was 

no evidence for temporal structure across the sampling period. Bayesian 

individual-based methods indicated a genetic structure of between two and four 

clusters with a well-supported division between the central forest blocks and two 

outlying forests. Although designated as Forest Reserves, these latter forests are 

outside of the Udzungwa Mountains National Park and Kilombero Nature Reserve, 

and subject to illegal hunting of forest antelope and other species. Although limited 

by sample size, our results indicate that different landscape features, in addition to 

isolation by distance, influence genetic structure in Harvey’s duiker. Quantifying 

the effects of landscape and habitat on gene flow represents a promising area for 

future research. This study suggests that Harvey’s duiker are able to disperse 

through non-forest habitats and therefore will likely benefit from attempts to 

establish wildlife corridors between protected areas in the Udzungwa Mountains. 
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5.1. Introduction 
 
The spatial organisation of related individuals has the potential to reveal much 

about dispersal and gene flow in wild populations. Such fine-scale genetic 

structure has more commonly been studied in plants than animals (Vekemans and 

Hardy 2004) but has important implications for managing wildlife populations. 

Several studies have addressed spatial genetic structure in commercially or 

ecologically important ungulate species in northern temperate regions (Coltman et 

al. 2003; Coulon et al. 2006; Perez-Espona et al. 2008; Robinson et al. 2012). Such 

studies have revealed non-random spatial distribution of individuals with respect 

to genotype and highlight the effect of social organisation and landscape in shaping 

population structure and therefore management strategies (Cullingham et al. 

2011; Vander Wal et al. 2012). 

 
Spatial genetic studies in tropical ungulates have been largely confined to social 

structure in elephant and rhinoceros species (Fernando and Lande 2000; Garnier 

et al. 2001; Archie et al. 2006) despite the equally urgent conservation need for 

information on other species on which to base management decisions (Chapter 1). 

One study has used genetic markers to investigate social organisation in a 

savannah population of bushbuck Tragelaphus scriptus (Apio et al. 2010). Most 

forest-associated antelope species are particularly poorly known in terms of their 

ecology and population dynamics (Plowman 2003). Understanding the fine-scale 

genetic structure of forest antelope populations may allow us to quantify and 

predict the impact of common threats such as hunting and deforestation. The 

fragmentation of formerly continuous habitat has had deleterious population 

effects on a variety of forest species, e.g. Goossens et al. (2006), but has yet to be 

investigated in forest antelope. 

 

The Udzungwa Mountains of south-central Tanzania constitute a heterogeneous 

landscape of discrete forest patches surrounded by a matrix of more arid and open 

habitats. These forests are internationally recognised for their extraordinary 

biodiversity and highly localised endemic species (Burgess et al. 2007; Seki et al. 

2011; Rovero et al. 2008). Harvey’s duiker Cephalophus harveyi, the most 

frequently encountered antelope species in the Udzungwa forests (Rovero and 

Marshall 2009), represents a potential model species for investigating the effects 



 119

of habitat fragmentation as it is found throughout the study area (Chapter 4). This 

small antelope, 13-16 kg (Kingdon 1997), is dependent on vegetative cover for 

food and refuge (Bowkett et al. 2008) but is not restricted to montane forest, being 

also found in adjacent woodland and coastal forests (Rovero and De Luca 2007). 

Therefore, spatial genetic structure in this species is likely to reflect the effects of 

behaviour and landscape rather than specialist habitat requirements.  

 

Traditional equilibrium-based population genetics may reflect evolutionary 

history rather than contemporary dispersal patterns. More recent methods based 

on individual genotypes may have more value to conservation as they can measure 

dispersal directly through the identification of migrants (Rannala and Mountain 

1997) and indirectly through fine-scale genetic structure (Peakall et al. 2003). 

Knowledge of the spatial distribution of individuals increases our statistical power 

to detect genetic structure (Hubisz et al. 2009) and non-invasive sampling of 

faeces or shed hair extends the use of these methods to species that would be 

difficult to sample directly (Kohn and Wayne 1997).  

 

This study employs two individual-based approaches to investigate fine-scale 

genetic structure in Harvey’s duiker across the fragmented forests of the 

Udzungwa Mountains. Firstly, we relate spatial and genetic distances between 

individuals at different scales with spatial autocorrelation and related analyses. 

Secondly, we use Bayesian algorithms, and an alternative based on maximum-

likelihood, to identify clusters of genotypes indicating population subdivision. The 

results of these analyses will be interpreted in the context of habitat fragmentation 

and conservation management of the Udzungwa Mountains. 

 

 
5.2. Methods 
 
5.2.1. Study site and sample collection 
 
Antelope faecal samples were collected from nine locations across the Udzungwa 

Mountains between November 2006 and October 2009 (Chapter 4). Within 

sampling locations fresh samples were collected along transect walks and stored in 

RNAlater (Ambion Ltd, Huntington, UK) until DNA extraction (Chapter 2). Spatial 

coordinates were recorded with a handheld GPS unit (GPSMAP 60Cx, Garmin, 
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Kansas City, USA) with an average estimated position error of less than 10 m. 

Samples were confirmed as C. harveyi by sequencing c.600 bp of the mitochondrial 

control region (Chapter 2, 3 and 4). In order to avoid repeatedly sampling the same 

individual we only collected one sample from clusters of faecal deposits believed to 

have originated from C. harveyi. We also attempted to only collect samples once 

every 100 m along transects, however, this proved difficult as samples were often 

misidentified to species in the field (Bowkett et al. 2009b)(Chapter 3).  

 
5.2.2. Microsatellite genotyping 
 
Dinucleotide microsatellite markers were optimised for C. harveyi from those 

developed for central African duiker species by Ntie et al. (2010c). Markers were 

combined in three pre-PCR multiplexes, one with four loci (MPLX1) and two with 

two loci each (MPLX2A and B; Table 5.2). MPLX2A and B were then combined for 

automated sequencer analysis. PCR conditions and fragment analysis details are 

given in Chapter 2. 

 

To take account of potential genotyping errors when working with faecal DNA we 

took a multiple-tubes approach to scoring microsatellite alleles whereby we only 

accepted heterozygous or homozygous genotypes if scored from three or four 

separate PCR reactions respectively (See Chapter 2). This is a compromise 

between the method of Taberlet et al. (1996) and the less stringent method of 

Frantz et al. (2003). We excluded identical genotypes, including samples that 

differed by only one allele, which we assumed to be derived from the same 

individual. Negative PCR controls were used to detect contamination.  

 

Deviations from Hardy–Weinberg (HW) and linkage equilibria were tested for in 

GENEPOP 4.0.10 (Raymond and Rousett 1995), using the probability test and log 

likelihood ratio options respectively, with 10,000 dememorisation steps and 500 

batches of 10,000 MCMC iterations (Raymond and Rousett 1995). Probability 

thresholds were corrected for multiple tests using the False Discovery Rate (FDR) 

(Verhoeven et al. 2005). The presence of null alleles, stutter and large allelic drop-

out were tested for in MICROCHECKER (Van Oosterhout et al. 2004). Based on 

population-level genetic patterns (Chapter 4) we expected some loci to deviate 

from global equilibria due to Wahlund effects.  
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To determine the power of our markers to discriminate between individuals we 

calculated the unbiased probability of identity (PID) and for siblings (PID-sibs) with 

the global dataset in GIMLET v1.3.3 (Valiere 2002). 

 

Temporal variation in genetic structure was tested for in GenAlEx 6.2 (Peakall and 

Smouse 2006) with an analysis of molecular variation (AMOVA) across years for 

samples collected in Mwanihana (the only location with more than three 

genotypes recovered in more than one particular year). Standard diversity values 

and pair-wise sampling location FST values are given in Chapter 4 (sample sizes for 

some locations are different to those presented here as spatial coordinates were 

not available for all samples). Global FST and FIS values for the whole data-set were 

calculated in SPAGeDi 1.3 with 10,000 permutations of genotypes between and 

within sampling locations respectively (Hardy and Vekemans 2002). 

 
5.2.3. Spatial autocorrelation and isolation by distance 
 
Spatial autocorrelation analysis was carried out in GenAlEx following Peakall et al. 

(2003) and Griffiths et al. (2009). This approach calculates the autocorrelation 

coefficient (r) between matrices of pairwise individual genetic distance (Peakall 

and Smouse 2006) and linear Euclidean distance. Correlograms were then plotted 

for various Euclidean distance classes to determine at what spatial scale 

individuals are distributed non-randomly with regard to their genetic 

relationships. We used variable distance intervals of 0-1 km, 1-5 km, 5-10 km, 10-

20 km, 20-30 km, 30-40 km, 40-50 km, 50-60 km, 60-80 km, 80-100 km and 100-

123 km but also tested various other configurations. We also undertook a multi-

distance class analysis whereby increasing distance classes are cumulatively 

combined to detect the extent to which autocorrelation remains significant across 

the study area. Ninety-five percent confidence intervals were estimated for r using 

999 bootstrap replicates and for the null hypothesis of no spatial genetic structure 

with 999 permutations (Peakall et al. 2003). 

 

For comparative purposes we also undertook Mantel tests of matrix 

correspondence, the most commonly used test for isolation by distance (Mantel 

1967). Mantel tests were executed in GenAlEx using the same pair-wise individual 
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genetic distances as above and the natural log of the geographic distance as 

recommended for two dimensional environments (Slatkin and Maddison 1990)  

 
As an alternative approach to detecting spatial genetic structure we also estimated 

the regression slopes of the relationship between individual relatedness and 

geographic distance in SPAGeDi as determined for social ungulates by Coltman et 

al. (2003) and Frantz et al. (2012). Relatedness was calculated using the kinship 

coefficient of Loiselle et al. (1995). This measure does not require loci to be at HW 

or linkage equilibrium and is robust to the effects of rare alleles (Vekemans and 

Hardy 2004). Pairwise kinship coefficients were calculated relative to the whole 

dataset. Under this scenario, negative coefficient values are possible when 

individuals are less related than random. Kinship and its relationship with the 

natural log of Euclidean distance were estimated both within and among sampling 

locations to test the prediction that duikers would be more related within areas of 

continuous forest. The one-tailed probability of slopes being less than zero was 

calculated using 10,000 permutations of individual locations. This procedure is 

equivalent to a Mantel test (Hardy and Vekemans 2002). 

 

All spatial genetic tests were carried out for the global dataset and also within local 

sampling areas where more than 10 genotypes were recovered. For some analyses 

we combined Ruipa and Lumemo as these locations are within the continuous 

Matundu forest (Fig. 5.7). 

 
5.2.4. Genetic clusters 
 
We used two individual-based Bayesian clustering methods to test for population 

subdivision. These methods use MCMC algorithms to find clusters of genotypes 

that maximize Hardy–Weinberg and linkage equilibrium and display different 

allele frequencies. The two methods were STRUCTURE (Pritchard et al. 2000), a 

widely used programme that often serves as a benchmark in algorithm 

comparisons, and Geneland (Guillot et al. 2005), a programme that uses individual 

spatial coordinates to inform clustering of genotypes and has been shown to 

outperform STRUCTURE in detecting subtle differentiation (Frantz et al. 2012; 

Safner et al. 2011).  
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We ran STRUCTURE with no prior knowledge of sampling location and also with 

each genotype assigned to a sampling location (LOCPRIOR model). The latter 

approach is designed to help infer weak genetic structure without producing 

spurious subdivision results (Hubisz et al. 2009). For both analyses all other 

parameters were identical and consisted of 5 independent runs of K = 1–10 (the 

number of potential subpopulations) with 1 million iterations, a burn-in of 

100,000 iterations, correlated allele frequencies and the admixture model. We 

assessed the value of K based on log-likelihood values and the method of Evanno et 

al. (2005). In cases where we inferred K = 2, we followed a hierarchical approach 

and reanalysed the two data subsets separately using the above parameters 

(Hobbs et al. 2011). 

 

In Geneland we ran the spatial model allowing for correlated allele frequencies, i.e. 

under conditions more sensitive to differentiation (Guillot 2008), and putative null 

alleles (Guillot et al. 2008). We initially ran 10 independent runs of K = 1–10 with 1 

million iterations (thinning every 1000 runs) discarding 10% of iterations as burn-

in. However, the models failed to converge on a single value of K so we repeated 

the analysis with 10 runs of 5 million iterations. We also repeated this longer 

analysis under the uncorrelated model that may be less sensitive to departure 

from model assumptions (GDG 2012). We set uncertainty around the spatial 

coordinates to 0.5 km based on home range sizes in the related C. natalensis 

(Bowland and Perrin 1995). 

 

We also ran a recently published iterative algorithm implemented in FLOCK 

(Duchesne and Turgeon 2012) that allocates genotypes to clusters based on the 

multi-locus maximum-likelihood method of Paetkau et al. (1995). We ran FLOCK 

with default settings, concentrated reference statistics and following the 

recommended ‘stopping’ conditions for when to accept K (Duchesne and Turgeon 

2012). 

 

Significant differences in allele frequencies between identified clusters were tested 

for by calculating FST in Arlequin 3.5.1.2 (Excoffier et al. 2005) and the alternative 

Jost’s D (Jost 2008) in SMOGD (Crawford 2010). The validity of identified clusters 
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was also tested by calculating HW and linkage equilibria independently in 

GENEPOP, as described for the global dataset.  

 

 
5.3. Results 
 
A total of 161 faecal samples yielded microsatellite genotypes with at least seven 

loci meeting our repeat PCR criteria. This represents a 46.7% amplification success 

rate from 345 samples identified as C. harveyi. Sixteen genotypes were excluded as 

they were identical to at least one other sample and were assumed to be from the 

same individual. An additional four genotypes were excluded as they did not have 

spatial coordinates. Therefore, the final dataset included 141 genotypes (Table 5.1) 

six of which had data missing at one locus (Table 5.2). 

 
 
Table 5.1. Number of C. harveyi microsatellite genotypes (N) from nine sampling 
locations in the Udzungwa Mountains together with mean genetic distance 
(Peakall and Smouse 2006), kinship coefficient (Loiselle et al. 1995), mean and 
maximum Euclidean distance (km). 
 
Sampling 
location 
 

N Genetic distance Kinship Distance 
(km) 

Max. distance 
(km) 

Iwonde 
 

8 10.93 0.0142 1.12 2.48 

Luhomero 
 

2 13.00 0.0017 9.95 9.95 

Lumemo 
 

20 9.34 0.0162 1.64 5.17 

Mat. west 
 

6 10.87 -0.0007 2.06 4.22 

Mwanihana 
 

48 11.21 0.0156 3.97 10.96 

New Dabaga 
 

6 12.13 0.1291 2.84 7.19 

Nyanganje 
 

6 11.53 -0.0128 1.00 2.07 

Rupia 
 

34 9.76 0.0127 1.54 4.60 

Uzungwa Scarp 
 

11 11.60 0.1216 2.50 5.25 

ALL 
 

141 11.20 -0.0004 43.7 122.33 

 
 
Four loci did not meet HW expectations at α = 0.05 for the global dataset but two of 

these results (BM143, P = 0.023; and BM1225, P = 0.041) were not statistically 

significant following FDR correction for multiple tests (Critical P value = 0.019; 

Table 5.2). Two pairs of loci were out of linkage equilibrium (INRA40 with 
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BRRIBO, P = 0.028; BM143 with BM1225, P = 0.050) but neither result was 

significant following FDR correction (Pcrit = 0.004). Two loci showed evidence of 

homozygote excess indicating the presence of null alleles (Table 5.2) and for a 

further two loci more than 50% of alleles were in one size class so the probability 

of excess could not be calculated (BM121 and INRA05). There was no evidence for 

scoring errors due to stutter or large allelic drop-out.   

 

The overall PID was < 0.0001 and PID-sibs was 0.002 indicating high statistical power 

to discriminate between individuals. There was no partitioning of genetic variation 

between years (AMOVA, 0% variance among populations, PhiPT = -0.007, P = 

0.68). Global FST was significantly greater than zero (0.035 ± 0.009, P < 0.001) as 

was FIS (0.082 ± 0.022, P < 0.001). 

 
 
Table 5.2. Microsatellite locus details for 141 C. harveyi genotypes from the 
Udzungwa Mountains, Tanzania. MPLX = pre-PCR multiplex, N = number of 
samples, Na = number of alleles, Ho = observed heterozygosity and uHe = unbiased 
heterozygosity.  
 
MPLX and 
locus 

N Na Ho uHe Source 

1. BM2113 141 8 0.723 0.785 Bishop et al. 
(1994) 

1. INRA40 141 12 0.830 0.864 Beja-Pereira 
et al. (2004) 

1. BM1225 141 3 0.255 0.279 Bishop et al. 
(1994) 

1. BRRIBO*# 140 13 0.750 0.863 Bishop et al. 
(1994) 

2A. BM143# 141 13 0.688 0.782 Bishop et al. 
(1994) 

2B. BM121 141 4 0.390 0.480 Bishop et al. 
(1994) 

2B. INRA05* 136 4 0.279 0.377 Bishop et al. 
(1994) 

2A. SR12 141 10 0.603 0.628 Kogi et al. 
(1995) 

Mean 
(± SD) 
 

140.25 
(±0.620) 

8.38 
(±1.499) 

0.565 
(±0.080) 

0.632 
(±0.081) 

 

* Deviated from Hardy-Weinberg equilibrium at α = 0.05 level after correction for False Discovery 
Rate. 
# Homozygosity excess indicates null alleles (P < 0.05) 
 
 
5.3.1. Spatial autocorrelation and isolation by distance 
 
There was significant positive autocorrelation at the shorter distance classes (< 5 

km) with r intercepting the x-axis at 14 km. In larger distance classes there was 
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some oscillation with r positive again between 20 and 40 km (although still within 

the 95% confidence intervals of the null hypothesis) before declining to 

significantly negative by 80 km (Fig. 5.1A). The multi-distance class analysis 

indicated that positive autocorrelation is detectable even when including samples 

up to 80 km apart (Fig. 5.1B). 

 

Within sampling locations the spatial genetic patterns were harder to ascertain. As 

for the global dataset, r was significantly more positive than zero at short distance 

intervals in Mwanihana and Ruipa (< 1 km) but there was large overlap between 

confidence intervals (Fig. 5.2A and B). For Lumemo and Uzungwa Scarp r was non-

significant at all distance intervals indicating no spatial genetic structure (Fig. 5.2C 

and D). 

 

As indicated by the spatial autocorrelation results, there was a significant effect of 

isolation by distance for the global dataset (Table 5.3). The regression slope 

analysis in SPAGeDi also showed a highly significant relationship between distance 

and kinship. Again, the evidence for isolation by distance within sampling locations 

was much weaker than for the global dataset. The Mantel tests and equivalent 

regression slopes were broadly in agreement except for Mwanihana and Ruipa 

(Table 5.3). Mean kinship was higher within than among sampling locations (0.022 

vs. -0.005) and the regression slope less steep (-0.011 vs. -0.015) although 

significantly less than zero for both (P < 0.002). 

 
 
Table 5.3. Isolation by distance in C. harveyi in the Udzungwa Mountains, Tanzania. 
P values are from one-tailed tests of whether observed values are greater or less 
than random (Mantel and regression tests respectively), P < 0.05 in bold. 
 
Dataset Pairs Mantel  Regression  
  Rxy P Slope P 
Global 
 

9870 0.189 0 -0.0084 0 

Mwanihana 
 

1128 0.139 0.022 -0.0061 0.0967 

Ruipa 
 

561 0.095 0.104 -0.0163 0.0038 

Lumemo 
 

190 -0.123 0.142 0.00427 0.6685 

Uzungwa Scarp 
 

55 0.153 0.120 -0.0482 0.0352 

Matundu* 
 

1431 0.007 0.421 -0.0023 0.0699 

* Ruipa and Lumemo combined. 
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Figure 5.1. Global relationship between genetic and geographic distance for C. 
harveyi in the Udzungwa Mountains, Tanzania. A. Correlogram showing the 
autocorrelation coefficient (r) for different distance class sizes. B. The 
autocorrelation coefficient at increasing cumulative distance size classes. 95% 
confidence error bars shown for r. Red dashes are 95% CI about the null 
hypothesis of a random distribution of genotypes.  
 

A 

B 
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Figure 5.2. Local relationships between genetic and geographic distance for C. 
harveyi within sampling locations in the Udzungwa Mountains, Tanzania. 
Correlogram showing the autocorrelation coefficient (r) for different distance class 
sizes in A. Mwanihana, B. Ruipa, C. Lumemo, and D. Uzungwa Scarp. 95% 
confidence error bars shown for r. Red dashes are 95% CI about the null 
hypothesis of a random distribution of genotypes. 
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5.3.2. Genetic clusters 
 
There was no support for subdivision in the standard STRUCTURE model (Fig. 5.3). 

However, spatial clustering methods indicated between two and four genetic 

clusters with both the location prior model in STRUCTURE and the uncorrelated-

alleles model in Geneland identifying two populations (Fig. 5.4 and 5.5). The first 

cluster included all individuals from New Dabaga and Uzungwa Scarp and the 

second consisted of individuals from the rest of the sampling locations in the main 

Udzungwa range. Re-analysis of these subsets in separate STRUCTURE runs, 

following a hierarchical approach, inferred one cluster for New Dabaga / Uzungwa 

Scarp and two for central Udzungwa. However, in the latter case very few 

individuals assigned to a second cluster and none strongly (8 genotypes had a 

membership percentage of 0.51-0.58 in the highest likelihood run). This inferred 

subdivision appeared to be due to admixture in individuals from Mwanihana.  

 

The correlated model in Geneland suggested further division by separating New 

Dabaga and Uzungwa Scarp and splitting the eastern forest blocks (Mwanihana 

and Nyanganje) from the rest of the central Udzungwas (Fig. 5.6 and 5.7). All New 

Dabaga and Uzungwa Scarp individuals were allocated to their respective clusters 

across every independent run. The majority of other genotypes were also assigned 

consistently to the central and eastern forest clusters with the exception of those 

from Mat. west. Individuals from this location formed a fifth cluster in one run but 

in all other cases were allocated between multiple clusters (Fig. 5.7). 

 

Both the initial analyses (1 million iterations) and the longer runs (5 million) were 

equally divided between K = 4 and K = 5. However, the composition of the fifth 

cluster was not consistent between runs often consisting of very few individuals or 

no individuals in two cases, including the run with the highest mean posterior 

probability (Fig. 5.6). Geneland can sometimes output an overall estimate of K that 

is higher than the number of clusters to which individuals have been allocated 

(GDG 2012). These “ghost” clusters (Guillot et al. 2008) can indicate violation of 

modelling assumptions (see below). Given these caveats we took K = 4 to be the 

most robust inference.  
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The maximum-likelihood programme FLOCK ran for the four initial consecutive 

values of K with no plateau and therefore met the stopping rule for ‘undecided’ i.e. 

K = 1 or the number of samples or markers is insufficient to detect structure 

(Duchesne and Turgeon 2012) 

 

To check the validity of inferred genetic clusters it is recommended to test for HW 

and LD equilibria and estimate FST values between clusters (GDG 2012). Therefore, 

we analysed these parameters for K = 2, based on individual allocation by the 

uncorrelated model in Geneland (identical over 10 runs), and K = 4, based on the 

correlated alleles model in Geneland (all individuals were allocated to the same 

clusters in 80% of runs) (Table 5.4 and 5.5). We excluded the Mat. west genotypes 

from both analyses as these six individuals appeared to be admixed and/or 

migrants from other locations.
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Figure 5.3. STRUCTURE analysis with standard model for C. harveyi genotypes from the Udzungwa Mountains (N = 148). 5.3A: Proportion of 
each individual’s genotype allocated to each cluster at K = 4 for comparison between models. 5.3B: Mean log likelihood of the data for 5 runs 
showing that K = 1. Likelihood plot generated in Structure Harvester (Earl and vonHoldt 2011). 
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Figure 5.4. STRUCTURE analysis with location prior model for C. harveyi genotypes from the Udzungwa Mountains (N = 148). A: Proportion of 
each individual’s genotype allocated to each cluster at K = 4 for comparison between models. B: Mean log likelihood of the data for 5 runs 
showing that K = 1. C: Delta K-values for 5 runs showing K = 2. Plots generated in Structure Harvester (Earl and vonHoldt 2011). 
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Figure 5.5. Geneland analysis with uncorrelated alleles spatial model (K = 2) for C. harveyi microsatellite genotypes from the Udzungwa 
Mountains (N = 141). Map shows the posterior mode of population membership for the highest probability model run (black dots are sample 
spatial coordinates).  
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Figure 5.6. Geneland analysis with uncorrelated correlated alleles spatial model (K = 5) for C. harveyi microsatellite genotypes from the 
Udzungwa Mountains (N = 141). Map shows the posterior mode of population membership for the highest probability model run (black dots 
are sample spatial coordinates). Note that the fifth cluster (dark green) has no individuals allocated to it (see main text). 
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Figure 5.7. Map of sampling locations in the Udzungwa Mountains, south-central Tanzania. Colour-coded locations represent C. harveyi 
microsatellite genotypes allocated to genetic clusters by the Geneland correlated alleles model run with the highest mean posterior 
probability (see text and Fig. 5.6). 
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Table 5.4. Genetic diversity and equilibrium values for C. harveyi inferred spatial 
genetic clusters in the Udzungwa Mountains, Tanzania. N = number of samples, Ho 
= observed heterozygosity and uHe = unbiased heterozygosity, HW = loci outside of 
HW equilibrium at P < 0.05, LD = pairs of loci out of linkage equilibrium at P < 0.05. 
 
Cluster N Ho uHe HW LD 
K = 2:      
Main 
 

118 0.5614 0.6156 INRA05 
BRRIBO 
INRA40* 

INRA40/BRRIBO* 
BM1225/INRA05* 
BM2113/BM143* 

New Dabaga / 
Uzungwa Scarp 

17 0.5588 0.6615 BM143 
BM2113* 

- 

K =4:      
Central 
(Luhomero, 
Iwonde, 
Lumemo and 
Ruipa) 

64 0.5925 0.6069 INRA05* BM1225/INRA05* 

Eastern 
(Mwanihana 
and 
Nyanganje) 
 

54 0.5240 0.6110 INRA05 
SR12 
BRRIBO* 

BM1225/INRA05* 
BM2113/INRA05* 

New Dabaga 
 

6 0.5476 0.6926 BM143* - 

Uzungwa Scarp 
 

11 0.6023 0.6607 BM143* - 

* Not significant after FDR correction. 
 
 
All inferred genetic clusters had loci that did not meet HW expections, although at 

K = 4 only the Eastern cluster retained loci out of equilibrium following FDR 

correction for multiple tests. None of the locus pairs were significantly out of 

linkage equilibrium following FDR correction (Table 5.4). There was significant 

genetic differentiation between all clusters inferred at K = 2 (Main vs. New dabaga 

/ Uzungwa Scarp; FST = 0.0668; P < 0.001) and K = 4 (Table 5.5).  

 
 
Table 5.5. Pair-wise FST (below diagonal) and Jost’s D values (above diagonal) 
between inferred spatial genetic clusters (K = 4) for C. harveyi in the Udzungwa 
Mountains, Tanzania. 
 
 Central Eastern New Dabaga Uzungwa Scarp 
Central - 0.0275 

 
0.0378 

 
0.1160 

 
Eastern 0.0218  

P < 0.001 
- 0.1327 

 
0.1122 

 
New Dabaga 0.0878 

P < 0.001 
0.0965 

P < 0.001 
- 0.0603 

 
Uzungwa Scarp 0.0783 

P < 0.001 
0.0894 

P < 0.001 
0.0610 

P = 0.025 
 

- 
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5.4. Discussion 
 
5.4.1. Patterns and processes in Harvey’s duiker genetic structure 
 
Our results strongly indicate that genetic structure is not random in C. harveyi 

across the Udzungwa Mountains. At the scale of the entire study area there was a 

strong pattern of isolation by distance associated with positive spatial 

autocorrelation at short distance intervals (< 10 km) and indicative of restricted 

dispersal in this species (Peakall et al. 2003). At the local scale, within sampling 

areas, there was little evidence for genetic structure. This may be because 

sampling locations were discrete forest patches within which dispersal is not 

limited. However, this explanation contradicts the positive autocorrelation in the 

global dataset, which was most significant at the shortest distance intervals (< 1 

km), and therefore within forest patches. It is possible that genetic structure could 

not be detected within sampling locations due to limited statistical power as 

indicated by the significant Mantel test for Mwanihana (the largest sample size; 

Table 5.3) and positive autocorrelation at very short distances in Mwanihana and 

Ruipa (Fig. 5.2A and B). 

 

Social organisation in small antelope is often assumed to take the form of 

monogamous pairs, or territorial males and transient females, that defend 

temporarily stable home-ranges (Jarman 1974). However, Bowland and Perrin 

(1995) found that radio-collared Natal red duiker C. natalensis showed no sign of 

territoriality with extensive overlap in home range even between males. A more 

flexible social structure may allow individuals to tolerate mature offspring in their 

home-ranges or adjacent areas. For example, bushbuck females share home-ranges 

with relatives (Apio et al. 2010) but males maintain exclusive zones within larger 

areas (Wronski 2005). Similarly, white-tailed deer Odocoileus virginianus form 

matrilineal social groups whereby daughters establish home-ranges that overlap 

those of their mothers, leading to highly positive spatial genetic autocorrelation 

(Cullingham et al. 2011), but see Comer et al. (2005). Although we did not set out 

to investigate social organisation in duikers specifically, one limitation of the 

current study is that the gender of genotyped individuals is unknown and so we 

cannot infer what role sex-biased dispersal has on the observed spatial genetic 

patterns. 
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We also found evidence for at least two genetically differentiated spatial clusters of 

individuals (Fig. 5.4 - 5.7). The biological significance of these clusters is difficult to 

interpret given the potential confounding effects of isolation by distance and the 

characteristics of our microsatellite data (e.g. putative null alleles and small sample 

sizes). Various studies have found that clustering algorithms can falsely detect 

spurious clusters when isolation by distance is strong (Frantz et al. 2009; Safner et 

al. 2011). Moreover, the presence of null alleles in a dataset (Table 5.1 and 5.4) can 

also lead to over-estimation of K because excess homozygosity disrupts the HW 

and linkage equilibria which clustering algorithms use to differentiate populations 

(Guillot et al. 2008). Null alleles are primarily caused by mutations in the 

microsatellite flanking regions (Chapuis and Estoup 2007), a distinct possibility in 

this study as our primers were originally designed in other species (Ntie et al. 

2010c). Null alleles may be responsible for the occasional inference of spurious 

populations (that contained no or very few individuals) by the correlated alleles 

model in Geneland despite use of the algorithm to reduce their effect (Guillot et al. 

2008). 

 

Despite these caveats, the genetic clusters identified by this study are biologically 

plausible as they relate to the landscape of the study area (i.e. are not randomly 

distributed, Fig. 5.7), are broadly consistent across different statistical approaches 

and independent model runs (particularly the division between New Dabaga / 

Uzungwa Scarp and the rest of the Udzungwas) and show significant pairwise 

genetic differentiation (Table 5.5). The latter argument is open to interpretation as 

null alleles can also artificially inflate FST estimates (Chapuis and Estoup 2007), 

however, we also found significant differentiation between sampling locations 

with an independent mitochondrial marker (Chapter 4).     

 
5.4.2. Habitat fragmentation and conservation 
 
If we accept that the spatial genetic patterns observed here are not due to 

statistical artefact (despite some potential bias), what implications are there for 

the conservation of forest antelope species in the Udzungwas? 
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Diniz-Filho and De Campos Telles (2002) suggested that spatial autocorrelation 

analysis could be valuable in the conservation of continuous populations. The 

global spatial correlogram in this study most closely resembles the profile of a 

long-distance cline [Fig. 1 in Diniz-Filho and De Campos Telles (2002)]. This would 

indicate that conserving populations at geographical extremes would conserve 

most of the species’ genetic diversity. However, the slight oscillation at middle 

distance intervals, and the genetic clustering results, may reflect a stabilising 

profile (genetic patches) whereby conserving populations at the extremes of the 

range does not necessarily ensure that the most divergent populations are 

preserved. In either case, the intercept of the x-axis is proposed as a useful 

measurement for defining the minimum distance at which genetic diversity should 

be conserved or sampled with maximum efficiency (Diniz-Filho and De Campos 

Telles 2002). For C. harveyi in the Udzungwas that intercept is approximately 14 

km. While this measure is potentially confounded as a conservation tool in a 

complex two dimensional landscape like the Udzungwas it may represent a useful 

guide to sampling for genetic monitoring or future research (see below).  

 

The genetic clusters identified here are not entirely unexpected given prior 

knowledge of the landscape. The western forests of New Dabaga and Uzungwa 

Scarp are not only geographically distant from the central Udzungwa range but are 

also to some extent isolated. New Dabaga is surrounded by farmland and open 

grassland (Marshall et al. 2010), whereas Uzungwa Scarp is only connected to the 

western Matundu forest, and the rest of the Kilombero Nature Reserve, by a 

partially wooded corridor of 2.1 – 6.8 km width (MTSN 2007). Forest antelope in 

both these forests are threatened by illegal hunting (Nielsen 2006b; Rovero et al. 

2010). In contrast, genotypes from distant sampling locations within continuous 

forest, such as Ruipa and Lumemo, are consistently allocated to the same cluster 

(Fig. 5.7). 

 

These patterns of genetic clustering are not necessarily consistent with forest 

fragmentation. For example, individuals from Mwanihana and Nyanganje form one 

cluster despite the gap in forest canopy between the two areas (Fig. 5.7) and the 

similar Euclidian distance between Nyanganje and Iwonde which does not form 

part of the same cluster (when K = 4). C. harveyi are found in miombo woodland 
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and dry coastal thickets as well as true forest (Rovero and De Luca 2007) and may 

be resident in small patches of woodland or riverine vegetation that connect the 

areas sampled in this study. Alternatively, duikers may be capable of occasional 

long distance dispersal through natural habitat despite our evidence for spatial 

autocorrelation at short distances.  

 

Other environmental features that can constitute less permeable barriers to gene 

flow include roads and rivers (Balkenhol and Waits 2009; Frantz et al. 2012; 

Robinson et al. 2012; Jalil et al. 2008). While there are no major roads crossing the 

Udzungwa Mountains, there are numerous rivers that could potentially affect 

forest antelope genetic structure (Fig. 5.7). The Mngeta River separates Uzungwa 

Scarp from Matundu forest while the Lumemo River separates Matundu from 

Nyangange and Mwanihana. This observation presents a promising hypothesis 

that awaits rigorous testing with paired sampling sites and more detailed mapping 

of river features. Indeed, quantitative mapping of various environmental data 

including topography, human activity and habitat, as well as potential barriers, 

would enable us to parameterise resistance surfaces (Spear et al. 2010; Garroway 

et al. 2011) and test multiple hypotheses within the framework of landscape 

genetics (Cushman et al. 2006; Zhu et al. 2011). 

 

Wildlife corridors have been recommended to restore connectivity between 

protected areas within the Udzungwa Mountains and with adjacent ecosystems 

(MTSN 2007; Jones et al. 2007). Recently, an initiative to establish the Mngeta 

corridor between Uzungwa Scarp Forest Reserve and Kilombero Nature Reserve 

has received international funding (Sumbi and Rusengula 2012). Our results 

suggest that these corridors do not need to be closed-canopy forest to allow gene 

flow in C. harveyi, as more open habitats do not necessarily constitute absolute 

barriers. However, other factors not measured during this study, principally 

hunting (Nielsen 2011), are also likely to impact on the efficacy of corridors in 

facilitating duiker dispersal. 

 

This study is the first to investigate spatial genetic structure in a forest antelope 

species. The significant structure in C. harveyi across the Udzungwas appears to be 

linked to social organisation at the local scale and potentially also to landscape 
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features such as habitat and rivers. Our results also highlight the need to conserve 

the threatened populations in the outlying Uzungwa Scarp and New Dabaga forests 

as they represent the most genetically divergent subgroups within the Udzungwas 

Mountains and therefore potential conservation management units (Palsboll et al. 

2007). Landscape-scale genetic studies of other forest antelopes are highly 

recommended to provide valuable information, as demonstrated for ungulate 

species elsewhere (Cullingham et al. 2011; Vander Wal et al. 2012), for managing 

some of the most heavily harvested and ecologically important wildlife in Africa. 
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Supplementary Figures 5.1 and 5.2. Geneland analysis with correlated spatial 
model for C. harveyi microsatellite genotypes from the Udzungwa Mountains (N = 
141). Maps show the posterior mode of population membership for the model run 
indicated (black dots are sample spatial coordinates). The highest probability 
model is shown in Fig 5.6. 
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Supplementary Figure 5.3 and 5.4. Geneland analysis with correlated spatial model 
for C. harveyi microsatellite genotypes from the Udzungwa Mountains (N = 141). 
Maps show the posterior mode of population membership for the model run 
indicated (black dots are sample spatial coordinates). The highest probability 
model is shown in Fig. 5.6. 
  

S3. Correlated spatial model. 4th ranked model.
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CHAPTER 6. 
 

DISTRIBUTION AND GENETIC DIVERSITY OF THE 

ENDANGERED ABBOTT’S DUIKER CEPHALOPHUS SPADIX 
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Abstract 

 
Abbott’s duiker, Cephalophus spadix, is a forest antelope endemic to a very few 

highland forests in Tanzania. Apparently extinct over much of its historical range, 

the species is listed as Endangered by the IUCN based on its rarity and its likely 

current distribution in only five isolated upland areas: Kilimanjaro, Southern 

Highlands, West Usambara, Rubeho and Udzungwa Mountains. In contrast to the 

situation in the rest of its range, Abbott’s duiker is relatively well documented and 

locally abundant in parts of the Udzungwa Mountains, which may therefore be the 

only stronghold for the species. We review the distribution of Abbott’s duiker 

within the Udzungwa Mountains and present new information based on the non-

invasive genetic identification of dung piles collected from the majority of forest 

blocks between 2006 and 2010 (73 confirmed dung samples). Our results include 

new records from outlying forest blocks where the presence of Abbott’s duiker 

was previously unknown. Moreover, we present the first population-level analysis 

of genetic structure and diversity in this endangered species based on nuclear 

microsatellites and mitochondrial sequence data. While these genetic results 

should be considered preliminary due to small sample sizes, they indicate 

differentiation from other Abbott’s duiker populations as well as low genetic 

diversity relative to sympatric antelope species. Finally, we discuss threats to 

Abbott’s duiker, and other antelope populations, in the context of our results and 

identify broad trends within the differently managed Udzungwa Mountain forests 

that suggest potentially successful conservation strategies for this neglected 

species.    
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6.1. Introduction 
 
The highland forests of Tanzania are amongst the most important areas in the 

world for biodiversity conservation due to the exceptional density of threatened 

and endemic species found there (Burgess et al. 2007). These forests are also of 

great value to the people of Tanzania through their provision of ecosystem services 

such as watershed protection and carbon sequestration (Burgess et al. 2009). The 

endemic species of Tanzania’s highlands are valuable indicators of the health of 

these important ecosystems. 

 

One of the most threatened highland endemic species of Tanzania is Abbott’s 

duiker, Cephalophus spadix, a forest antelope found in only a few upland areas. This 

duiker species is notable for its head crest of pink or red hair and its large body 

size (Kingdon 1997). Despite these characteristics it is very rarely seen due to its 

secretive behaviour (often crepuscular or nocturnal), densely vegetated habitats 

and naturally low population density. The species is threatened by habitat loss, due 

to agricultural encroachment and selective logging, and hunting, particularly with 

snares, ongoing in many areas (Moyer et al. 2008). 

 

Not much is known about the historical distribution of Abbott’s duiker, but the 

species has long gone unrecorded in many sites where it was formerly known 

including the Uluguru and East Usambara Mountains, the Gregory Rift forests, and 

the Poroto Mountains and Njombe escarpment in southern Tanzania (Moyer 

2003). This apparent decline resulted in the species’ IUCN Red List status being 

changed from Vulnerable to Endangered in 2008 (Moyer et al. 2008). This 

assessment considered Abbott’s duiker to survive in just four isolated mountain 

ranges (Fig. 6.1): Kilimanjaro, Udzungwa, West Usambara and Southern Highlands 

(Mount Rungwe and Livingstone forest). A small isolated population had also been 

discovered in the southern Rubeho Mountains in 2006. No information on 

abundance was available from Kilimanjaro or West Usambara, and the species was 

considered very rare in the Southern Highlands (Machaga and Davenport 2009), 

leaving the Udzungwa Mountains as the only known stronghold for the species.      

 

The Udzungwa Mountains in south-central Tanzania are the southernmost and 

largest block of the Eastern Arc Mountains (Fig. 6.2). Many of the area’s forests are 
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protected by the Udzungwa Mountains National Park, and the more recently 

gazetted Kilombero Nature Reserve, although other forests are less well protected 

and threatened by illegal activities, e.g. Rovero et al. (2010). This variation in 

protected status was reflected in the Red List’s assessment of Abbott’s duiker 

within the Udzungwas with the species listed as “locally common” in Mwanihana, 

Luhomero and Ukami (the latter only 7 km2) and “rare” or “scarce” in Matundu, 

Nyumbanitu and Uzungwa Scarp (Moyer et al. 2008). The status of Abbott’s duiker 

in several other forests was unknown. 

 

Knowledge of the status of Abbott’s duiker in the Udzungwas has increased greatly 

since the last Red List assessment due to extensive survey work and the use of 

remotely triggered camera-traps (Rovero et al. 2005) and non-invasive genetics 

(Bowkett et al. 2009a; Bowkett et al. 2009b). These techniques not only provide 

more reliable survey methods than traditionally available but also a wealth of 

further information on abundance (Rovero and Marshall 2009), habitat-use 

(Bowkett et al. 2008), and, in the case of genetic analysis, population structure and 

genetic health (Beja-Pereira et al. 2009). Here we present results from recent 

surveys for Abbott’s duiker, including all major forest blocks in the Udzungwa 

Mountains, and an exploratory analysis of genetic information recovered from 

dung samples collected during this work.  

 
 
6.2. Materials and methods 
 
We surveyed 24 sites within 10 forests throughout the Udzungwas between 2006 

and 2010 (Fig. 6.2; Table 6.1). Within each forest we walked reconnaissance 

transects in a triangular configuration (typically 3 km per day) using hip-chains to 

record distance. Suspected Abbott’s duiker dung piles, encountered along transects 

or elsewhere, were recorded and collected for genetic analysis (unless desiccated). 

We also employed camera-traps in many forests both specifically to detect 

Abbott’s duiker and as part of other research programmes, e.g. Bowkett et al. 

(2008) and Rovero and Marshall (2009). 
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[This image has been removed by the author of this thesis for copyright reasons] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Global distribution of the endangered Abbott’s duiker (red hatching). 
Highland areas referred to in the text are italicized. Modified from IUCN (2012). 
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Figure 6.2. Map of the Udzungwa Mountains, Tanzania, showing recorded presence of Abbott’s duiker (red circles are precise, and red 
triangles approximate, dung sample locations) See Table 6.1 for more details. Outlined shapes represent closed- and open-canopy forest were 
identified from satellite imagery by Marshall et al. (2010).  
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Dung pellets were processed, and genetic markers analysed, as described in 

Chapter 2. In brief, to verify species identity and sample mitochondrial DNA 

(mtDNA) variation, we targeted a ~600 bp fragment of the left-hand domain of the 

mtDNA control region using a combination of various primers and PCR conditions, 

see Ntie et al. (2010a) for details. To sample nuclear DNA variation we used seven 

microsatellite markers in two pre-PCR multiplexes: MPLX1 = INRA40 (Beja-Pereira 

et al. 2004), BM1225, BM2113 and BRRIBO (Bishop et al. 1994), and MPLX2 = 

BM143 (Bishop et al. 1994), INRA05 (Vaiman et al. 1994) and SR12 [Ntie et al. 

(2010c) modified from Kogi et al. (1995)]. PCR products were processed on a 

Beckman Coulter capillary sequencer and scored using CEQ 8800 software 

(Beckman Coulter, Fullerton, CA, USA).  

 

Sequence data were aligned using MUSCLE (Edgar 2004) and checked in SEAVIEW 

(Gouy et al. 2010). Species identity was established by visual inspection of aligned 

sequences and confirmed using the BLAST programme (NCBI, Bethesda, MD, USA). 

We undertook a Bayesian phylogenetic analysis of recovered haplotypes in 

MrBayes 3.2 (Huelsenbeck and Ronquist 2001) as detailed in Chapter 4. The tree 

was rooted for display with two sequences for bay duiker, C. dorsalis, a 

monophyletic sister group to Abbott’s duiker, reflecting published duiker 

phylogenies (van Vuuren and Robinson 2001; Ntie et al. 2010a). The Bayesian 

analysis included all haplotypes recovered from dung and tissue samples in the 

Udzungwas (Table 6.1) and the Southern Highlands (S. Machaga & T. Davenport, 

Wildlife Conservation Society), plus all published control region sequences for 

Abbott’s duiker and its sister species, the yellow-backed duiker, C. sylvicultor. We 

conducted an AMOVA to test for partitioning of genetic variation between the 

Udzungwas and Southern Highlands in Arlequin 3.5.1.2 (Excoffier et al. 2005). 

 

For microsatellite loci, we scored each allele at least four times from separate PCRs 

to avoid the problems associated with reproducing consistent profiles from faecal 

DNA; this multiple-tubes approach is generally regarded as standard when 

working with faecal DNA, see Taberlet et al. (1999). We constructed a neighbour-

joining tree using DAS shared allele distance (Chakraborty and Jin 1993) in the 

program POPULATIONS (Langella 1999) including all available genotypes from the 

Udzungwas and Southern Highlands. We were also able to genotype five Northern 
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Highlands samples (Kilimanjaro SUN118 and Usambara SUN115 – 122) from the 

tissue collection at the University of Stellenbosch, South Africa (van Vuuren and 

Robinson 2001). Microsatellite data variation was also explored using a principal 

components analysis in GenAlEx 6 (Peakall and Smouse 2006). Standard genetic 

diversity values for both data sets, and deviations from Hardy–Weinberg and 

linkage equilibria in the microsatellite data, were tested for using Arlequin and in 

GENEPOP 4.0.10 (Raymond and Rousett 1995) with False Discovery Rate 

correction (Verhoeven et al. 2005). Null alleles were tested for with the program 

MICROCHECKER (Van Oosterhout et al. 2004). 

 
Comparative data for sympatric populations of Harvey’s duiker C. harveyi, blue 

duiker P. monticola and suni N. moschatus were extracted from Chapter 4. To 

control for differences in sample size, we used rarefaction for microsatellite allelic 

richness in the program HP-Rare (Kalinowski 2005) and for control region 

haplotypic richness in CONTRIB (Petit et al. 1998).  

 
 
6.3. Results 
 
We confirmed a total of 73 antelope dung samples from eight different forests as 

Abbott’s duiker (Table 6.1). Many samples identified as Abbott’s duiker in the field 

were in fact Harvey’s duiker or bushbuck, Tragelaphus scriptus (species complex), 

and so were excluded from this study. In addition, we obtained camera-trap 

records from six forests in the Udzungwa Mountains (Supp. Figure 6.1 and 6.2), 

including Ukami for which we were unable to collect dung samples. 

 

While we included 14 control region haplotypes in our phylogenetic analysis, only 

six were recovered from the Udzungwas and the vast majority of samples shared 

one particular haplotype (Table 6.2). Almost all Udzungwa haplotypes were unique 

to the region (Table 6.2). As anticipated, there was strong bootstrap support for 

the monophyly of Abbott’s duiker with respect to its sister species (Fig. 6.3). The 

microsatellite phylogenetic tree showed differentiation between regions, with a 

distinct Southern Highlands clade (Fig. 6.4).  

 

Nineteen microsatellite genotypes from Udzungwa samples were included in our 

analysis of genetic diversity for this region (Table 6.3). Two samples had missing 
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values at one locus. Identical genotypes were excluded to avoid including multiple 

samples from the same individual (one case in the Udzungwas, one in the Southern 

Highlands). Data for locus BM2113 failed to meet Hardy-Weinberg expectations (P 

= 0.016), although this was not significant after FDR correction, and also showed 

evidence for potential null alleles (P < 0.025). There was no evidence for significant 

linkage disequilibrium within the data set. Loci BM1225 and SR12 were 

monomorphic within the Udzungwas, although not in other regions. Overall 

heterozygosity values were much lower than for sympatric Harvey’s duiker 

genotyped with the same loci (Table 6.3).  

 

Control region variation was heavily partitioned between regions (AMOVA: Among 

region variation 56.4%, within region variation 43.6%, global FST = 0.56, P < 

0.001). 

 
 
Table 6.1.  Forest characteristics and Abbott’s duiker survey results for the ten 
forest blocks studied in the Udzungwa Mountains, Tanzania.  CT = camera-trap; S = 
sightings.  
 
Forest Size 

(km2) 
Elevation 
(m) 

Walked 
transects (km) 

Faecal 
DNA 
records 

Other 
records 

Matundu 
 

526 279-1,046 40 6 CT, 

Uzungwa Scarp 
 

314 290–2,144 25 1 S* 

Luhombero- 
Ndundulu 
 

231 1105–2,520 76 17 CT, S 

Mwanihana 
 

151 351–2,263 68 33 CT, S 

Kising’a-Rugaro 
 

116 1,627–2,322 30 1 - 

Nyumbanitu 
 

57 1,074–2,322 27 2 CT 

Nyanganje 
 

42 350–1,038 23 0 - 

New Dabaga -
Ulang’ambi 
 

40 1,764–2,081 21 4 - 

Ukami 
 

7 902–1,651 10 NA** CT 

Iwonde 
 

5 980-1,472 9 9 CT 

* Sighting by Arafat Mtui, 25th March 2005. 
** Dung samples were not collected from Ukami. 
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Figure 6.3.  mtDNA control region Bayesian consensus phylogeny for C. spadix from 
the Udzungwa Mountains (~600 bp). Node values are posterior probability (values 
below 0.5 not shown, results shown as polytomy). Haplotypes from the Udzungwas 
are labelled in blue, Southern Highlands in green and Northern Highlands in red.    
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Figure 6.4. Neighbour-joining dendrogram based on DAS distances (Chakraborty 
and Jin 1993) using genotype data from seven microsatellite loci for Abbott’s 
duiker. Bootstrap values are the result of 1000 pseudo-replicates (values < 10% 
not shown). Genotypes from the Udzungwas are in blue, Southern Highlands 
(TIS04 – 7, TRD01, WCS07) in green and Northern Highlands in red (TIS08, 
SUN115 – 122).  
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Figure 6.5. Two-dimensional PCA plot of Abbott’s duiker microsatellite genotypes 
labelled by geographical regions in Tanzania. NORTH = Northern Highlands 
(Usambaras and Kilimanjaro), SH = Southern Highlands, Udz = Udzungwa 
Mountains. 
 
 
Table 6.2. Frequency of Abbott’s duiker mtDNA control region haplotypes 
recovered from the Udzungwa Mountains, together with available data from other 
regions.  MA = Matundu, LU = Luhomero-Ndundulu, UZ = Uzungwa Scarp, MW = 
Mwanihana, KR = Kising’a-Rugaro, NY = Nyumbanitu, ND = New Dabaga-
Ulang’ambi, I = Iwonde.  
 
Haplotype Udzungwa Southern 

Highlands 
Northern 
Highlands 

Udzungwa forests 

AM903084 0 0 2*  
SA18 57 0 0 MA, LU, MW, NY, ND, I 
AB004 7 0 0 MA, UZ, MW, ND  
AB035 3 0 0 MA, MW 
AM903086 0 6 0  
WCS07 0 2 0  
WCSB465 0 2 0  
AM903085 0 2 0  
TJ005 1 0 0 KR 
TJ050 4 0 0 LU, MW, I 
AM080 1 0 0 LU 
AM903083 0 0 2  
FJ823349 0 0 2  
FJ823348 0 0 1  
 * Also Ilole forest, Rubeho Mountains (x 1). 
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Table 6.3. Number of alleles (Na), observed (HO) and unbiased expected (uHE) 
heterozygosities for seven microsatellite loci in Abbott’s duiker (n = 19) and 
Harvey’s duiker (n = 149) within the Udzungwa Mountains.  
 
Locus Na Ho uHe 
 C. spadix C. harveyi C. spadix C. harveyi C. spadix C. harveyi 
BM2113 5 8 0.47 0.71 0.72 0.78 
INRA40 4 12 0.37 0.83 0.47 0.86 
BM1225 1 3 - 0.27 - 0.30 
BRRIBO 4 13 0.58 0.75 0.63 0.87 
BM143 3 13 0.32 0.69 0.28 0.78 
INRA05 2 4 0.06 0.27 0.06 0.36 
SR12 1 10 - 0.61 - 0.64 
Mean 
(Rarefied*) 
 

2.86 
(2.81) 

9 
(6.79) 

0.26 0.59 0.31 0.66 

* Mean number of alleles (allelic richness) rarefied to the smallest number of complete genotypes 
(17). 
 
 
Table 6.4. Mitochondrial control region diversity in four species of forest antelope 
in the Udzungwa Mountains, Tanzania.  See Chapter 4 for sampling and analysis 
details. 
 
 Suni Blue duiker Harvey’s 

duiker 
Abbott’s duiker 

Sequences 
 

157 48 334 73 

Haplotypes 
 

28 13 59 6 

Haplotypic 
richness* 

16.37 12 23.92 4.27 

Polymorphic sites 
 

81 61 131 27 

Gene diversity 
 

0.922 0.905 0.953 0.381 

Nucleotide 
diversity 

0.039 0.026 0.037 0.006 

* Haplotype number rarefied to the smallest sample size (48). 
 
 
6.4. Discussion 
 
As an endangered species found only in Tanzania our results for Abbott’s duiker in 

the Udzungwa Mountains have global conservation significance. These surveys 

have confirmed the presence of Abbott’s duiker in nine forests in the Udzungwa 

Mountains, including three areas lacking molecular or camera-trap records prior to 

this study (Jones and Bowkett 2012). While the species was already known from 

New Dabaga-Ulang’ambi (Nielsen 2006b), we provide the first records from 

Iwonde, a small forest patch within the National Park, and Kising’a-Rugaro, a much 

larger outlying forest that has been heavily hunted and logged [Marshall et al. 

(2010); TJ unpubl. data]. 
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Almost all the recovered control region haplotypes were unique to individual 

regions (Table 6.2) but several were too similar to be resolved by our phylogenetic 

analysis and many clades with strong bootstrap support contained sequences from 

more than one region (Fig. 6.3). This preliminary analysis therefore provides little 

evidence for geographic structuring of mitochondrial lineages. One possible 

explanation for this is incomplete lineage sorting, whereby haplotypes may have 

undergone small sequence changes but there has not been sufficient time for 

groups of related haplotypes to become fixed in particular areas (Maddison and 

Knowles 2006).  

 

In contrast, our microsatellite analysis appears to differentiate genotypes from the 

three sampled regions (Fig. 6.3). This result may reflect the more rapid evolution 

of microsatellite markers compared to mitochondrial DNA but caution should be 

taken in interpreting this preliminary analysis given the restricted sample sizes 

and marker limitations (see Results). Furthermore, bootstrap support was 

generally low for the main clades (Fig. 6.3), although this may reflect the limited 

information available for reconstructing evolutionary relationships from such a 

small number of microsatellite loci. 

 

Overall, genetic diversity values were very low for Abbott’s duiker compared to 

Harvey’s duiker in the Udzungwa Mountains [Table 6.3 and 6.4; Bowkett et al. 

(2009a)] or published values for other mammal species, see Garner et al. (2005) 

and Appendix 1 of Gebremedhin et al. (2009).  In addition, two of the microsatellite 

loci examined in this study appear to have undergone fixation within the 

Udzungwa Mountains, although they were polymorphic in other regions. This lack 

of diversity may be the result of long-term isolation from other regions (as 

indicated by AMOVA; FST = 0.56), but has likely been exacerbated by more recent 

habitat loss and hunting. 

 

While historical reduction in the size of forest fragments has likely affected 

Abbott’s duiker in the Udzungwas, the most serious current threat is almost 

certainly illegal hunting.  Hunting occurs throughout the Udzungwas, including 

within the National Park, but is far more prevalent in the outlying forest reserves, 
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including Kisin’ga-Rugaro and Uzungwa-Scarp where our surveys suggest Abbott’s 

duiker is much less abundant (Table 6.1). The threat to the large mammal 

communities of Uzungwa Scarp is particularly severe, as outlined in a recent report 

documenting population declines in antelope and primates (Rovero et al. 2010).   

 

However, in those forests where conservation action has been taken there is some 

evidence that Abbott’s duiker populations may be able to recover. Martin Nielsen 

reports, in Rovero et al. (2010), that hunted species have increased in abundance 

in New Dabaga-Ulang’ambi following the successful introduction of domestic 

livestock schemes to local villages. Anecdotally there are also reports that Abbott’s 

duiker has benefitted from anti-poaching patrols by National Park staff although 

(Nielsen 2011) found that duiker dung densities remained approximately stable, 

rather than increased, in Nyambanitu and Ndundulu forests between 2001 and 

2008. Nevertheless, these situations are in stark contrast to the example of the 

unprotected Uzungwa Scarp cited above. 

 

While our survey results provide renewed hope for the survival of Abbott’s duiker 

it is clear that the species remains threatened and potentially vulnerable to the 

negative impacts of small population size. We strongly recommend further survey 

work and non-invasive genetic sampling of Abbott’s duiker in the Udzungwas and 

throughout the species’ historical range. Prevention of further habitat loss and 

poaching is essential for the survival of the small isolated populations reported in 

this study and for the long-term viability of the species as a whole. 
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Supplementary Figure 6.1. Abbott’s duiker photographed in Mwanihana, 
Udzungwa Mountains National Park, Tanzania. Credit: Andrew Bowkett. 
 

 
 
Supplementary Figure 6.2. Abbott’s duiker photographed in Nyumbanitu, 
Kilombero Nature Reserve, Tanzania. Photo credit: Trevor Jones. 
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CHAPTER 7. 
 

GENERAL DISCUSSION 
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7.1. Preamble 

 

The aim of the present study was to use non-invasive sampling to investigate 

genetic patterns in forest antelope populations in the Udzungwa Mountains, 

Tanzania, within the context of the conservation of these species and the wider 

ecosystem. Within this we identified specific aims, as detailed in the introduction 

chapter, the fulfilment of which we discuss below. In some cases, the robustness of 

our conclusions must be qualified by limitations to the data as discussed in the 

research chapters. Nevertheless, our efforts, including the appended research 

papers, constitute a number of significant milestones. These include, a significant 

contribution to the development of a widely applicable molecular diagnostic for 

African forest antelope samples (Bowkett et al. 2009b; Ntie et al. 2010b); the most 

comprehensive assessment of phylogenetic relationships within east African red 

duiker to date (Chapter 4); the first investigation of fine-scale genetic variation in a 

tropical antelope species in a forest habitat (Chapter 5); and the first assessment of 

genetic diversity in the endangered Abbott’s duiker Cephalophus spadix including 

new records from previously unknown populations [Jones and Bowkett (2012); 

Chapter 6)]. 

 

7.2. Main findings 

 

7.2.1. Morphological identification of forest antelope dung 

 

Field identification of forest antelope dung to species is unreliable in the 

Udzungwa Mountains (Bowkett et al. 2009b), as elsewhere (van Vliet et al. 2008; 

Yamashiro et al. 2010; Faria et al. 2011), thus casting doubt on the use of species-

specific dung counts as a monitoring tool. A discriminant analysis of faecal pellet 

measurements has been successfully used to discriminate between savannah 

antelope species (Hibert et al. 2008) and demonstrated potential in a pilot study 

(Bowkett et al. 2009b). However, with access to a larger data-set from across the 

Udzungwas, this study found no diagnostic differences between target antelope 

species, poor resolution by discriminant analysis and only moderate accuracy 

when restricting results to Abbott’s duiker (74% correct identification). While it is 

possible that even greater sample size, and/or more sophisticated morphometric 
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analysis, could improve these results we conclude that rapid field measurements 

are unlikely to validate dung surveys in areas where even approximately similar-

sized forest antelope co-exist. 

  

7.2.2. Genetic patterns as revealed by non-invasive sampling 

 

In order to investigate genetic patterns across five different forest antelope species 

in the Udzungwas we characterized 618 faecal samples in terms of species, 

mitochondrial control region haplotype and, for a subset of samples (160), multi-

locus microsatellite genotype. This data provides new distribution records and 

reveals the likely absence of blue duiker Philantomba monticola / lugens (see 7.3.1) 

from central and eastern forest blocks, despite seemingly suitable habitat.  

 

These samples also provide the first assessment of genetic diversity for these 

populations (and indeed these species) including unexpected mitochondrial 

lineage divergence within Harvey’s duiker C. harveyi. In fact, Harvey’s duiker 

sequences from within the Udzungwas were paraphyletic with respect to southern 

African Natal red duiker C. natalensis. However, nuclear variation did not 

correspond to these mtDNA control region harveyi clades, indicating that they are 

not reproductively isolated. Although this finding requires verification with 

additional genetic loci, and more widespread geographical sampling, we 

tentatively invoke isolation of forest refugia during the Pleistocene as a possible 

explanation.  

 

Significant differences in mtDNA haplotype and microsatellite allele frequency 

between sampling sites were broadly consistent with population subdivision due 

to habitat fragmentation in all species except Abbott’s duiker. This chapter also re-

assessed the taxonomy of antelope species present in the Udzungwas following the 

classification of Groves and Grubb (2011).  

 

7.2.3. Spatial genetic structure in Harvey’s duiker 

 

The results presented in Chapter 5 strongly indicate that genetic structure is not 

random in C. harveyi across the Udzungwa Mountains. We found a strong pattern 
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of isolation by distance across the study area linked to positive spatial 

autocorrelation at short distances i.e. individuals that were sampled close together 

were highly likely to be related, indicating restricted dispersal. This social 

structure may mean that this species is less likely to colonise new areas or 

exchange migrants with distant populations although we cannot rule out 

occasional long-distance dispersal not detected by our sampling. 

 

We also found evidence for at least two distinct genetic clusters. The spatial 

clustering methods consistently identified genotypes from western outlying 

forests as forming either one or two clusters separate from the rest of the sampling 

area. This pattern is not entirely consistent with that expected if strongly biased by 

isolation by distance. The outlying clusters are at one extreme of the sampled area 

but similar distances exist within the main Udzungwas. Neither is the pattern best 

explained by forest fragmentation, as similar distances between forests do not 

necessarily relate to the identified clusters. Therefore, it seems that landscape 

permeability to duiker gene flow is variable between forest blocks due to factors 

not directly measured during this study. Waterways are a possible factor as rivers 

flowing from the Udzungwas into the Kilombero valley divide some of the main 

genetic clusters. This landscape approach is a promising area of future work (See 

7.4.3.). 

 

7.2.4. Abbott’s duiker in the Udzungwa Mountains 

 

Abbott’s duiker is more widely distributed in the Udzungwa Mountains than 

previously feared, e.g. Moyer et al. (2008). Our molecular and camera-trap records 

confirm the species from three forests not considered in the species’ Red List 

assessment, New-Dabaga Ulang’ambi Forest Reserve, Kising’a-Rugaro Forest 

Reserve, and Iwonde forest (Jones and Bowkett 2012). However, genetic diversity 

within the Udzungwas is very low for Abbott’s duiker in comparison with other 

species and similar to other highly endangered bovid species, e.g. Gebremedhin et 

al. (2009). 
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7.3. Implications for conservation 

 

7.3.1. Conservation status of newly recognised evolutionary species  

 

We provisionally assigned forest antelope taxa occurring in the Udzungwas to 

evolutionary species (as opposed to traditionally recognised species) under the 

taxonomic revision of Groves and Grubb (2011). This re-classification, if accepted, 

has conservation implications for at least two of these species.  

 

Firstly, the elevation of the Tanzanian highland blue duiker P. lugens from a 

subspecies of the widespread P. monticola necessitates the recognition of a second 

forest antelope species endemic to Tanzania (the other being Abbott’s duiker). 

Moreover, this species would be restricted to the country’s relatively small area of 

highland forest, even within which it is not uniformly distributed (Chapter 4). 

Despite its puzzling distribution within the Udzungwas, the area may constitute a 

significant proportion of this species’ range. Although C. monticola appears to be 

one of the most resilient species to overhunting in central Africa (Mockrin 2010), 

this may not be the case for highland populations where source-sink dynamics, as 

inferred elsewhere (Lawes et al. 2000), may not apply. Careful evaluation of the 

evidence is required to assess this taxon under IUCN Red List criteria (IUCN 2012). 

 

Secondly, the recognition of mountain suni Neotragus kirchenpaueri as distinct 

from coastal populations has similar implications, although this new taxon would 

have a wider range than the Tanzanian highland blue duiker in east Africa, 

extending into Kenya and possibly Malawi (Groves and Grubb 2011).   

 

7.3.2. Uzungwa Scarp Forest Reserve and New Dabaga-Ulang’ambi Forest Reserve  

 

All five forest antelope species were recorded from New Dabaga and all except 

bushbuck from Uzungwa Scarp. These populations are important for the 

conservation of Abbott’s duiker, which is not confined to the main protected areas. 

These forests are similarly significant to the conservation of genetic diversity 

within Harvey’s duiker as they form distinct genetic clusters. We also detected the 



 167

relatively rare mtDNA control region haplogroup (clade A) in both forests and a 

private microsatellite allele in Uzungwa Scarp (Chapter 4). 

 

Both reserves suffer from forest degradation and illegal hunting and clearly 

require improved protection (Zilihona et al. 1998; Nielsen 2006b; Topp-Jorgensen 

et al. 2009; Rovero et al. 2010). However, there is recent evidence to suggest that 

wildlife populations, including Abbott’s duiker, have recovered to some extent in 

New Dabaga under joint forest management with the local communities (Nielsen 

2011). This conclusion is based on increasing dung densities along transects 

undertaken between 2001 and 2008. Although the species-specific trends reported 

by the authors should be treated with caution, given the likelihood of correct dung 

identification (Bowkett et al. 2009b), the overall recovery of wildlife suggests that 

similar community-based patrol efforts should be established elsewhere in the 

Udzungwas. 

 

In contrast, the situation in Uzungwa Scarp is far less positive and has been 

described as a crisis in a recent report (Rovero et al. 2010). The authors 

documented lower antelope abundance in Uzungwa Scarp than in any other area 

surveyed in the Udzungwas, with similar results for primates, and conclude that 

this is primarily due to hunting. Several recent initiatives provide an opportunity 

to address these problems including the proposed upgrading of the area to the 

status of Nature Reserve (Marshall et al. 2007) and the establishment of a corridor 

linking the reserve to Matundu forest in the existing Kilombero Nature Reserve 

(Sumbi and Rusengula 2012). Both these initiatives will involve the engagement of 

local communities and potentially lead to management agreements like those that 

appear to have been successful for New Dabaga.  

 

7.3.3. Connectivity and wildlife corridors 

 

Wildlife corridors have been proposed to connect protected areas both within the 

Udzungwas (MTSN 2007) and with neighbouring ecosystems (Jones et al. 2007; 

Jones et al. 2009). Many of these proposals advocate the protection of existing 

natural habitat from conversion to agriculture, rather than active forest 

regeneration, as they aim to maintain large mammal migrations. Nevertheless, our 



 168

genetic results indicate that partially wooded corridors may allow residency or 

dispersal of Harvey’s duiker. This is because genotypes from several sampling 

locations separated by gaps between forests clustered together, indicating gene 

flow. In the case of the proposed corridor between Uzungwa Scarp and Matundu 

forest the presence of the Mngeta River may be a more significant barrier, although 

this remains to be tested. 

 

7.3.4. Feasibility of genetic monitoring of forest antelope populations 

 

Given our assertion that non-invasive genetics can provide valuable information 

for conservation management it is worth exploring the feasibility of on-going 

genetic monitoring of forest antelope populations (Schwartz et al. 2007). Regular 

collection and genotyping of antelope dung from the Udzungwas would allow 

management authorities to evaluate the success of conservation measures in terms 

of antelope abundance, genetic diversity and connectivity. Moreover, it would 

supply researchers with much greater sample sizes for investigating the genetic 

structure of forest antelope populations at multiple spatial scales. 

 

In practical terms, it would not be difficult to equip patrol teams to collect samples 

at set temporal and spatial intervals as part of their routine duties. There are also 

modern molecular laboratories available in Tanzania with the technical capacity to 

perform the genetic analysis. The main limitation is therefore financial. DNA 

extraction and mitochondrial sequencing for this project cost approximately £10 

(~US $15) per sample and microsatellite fragment analysis cost at least double 

that amount due to the multiple-PCR repeats needed. These estimates do not 

include labour. Protected area management in Tanzania is vastly under-resourced, 

particularly in forest reserves, and often lacks the capacity to patrol key areas 

effectively. Therefore, while we strongly endorse further externally funded genetic 

research to build on the results presented here (see 7.4), regular genetic 

monitoring does not appear feasible in the short-term even for critically important 

areas like the Udzungwas.   
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7.4 Future research directions 

 

All of the investigations undertaken during this study could be extended, with 

further sampling and loci, to obtain a more comprehensive assessment of genetic 

patterns in forest antelope populations. Rather than repeat our discussion of 

potential limitations for each analysis (see Chapters 3-6), we instead propose three 

directions for future research that would greatly improve scientific knowledge of 

forest antelope to better reflect the enormous ecological and economic value of 

these taxa. 

 

7.4.1. Novel genomic resources for forest antelope conservation 

 

Although the microsatellite panel used in this study was able to distinguish 

individuals with high statistical probability and detected population clusters at a 

relatively fine scale (Chapter 5), we still identified some limitations likely due to 

null alleles and failed to amplify loci consistently in two of the species tested 

(Chapter 4). Microsatellite libraries developed for specific forest antelope taxa e.g. 

Cephalophus species, would likely be a significant improvement. More specific sex-

linked markers would also aid our interpretation of spatial genetic structure in 

these species. 

 

Modern genomic methods could vastly enhance our ability to detect genetic 

patterns in forest antelope. While the genomes of these important species are yet 

to be sequenced, the technology to do so is rapidly becoming cheaper and more 

efficient (Hudson 2008). In addition, it may be possible to identify regions 

homologous to related model organism genomes (Kohn et al. 2006). One 

application of such an approach is to identify large numbers of candidate markers, 

e.g. microsatellites or single nucleotide polymorphisms, SNPs (Morin et al. 2004). 

Large-scale application of neutral markers (i.e. > 100 loci) allow for improved 

characterisation of genetic variation within populations and finer resolution of 

phylogenetic and phylogeographic patterns (Brito and Edwards 2009). 

 

A genomic approach also facilitates the discovery of loci under selection, allowing 

the measurement, and potentially conservation, of adaptive variation (Kohn et al. 
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2006). Identification of markers linked to health, growth and fecundity in species 

heavily exploited for human consumption could have significant economic 

potential. SNPs for rapidly evolving reproductive loci have been identified in wild 

goats (Jordan et al. 2006) and could potentially be tested in forest antelope taxa. 

Lastly, genomic scans for detrimental genetic variation or deleterious mutations 

may also have implications for managing harvested or captive forest antelope 

populations sustainably, e.g. monitoring disease or inbreeding depression. 

 

7.4.2. Landscape genetics in the Udzungwa Mountains and east African region 

 

Landscape genetics aims to understand the processes of gene flow and local 

adaptation by studying the interactions between genetic and spatial or 

environmental variation (Manel et al. 2003; Manel and Segelbacher 2009). While 

our spatial analysis of genetic structure in Harvey’s duiker (Chapter 5) certainly 

falls within this aim, we were unable to include direct measures of environmental 

variation, aside from Euclidean distance. Some relevant data is potentially 

available for incorporation into a Geographic Information System (GIS) although 

the most pertinent variables, such as hunting intensity, habitat quality and 

hydrology, would require extensive ground-truthing. While such efforts were 

beyond the scope of the current study, our results suggest that analyzing the 

spatial distribution of duiker genotypes with respect to potential barriers, and 

differential permeability of habitats, could prove highly relevant to the ecology and 

conservation of these species.  

 

At a regional scale, Nicola Anthony and colleagues are investigating speciation in 

central African rainforests using duiker species as a model. Their research tests 

multiple competing hypotheses concerning the historical effect of landscape on 

evolution, including putative forest refugia and major river systems. Given our 

preliminary results for lineage diversity in Harvey’s duiker (Chapter 4), a similar 

approach is strongly recommended for east Africa where the diverse 

geomorphology and climatic history has resulted in a rich, but often overlooked, 

biodiversity (Faulkes et al. 2011; Goodier et al. 2011; Lorenzen et al. 2012). 
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7.4.3. Charting the ‘duiker-sphere’ – towards an evolutionary map of the 

Cephalophini 

 

The previous research directions are complimentary to a more ambitious and far-

reaching proposal to document the evolutionary diversity of duikers across Africa. 

A comprehensive inventory of duiker antelope is long overdue if for no other 

reason than their importance as a human food source in some of the world’s least 

developed countries. Initiatives to conserve genetic diversity in crops and 

livestock, and their wild relatives, have been on-going for over a century (Tanksley 

1997). A continent-wide effort to collect and store genetic material from as many 

duiker populations as possible, including all the putative species named by Groves 

and Grubb (2011), would likely yield major benefits to this enigmatic group. 

 

Firstly, multi-locus sequencing of multiple populations from across the range of all 

species would shed much needed light on duiker taxonomy. Recent phylogenetic 

studies of artiodactyls in general (Hassanin et al. 2012), and duikers in particular 

(Johnston and Anthony 2012), greatly improve our knowledge but are limited by 

poor coverage within traditionally recognised taxa. There is simply no available 

genetic information to support or reject the elevation of many species, such as the 

Itombwe duiker C. hypoxanthus, by Groves and Grubb (2011). The proposed 

accumulation of idiographic discoveries concerning the taxonomy and distribution 

of duiker species would likely include many revisions to currently accepted 

knowledge, just as recent more narrowly focussed research has done (Colyn et al. 

2010; Andanje et al. 2011). 

 

Secondly, baseline knowledge of the evolutionary history of duiker species would 

help us target populations for more detailed research into population structure, 

demography, adaptive variation and ecology. Such research would also improve 

our understanding of duiker natural history but more practically would inform 

management decisions concerning conservation of threatened species, 

identification of management units, artificial enhancement of hunted population 

densities and, potentially, selection of populations better adapted to changing 

environmental conditions. Detailed study of evolution may seem unnecessary for 

such applications, and yet there have been expensive consequences for livestock 
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and wildlife management as a result of failing to take evolutionary processes into 

account (Fraser 2008; Taberlet et al. 2008).  

 

A comprehensive evolutionary map of the Cephalophini would clearly require 

significant financial and logistical resources. However, an informal network of 

duiker genetic researchers is already in place, as exemplified by the wide 

geographic sampling required to develop a molecular diagnostic (Ntie et al. 

2010b). Building on this network to include additional sampling sites (principally 

in west Africa) and research institutes could achieve widespread geographic 

coverage, with targeted expeditions to fill any gaps. A combination of bushmeat 

samples, museum specimens, hunting trophies and non-invasive faecal samples 

would provide a flexible approach to obtaining genetic material at least at the 

baseline stage. One potential strategy could be to ensure representative coverage 

of suitable eco-regions (Olson and Dinerstein 1998), an approach already 

employed to assess evolutionary diversity within bushbuck (Moodley and Bruford 

2007). Groves and Grubb (2011) list a total of 56 duiker species and subspecies, 

even with multiple loci and additional novel taxa this is surely not an 

insurmountable sequencing challenge. 

 

 

7.5 Conclusion 

 

The theoretical role of genetics in population declines was instrumental in the 

emergence of conservation biology as a scientific discipline (Soulé and Wilcox 

1980). Despite this early role, convincing evidence for genetic factors impacting 

wild populations has only been documented relatively recently (Saccheri et al. 

1998; Madsen et al. 1999). This research was facilitated by the widespread 

adoption of polymerase chain reaction methods in molecular ecology (Arnheim et 

al. 1990) and the adaptation of such methods for use with low-quantity sources of 

DNA such as hair and faeces (Kohn and Wayne 1997). 

 

The advent of non-invasive genetic sampling has enabled conservation biologists 

and wildlife managers to investigate the evolutionary history, genetic status and 

distribution of rare and cryptic species for which direct sampling would be 
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extremely difficult or prohibitively expensive. Early examples include identifying 

faecal deposits of highly threatened foxes in the presence of sympatric canid 

species (Paxinos et al. 1997) and the identification of different individual seals and 

their gender from scats (Reed et al. 1997). Since then such methods have become 

widely used in the genetic study of charismatic endangered species such as orang-

utans Pongo pygmaeus (Goossens et al. 2005) and giant pandas Ailuropoda 

melanoleuca (Zhu et al. 2011).   

 

Non-invasive genetic sampling has yet to be widely employed in the high-

biodiversity forests of east Africa, despite the threatened status of many species in 

these habitats (Chapter 2). Many of the endemic species in areas such as the 

Eastern Arc Mountains have highly restricted distributions qualifying them as 

threatened with extinction under IUCN Red List criteria (Burgess et al. 2007). 

Conventional sampling of montane birds and reptiles in east Africa (i.e. collection 

of scientific specimens) has demonstrated the valuable biogeographical and 

evolutionary insights derived from genetic research and some of the implications 

for conservation (Bowie et al. 2006; Kahindo et al. 2007; Measey and Tolley 2011; 

Tolley et al. 2011).  

 

In one of the few examples of genetic sampling of a threatened mammal species in 

the Eastern Arcs Mountains, Roberts et al. (2010) obtained mitochondrial DNA 

sequences from the faeces of critically endangered kipunji monkeys Rungwecebus 

kipunji in the Udzungwa Mountains. These sequences indicated that a separate 

population of kipunji in the Southern Highlands had acquired different 

mitochondrial genes via hybridisation with baboons (Papio spp.) thus obscuring 

the evolutionary distinctness of the kipunji and causing taxonomic controversy 

(Singleton 2009; Zinner et al. 2009). 

 

The present study has demonstrated the value of non-invasive genetic sampling in 

multiple applications to forest antelope research in the Udzungwa Mountains. All 

of these applications have involved the interpretation of genetic patterns at 

different evolutionary and geographical scales in order to inform the conservation 

management of these species. Although some patterns require further evidence 

before firm conclusions can be drawn, others were derived from multiple 
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independent analyses and are consistent with previous knowledge of the species 

and landscape. 

 

The main findings of this study, including the importance of outlying forests and 

low genetic diversity in Abbott’s duiker, have significant conservation implications 

and will be disseminated to the Tanzanian wildlife authorities and the wider 

conservation community. 
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