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AFROMONTANE FORESTS OF THE UDZUNGWA MOUNTAINS, TANZANIA
By Trevor Jones
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Large mammals are a species group known to be at high risk of extinction globally. This study is
the first to identify and explore factors affecting large mammal distribution, abundance and
species richness in Afromontane forests. I sampled a range of large mammals (over 2 kg) at 22
sites in ten forests of the exceptionally biodiverse Udzungwa Mountains in southern Tanzania,
using transects and camera traps. I also collected habitat and disturbance data, and tested thirty
anthropogenic and environmental variables against mammal species occurrence, richness, and
relative density within and between forests.
All variables, including altitude, forest size, protective status, and anthropogenic disturbance
varied across forests and study sites. For 27 mammal species detectable on surveys, protective
status, proximity to a ranger post, distance to the nearest village, canopy cover and stem density
all predicted species richness; size of forest patch did not. A possible mid-domain effect is
revealed with greater mammal species richness found at intermediate altitude, in submontane
forest. National park and nature reserve sites are significantly species-richer than forest reserve
sites, although the majority of Udzungwa forest reserves still contain low density populations of
important, threatened species such as Udzungwa red colobus and Abbott's duiker.
For each of the species and guilds assessed (including elephant, leopard, bushpig, forest antelopes
and porcupine), either occupancy or density were strongly predicted by anthropogenic factors
including protective status and distance to nearest ranger post, and one or two habitat variables,
especially canopy cover or canopy height. The only species showing a relationship with forest size
was the aardvark. Smaller mammals such as tree hyrax are affected by human disturbance in
terms of density but still persist at most sites, while the megaherbivores and large predators have
been largely extirpated from the forest reserves, due to hunting and reduction of prey base.
My findings confirm the richness and uniqueness of the Udzungwa mammal community, and
enable me to evaluate threats to species and forests across the mountain range, and to identify
sites in need of priority conservation attention.
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Chapter 1 Introduction
1.1 Introduction
This chapter introduces my central research question and summarises its importance,
before stating the study aims. I then provide context and the justification for studying
large mammals in an Afromontane forest system. After a brief review of recent macroscale syntheses of extinction risk in mammals, I focus on the level of forests and mammal
populations. I summarise why large mammal species and communities are functionally
important to the tropical forests they inhabit, and review the current major threats to
these animals across the tropics. Next, I review studies on environmental and
anthropogenic factors, and synergies between them, that affect distribution and
abundance of mammals in forests. Virtually nothing is known about predictors of
mammal distribution and abundance in the species-rich Afromontane forests of eastern
Africa. I therefore conclude this chapter with an introduction to the context of my study
site, the forests of the Udzungwa Mountains, and its appropriateness for addressing my
central research question.

1.1.1 Central Research Question
Predictors of mammalian species richness, presence and abundance in tropical forests are
critical yet controversial, and far from resolved, issues within conservation and extinction
biology. While the potential effects of climate change have been the focus of an
enormous quantity of scientific research and media attention, habitat loss and the “sixth
mass extinction” of organisms around the world continue unabated, and remain lower
down the agenda in the global public consciousness, and conscience. Tropical forests are
especially invaluable for biodiversity conservation, as well as for "ecosystem services" to
humanity and the planet, yet this habitat is still diminishing year by year, over thirty years
since this issue was first highlighted by scientists and journalists. It is widely recognised
that in order to manage and reverse this decline, we need a deeper understanding of
which variables best predict densities, occupancy, and ultimately, local extirpations of
forest-dependent organisms at different sites around the world. Among the groups of
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organisms likely to disappear first as tropical forest habitats and their fauna are
overexploited, are forest mammals (Cardillo et al, 2005).
However, research to date on this important topic in conservation biology has failed to
resolve what best predicts mammal extinctions. For example, a detailed literature review
(Bowers & Matter, 1997) found no consistent relationship between animal density and
patch size. Results of studies on the effect of habitat fragmentation on abundance have
also been inconsistent (Saunders et al., 1991; Newmark, 1991; Tutin et al., 1997). As
fragmentation and loss of habitat increase across the tropics, data from different sites are
urgently required to enhance our understanding of these processes (Chiarello, 2000;
Blom et al., 2005). The relation between these processes and their consequences, in
particular human-wildlife conflict, is also of critical importance (Barnes, 1996; Hoare,
1999).
There are a very small number of published multi-species studies of large mammal
distribution and/or abundance in forests (e.g. Tutin et al, 1997; Chiarello, 2000). A smaller
number of studies have used multivariate and principal component analysis of the effects
of key variables on large mammals in forests, with varying results (Barnes et al, 1991;
Kinnaird et al, 2002; Blom et al, 2005; Michalski & Peres, 2007; Laurance et al, 2007,
2008). There is an urgent need to research this issue at different forested sites across subSaharan Africa. For example, until now there has never been a study of predictors of
mammal distribution and abundance in Afromontane forests of eastern Africa, despite
these forests' exceptional species richness, endemism and value for biodiversity
conservation (Myers et al, 2000; Burgess et al, 2007).
With this in mind, this thesis sets out to investigate the following central question:
Which natural and/or anthropogenic variables best predict the distribution
and abundance of medium to large mammals across a fragmented
landscape of highly biodiverse Afromontane forests?
To address this question, I selected a study site whose character renders it highly
conducive to this investigation: the Udzungwa Mountains of southern Tanzania.
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1.1.2 Study Aims

1. To document and assess variation in the presence/absence of 27 large mammal
species (>2kg mean body mass) at 22 sites within 10 forests of the Udzungwa
Mountains.
2. To estimate and assess variation between sites in relative density of eight of these
mammal taxa, from different guilds within the forest mammal community.
3. To measure and evaluate potential environmental and anthropogenic factors affecting
variation in large mammal presence and abundance at each site, and to explore
ecological relationships between these variables.
4. To determine and evaluate the key environmental and anthropogenic factors
predicting mammal community and guild richness in these Afromontane forests.
5. To determine and evaluate the key environmental and anthropogenic factors
predicting distribution and abundance of selected large mammal species in these
Afromontane forests.
6. To assess local (site- and forest-specific) and regional threats to each large mammal
species and community, and generate appropriate conservation recommendations.
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1.2 Background
1.2.1 Heightened Extinction Risk in Large Mammals
On a global scale, we are living through a period of unprecedented, anthropogenicmediated habitat destruction and mass extinction of non-human species, making the
understanding of extinction processes an urgent priority for conservation ecology
(Ceballos & Ehrlich, 2002). Recent macro-ecological studies have highlighted three
interlinked phenomena: (i) that the loss of large apex consumers - arguably humankind's
most pervasive influence on nature in recent decades - is having extensive trophic
cascading effects on ecosystems worldwide (Estes et al, 2011); (ii) that in large mammal
species, there is a high risk of extinction relative to other taxa (Cardillo et al, 2005); and
(iii) that for mammals there are 'multiple ecological pathways' to extinction, with wide
variation in these pathways for different mammal taxa (Cardillo et al, 2005; Davidson et
al, 2009). Probably because of this variation, models attempting to synthesise predictors
of extinction risk across multiple taxa have so far yielded fairly low explanatory power
(Cardillo et al, 2008).
Nevertheless, multiple studies exploring correlates of extinction risk in mammals have
shown body size to be an important factor: larger animals are more vulnerable (Cardillo,
2003). Indeed it has been shown that impacts of both intrinsic and environmental factors
increase sharply above a threshold body mass of around 3 kg (Cardillo et al, 2005).
However, this body size-extinction risk relationship appears to only hold in the tropics
(Fritz et al, 2009). The other major predictors of extinction risk in mammals, globally, are:
small geographic range, low population density, small group size, slow reproduction rate,
large home range, habitat mode, and activity period (Purvis et al, 2000; O'Grady et al,
2004; Davidson et al, 2009).
These comparative studies point overall to heightened extinction risk in larger mammals.
Furthermore, they have shown that species' vulnerability to local extinctions can be
highly variable (Isaac & Cowlishaw, 2004). From a biodiversity conservation point of view,
these findings stress the need for studies focused on large mammals in a variety of sites
and habitats, especially in biodiverse and threatened landscapes containing rare and
endemic species.
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1.2.2 Mammals in Tropical Forests: Importance and Status
In recent decades, tropical forests have become globally recognised as a critical biome for
the planet, given the nature's services they provide and the functional heterogeneity they
support. At the same time, the extent of recent and continuing loss of tropical forests in
South America, Africa and Asia continues unabated. Protecting tropical forest ecosystems
and all their biodiversity remains one of the most important conservation challenges for
humankind.
As noted above (1.2.1), large mammals (as 'apex consumers') have a special role in
maintaining healthy function of terrestrial ecosystems, with their removal leading to
cascading trophic effects on the whole ecosystem (Estes et al, 2011). For example, loss of
predators (cougar, jaguar, harpy eagle) from forests on the Venezuelan islands of Lago
Guri resulted in an eruption of herbivores which led to reduced plant recruitment and
survival (Terborgh et al, 2001).
Mammals also play an important role in seed dispersal in tropical forests, thus playing an
integral ecological role in maintenance of the forest community and structure (Howe,
1986; Redford, 1992; Wright et al, 2000; Galetti et al, 2006; Peres & Palacios, 2007;
Stoner et al, 2007). In African forest systems, rodents (Nyiramana et al, 2011; Beaune et
al, 2013a), bushpig (Beaune et al, 2012), primates (Chapman, 1994) and particularly
elephants, considered ecosystem engineers (Yumoto et al, 1995; Cochrane & Reef, 2003;
Campos-Arceiz & Blake, 2011; Beaune et al, 2013b), have all been shown to be important
agents of seed dispersal.
Habitat loss and overhunting are the two principal ultimate drivers of tropical forest
species extinctions (Wright et al, 2000, 2007). While forest destruction leads to loss of all
forest-dependent species (plant and animal), hunting in forests has a disproportionate
effect on mammals, relative to other taxa, due to their greater biomass and perceived
nutritional value. Thus regardless of their ecological importance, mammals are especially
vulnerable to extirpation from tropical forests, even where habitat loss or modification is
not occurring (Redford, 1992). This is particularly true in equatorial Africa, where both
subsistence and commercial bushmeat hunting take a heavy toll on forest mammal
populations and have led to many local extirpations (Maisels et al, 2001; Milner-Gulland
& Bennett, 2003), and an overall decline in many forest-dependent or forest-using large
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mammal species, even in protected areas (Schipper et al, 2008; Craigie et al, 2010;
Laurance et al, 2012).

1.2.3 Factors Affecting Large Mammal Distribution and Abundance in Tropical Forests
Assuming our goal is to prevent further extinctions of large mammals, through practical
prevention of local extirpations of mammal populations, it is a priority of the discipline of
conservation biology to understand the factors which most affect both occupancy (or
presence, or persistence) and abundance (or density) of different mammal species, in
different forests of concern - as well as looking for common patterns across sites. While it
is rare to be able to prove that a certain factor or influence on a population, be it a natural
or anthropogenic variable, is or has been a direct cause of a mammal species or
population decline, a small number of studies have uncovered strong associations
between variables and large mammal presence or abundance in tropical forests. In other
words, these studies have revealed some 'predictors' of variation in mammal persistence
and abundance. Most of these studies have been carried out in the New World, with a
smaller number in Asian forests, and very few in African forests. Of the latter, I found only
one study looking at predictors of mammal occupancy in Afromontane forest (on three
species in South Africa: Lawes et al, 2000), and none investigating predictors of
abundance.
Scale matters when comparing assessments of predictors of mammals in forests. Broadscale factors include geographical extent of the study, range of forest types within the
study area, and richness of the mammal communities. In particular, the importance of
environmental variables on species richness varies with scale: climatic gradients are more
important across larger sites, whereas habitat type is of greater significance at smaller
sites (Hortal et al, 2008). Most studies to date have looked at variation between forested
sites across a large area, e.g. Amazonia. Very few, on the other hand, have looked at
variation in mammal species richness or abundance between sites and forests within a
single mountain range, or protected area - yet this is often the geographical unit of
conservation interventions. Because this thesis aims to be of conservation value for the
Udzungwa Mountains, this single mountain range is the focal geographical scale of this
study.
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1.2.3.1 Environmental Factors
Multiple environmental and evolutionary factors have been theorised as determinants of
species distribution, richness and abundance (although proving definitive causality in
relation to large mammals has rarely been achieved). These factors may include, at the
community level: historical speciation processes; environmental stability and climatic
refugia; productivity and heterogeneity of habitat; natural long-term habitat
fragmentation or contraction (Williams, 1997; Kingdon, in press). At the species level,
differences in biology and ecology (in addition to body size; 1.2.1) may also be strong
predictors; in Australian rainforests, species with narrow environmental niches and small
geographic ranges are associated with high local abundance (Williams et al, 2010).
At a large, i.e. continental or greater, scale, some environmental and climatic predictors
of mammal distribution have been revealed for certain taxa through multivariate analyses
of species inventories from multiple study sites. For example, at the global level, primate
species richness was shown to be associated with latitude and rainfall (Emmons, 1999).
Interestingly, Emmons (1999) also found, in a continent-level analysis comparing
published mammal inventories from forest sites around Africa, Madagascar, Asia and the
Neotropics, a relationship between species richness of monkeys, and overall species
richness of mammals. No such relationship has yet been reported between other forest
mammal taxa or guilds.

1.2.3.2 Anthropogenic Factors
Habitat loss or fragmentation can be the result of natural ecological processes, however
these days they are more likely to have occurred because of degradation and destruction
of forest by humans. Human disturbance of tropical forests is widely cited as a major
threat for mammals and other faunal communities and species (Laurance & Peres, 2006).
Applicable to investigations of this threat is a classic predictor of species richness in
ecology, the species-area relationship (SAR), as derived from island biogeography theory
(MacArthur & Wilson, 1967). It is generally held that the number of species increases with
area, though ecologists have proposed a wide range of factors influencing the slope and
elevation of the species-area curve (Rosenzweig, 1995). In the case of forests, area is
likely to be a proxy for habitat heterogeneity.
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A recent study of diurnal primates in 25 forest patches in the Udzungwa Mountains of
Tanzania found that species richness was predicted by patch size (although this variable
intercorrelated with elevation range and annual moisture index), as well as being
negatively affected by isolation of the patch, another potential effect of fragmentation
(Marshall et al, 2009). In a global macro-level analysis, Harcourt & Doherty (2005) also
found the SAR to hold for monkey species and tropical forest patch size.
There is some limited evidence for a species-area relationship among other large
mammals in tropical forests. For example, a study of 37 species across 21 forest
fragments in Amazonia found patch size to be the strongest predictor of "species
persistence" (Michalski & Peres, 2007). Patch size, and also surface fires, affected
mammal species abundance. In six Atlantic forest remnants in Brazil, density of mammals
increased with patch size (Chiarello, 2000). However, the biology of a species may interact
with anthropogenic influences (as well as environmental ones), and affect its resistance to
disturbance; for example, patch size may predict occupancy of larger mammals more
strongly than of smaller mammals (Lawes et al, 2000 - see below, 1.2.3.3).
The most common and strongest anthropogenic factor pertaining to mammals, featuring
prominently as a significant explanatory or predictor variable in all recent studies of
distribution, abundance and species richness in tropical forests, is hunting, in all its forms:
shooting, snaring, driving and hunting with dogs (e.g. Wright et al, 2000; Michalski &
Peres, 2005, 2007; also Laurance et al, 2006, 2008 - see next section, 1.2.3.3). While
hunting has a significant impact on Amazonian mammals, also acting in synergy with
habitat fragmentation (Peres, 2001), it exerts an even greater negative effect on forest
mammal communities in African forests where a widespread culture of both subsistence
and commercial "bushmeat hunting", particularly in western and central Africa, results in
unsustainable overharvesting of a wide range of large mammal species (Fa & Brown,
2009).
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1.2.3.3 Studies of Predictors of Mammals in African Forests
There have been a handful of studies of predictors of large mammal distribution and
abundance in African forests, mostly in the Congo Basin. For the forest elephant
Loxodonta africana cyclotis, a keystone species of the Guineo-Congolian forest of central
Africa which is being exterminated from much of its range (Campos-Arceiz & Blake, 2011;
Maisels et al, 2013), it has been shown in broad-scale analyses that distribution and local
abundance are greatly affected by the distribution of human settlements and human
population density, and by the placement of roads (Barnes et al, 1991; Blake et al, 2008).
Similarly, a study in Gabon of the impacts of roads and hunting on rainforest mammals
found that roads depressed abundances of elephants and forest antelopes, though five
monkey species showed little response to roads, or to hunting (Laurance et al 2006,
2008). Duikers, buffalo and red river hogs were most affected by hunting, with lesser
effects observed on gorillas and carnivores. Generally smaller (<10 kg) nocturnal species,
were less strongly affected by hunting than larger mammals, and more strongly affected
by habitat variables modified by logging such as forest canopy and understorey cover.
There appears too to have been a synergistic effect, with avoidance of roads increasing
with local hunting pressure. The varying responses across different mammal taxa suggest
a potential for using certain mammals as indicators of different anthropogenic factors; I
will return to this topic at the end of this thesis (chapter 7).
Finally, isolation of patches may also affect mammals. One study looked at patch size and
other environmental effects on occupancy of three mammal species - samango monkey,
blue duiker and tree hyrax - in 199 fragmented Afromontane forest patches in KwaZuluNatal, South Africa (Lawes et al, 2000). Hyrax and duiker were found to be persisting in
smaller patches than the samango monkey, which is both larger-bodied and group-living
in comparison with the other two more solitary species. Isolation of patch was found to
negatively predict hyrax and duiker occupancy, but not samango occupancy.
Until now, there has never been a study of predictors of mammal distribution and
abundance in eastern Afromontane forest.

9

1.3 The Biogeographical Context
1.3.1 Eastern Afromontane Forests
East Africa's mountains represent a global conservation priority, being extremely diverse
in age, formation, geology, and floral and faunal communities. Nevertheless, they are
sometimes classified together by conservation scientists, for example within the currently
defined “Eastern Afromontane Biodiversity Hotspot” (Critical Ecosystem Partnership
Fund, 2012; see figure 1-1). This “hotspot”, which stretches from Saudi Arabia south to
Zimbabwe, covers several geographically disparate mountain ranges which, although they
share some similar flora, harbour some distinct faunal communities, and comprise both
ancient crystalline mountains and much younger volcanic mountains.

Figure 1-1. The "Eastern Afromontane Biodiversity Hotspot", showing location of the Udzungwa
Mountains.Base map by CI/CABS, June 2010 (http://www.cepf.net). Dark red = montane forest;
brown = coastal forest.
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A more meaningful biogeographical classification is that of the "Eastern Arc Mountains", a
term coined by Jon Lovett in the mid-1980s (Lovett, 1985). This describes a series of
mountain blocks of southern Kenya and Tanzania situated between the younger, volcanic
mountains of Kilimanjaro to the north, and Rungwe-Livingstone to the south (Figure 1-2).
The Eastern Arc blocks (unlike Kilimanjaro and Rungwe-Livingstone) are all ancient nonvolcanic mountains made of crystalline rocks dating back over 2.5 billion years which
were originally uplifted during the so-called Karoo period, 290-180 million years ago.
Further uplifting has occurred in the last 23 million years, and especially in the last seven
million years (Jensen et al, in press).

Figure 1-2. The "Eastern Arc Mountains" stretch from southern Kenya to south-west Tanzania.
Adapted from basemap by Valuing the Arc.

All Eastern Arc mountains, including the Udzungwas, have experienced a remarkably
stable climate and high rainfall regime for several million years, secured by the persistent
and constant monsoon wind system of the Indian Ocean (Rovero & Jensen, in press). As a
result, these mountains have retained forest for millions of years (albeit to a varying
extent), and today we still find the wettest forests on each block facing east or south-east
towards the Indian Ocean. These conditions and persistent forest cover have facilitated
both great speciation, and the persistence of species lost from the surrounding lowlands,
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hence the Eastern Arc montane forests (Figure 1-2) are characterised by exceptional
species richness and levels of endemism (Burgess et al, 2007). Across all taxa, the
Udzungwa Mountains consistently rank among the top three Eastern Arc blocks for
numbers of endemic species, possibly because they are the largest and retain by far the
greatest extent of forest cover of all Eastern Arc blocks. Moreover, they are the only block
in this group to still harbour significant populations of large mammals, including
elephants (Jones & Nowak, in press).
However, the classification of the Eastern Arc Mountains has been challenged (Davenport
& Jones, 2005) on the grounds that the volcanic Southern Highlands of Tanzania (across
the “Makambako Gap” from the Udzungwas) also contain high levels of endemic species
(e.g. orchids) and share many rare plants and animals with the Udzungwas. A good
example of this is the recently discovered and IUCN-Critically Endangered species and
genus of monkey the kipunji Rungwecebus kipunji (Jones et al, 2005; Davenport et al,
2006; Davenport & Jones, 2008). Endemic to both mountain ranges, they are found in
only one forest in the Udzungwas (Ndundulu forest, included in this study), and are
distributed more widely in the Southern Highlands (Davenport et al, 2008).

1.3.2 Udzungwa Mountains: An Exceptional Natural Laboratory for Mammal Studies

"Udzungwa is one of the least disturbed areas within the range of
our earliest hominin ancestors, offering models of our earliest
homes. Furthermore, it is one of the few places that shelter living
genealogies stretching back more than 20 million years. Udzungwa
is a space where human minds and knowledge can grow."
Jonathan Kingdon, in litt.
(from unpublished essay for forthcoming book on Udzungwa)
The Udzungwa Mountains of southern Tanzania (‘Udzungwas’: 10,000 km2, 300-2600 m
asl) comprise a mosaic of forest, miombo woodland, dry bush and grassland (Dinesen et
al, 2001). Extremely biodiverse and rich in endemic and endangered species, they have in
recent years become recognized as one of the most important areas for biodiversity
conservation in East Africa (Myers et al, 2000; Burgess et al, 2007). The great African
mammalogist Jonathan Kingdon describes the Udzungwas as an important
biogeographical site in the evolutionary history of African mammals (Kingdon, in press).
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Several environmental factors, e.g. patch size, habitat type, altitude, topography; and
anthropogenic factors, e.g. proximity of each forest patch to habitation and roads, land
use, levels of exploitation, protective status, vary greatly across the region. Over 25 moist
tropical, naturally fragmented forests, ranging in size from 2 km2 up to 512 km2 cloak the
mountainsides, from 300 m up to 2300 m asl. The Udzungwas are also a critical centre
point of connectivity for large mammal populations in southern Tanzania’s network of
Protected Areas (Jones et al, 2007, 2009, 2012; Rovero & Jones, 2012). These attributes
make the area an ideal site for improving our understanding of the factors underlying the
distribution and abundance of forest mammals across a fragmented landscape.
The Udzungwa Mountains are home to remarkable numbers of endemic species, across
all taxa (Burgess et al, 2007). Globally, while larger sites contain more endemic species,
the Eastern Arc Mountains including the Udzungwas are exceptional in terms of their
density of endemic species. Analysis of global biodiversity hotspots suggest that these
forests may hold the highest number of endemics per km2 in the world (Myers et al,
2004). There are currently records of eight trees and a minimum of 44 vertebrate species
strictly endemic to the Udzungwas, though these numbers continue to increase nearly
every year through new discoveries (Burgess et al, 2007; Rovero et al, 2008; Menegon et
al, 2009; further descriptions in prep: A. Marshall, A. Perkin, pers. comm.).
118 mammal species have so far been reported from the Udzungwas, including 15 species
of Vulnerable or higher risk status on the IUCN red data list of endangered animals
(Rovero & De Luca, 2006; Rovero et al, 2008). Four new mammal species including two
primates have been described since 1979 (Homewood & Rodgers, 1981; Jones et al, 2005;
Stanley et al, 2005; Rovero et al, 2008). Several of these species are found in forests
which are outside of the well protected Udzungwa Mountains National Park and subject
to alarmingly high levels of exploitation (Moyer & Mulungu, 2004; Rovero et al, 2011;
Jones & Bowkett, 2012). Large mammals in general have been shown to be the taxonomic
group most likely to be hunted out of exploited forests (Maisels et al, 2001; Kinnaird et al,
2002), as well as being a group at intrinsically high risk of extinction (Cardillo et al, 2005).
Conflict between large mammals and local people has been increasing in and around the
Udzungwas in recent years (Joram, 2011), particularly involving elephants (for whom
abundance and distribution have never been documented). Human-wildlife conflict is
being exacerbated by the recent dramatic increase in local human immigration from
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other, less fertile parts of Tanzania, and the resultant widespread conversion of wildlife
habitat to agriculture which is closing off elephant migration routes between the
Udzungwas and the Selous-Mikumi and Rungwa-Ruaha protected ecosystems. Long-term
work was initiated in 2005 towards the establishment, management and protection of
large mammal wildlife corridors between these Protected Areas, and this study is
designed to complement this corridor conservation work (Jones et al, 2007, 2009, 2012).
It is thought that hunting, and habitat loss and degradation, are the major threats to
mammals in the Udzungwas (Dinesen, 2001; Rovero & de Luca, 2007). However, with the
exception of the diurnal primates (Marshall, 2009; Marshall et al, 2010; Rovero et al,
2006, 2009, 2011, 2012), there has to date been no quantification and analytical
assessment of the distribution and abundance of large mammals across the critically
important Udzungwa Mountains, nor any assessment of conservation status, threats, and
the consequences of their distribution. The exceptional features of this mountain system variations in altitudinal range, habitat type and protective status, anthropogenic
pressures on naturally fragmented forest patches of different size, the degree of mammal
species richness and patterns of endemism, are all present in a way that permits patterns
of mammal distribution and abundance to be studied and evaluated in a single natural
system. Results will not only inform the debate on predictors of animal abundance in
forests across fragmented landscapes, but also provide a baseline for understanding the
conservation needs of large mammals in the Udzungwas (Kingdon, in press).

1.4 Structure of Thesis
In order to address the aims of this study on mammal distribution and abundance, this
thesis thence progresses as follows:
Chapter 2 further introduces important features of the exceptionally biodiverse
Udzungwa Mountains and their forest mammal fauna, before defining large mammals in
the context of this study, and identifying the study species. I then outline the research
approach, general methods and analytical techniques employed in this thesis.
Chapter 3 describes in more detail the extraordinary variation of the Udzungwa forests. A
total of 22 sites in ten montane forests were surveyed for this study. Thirty variables are
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generated for each site for, to be tested in chapters 4 and 6 as predictors of mammal
richness, presence and density. These include anthropogenic (disturbance) variables such
as levels of snaring and tree cutting; environmental (habitat) variables such as tree
density, canopy cover and aspect; and climatic variables such as rainfall. Relationships
between each of these variables are explored, and possible explanations proposed.
Chapter 4 looks at predictors of mammal species richness in these forests. First, I report
on variation in structure of the mammal communities studied, and then explore
predictors of this species richness, both at the site and forest levels, using ordination and
Generalised Linear Models. The relative importance of anthropogenic and environmental
factors are examined and discussed, and the most threatened communities identified.
Chapter 5 analyses these transect data and generates encounter rates and relative
indices of abundance for the sign of selected mammal species (as proxy for the animals
themselves), using DISTANCE. Variation in density is evaluated for each species, in the
context of the protective status of each site. Finally, relationships between the densities
of different species are explored, and discussed.
Chapter 6 examines predictors of distribution and/or abundance in selected mammal
taxa of Udzungwa forests, namely elephant, buffalo, bushpig, forest antelopes, hyrax,
aardvark, giant pouched rat, crested porcupine and leopard, using Generalised Linear
Models. Again, the relative importance of anthropogenic and environmental factors are
evaluated. Results are discussed in the light of the ecology of each species or species
group, and patterns of predictors across taxa are highlighted.
The final discussion chapter, Chapter 7, summarises the key findings of chapters 3-6
above, evaluating the major predictors of distribution, abundance and/or extinction of
eastern Afromontane forest mammals, and how these vary between taxa. Results are
placed in the context of the few available studies from other African forest sites. I discuss
the interdependence of certain taxa, and of certain attributes of the forested sites where
they are found. I also discuss the overall significance of environmental and anthropogenic
factors for the persistence of these endangered populations, and identify conservation
measures to help safeguard these irreplaceable species and communities.
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Chapter 2 General Methods
2.1 Introduction
Building on Chapter 1, this chapter further introduces the study area before introducing
the study animals, and general methods used to collect and analyse data.
In chapter 1, I introduced the biogeographical context of the study site, and the attributes
that make it an exceptional site for this study. In chapter 2, I describe additional
important characteristics of Udzungwa Mountains, providing more relevant background
for the study. I then focus in on the forest and woodland sites which were sampled, and
how and why these were selected. Next, I introduce the large mammals of Udzungwa,
define a ‘large’ mammal, and thus define the subset of Udzungwa mammal taxa which
are the particular focus of this thesis. Each of the data collection methods are then
outlined, although some of these will be described and discussed in greater detail in
relevant subsequent chapters. Finally, the methods used to analyse the data are
introduced.

2.1.1 Aims of Chapter


To introduce further important and relevant attributes of the Udzungwa Mountains
study area



To define the focal mammal taxa of this study



To explain the study design and general assumptions made, and introduce the key
field data collection methods employed



To introduce the statistical, spatial and other data analysis techniques used to
address the target questions of the study
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2.2 Udzungwa Mountains
2.2.1 Geography, Topography and Rivers
The Udzungwa Mountains are located in south-central Tanzania (figure 1-2) and are often
cited to cover approximately 10,000 km2. However, this includes the Mufindi plateau which is
to the west of the main Udzungwa Mountains, where there are extensive tea and timber
plantations and only a few small, species-poor fragments of natural forest remaining. For the
purpose of this study, the study region referred to as the “Udzungwas” or “Udzungwa
Mountains” covers the main mountainous area of about 6,500 km2, as shown in Figure 2-1.
The Udzungwa Mountains rise abruptly from the flat and fertile Kilombero floodplain along
their southeastern edge, at 250-300 m above sea level (asl), to over 2,500 m asl. The eastand southeast-facing slopes are heavily forested, with Mwanihana (in the north) and
Uzungwa Scarp (in the south) forests having continuous forest cover from 300m up to about
2,100 m asl (Table 2-4). West and north-west of these respective peaks is a plateau and
rolling hills at 1,000-2,000 m asl of miombo woodland and wooded grassland, with strips of
riverine forest along watercourses, and some villages. Further west and north, the land rises
again and there is a second series of forest-covered mountains, including the highest peaks of
Luhomero (2,520 m) and Nyumbanitu (2,600 m).
For an East African system, because of this topography and the large extent of forest cover
still remaining, the Udzungwa Mountains are exceptionally well-watered, especially on its
eastern slopes. Mwanihana and Uzungwa Scarp forests are a series of very steep east- and
southeast-facing ridges and valleys. Over 60 rivers and streams flow off the Udzungwa
Mountains into the Kilombero floodplain, the great majority of these year-round (though
there is concern that volume of water flow has decreased over the last 30 years, and a small
number of rivers from Matundu have begun to dry up in recent years during the late dry
season, for the first time in the living memory of local people; Jones, pers. obs.). There are
two major hydro-electric dams, at Kidatu on the Ruaha River in the north, and near Chita on
the Kihansi River to the south, which together provide one-third of all Tanzania’s electricity
(Government of Tanzania, 2006).
In the west of the system, there are also many rivers and streams which flow year-round,
including larger rivers such as the Lukosi which flow from the western mountains into the
Ruaha River. The driest area is the upland bush and grassland north of the NdunduluLuhomero forests, where water dries up during the dry season. Overall however, widespread
year-round availability of water is an important factor enabling the Udzungwas to maintain
viable populations of a great diversity of large mammals, including elephants (Section 2.3).
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Study Sites
1. US juu
2. US chini
3. New Dabaga S
4. New Dabaga N
5. K-Rugaro W
6. K-Rugaro SE
7. Matundu W1
8. Matundu W2
9. Matundu Ruipa
10. Nyumbanitu W
11. Nyumbanitu E
12. Ukami
13. Ndundulu N
14. Vikongwa
15. Luhomero W
16. Luhomero E
17. Ng'ung'umbi
18. Iwonde
19. Nyanganje W
20. Nyanganje E
21. 3 Rivers
22. Mizimu

Figure 2-1. Map of Udzungwa Mountains, showing the ten study forests (Ndundulu and Luhomero being contiguous), 22 study sites and seven ranger
UMNP posts. UMNP = Udzungwa Mountains National Park; KNR = Kilombero Nature Reserve; FR = Forest Reserve; GR = Game Reserve (see 2.2.5).
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2.2.2 Vegetation
The study region comprises village land (a mosaic of houses, roads, farmland, plantations,
etc) and Protected Areas (PAs; see 2.2.5 below). These PAs, containing all the sites where
this study was carried out, comprise the following five habitat types (Table 2-1).

Table 2-1. Features of the main habitat types in the Udzungwa Mountains of Tanzania. This

classification follows that proposed by Rovero & de Luca (2007).
Habitat type

Altitude
range
(m)

Dominant tree species

Description

Grassland and
wooded
grassland (WG)

300–
1,500

Acacia spp., Brachystegia spp.

Bracken and grassland with
scattered trees

Woodland (W)

300–
2,000

Low elevation: Commiphora
spp., Adansonia digitata

Deciduous woodland with
low canopy (to 20 m)
variable from very dense to
open

Low to mid elevation:
Brachystegia spp., Pterocarpus
angolensis
Mid to high elevation: Acacia
spp., Uapaka kirkiana
Lowland forest
(LF)

300–800

Funtumia africana,
Erythrophleum suaveolens,
Treculia africana, Lettowianthus
stellatus, Anthocleista
grandiflora, Sorindeia
madagascariensis, Parkia
filicoidea, Pteleopsis myrtifolia

Forest with deciduous and
semi-deciduous trees,
canopy 15–25 m with
emergents to 50 m

Sub-montane
forest (SF)

800–
1,400

Parinari excelsa, Felicium
decipiens, Harungana
madagascariense, Allanblackia
stuhlmannii, Trilepsium
madagascariense, Isoberlinia
scheffleri

Moist forest with mainly
evergreen species, canopy
25–40 m with emergents to
50 m

Montane forest
(MF)1

1,400–
2,600

Parinari excelsa, Ocotea
usambarensis, Hagenia
abyssinica, Syzygium sp.,
Macaranga kilimandscharica,
Caloncoba welwitschii

Evergreen moist forest,
with canopy height
progressively lower with
altitude

1

MF includes upper montane forest (sensu Lovett 1993), which is above 1800 m and often
contains bamboo towards the peaks of the mountains.
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2.2.3 Climate
The Udzungwa Mountains experience one long dry season with virtually no rain, from
May to November. Rains generally continue from November until May, with March and
April usually the most precipitous months (Figure 2-2).
Temperatures naturally follow an altitudinal gradient at all times. Seasonally,
temperatures rise to their peak in December/January, and fall to the lowest mean
temperatures in June/July each year.
Mean annual rainfall along the southeastern scarp fluctuates between 1,500-2,500 mm,
while on the western plateau it is about 900 mm. There is also a substantial mist effect
above 1,500 m over the montane forest and upland heath communities (found on the
highest peaks above the tree line).

Figure 2-2. Average climate data for the Udzungwa Mountains based on the WorldClim 50 year
monthly climate data (http://www.worldclim.org/).
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2.2.4 Human Population and Ecosystem Services
All of the forests included in this study are bordered by, or within 7 km of, human
settlements. These settlements are distributed across approximately 60 villages, within 20
administrative wards, within the districts of Kilombero (Morogoro Region) and Kilolo
(Iringa Region). In the last national census of 2002, these 20 wards totalled 356,036
people in 78,822 households. Considering a mean annual national population growth rate
over the last ten years of about 2.8% (source: http://data.worldbank.org/indicator/), and
continued (though decreasing) immigration into this area from other parts of Tanzania,
the current population of this area is probably between 400,000-500,000 people.
The "ecosystem services" or "natural value" to Tanzania and East Africa of all Eastern Arc
mountain blocks are immensely significant for human well-being, and local and national
economies (Fisher et al, 2011). These values include carbon storage and climate
regulation, timber, bushmeat, medicinal plants and honey, irrigation and agricultural
pollination, and forest sites of high cultural value.
The Udzungwa Mountains are especially valuable in terms of water catchment. Two
hydro-electric dams currently provide one-third of all Tanzania’s electricity (2.2.1). In
addition, hundreds of thousands of local farmers and households in the adjacent
Kilombero Valley, as well as large-scale commercial enterprises such as sugar cultivation
and teak plantations, rely on year-round water supply from the mountains, and the stable
climate and levels of rainfall locally influenced by the forested slopes.
Since the mid-1990s, in a break from Tanzania National Parks' usual strict non-utilisation
policy, the Udzungwa Mountains National Park (UMNP) permitted people living in villages
adjacent to the eastern boundary of the Park to collect firewood from the forests, up to 1
km within the boundary, two days a week (more recently restricted to one day a week,
and only women) (UMNP Chief Park Warden, pers. comm.). However, this practice has
been banned by the Park since June 2011.
The forests of Udzungwa also have great and currently under-tapped potential for
apiculture (Njau et al, 2009), although in 2011 a collaboration was initiated between
Udzungwa Elephant Project and the Njokomoni Farmers Group to harvest honey from a
beehive fence which is placed around farms to reduce crop-raiding by elephants along the
eastern boundary of the UMNP (Joram, 2011; http://udzungwa.wildlifedirect.org/).
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2.2.5 Protected Areas
Protected Areas (PAs) were first introduced in Tanzania by British colonial powers in the
late 1920s to 1930s, with the widespread gazettement across the country of Forest
Reserves (FRs), including several in the Udzungwa Mountains. In the 1950s, further
forests were designated as FRs, including Nyanganje FR in the Udzungwas. After
independence in 1961, all FRs were placed under the management of the Forestry and
Beekeeping Division (FBD) (evolved into the Tanzania Forest Service - TFS - in 2012),
under the Wildlife Division in the Ministry of Natural Resources and Tourism.
In 1992, all or part of four existing FRs were combined and turned into the Udzungwa
Mountains National Park (UMNP), under the management of Tanzania National Parks
(TANAPA). In 2007, the West Kilombero Scarp Catchment FR was combined with Matundu
FR to form the Kilombero Nature Reserve (NR), managed by TFS (Marshall et al, 2007).
Currently therefore, there are three legal classifications of Protected Area in the
Udzungwa Mountains: one National Park, one Nature Reserve, and several Forest
Reserves (Table 2-2; Figure 2-1). National Parks are generally run as strictly nonutilisation, photographic and recreational tourism areas, for nature conservation (though
see 2.2.4). Forest Reserves aim to conserve the nation's forests but also allow for
regulated utilisation by local communities of forest products and services including
medicinal plants, fungi, honey, and some timber and wild animals. Nature Reserves are a
higher form of protected area than Forest Reserves (in theory at least), which aim to
attract nature tourists, and allow for more limited utilisation than the forest reserves.
Although the perception has never been tested, it is widely perceived among Tanzanian
conservationists that these three types of PA generally differ, in descending order - NP,
NR, FR - in terms of their effectiveness at nature conservation. This is thought to be
related to (i) resources and law enforcement, with NPs having more and better equipped
rangers and infrastructure than either NRs or FRs (this would be in line with levels of
funding received by each of these PA categories in Tanzania: Green et al, 2012); and (ii)
levels of corruption, thought to be higher in the former FBD than TANAPA. The design of
this study (2.4.2) and various analyses of the data (e.g. 4.3.3, 6.3, 6.4) will allow for
detailed evaluation of these different management regimes as predictors of mammal
persistence and abundance within the study forests. Furthermore, in the final chapter,
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possible inferences from these results pertaining to PA effectiveness in Udzungwa will be
drawn and discussed (7.3.1), and management recommendations proposed (7.3.4).
Within the Nature Reserve, and among the Forest Reserves, the following forests have
been under Joint Forest Management (JFM) between TFS and adjacent village
communities since February 2002: Ndundulu, Nyumbanitu, New Dabaga and Ulang'ambi.
While the JFM status of certain sites is noted where appropriate, this thesis was not
designed to assess the effectiveness of JFM, which has been evaluated in Udzungwa by
other studies (Nielsen, 2006, 2011; Nielsen & Treue, 2012).
Table 2-2. Protected Areas within the Udzungwa Mountains study region in 2013 (Lovett
& Pocs, 1993; Marshall et al, 2007; Nielsen, 2011; Nielsen & Treue, 2012).
Protected Area

Area
(km2)

Comprising

Year
gazetted

Notes

National Park (TANAPA)
Udzungwa Mountains
National Park (UMNP)

1,990

Mwanihana forest
Luhomero forest
Ng’ung’umbi forest
Matundu forest (eastern)
Iwonde forest
Areas of woodland,
riverine forest and
wooded grassland

1992

Luhomero
contiguous with
Ndundulu (KNR)

2007

Forests under JFM,
2002-ongoing

Nature Reserve (TFS)
Kilombero Nature
Reserve
(KNR)

1,345

Ndundulu forest
Nyumbanitu forest
Ukami forest
Iyondo forest
Matundu forest (western)
Areas of woodland,
riverine forest and
wooded grassland

Ndundulu
contiguous with
Luhomero (inside
UMNP)

Forest Reserves (TFS)
Kawemba FR

0.58

Kawemba forest

Unknown

Kiranzi-Kitunguru FR

11.0

Kiranzi-Kitunguru forest

Unknown

Kising’a-Rugaro FR

141.6

Kising’a-Rugaro forest

1934

New DabagaUlang’ambi FR

37.0

New Dabaga forest
Ulang’ambi forest

1932

Nyanganje FR

19.0

Nyanganje forest

1958

Uzungwa Scarp FR

202.7

Uzungwa Scarp forest

1929

Forests under JFM,
2002-ongoing

In process of being
upgraded to NR
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2.3 Mammals of Udzungwa
As introduced in Chapter 1, the conservation importance of the Udzungwa Mountains is
well represented in its mammalian diversity and endemism. A total of 118 species of
mammal belonging to 30 families have been recorded, with an additional 12 species of
probable occurrence (see Rovero & De Luca, 2007 for full list; Table 2-3 for scientific
names of all study species).
A combination of the size of the area, the fragmentation of forest patches, and the
mosaic of habitat types, mean that each Udzungwa forest harbours both strictly forestdependent species (some of them endemic), and more habitat-generalist or 'non-forest'
species (including relatively common and widespread East African fauna) who are using
the montane forest. These factors contribute to the exceptional mammal species
richness, and unique communities, of these forests.
For example, the Udzungwas are the only Eastern Arc mountain range with a diversity of
megaherbivores and large predators, each needing relatively large home ranges, and
utilising the range of habitats available. Savanna elephants and buffalo are found in the
northern forests of the Udzungwa Mountains (Jones & Nowak, in press), as well as
woodland and wooded grassland, and also move out of the Udzungwa Mountains along
threatened corridors towards the Selous-Mikumi and Ruaha-Rungwa ecosystems (Jones
et al, 2012; Rovero & Jones, 2012), while hippopotamus are resident in Matundu forest.
Leopards are present throughout some Udzungwa forests and adjacent dry bush, and lion
and spotted hyaena occur patchily but will enter the forest (TJ, pers. obs.).
The Udzungwas are a stronghold for East African forest antelopes (Bowkett, 2012). The
most common and widespread antelope is the Harvey's (or red) duiker, found in nearly all
forests and also in some woodland and drier wooded grassland habitats too. The
Udzungwas are the most important remaining location for the Tanzania-endemic Abbott’s
duiker, which has been reduced by hunting from >12 sites in the early 20th century to only
the Udzungwas and four other mountain ranges today (Moyer, 2001; Rovero et al, 2005,
2013; Jones & Bowkett, 2012; Bowkett et al, submitted). The other species present are
the forest-dependent blue duiker and suni, and the bushbuck, a species of drier habitats,
forest edge and occasionally forest interior.
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Also one of the most important sites in Africa for primate conservation, the Udzungwas
are home to seven monkey species and a minimum of six galago species (Rovero et al,
2009). Among the monkeys are two Udzungwa endemics, Sanje mangabey and Udzungwa
red colobus, and the recently discovered near-endemic genus and species, the kipunji
(Jones et al, 2005; Davenport et al, 2006). All three species, together with Angolan
colobus and Sykes' monkey, are largely forest-dependent, while yellow baboons will
occasionally enter forest, and vervet monkeys Cercopithecus aethiops are largely confined
to drier habitats. Among the galagos there are species associated with most of the
different habitats, including an endemic and forest-dependent subspecies of the Zanzibar
galago Galago zanzibaricus udzungwensis, and at least one undescribed taxon (A. Perkin,
pers. comm.).
The Udzungwa Mountains also exhibit outstanding carnivore diversity, with at least 26
species recorded and five additional species probably present, including Jackson’s
mongoose Bdeogale jacksoni, newly recorded for Tanzania, and Lowe’s servaline genet
Genetta servalina lowei (De Luca & Mpunga, 2005; Rovero & De Luca, 2007). Another
notable and ancient mammal group of Udzungwa are the elephant-shrews, which include
the endemic, forest-dependent, grey-faced sengi Rhynchocyon udzungwensis, a recently
discovered species of great interest to mammal evolutionists (Rovero et al, 2008;
Kingdon, in press).
Despite this recently increased awareness of the richness and importance of Udzungwa
mammals, more in-depth studies of these animals are at an early stage. The most widely
surveyed and best assessed group are the monkeys (Ehardt et al, 1999; Rovero et al,
2009; Marshall et al, 2010), among which the Udzungwa red colobus is the best studied
(Struhsaker et al, 2004; Marshall, 2009; Rovero et al, 2006, 2011, 2012). Thus,
notwithstanding the undeniable conservation importance of Udzungwa for primates, this
study concentrates more on the other, less well-known large mammal taxa of these
forests.
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2.3.1 Study Species, Guilds and Communities
In order to select species for this study, body size as measured by standardized body mass
was used. Nonvolant species with a body mass > 2kg and who were detectable by the
sampling methods employed (2.5 below) were selected.
Body mass was calculated in kilograms for each Udzungwa mammal species, using the
following formula which estimates a mass across all age and sex classes (White, 1994):
adult male mass + adult female mass x 0.8
2
with mass for each sex calculated as (maximum weight + minimum weight)/2. Weight
measurements were taken from Kingdon & Pagel (1997).
27 mammal species of body mass > 2 kg were confidently detectable by the sampling
methods employed, thus forming the list of focal species of this study (Table 2-3;
Appendix 1). Body mass ranges from 2.1 kg for the giant pouched rat to 2,000 kg for the
elephant (maximum 6,000 kg for adult male), a 950-fold increase (Figure 2-3). Their red
list status also emphasises the numbers of rare or endemic species, with one Critically
Endangered species (kipunji), three Endangered, three Vulnerable, and three Near
Threatened species (totalling 37% of these 27 species).
Species are classified into groups in two ways. Firstly, species can be classified on two
trophic levels: carnivores and primary consumers. Secondly, I have divided species into
guilds, following the definition of a guild as a "trophically or functionally similar group of
organisms" (Laurance et al, 2012), regardless of taxonomic relationships or body size.
Four guilds were thus defined for this study (Table 2-3). Within the primary consumers,
there are three guilds: the monkeys, the herbivores, and the semifossorial species.
Outwith the primary consumers, the carnivores form a fourth guild.
For this study, a community is defined as the assemblage of study species (i.e. those
species among the 27 listed in Table 2-3) which are recorded as present at any given site,
or in any given forest, during the survey period (Table 2-4).
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Table 2-3. The twenty-seven mammal species surveyed and sampled for this study. All species

are included in analyses of species richness (Chapter 4). Selected species (in bold) are
further analysed in relation to predictors of presence and/or density (Chapters 5-6).
Common name

Red
List
status2

Body
mass
(kg)

Forest
specialist
?

Sykes’ monkey

LC

4.9

Y

LF, SF, MF

Monkey

EN
CR

6.0
6.2

Y
Y

LF, SF, MF
MF

Monkey
Monkey

EN

6.6

Y

LF, SF, MF

Monkey

Colobus angolensis palliatus

Sanje mangabey
Kipunji
Udzungwa red
colobus
Angolan colobus

LC

6.9

N

LF, SF, MF

Monkey

Papio cynocephalus

Yellow baboon

LC

13.0

N

W, LF

Monkey

LC

2.1

N

Throughout

LC

16.0

N

Throughout

LC

2.1

N

WG, LF, MF

LC

10.0

N

LF, SF

Carnivore

LC

8.8

N

Throughout

Carnivore

Order and species
Primates
Cercopithecus mitis
moloneyi
Cercocebus sanjei
Rungwecebus kipunji
Procolobus gordonorum

Habitats in
Udzungwa1

Functional
guild

Macroscelidea
Cricetomys gambianus
Hystrix cristata
Thryonomys swinderianus
Carnivora
Aonyx capensis

Giant pouched
rat
Crested
porcupine
Cane rat

Semifossorial
Semifossorial
Semifossorial

Mellivora capensis

African clawless
otter
Honey badger

Civettictis civetta
Atilax paludinosus
Crocuta crocuta
Panthera pardus

African civet
Marsh mongoose
Spotted hyaena
Leopard

LC
LC
CD
NT

10.4
2.8
48.9
40.0

N
Y
N
N

Throughout
LF, SF, MF
Throughout
Throughout

Carnivore
Carnivore
Carnivore
Carnivore

Panthera leo

Lion

VU

138.8

N

Throughout

Carnivore

Aardvark

LC

42.0

N

W, WG, LF,
SF

Semifossorial

Eastern tree
hyrax

LC

2.5

Y

LF, SF, MF

Herbivore

African elephant

VU

2000

N

Throughout

Herbivore3

Bushpig
Blue duiker
Suni

LC
LC
CD

60.0
4.0
4.0

Y
Y
Y

Herbivore
Herbivore
Herbivore

Harvey’s duiker

CD

9.0

Y

Bushbuck
Abbott’s duiker
African buffalo
Hippopotamus

LC
EN
CD
VU

34.2
40.0
502.4
1520

N
Y
N
N

W,LF
SF, MF
LF, SF, MF
W, LF, SF,
MF
W, LF,SF,MF
LF, SF, MF
Throughout
LF

Tubulidentata
Orycteropus afer
Hyracoidea
Dendrohyrax arboreus
Proboscidea
Loxodonta africana
Artiodactyla
Potamochoerus larvatus
Philantomba monticola
Neotragus moschatus
Cephalophus natalensis
harveyi
Tragelaphus scriptus
Cephalophus spadix
Syncerus caffer
Hippopotamus amphibius

Herbivore
Herbivore
Herbivore
3
Herbivore
Herbivore3

1

LF=Lowland forest; SF=Submontane forest; MF=Montane forest; W=Woodland; WG=Wooded grassland
(Table 2-1)
2
http://www.redlist.org, Accessed 1st June 2013
3
Also can be classed as Megaherbivore (Owen-Smith, 1992
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Figure 2-3. Body sizes of the larger (>2kg) mammals found in forests of the Udzungwa Mountains, that form the focus of this study. See text for method
of calculating mean body size.
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2.4 Study design: General considerations
2.4.1 Selection of Sites
Section 2.2 above described the diversity of the Udzungwa Mountains and the gradations
that exist in terms of topography, habitats, height above sea level, levels of protection
and disturbance, human density, and so on. As such, the area provides an exceptional
natural laboratory for exploring questions of the kind posed by this study. Over 20 forests
differ in size (Table 2-4), altitudinal range (Figure 2-4), forest type and structure, intensity
of usage by people, and protective status, forming a system conducive to examining
differences in larger mammal populations across the range of conditions, and to research
the causes underlying these differences.

Figure 2-4. Altitudinal range of the 22 study sites sampled

22 study sites in 10 forests were selected for this study (Table 2-4). Forests were selected
to give as wide a range as possible of potential explanatory variables to predict mammal
distribution and density. Thus, for example, forests varied in size from 5 km 2 (Iwonde) to
522 km2 (Matundu); from lowland (Nyanganje) to highland (Nyumbanitu); and in
protective status from National Park (Mwanihana) to virtually unprotected Forest Reserve
(Kising’a-Rugaro). All sites are within forest or closed canopy woodland. With three
exceptions (Matundu, Iwonde and Ukami: one site each), all forests were sampled at
minimum two and maximum five (Ndundulu-Luhomero) sites, with different sites within
each forest selected for their different characteristics. For example, Uzungwa Scarp,
Ndundulu-Luhomero and Mwanihana forests were sampled in areas of differing
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altitudinal range; the very heterogenous Nyumbanitu and Ndundulu-Luhomero forests
were sampled in sites characterised by distinct habitat types; and, importantly, each
study site within New Dabaga and Matundu varied in its distance from human
settlements.
Results from the 22 sites are presented consistently in the same order throughout this
thesis: the sites follow the position of the forest in which they are found, from west to
east, on the site map (Figure 2-1). Latitude is not expected to be a significant variable
affecting densities between sites (unlike protective status, patch size, etc), thus I have
selected an order that is unbiased and makes it easy for the reader to refer to the
location of all sites on the map. This order of sites will be adhered to in all analysis and
results.

2.4.2 Timeframe and Seasonality
The study took place during a three-year period from September 2007 to July 2010, and
makes the assumption that there were no significant changes to distribution or
abundance of large mammal populations during this time. This assumption is supported a
posteriori by the author’s local knowledge and the fact that no major local perturbations
or anthropogenic events occurred during the study period which could have caused
significant differences in the study populations.
All sampling was carried out during the dry season, from July to November, in order to
minimise the potential variable of seasonal variation in local animal abundances, or bias
resulting from changes in decay rate of dung between dry and rainy seasons. This latter
factor was particularly necessary to avoid, since observations of decay rate in both
elephant and forest antelope dung in the Udzungwas have confirmed significant
differences between the dry and rainy seasons (Nowak et al, 2010; T. Jones & K. Nowak,
unpubl. data). Elephant dung decays significantly faster in the rainy season, while heavy
rain during this period often washes away antelope dung completely, making it
undetectable. Both of these phenomena would lead to underestimates of abundance in
these taxa relative to dry season observations.
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Table 2-4. Summary information on the 22 study sites selected for this study, including sampling effort. a Refer to Table 2-1 for habitat classifications.
Forest
no.

Forest

1

Uzungwa Scarp

2

3

4

5

6
7

8
9

10

Site
no.

Site

Size
2
(km )
230

1
2

US chini
US juu

3
4

New Dabaga S
New Dabaga N

5
6

K-Rugaro W
K-Rugaro SE

7
8
9

Matundu W1
Matundu W2
Matundu Ruipa

10
11

Nyumbanitu W
Nyumbanitu E

12

Ukami

New Dabaga

32

Kising'a-Rugaro

99

Matundu

522

Nyumbanitu

49

Ukami

6

Ndu-L'mero

221
13
14
15
16
17

Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi

18

Iwonde

Iwonde

5

Nyanganje

42
19
20

Nyanganje W
Nyanganje E

21
22

3 Rivers
Mizimu

Mwanihana

177

TOTAL

Altitude
300-2050
799-1718
1347-1829
1740-2100
1791-2040
1895-2046
1600-2300
2133-2265
1567-2003
273-800
707-855
346-603
283-409
1350-2350
1412-1597
1503-1885
1100-1600
1234-1584
1350-2500
1897-2077
1348-1517
1405-1973
1682-1859
1929-2176
1029-1500
1029-1425
300-950
476-781
333-573
300-2300
885-1488
761-1082

Area (km2)

4.27
3.16
2.43
3.57
3.52
5.09
2.50
2.66
4.85
1.04
5.59
1.60
2.95
2.61
2.46
3.34
18.13
2.37
2.65
2.67
3.86
1.76

Status
FR
FR
FR
FR (JFM)
FR (JFM)
FR (JFM)
FR
FR
FR
NR/NP
NR
NR
NP
NR (JFM)
NR (JFM)
NR (JFM)
NR
NR
NR/NP
NR (JFM)
NR (JFM)
NP
NP
NP
NP
NP
FR
FR
FR
NP
NP
NP

Habitata

SF
MF
MF
MF
MF
MF
SF
LF
LF
SF
SF
SF
MF
SF
SF
SF
MF
SF
LF
LF
SF/W
SF/W

Date of
survey
Jul-08
Jul-08
Jul-08
Oct-09
Oct-09
Oct-09
Oct-07
Oct-07
Oct-07
2008-2009
Jul-08
Jul-08
Jul-09
Sep-07
Sep-07
Sep-07
Sep-07
Sep-07
2008-2010
Nov-08
Nov-08
Oct-08
Oct-08
Jul-10
Sep-09
Sep-09
Aug-Sept 09
Sep-09
Aug-09
Aug-Sept 08
Aug-08
Sep-08

No. recce
transects

Total length
(km)

25
15
10
21
12
9
18
6
12
33
9
12
12
26
6
20
12
12
53
12
12
10
12
7
11
11
24
12
12
24
15
9

25.077
14.619
10.458
21.218
11.228
9.99
29.872
10.122
19.75
31.963
9.4
11.71
10.853
22.75
5.2
17.55
9.15
9.15
55.008
11.02
12.053
10.124
12.071
9.74
9.608
9.608
22.644
11.549
11.095
23.694
15.2
8.494

247

250.984
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2.5 Data Collection
This section describes the methods used to collect data on large mammal distribution and
density at each of the study sites. For the purpose of this study, large mammals are
defined as all mammals which average over 2 kg in body mass and were detected either
directly or by sign, following Kingdon & Pagel, 1997 (2.3.1).
Data on large mammal distribution and density were collected systematically. Wherever
possible, dung and sign were used as proxy for animals, since for mammals in tropical
forests where visibility is low and highly variable, and one's subjects extremely shy, these
are generally more reliable data than live encounters (Breuer & Breuer-Ndoundou
Hockemba, 2012). The main method used to collect these data was a form of ‘recce
transect’ adapted from line and recce transect methods used in other African forests
(Plumptre, 2000).
The accuracy of my identification of forest antelopes to species level from their dung was
tested through molecular analysis of a subsample of dung piles, in collaboration with
Andrew Bowkett of Exeter University. In section 2.5.2, I report the methods and results
of this analysis are given, and I discuss the implications of these results for the rest of this
study.
Camera-traps were also set to increase coverage of mammalian species richness at
selected sites, especially to record the presence of elusive and nocturnal mammals, and
species at very low density.

2.5.1 Recce Transect Method
Recce transects were the main method used to collect all of the primary data on large
mammals and disturbance which are used for analysis (Chapters 3-6), at all levels of scale
(see 2.5.1). Considering logistical constraints and in order to maximise sampling effort, a
triangular ‘closed-circuit’ (Buckland et al, 2001) recce transect survey design was used
(after Waltert et al, 2008, 2009; Epps et al, 2011, 2013). Three transects were completed
per day (from morning to evening) in the shape of a triangle, in order to begin and end
sampling in the same area. A further advantage of a triangular design is that if there are
environmental gradients (known or unknown) in a particular direction (e.g. rivers, ridges),
one or more of the transects in any given triangle will cut across this gradient, reducing
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potential biases in mammal density. Each side of the triangle is classified as one transect.
The direction of each transect was therefore ±60o different from the adjacent transect in
the triangle. A minimum of 100m and up to 300m distance was left between the start of
each transect and the end of the previous one. Length of each transect generally
averaged about one kilometre (see Table 2-4). Transects were aborted only when it was
impossible to continue due either to an impassable physical barrier (e.g. a cliff) or the
perilous close proximity of elephants (total of 21 transects truncated for these reasons).
The first transect in a triangle began at a randomly selected point somewhere between
200-500m from camp (to avoid bias from human disturbance to animal activity), either
north, south, east or west from the camp. The exact same methodology was used for all
recce transects at every site, so that densities and encounter rates can be compared
between sites. The protocol was as follows.
The start and end locations of each transect are recorded in a GPS, and the entire
transect is also track-logged (using a Garmin 60Cx hand-held GPS, which is mostly
effective even under a tall closed canopy, according to personal experience). Three
people are required to carry out the transect (plus an armed ranger, where advisable).
Everyone walks quietly and slowly, at a mean speed of approximately 400m/hr (this varies
depending primarily on the density of dungs and other recordable observations). The
“Commander” wears a hipchain and leads the line, and the recorder and one assistant
walk a few metres behind, scanning for, recording and measuring all observations. At the
start of the transect, the Commander ties the biodegradable thread from the hipchain to
a tree and begins walking in the pre-specified compass direction. The thread that s/he
trails behind becomes the centre line of the transect (from which perpendicular distances
to observations are measured). The recorder and assistant walk together along the line,
looking for dung piles and other observation types (see below).
The Commander is instructed to follow the pre-determined compass direction, thus s/he
walks constantly checking the compass against landmarks ahead. However, no cutting of
vegetation is permitted. If an obstacle such as a thicket, large tree trunk or rock is
encountered which cannot be easily passed without cutting vegetation, the Commander
is allowed to deviate from the course by up to 45o before returning to the correct line of
direction after the obstacle has been passed. If a greater deviation is required, the line is
cut and the transect suspended, then resumed ahead as soon as it is possible to continue
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in the correct direction. In this way, and because the hipchain thread degrades and
disappears completely within three months, no sign is left in the forest that a transect has
been done. (Although in the short-term, the thread which is left behind can have the
effect of scaring illegal hunters away from that area; personal observations).
For each observation, the following information are recorded:
(1) distance from the start of the transect (obtained from the hipchain);
(2) whether the observation is to the left or the right of the line;
(3) perpendicular distance from the centre of the line to the observation (using tape
measure or laser rangefinder);
(4) species
(5) type of observation, e.g. dung, visual or auditory detection of animal, animal hole,
feeding sign, spoor
The primary observations which were systematically recorded were mammal encounters
(seen or heard), dung of mammals, and mammal holes (Table 2-5). Any dung of species
not recorded on transect but observed off transect were also noted, and geo-referenced.
Other signs such as footprints and feeding signs were also noted opportunistically, on and
off transect, as evidence of presence of species for which dung was not encountered,
perhaps because the species was rare or in low density (e.g. carnivores).
Table 2-5. Types of mammal observations recorded systematically on transects.

Observation type

Recording method

Example species1

Discrete dung pile

Perpendicular distance from centre
of transect to centre of pile2, with
tape measure
Distance along transect recorded
only

Forest antelopes,
elephant, bushpig,
buffalo, monkeys
Tree hyrax, fruit bats

Perpendicular distance from centre
line of transect, with rangefinder or
estimated
Perpendicular distance from centre
line of transect, with rangefinder or
estimated
1) Perpendicular distance from
transect with tape measure
2) Height and width of hole opening
3) Recently active or old/inactive

Monkeys, forest
antelopes

Latrine or scattered
dung piles straddling
transect line
Direct observation
(visual)
Direct observation
(auditory)
Active burrow

1
2

Monkeys, forest
antelopes
Aardvark, honey
badger, giant pouched
rat

See 5.1 for discussion of dung or other sign density as proxy for animal density
In the case of elephant piles, distance is measured from the transect line an estimated point at
the centre of all the boli
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In addition, signs of anthropogenic disturbance and characteristics of habitat and forest
structure were systematically recorded along each transect (Table 2-6), to be included as
predictor variables (2.6.4/5). Chapter 4 describes in more detail how these data were
collected, and processed.
Table 2-6. Summary of anthropogenic and habitat data recorded along transects.

a

Data type

Measure

Recording interval

Cutting

Trees and poles cut

Continuous

Snares

Snares observed

Continuous

Hunting

Gunshots, hunting camps, hunters, etc

Opportunistic

Tree density

Number of trees within 5m radius of point

Every 200m or 400ma

Pole density

Number of poles within 5m radius of point

Every 200m or 400m

Canopy cover

Estimated % canopy closed at point

Every 200m or 400m

Canopy height

Estimated height of canopy at point

Every 200m or 400m

Visibility

Maximum distance to detectable dung from
transect

Every 200m or 400m

Depending on observed heterogeneity or variation in variables

2.5.2 Verifying Dung Identification
In any study of mammals which uses dung as a proxy for the animals themselves, it is vital
to have confidence in one’s identification of dung to the level of species of animal which
has left it there. I began this study in 2007, having worked in the forests of Udzungwa
observing mammals and their sign since 2002. During that time I had learned and
practised identification of mammal sign with the help of both experienced local trackers
with whom I had worked, and field guides (e.g. Stuart & Stuart, 2000), and was confident
of my correct identification of the great majority of large mammal species present.
Two groups provide the greatest difficulties in terms of dung identification to species:
medium-sized carnivores (mongooses and genets) and the forest antelopes (suni, blue
duiker, red duiker, Abbott’s duiker and bushbuck). In the case of the former, all dungs
encountered where there was any doubt over species ID were measured, photographed
and checked against guide books (e.g. Stuart & Stuart, 2000). In a few cases (<5%) where
ID of a medium-sized carnivore was still uncertain, the dung was classified as “unknown”.
For forest antelopes, an important indicator group for both forest ecology and levels of
anthropogenic pressure, I collaborated with Dr. Andrew Bowkett of Exeter University on a
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study to quantify fieldworkers’ ability (including my own) to correctly identify forest
antelope dung in the Udzungwas to species, using molecular analysis of dungs collected
along transects and opportunistically (Bowkett et al, 2009a; Bowkett, 2012). Molecular
studies from other sites have also recently illustrated difficulties of field identification of
ungulate dung (van Vliet et al, 2008; Yamashiro et al. 2010), including of the mountain
bongo among the antelopes of Mount Kenya (Faria et al. 2011). A preliminary study by
Bowkett et al (2009b) had indicated similar problems in Udzungwa.
A protocol for collecting dung was developed through collaborative trial and error, and
finalised by A. Bowkett (Figure 2-5). During this study research assistant Richard Laizzer
and I collected a total of 109 antelope dung samples from seven forests: Matundu West
(10 samples), Uzungwa Scarp (35), Ndundulu (2), Nyumbanitu (8), Kising’a-Rugaro (4),
Nyanganje (12), and Mwanihana (38). A further 180 samples were collected by A. Bowkett
and Richard from six Udzungwa forests (Bowkett, 2012).
In some cases, samples were selected for collection to verify an important result,
particularly with suspected dung of the IUCN-Endangered and Tanzania-endemic Abbott's
duiker whose remaining stronghold is in the Udzungwa Mountains (Moyer et al, 2008;
Rovero et al, 2013). Molecular verification of these samples, together with cameratrapping results, has indeed led to a better understanding of the distribution of this
species, including its previously unconfirmed presence in Kising’a-Rugaro forest (Bowkett
et al, 2011; Jones & Bowkett, 2012). The second collection criterion was to sample, as
much as possible, all of the antelope species present for evaluation of species
identification methods.
Confirming results of the earlier preliminary study (Bowkett et al, 2009b), we have
demonstrated that field identification of Udzungwa forest antelope dung to species is
unreliable, even amongst experienced researchers and local trackers. From a total of 238
dung samples whose specific identity were first estimated visually in the field, and
subsequently confirmed through molecular analysis in the lab, 68 dung piles (28.6%) were
incorrectly identified by sight (Bowkett et al, 2013). This is because of the considerable
variation in dung sizes and significant overlap between species in the Udzungwa forest
antelope community. Moreover, the molecular data found that even morphometric
identification, i.e. the statistical assigning of dung to species after careful measurement of
pellets in the field, was not accurate enough to be used as a survey method (Bowkett et
al, in press).
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Forest antelope dung collection protocol
Storage media:
RNAlater is the preferred storage medium until further investigation. Dung pellets can be stored in 2ml
Eppendorf tubes (or similar) containing 1.5 ml RNAlater. Samples should be stored in plastic tubesrather
than glass to facilitate shipping. RNAlater can be stored at room temperature but should be kept in the
fridge whenever possible if ambient temp is high. Samples should be put in the fridge asap after collection
and stored in freezer long-term (2 months+) if possible. Alternative options include storage on silica beads
(either in commercially available tubes or in your own tubes or envelopes) or air-drying. DNA is preserved
best by rapid drying so dung in paper envelopes without silica should be air-dried asap. Ethanol should be
95%+ and samples kept in fridge or freezer. Ethanol and DMSO are poorer preservatives of duiker faecal
DNA (Anthony, A. and Ntie, S. pers. comm.).
Field collection:
Fresh dung pellets should be manipulated into the tubes using a new stick or leaf for each dung pile. Three
to five pellets fit into each 2 ml tube depending on size. Occasionally, Abbott’s/bushbuck pellets are too
large to it into small tubes. In this case, pellets can be crushed to fit in if larger containers are not available.
Looser stools can still yield DNA even when the surface has mould. Fresh dung pellets can be recognised by
their dampness, lack of white-ish mould and green-ish interior. Each dung pile should be aged on a scale of
1 to 4:
1. Very fresh. Glistening and sometimes containing mucous.
2. Fresh, still damp.
3. Drying but still soft and dark in colour.
4. Dry and old. Often discoloured, sometimes covered in mould.
Dung at age 3 should only be collected if the sample is likely to be important e.g. any Abbott’s or Harvey’s
from a heavily hunted area where samples will be rare. Similarly, valuable samples can be collected in
duplicate i.e. in two tubes, to maximise the chances of successful DNA extraction.
Information to be recorded in field:
Sample name: Each sample should have a unique label based on the collector and an ongoing serial
number e.g. AEB001. Duplicates should have the same name but be distinguished consistently e.g. with ~.
Date: Should be marked on tube with permanent marker along with sample name.
Time: Helps to differentiate between samples collected on the same day in cases where sample names are
confused.
General area
GPS loc-stat: With <20 m estimated error position if possible. If there is no GPS coverage record any other
info that might be useful in assigning a location e.g. distance along recce or transect.
Dung age: See above.
Best guess species id.
Pellet measurements:
If desired, pellets could be collected for morphological measurements following Bowkett (2007) so that
future results are comparable. The number of pellets collected from each dung pile should be decided in
advance (I collected 20 but this could be reduced). Pellets should be collected in excess of the number to
be measured to allow for crushed or misshapen ones. Where very few pellets are available priority should
be given to storage for genetic analysis and remaining pellets taken for measurement.
Pellets can be stored refrigerated in tied plastic bags after returning from the field and measured asap.
Pellets are measured with callipers accurate to 0.01 mm. Length can be measured rather than width as the
two are highly correlated and length shows greater variation (Bowkett unpubl. data).
Pellets are measured fresh (or slightly desiccated) rather than dried to a constant moisture content as we
are interested in identification under field conditions. Ideally, pellets would be measured in the field but
this is impractical and so allowing them to dry out slightly between collection and measurement is a
compromise. Large sample sizes would enable the use of discriminant analysis to explore species-specific
differences in pellet length.
A. Bowkett 23/02/08

Figure 2-5. Protocol for collecting forest antelope dung for molecular analysis (Bowkett, 2012).
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Therefore, although for this study I recorded my personal estimated ID to species level for
every antelope dung encountered along transects, for density estimations and analyses I
have pooled the dung piles of the (two to five) forest antelope species recorded at each
site (from bushbuck, Abbott's duiker, Harvey's duiker, blue duiker and suni). Whereas all
other mammals in this study are treated at the species level, the forest antelopes are
therefore treated as a taxon, or guild, when discussing density. For confirming presence
/absence of antelope species however, camera traps were productively deployed (Jones
& Bowkett, 2012).
2.5.3 Camera Trapping
Camera-trapping was employed at a number of sampling sites. This was not a primary
method of data collection, which for mammal surveys requires a recommended minimum
of 50 cameras set for over 1000 trap-nights at each site (Rovero et al., 2010; trap-days =
no. of cameras x each 24-hour period sampled). I had only four working cameras, as well
as other logistical and financial restraints, thus the cameras were used to target sites or
areas which were either generally little known and had never before been surveyed with
camera-traps (see Table 2-7, below), or where a particular question over
presence/absence of a study species arose.
From 2006-2009 I used four digital Cuddeback Expert heat-triggered camera-traps. These
were placed non-systematically in the vicinity of recce transects of this study to verify
identity of species recorded on the transects, and to enlarge the mammal species list for
each site by capturing cryptic and nocturnal mammals (Rovero et al., 2005, 2010). Once a
location for camera-trap survey had been identified, the camera was tied to a tree facing
an animal trail and left for 30-100 days. The camera was then retrieved and the pictures
downloaded to a laptop. One systematic survey was carried out of Ng'ung'umbi in 2010,
using 17 Cuddeback Capture camera-traps placed in a grid for a total of 639 trap-days
(Jones, 2011). A selection of photos from camera-trap surveys can be found in the
Appendix.
Daniela De Luca and Noah Mpunga of the Wildlife Conservation Society’s Southern
Highlands Conservation Programme were the first to use camera-traps in the Udzungwas,
from November 2001 until November 2002. During 2002, a long-term camera-trapping
programme was also initiated by J. Sanderson, F. Rovero and myself, in collaboration with
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the Ecology Department of the Udzungwa Mountains National Park. Many sites across
Udzungwa have since been sampled, particularly by Rovero and collaborators (Rovero et
al., 2005, 2008, 2009; De Luca & Mpunga, 2005; Rovero & de Luca, 2007; Rovero &
Marshall, 2008). Table 2-7 gives an overview of camera-trapping coverage to date; all of
these sites are forested areas and were also sampled with transects in the course of this
study, with the exception of the dry Mbatwa area. All of the data accumulated are in the
process of being compiled into a single collaborative Udzungwa camera-trapping
database.
Table 2-7. Summary of camera-trapping for mammals undertaken in the Udzungwa Mountains since the
first survey in 2001 up to 2013.

Forest (site)
Mwanihana (Mizimu)
Mwanihana (Njokomoni)
Mwanihana (3 Rivers)
Mwanihana
Mwanihana
Mwanihana (throughout)
Luhomero (East)
Luhomero (Ng’ung’umbi)
Mbatwa (dry area)
Iwonde
Matundu (Ruipa, East)
Ndundulu
Nyumbanitu
Ukami
Uzungwa Scarp
Iyondo
Nyanganje
Matundu (West)
Kising’a-Rugaro
New Dabaga-Ulang’ambi

Trap-days
(24 -hour
periods)
900
48
155
~3,000
478
~1,800 p.a.

2002-4
2007
2008
2004-2009
2001-2
2009-ongoing

Rovero, Jones & UMNP
Jones & Laizzer
Jones
Rovero
De Luca & Mpunga (WCS)
TEAM Monitoring

93
305
639
210
~200
119
196
1,711
451
257
110
108
255
100
360
-

2008
2008
2010
2001-2
2002-2003
2009
2001-2
2004
2005-2007
2005-2006
2007
2007
2005
2008
2013
-

Jones & Rovero
Rovero
Jones & Mndeme / WWF
De Luca & Mpunga (WCS)
UMNP Ecology Dept
Jones
De Luca & Mpunga (WCS)
Rovero
Jones
Rovero
Jones
Jones
Rovero
Jones
Havmoller & Rovero
-

Year(s)

Researcher(s)
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2.6 Overview of Data Management and Analyses
This section provides a brief overview of data processing and analysis techniques used;
full details on statistical methodology are provided as appropriate in chapters 3-6.
2.6.1 General Statistics
All data were entered into Microsoft Excel tables (version 2002) for basic analysis, before
being transferred into the IBM SPSS Statistics (SPSS, version 16.0) statistical software
package, where most of the analysis was carried out including descriptive statistics,
generalised linear models (GLMs), correlations, and all other statistical tests. In all tests
and models throughout this study, I use p<0.05 as the criterion for statistical significance,
while stressing results as 'highly significant' where p<0.01. Where possible, and
particularly for results of GLMs, effect sizes are also presented to further explore the
biological significance of results (Nakagawa & Cuthill, 2007).
Correlation tests are employed to examine associations between and amongst both
response and predictor variables. All data were checked for extreme outliers and where
none were found, and wherever both variables being tested were continuous variables of
sufficient sample size, Pearson's correlations (test statistic denoted by r) were used.
Where extreme outliers were found in the data, or data were ordinal, or sample size was
low, Spearman's Rank correlations (test statistic denoted by rs) were used.
2.6.2 DISTANCE
I used the software DISTANCE (Version 6.0) to generate encounter rates and, where
possible, estimates of density of dung, for selected taxa at each site, together with
statistics on associated variability (Chapter 5). These values are later used as response
variables in GLMs to explore predictors of mammal density (2.6.5; Chapter 6).
2.6.3 Spatial Analysis
All waypoints and tracks were taken in the field using Garmin GPS Map60Cx and
downloaded and processed using Map Source (Garmin Limited, version 6.13.7) and GPS
Utility (GPS Utility Limited, version 4.99). The open source Geographical Information
System software Quantum GIS (QGIS, version 1.7.4-Wroclaw; http://www.qgis.org/) was
used for spatial analysis, particularly in generating a number of anthropogenic and
40

environmental predictor variables (chapter 3), and to produce the maps throughout this
thesis. SAGA (version 2.0.3) was used for additional spatial analysis, particularly for
generating site-specific slope and aspect values for use as predictor variables (3.2.3.2).
2.6.4 Ordination
Ordination is used to explore relationships between and amongst response and predictor
variables, and to combine multiple variables into a single new variable. For example,
Principal Components Analysis (PCA) and cluster analysis are used on the mammal species
presence-absence matrix (Table 4-1) to investigate which species are most commonly
found together, and which sites share the most similar mammal communities (4.3.1.2).
Canonical Correspondence Analysis (CCA) is used to combine a large number of site-level
anthropogenic, environmental and climatic variables into two new variables, as
represented by axes 1 and 2 of the CCA analysis (3.4.5) (Anderson & Willis, 2003). These
'amalgam' variables are then tested as predictors of mammal diversity and abundance in
GLMs (Chapters 4 & 6).
All of these ordination analyses are carried out in the Multi Variate Statistical Package
(MVSP, version 3.1), and more details on methodology are given in Chapters 3 and 4.
2.6.5 Generalised Linear Models
Generalised linear models (GLMs hereafter) are the primary tool employed to explore
predictors of mammal distribution and abundance. The flexibility of this analytical
method allows for its use with a range of response and predictor variables. Where the
response variable is ordinal count data (e.g. species richness), Poisson log linear models
are used; where the response variable is binomial data (e.g. presence-absence of buffalo),
GLMs with binary logistic function are used; where the response variable is continuous
data (e.g. elephant dung density, aardvark burrows encounter rate), GLMs with normal
distribution and identity link function are used.
For use in GLMs (Chapters 4 and 6), response and predictor variables were generated
(preferred terminology for this thesis, instead of 'dependent' and 'independent'
variables). Response variables are either ordinal counts of species diversity per site or
forest (chapter 4, Table 4-1), or indices of species or guild density (using proxies such as
dung piles or burrows) per site, in the form of either encounter rates or absolute density
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(Chapter 5). All response variables were examined and where distribution of the data was
not normal, data were transformed to achieve normality using squaring, cubing, square
root, cube root, or natural log.
Selection of variables as potential predictors of large mammal distribution and abundance
were made based on (a) literature review of other studies of tropical forest mammals;
and (b) the author’s local knowledge, based on five years of studying primates and other
mammals in the Udzungwas prior to the commencement of this study. The variables
selected for multivariate analyses are defined, calculated for each site, and evaluated in
Chapter 3. In total over thirty variables are generated, falling into three categories:
anthropogenic, environmental and climatic.
2.6.6 Figures
Graphs, charts and maps were produced as appropriate in Excel, SPSS, DISTANCE, MVSP
and QGIS; one circular chart (figure 3-5) was made in Oriana (Version 4.10, Kovach
Computing Services). All photographs, including from camera-traps, are by the author.
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2.7 Summary
1.

118 mammals are recorded from the Udzungwa Mountains, of which 27 large
mammal species, representative of the major functional mammal groups found
within Afromontane forest, form the focus of this study. These include endemic and
non-endemic species, forest specialists and habitat generalists using the mosaic of
habitats of the Udzungwas. All species are >2 kg and were detectable by the sampling
methods deployed.

2.

A practical and appropriate transect methodology and study design were developed
for sampling mammals effectively, in a trade-off between logistical and resource
contraints, and the need to collect a large dataset consistently from a range of
montane forest sites across the Udzungwas.

3.

Data were systematically collected from 22 sites in 10 forests of greatly varying
physical characteristics, and levels of protection.

4.

The transect method enabled collection of data for density assessments for most
study mammal species, however collaborative molecular and morphometric analysis
of dung from the Udzungwa forest antelope guild revealed unreliability in identifying
dung to species, therefore the antelopes were pooled for comparative analyses of
dung density between sites.

5.

Camera traps were also deployed in order to verify identity and presence of
antelopes and other nocturnal or elusive species not detected along transects.

6.

A range of analytical tools including ordination and Generalised Linear Models will be
deployed to investigate predictors of mammal diversity, presence and abundance in
Udzungwa forests.

43

Chapter 3 Environmental and Anthropogenic Attributes of Afromontane Forest
3.1 Introduction
This thesis is about predictors of species richness, distribution and abundance of
threatened mammals in the forests of the Udzungwa Mountains. However, to investigate
the status and ecology of animals in different places, one must first document and
understand the character of these places - and crucially, how they vary. This variation
between places can be elucidated through wisely selecting, and consistently measuring,
key traits (or "predictor variables") at each site. By comparing these data across sites,
variation is revealed. Moreover, it can be illuminating - on questions pertaining to tropical
forest ecology, and more specifically to tropical forest extinction ecology - to explore the
(non-animal) relationships between these site traits. These two topics: (i) the variation
between Udzungwa forest sites, and (ii) the relationships between site traits, and the
ecological implications of these relationships; form the subject of this chapter, which
proceeds as follows.
First, I introduce and evaluate the range of variables that were selected to describe and
explore the character of my Udzungwa forest sites. Later, I will use these variables in
Generalised Linear Models (chapters 4 and 6) to identify and evaluate predictors of forest
mammal species richness, presence and abundance. Establishing and exploring these
"predictor variables" is also a critical part of the model-building process (Grafen & Hails,
2002; Zuur et al, 2010). For any final model to be useful, the predictor variables must
have been wisely selected, and their data carefully collected and explored.
After outlining the methodologies used for selecting variables and exploring the data,
each of the predictor variables adopted are then presented and discussed. These
variables fall roughly into three categories: (i) anthropogenic, e.g. intensity of snaring; (ii)
environmental, e.g. tree density; (iii) climatic, e.g. rainfall. Analysis is focused primarily on
the site level, thus for most variables, values are generated for each of the 22 study sites,
with the following exceptions: tree and pole density, canopy height and cover and
visibility were recorded at 19 sites, and distance to ranger posts is considered for the 12
sites covered by these posts. Additionally, one forest-level variable, patch size, was
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calculated for the ten forests sampled. Extent and patterns of variation between sites are
highlighted wherever they are of interest.
Generation of over 30 variables necessitates a variable reduction process, in the course of
which some interesting relationships between variables are revealed. I use a relatively
novel combination of correlations and ordination to facilitate this process. In the final part
of the chapter, possible explanations for these relationships are discussed, and a final list
of key predictor variables - and the hypotheses they represent - are summarised.

3.1.1 Aims of Chapter



To describe variability in the Udzungwa system and define clearly how and to what
extent the 22 study sites differ, through an exploration and comparison of
anthropogenic, environmental and climatic attributes of each site.



To generate predictor variables for use in generalized linear models against response
variables of mammal species richness (Chapter 4), occurrence and densities (Chapter
6) across the Udzungwa Mountains.



To report and demonstrate my ecologically meaningful approach to the process of
variable reduction, an important part of the model-building process, through
elimination of redundant or inter-correlinear variables.



To identify the most meaningful relationships between these predictor variables, and
to highlight the ecological and conservation implications of these relationships.



Finally, to compile a table of key variables, and their associated hypotheses, for
predicting mammal richness, distribution and abundance in the Udzungwa forests.
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3.2 Methods
The general methods for collecting data on physical and anthropogenic attributes at each
site, and analysis of these data, were described in Chapter 2. Specific methods relating to
the analysis in this chapter are described here.
3.2.1 Selecting and Generating Predictor Variables
Predictor variables were selected on the basis of (a) their potential to explain variation in
mammal densities and/or species richness, according to the author's local knowledge and
comparable studies (e.g. Michalski & Peres, 2005, 2007; Peres, 2001; Laurance et al, 2006,
2008; Marshall et al, 2010) and (b) their measurability, with preference where possible
for scale data to give greater statistical power than nominal or ordinal data (Grafen &
Hails, 2002). Nine variables were recorded in the field, along the same transects that
mammal presence and densities were recorded (Tables 2-6, 3-1), e.g. snares and other
'exploitation' variables, also tree and pole density, canopy cover and height, and visibility.
Other variables were calculated post hoc for each site using QGIS and other spatial
analysis tools, e.g. distances to road, village and forest edge, patch (forest) size, slope and
aspect variables, etc.
For each variable, I outline the following key information:
(i) what the variable describes, and its potential relevance to predicting mammalian
presence or abundance
(ii) how the data were collected, or measured, or values assigned
(iii) how the data were explored in relation to their use in modelling (Zuur et al, 2010)
(iv) variability in the data between sites/forests
Table 3-1 lists all of the predictor variables initially considered and generated for use in
subsequent models. This is the exhaustive initial list of variables, prior to the variable
reduction process carried out below (3.2.2). In general, values are generated for all 22
study sites, with the following exceptions. Data on tree density, pole density, canopy
cover, canopy height, and visibility were recorded at 19 sites (excluding Nyumbanitu W,
Nyumbanitu E, and Ukami). Slope and aspect data were available for 20 sites (excluding
Kising'a-Rugaro W and Nyanganje W). Distance to ranger posts was calculated for only the
10 sites within active ranger patrol zones. The reduced number of sites covered by these
variables did not affect either correlation tests or subsequent GLMs.
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Table 3-1. Summary of all predictor variables generated, prior to variable reduction process.
Variable
Measure (units)
ANTHROPOGENIC PREDICTORS
Cutting

Encounter rate (km-1)
-1

Level

Methods; Tables & Figures

Scale

22 sites: All records on transect summed
then divided by total length of transect.
Table 4-2
22 sites: Based on several factors. Table 42
22 sites: Based on legal designation.
Table 2-3.

Snares

Encounter rate (km )

Scale

Hunting

Categories 1-4

Ordinal

Protective status

Categories 1-3

Ordinal

Village

Distance (m)

Scale

Road

Distance (m)

Scale

Ranger posts

Distance (m)

Scale

Forest edge

Metres

Scale

22 sites : Distance from centre of site
measured using GIS. 10 sites only for
ranger posts.
Table 4-3.

ENVIRONMENTAL PREDICTORS
Habitat

Categories 1-4

Trees

Density index (100 km )

Poles

Nominal
-2

Scale

-2

Scale

-2

Density index (100 km )

Trees and poles

Density index (100 km )

Scale

Canopy cover

Percentage cover (%)

Scale

Canopy height

Height (m)

Scale

Visibility

Max distance Harvey's duiker
dung visible (m)
Height above sea level (m asl)

Scale

Difference between max and
min height above sea level (m
asl)
Degrees

Scale

Degrees from north (o )

Scale

Km2

Scale

Altitude
Altitudinal range

Slope mean &
variance
Aspect mean &
variance
Forest Size

Scale

Scale

22 sites: Based on Rovero & de Luca
(2007). Table 2-3.
19 sites: Point samples taken at 200-400m
along transects and mean taken for each
site (between 15 and 65 point samples at
each site)
Table 4-4
Figures 4-1, 4-2, 4-3
22 sites: min, max altitude taken from GPS
data. Range difference between min and
max; altitude taken as midpoint.
Table 2-3.
20 sites: calculated using SAGA. Mean and
variance based on all 30x30 m cells within
each site (number ranged from 1,155 to
20,143). Table 4-5. Figs 4-4, 4-5
10 forests: data derived from Landsat
modified by GPS and aerial photos. Table
2-3

CLIMATIC PREDICTORS
Annual Rainfall
Temp Mean

Total rainfall (cm)

Scale
o

Mean temperature ( C)

Scale
o

Temp Min

Minimum temperature ( C)

Scale

Temp Max

Maximum temperature (o C)

Scale

Temp Range

Difference between max and
min temperature (o C)
Ratio annual precipitation to
potential evaporation

Scale

AMI

Scale

22 sites: data obtained from websites
using centre of each site as reference
point. Co-ordinates and elevation
calculated using QGIS and SRTM Digital
Elevation Model.
Table 4-6

ORDINATION AXES
CCA Axis 1

Scale

CCA Axis 2

Scale

22 sites: variables derived from CCA.
Table 4-13
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3.2.2 Data Exploration and Variable Reduction: An Ecological Approach
To explore these data, and to reduce the number of variables in preparation for modelbuilding (Chapters 4 and 6), I followed the statistical guidance of Grafen & Hails (2002)
and Zuur et al (2010). First, distribution of the data and the presence of extreme outliers
were examined, using histograms and scatterplots in SPSS. No extreme outliers were
found, therefore predictor variables were not transformed.
Pearson or Spearman rank tests (see 2.6.1 for test selection criteria) were then carried
out between all variables to test for collinearity, and where two variables correlated, with
r>0.7 or rs>0.7 and P<0.01 (Marshall et al, 2010), one of these variables was dropped,
dependent on the response variable: for each model, the variable with the strongest
univariate relationship with the response variable was retained. Where correlations were
significant at the P=0.05 level and r>0.5 or rs>0.5, a variable was dropped in some cases
(but not all). Evaluations and decisions about including or excluding particular variables in
subsequent models were made with reference to ecological significance to the questions
being addressed by the models, local knowledge of the study sites, and the known
ecology of the study species. All analyses were done in SPSS (IBM SPSS Statistics, Version
20, Release 20.0.0).
Canonical Correspondence Analysis (CCA) was used to further explore relationships
between remaining anthropogenic, habitat and climatic variables (Klinger, 2006; Ribeiro
et al, 2008), and to combine multiple variables into single predictor variables, for use in
subsequent GLMs. This method is fairly new in community ecology and has the potential
to elucidate predictive ecological factors from large dataset on complex natural systems
where it is extremely difficult to tease apart multiple, interacting variables. Analyses
were carried out in MVSP 3.1 (Kovach, 2008). Untransformed (continuous) data were
centred and Kaiser’s rule was used to extract axes, to an accuracy of seven decimal
places. Axes 1 and 2 are then taken forward for use as predictor variables, representing
an amalgam of related independent variables, in GLMs testing mammal species richness,
distribution and abundance (Chapters 4 & 6).
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3.3 Predictor Variables
3.3.1 Anthropogenic Variables
Cutting
Cutting describes evidence of human extraction of wood, as trees or poles, which
inevitably modifies forest habitat and structure. Trees had dbh>10cm, and poles had dbh
of 5-10cm. All cut trees and poles observed along transects within a visually estimated
strip width of 10m (i.e. <5m from the line) were recorded, and encounter rates (km-1)
calculated for each site, as a proxy for disturbance or modification of habitat. Because of
small numbers of cut trees (n =102) and poles (n=12) across all sites, within-site data were
pooled to give encounter rates of cut trees and poles. Variation between sites was high
(Table 3-2).
Snares
Snaring is a common method used to hunt medium-sized mammals in Tanzanian forests.
All snares observed along transects within an approximate strip width of 10m (i.e. <5m
from the line; depending on visibility) were recorded, and encounter rates (number
observed per km of transect walked) calculated for each site (Table 3-2).
Physical details of each snare (rope or wire, size of loop, etc) and targeted taxon (usually
bushpig, duikers, or giant pouched rat) were also recorded, and all snares were removed
and handed to the relevant forest managers.
Hunting
An index of hunting pressure on each site, using four categories (1-4), was derived from a
combination of scale data on snares recorded along transects (see above) and
opportunistic data, comprising
(a) observations of people carrying meat
(b) snares and snared animals encountered off transect but in the general area
(c) gunshots heard while camping or walking transects at the site
(d) recent hunters' camps, and
(e) informal interviews with local guides and villagers
This measure of general hunting pressure comprises ordinal data of four categories: 1-4,
with level 1 indicating lowest hunting pressure, and level 4 the highest (Table 3-2).
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Table 3-2. Summary of cutting, snares and hunting data from the 22 sites sampled. See text for further
details.
Site

Length of
transects
(m)

Number of
cut trees
and poles

Cutting
encounter
rate (km-1)

Number
of
snares

Snares
encounter
rate (km-1)

General
hunting
pressure

US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro SW
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

14,619
10,458
11,228
9,990
10,122
19,750
9,400
11,710
10,853
5,200
17,550
9,150
11,020
12,053
7,200
14,995
9,740
9,608
11,549
11,095
15,200
8,494

5
4
0
7
0
51
2
6
1
0
1
0
23
0
0
0
0
0
8
6
0
0

0.34
0.38
0
0.70
0
2.58
0.21
0.51
0.09
0
0.06
0
2.09
0
0
0
0
0
0.69
0.54
0
0

15
19
2
6
13
1
6
1
0
0
0
0
0
0
0
0
0
0
2
3
0
0

1.03
1.82
0.18
0.60
1.28
0.05
0.64
0.09
0
0
0
0
0
0
0
0
0
0
0.17
0.27
0
0

4
4
3
3
4
4
3
2
3
1
2
1
4
1
1
1
2
1
3
3
2
1

22
0.0
1.82
0.28
0.50

22
1
4
2.41
1.18

n
Minimum
Maximum
Mean
Std. Deviation

22
0.0
2.58
0.37
0.68

Protective status
My 22 study sites are within areas under three categories of legal designation: (1) Forest
Reserve, (2) Nature Reserve (KNR), and (3) National Park (UMNP). See Chapter 2 for notes
on each of these Protected Area categories (2.2.5), and the protective status of each site
(Table 2-4). These are treated as ordinal data with Forest Reserve being of lowest
protective status, and National Park the highest (Dinesen et al, 2001; Nielsen, 2011;
Rovero et al, 2011, 2012).
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Villages
Distance from site to a village was used as a potential proxy for general human activity
and anthropogenic disturbance. Derived from measuring shortest distance from centre of
focal site to nearest village boundary, using QGIS (Table 3-3).

Roads
Hypothesising that road access may increase the likelihood of hunting or other
exploitation of a forest, distance from site to a major road was derived by measuring the
shortest distance from centre of study site to nearest major road, using QGIS (Table 3-3).

Ranger posts
Distance from site to ranger post was calculated to test for a potential deterrent effect of
ranger post proximity on illegal activities. Data were derived by measuring distance from
centre of study site to the nearest ranger post of the UMNP, using QGIS (Figure 2-1; Table
3-3). (Kilombero Nature Reserve and Forest Reserves in Udzungwa did not have active
ranger posts at the time of the study.)
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Table 3-3. Distances (in kms) from the centre of each site to nearest village, road, ranger post, and forest
edge, as calculated in QGIS (see text for methods).

Site

Village

Road

Ranger Post

Forest Edge

US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro W
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

3.12
6.76
2.09
4.14
13.03
8.13
2.75
4.52
11.05
11.05
9.27
15.92
11.08
16.75
19.25
22.81
14.24
16.94
7.64
6.60
5.01
5.44

2.70
5.69
32.21
32.06
11.98
15.82
9.34
9.47
7.96
24.17
25.14
25.21
22.35
29.67
29.23
24.91
16.95
17.95
6.42
5.06
3.92
4.98

48.19
45.06
43.49
45.22
51.54
44.39
22.00
20.88
3.89
12.82
8.19
13.95
3.67
8.77
13.63
20.47
10.89
8.46
9.98
13.63
8.58
6.47

2.07
3.07
1.60
0.75
2.59
2.09
2.02
0.95
2.69
0.93
1.29
0.80
1.09
1.80
1.52
1.19
2.06
0.50
2.03
0.84
0.82
0.47

n
Minimum
Maximum
Mean
Std. Deviation

22
2.09
22.81
9.89
5.83

22
2.70
32.21
16.51
10.16

12
3.67
20.47
9.98
4.73

22
0.47
3.07
1.51
0.74
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3.3.2 Environmental Variables
Habitat
I followed the five habitat type categories of the Udzungwa Mountains as used by Rovero
& de Luca, 2007 (Table 2-1). All study sites were located within either Lowland Forest,
Sub-montane Forest or Montane Forest (Table 2-4), giving a nominal variable of four
categories.

Forest edge
Forest limits were first defined in QGIS (see 'forest size' below, 3.3.4). Distance to forest
edge was then calculated as the shortest distance from the centre of each site (centroid
function in QGIS) to the edge of the forest, using the measurement tool in QGIS. The 22
sites sampled include forest interior sites (e.g. US juu, 3 Rivers), sites towards the forest
edge (e.g. Matundu W1, Nyanganje E), and sites in smaller forests which cover both forest
edge and interior (Ukami, Iwonde).

Trees and poles
Tree and pole density were recorded along all recce transects at 19 of the 22 sites, at
intervals of either 200m or 400m, depending on observed level of heterogeneity. Trees
had dbh>15cm, and poles had dbh of 5-15cm. At each measuring point along the
transect, a 5m tape measure was used to define a circle around the observer of 5m radius
(area of circle = ~78.5 m2), and all trees and poles within this circle were counted. Means
of recorded values (from between 22 and 65 point samples per site; Table 3-4) were then
calculated for 19 out of the 22 sites, and converted to give a value of trees/poles 100 m-2.
High variation between sites in density of trees were recorded (Table 3-4).
Because they can serve as distinct ecological indicators with different implications for
mammal ecology, indices of (i) tree density, (ii) pole density, and (iii) density of trees and
poles combined, were each generated as predictor variables.

Canopy cover and height
At intervals of 200-400 m along each transect (depending on observed level of
heterogeneity of forest structure), percentage of canopy cover directly overhead was
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estimated to the nearest 5%. For 19 out of the 22 sites, canopy cover equals the mean
percentage cover derived from all estimates made at that site (Table 3-4, Figure 3-1).
Also at intervals of 200-400m along each transect, height of forest canopy was estimated
to the nearest one metre (Figure 3-2). For each site (n=19), canopy height equals the
mean height derived from all estimates made at that site (Table 3-4; Figure 3-2).

Table 3-4. Summary data of five habitat variables from 19 study sites (see also Figures 3-1, 3-2 and 3-3;
see text for methods).

Site
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro W
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu
n
Minimum
Maximum
Mean
Std Deviation

Total
number of
records
52
35
56
46
30
65
47
35
24
47
38
37
45
39
28
48
22
55
26
19
22
65
40.79
11.89

Tree
density
(100 m-2)
2.96
3.39
4.16
4.08
4.54
4.01
0.96
2.29
3.11
3.26
2.72
2.72
2.37
2.36
3.95
2.96
2.11
1.96
1.32
19
0.96
4.54
2.91
0.98

Pole
density
(100 m-2)
4.52
5.72
3.87
4.34
6.46
6.37
2.89
4.81
3.14
6.47
2.74
4.33
4.53
2.73
2.65
4.56
2.39
4.29
2.45
19
2.39
6.47
4.17
1.37

Canopy
cover
(%)

Canopy
height
(m)

55.7
56.9
67.9
75.3
68.6
64.5
51.9
51.3
56.7
49.3
68.7
59.3
55.5
50.8
68.8
58.6
62.3
52.1
35.6

29.4
25.0
23.6
26.3
17.8
22.4
21.4
17.6
18.9
21.6
27.4
25.0
21.5
20.2
33.4
18.5
23.9
29.1
17.8

19
35.6
75.3
58.4
9.3

19
17.6
33.4
23.2
4.5

Visibility
(m)
5.1
3.9
3.3
4.7
4.0
5.8
4.1
2.5
1.9
5.1
3.4
4.9
3.7
3.0
4.7
3.3
3.7
4.5
4.3
19
1.9
5.8
4.0
1.0
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Figure 3-1. Frequency distribution of mean canopy cover at 19 sites, as estimated at 200-400 m
intervals along transects (see Table 3-4 for sample sizes). Canopy cover was not recorded in
Nyumbanitu W, Nyumbanitu E, and Ukami.

Figure 3-2. Frequency distribution of mean height of canopy at 19 sites, as estimated at 200-400
m intervals along transects (see Table 3-4 for sample sizes). Canopy height was not recorded in
Nyumbanitu W, Nyumbanitu E, and Ukami.
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Visibility
At 19 sites, at intervals of 200-400m along each transect (depending on observed
variation), an estimate was made of the maximum distance that a typical pile of Harvey's
duiker dung could be spotted on the forest floor from the centre line of the transect, to
the nearest metre. This distance was doubled to give an estimated strip-width, and a
mean calculated of all the values recorded at each site (Table 3-4). These values are
intended as a proxy for thickness of 'herb layer' vegetation at ground level (Figure 3-3).

Figure 3-3. Frequency distribution of mean ground level 'visibility' in metres at 19 sites, estimated
at 200-400m intervals along transects (n=15-64 per site). Visibility was not recorded in
Nyumbanitu W, Nyumbanitu E, and Ukami.

Altitude
A representative altitude for each site (altitude mean) was calculated using GPS tracklog
data as the mid-point between minimum and maximum altitudes attained during
transects (see Table 2-4).
Altitudinal range of sites was also measured, as the difference in metres between
maximum and minimum altitude attained along transects per site (Table 2-4). Range of
altitude may be an important determinant of mammalian distribution or density, for
certain species. It may also be an indicator of slope or overall steepness of the site.
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Slope
Slope values were calculated for 20 out of 22 sites (mean and variance) across all 30x30m
cells within each site (number of cells range from 1155 to 20143; Table 3-5 ) using analysis
tools on a slope raster layer (SAGA Metadata, Slope_0_360degrees.img) in the spatial
analysis software SAGA.
Mean slope, an indicator of overall steepness at the site, showed considerable variation
between sites (Figure 3-4, Table 3-5).

Figure 3-4. Frequency distribution of mean slope in degrees of each site sampled (see text for
method of calculation). Data were not available for K-Rugaro SW and Nyanganje W.

Variance around the mean also showed notable variation between sites (Figure 3-4, Table
3-5), and thus was also included as a potential predictor variable, since it may indicate
how varied is the topography of each site: greater variance equals a greater range of
gradients (and probably more ridges and valleys) within a site. Data were transformed
using cube root to give normal distribution.
Aspect
Aspect influences the level of solar radiation a site receives. In the case of the Udzungwa
Mountains, which like all Eastern Arc Mountains receive most of their precipitation from
the monsoon wind system of the Indian Ocean (see section 2.2.1), aspect also affects the
amount of annual rainfall a site receives. Both of these climatic effects in turn affect
vegetation structure (Jackson, 1967). Previous large mammal studies have not reported
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explicitly on effects of aspect, but in a study of small mammals in Chile, aspect was found
to significantly affect extinction rates of subpopulations (Lima et al, 1996).
I calculated aspect values for each site (mean and variance) across all 30x30m cells per
site (n=1155-20143 cells; Table 3-5) using analysis tools on an aspect raster layer (SAGA
Metadata, Aspect_0_360degrees.img) in the spatial analysis software SAGA. Evaluation of
these data showed that mean aspect of the majority of sites was roughly south, southsouth-east or south-south-west (Figure 3-5). Since all sites were forested, this result is
unsurprising given the topography of the Udzungwa Mountains and the Indian Ocean
monsoon system associated with much of the precipitation they receive.
N
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Figure 3-5. Frequency distribution showing the number of study sites with mean aspect in each
direction.

The range of aspect values across each site was 360 degrees in all but one site (the other
site being 349 degrees), showing the extremely varied topography of these mountains.
This result supports my study design using triangular transects to cross all environmental
gradients (Section 2.5.1) and, to some extent, my sampling regime, since it shows that the
transects at each site crossed slopes facing all directions of the compass.
This relative uniformity of values across sites led me to omit range of aspect as a potential
predictor of mammalian diversity or density. However, I found significant variation
between sites in within-site variance-of-aspect (Table 3-5), which may indicate degree of
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complexity of the topography within a site. Thus I tested both mean aspect and variance
of aspect as predictor variables.
Table 3-5. Slope and Aspect as calculated for 20 sites (see text for details), including the number of grid
cells used in calculations for each site (see text).

Site
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje E
3 Rivers
Mizimu
n
Minimum
Maximum
Mean
Std Deviation

No. of
grid cells

Slope
Mean

Slope
Variance

Aspect
Mean

Aspect
Variance

4750
3518
2706
3964
5652
2776
2951
5381
1155
6214
1780
3280
2894
2726
3709
20143
2637
2960
4297
1953

23.42
20.79
16.97
12.81
15.51
14.53
14.04
6.57
21.41
19.19
17.62
18.77
15.03
22.44
22.58
14.32
20.38
9.66
20.83
22.19

78.55
149.79
60.48
52.25
65.59
75.03
91.17
65.17
63.43
67.39
65.71
113.42
74.19
78.45
55.48
72.00
79.13
71.00
123.00
65.87

140.01
163.97
163.02
182.83
153.18
183.73
193.64
246.89
173.98
177.72
211.11
166.05
171.46
216.71
130.09
185.14
157.14
206.57
147.61
143.81

2,478.72
8,436.91
13,348.26
11,753.15
10,829.02
10,257.66
16,847.17
13,651.42
8,993.97
7,553.60
4,967.40
12,673.01
12,520.36
5,290.88
13,203.13
9,382.70
7,690.23
13,795.41
7,696.64
13,701.77

20
7
23
17.5
4.44

20
52
150
78.25
24.27

20
130
247
175.8
29.00

20
2479
16,847
10,253.55
3,629.94
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3.3.3 Climatic Variables
All climatic variables were calculated for each site using coordinates of a central location
within each site. These coordinates were obtained for each site in QGIS, by applying the
centroid function on a polygon which had been created around all transects walked.
Elevation (m asl) was then obtained for each centroid using an SRTM Digital Elevation
Model to 100m resolution.

Rainfall
Total annual precipitation was derived for each site from TRMM (Tropical Rainfall
Measuring Mission) data (http://pmm.nasa.gov/TRMM) to resolution of approximately
one square kilometre (Table 3-6).

Temperature
The following measures of temperature were obtained for each site, derived from
worldclim global climate data (http://www.worldclim.org/) to resolution of approximately
one square kilometre (Table 3-6):
i. Mean temperature
ii. Minimum temperature
iii. Maximum temperature
iv. Range of temperature

AMI (Annual Moisture Index)
Annual Moisture Index (AMI) is an indicator of moisture availability resulting from
decreased evapo-transpiration and increased cloud cover with elevation, and is
commonly related to plant distribution (Marshall et al, 2010). It is calculated as the ratio
of mean annual precipitation to total annual potential evapo-transpiration (Thornthwaite,
1948). I used rainfall (precipitation) data as described above, and derived potential evapotranspiration for each site from worldclim global climate data
(http://www.worldclim.org/) to resolution of approximately one square kilometre (Table
3-6).
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Table 3-6. Climatic variables for 22 sites in the Udzungwa Mountains. See text for method of calculating
AMI.

Site

Temp
mean

Temp
min

Temp
max

Temp
range

Rainfall
annual

AMI

US chini
US juu
New Dabaga S
New Dabaga N
K-RugaroW
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

21.1
17.5
17.5
16.9
15.4
17.5
22.9
24.7
25.1
19.1
18.5
19
16.3
19.3
18.5
17.6
16
20.7
22.7
24.4
20
22.3

13.4
9.6
9.6
8.8
7.3
9.5
15.4
17.4
17.9
11.4
10.7
11.3
8.4
11.5
10.7
9.7
8.1
13.2
15.5
17.4
12.4
15.1

28.7
25.6
25.7
25.1
23.5
25.8
29.9
31.4
31.6
26.9
26.3
26.8
24.2
27
26.2
25.2
23.8
27.8
29.2
30.5
27.1
28.9

15.3
16
16.1
16.3
16.2
16.3
14.5
14
13.7
15.5
15.6
15.5
15.8
15.5
15.5
15.5
15.7
14.6
13.7
13.1
14.7
13.8

2125
1967
1233
1179
1649
2014
1352
1480
849
1730
1037
1109
1086
1860
1545
1106
954
1102
1028
1598
1781
2236

2.20
2.53
1.59
1.56
2.33
2.59
1.22
1.12
0.61
2.04
1.27
1.32
1.48
2.17
1.89
1.42
1.31
1.18
0.94
1.24
1.99
2.12

n
Minimum
Maximum
Mean
Std. Deviation

22
15.4
25.1
19.7
2.9

22
7.3
17.9
12.0
3.2

22
23.5
31.6
27.1
2.4

22
13.1
16.3
15.1
0.96

22
849
2236
1455
417.4

22
0.61
2.59
1.64
0.54
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3.3.4 Forest-level Variable
Unlike all previous variables introduced above, the following variable operates at the
scale of the forest patch, and will therefore be used for separate forest-level analyses.
Forest size
Size of each forest patch was initially obtained from shapefiles derived from Landsat
imagery (Landsat ETM1; Global Land Cover Facility/US Geological Survey; Oct 25 and Nov
1, 1999; Paths 167–8; Rows 65–6) and cited in Marshall et al. (2010). The polygons were
checked in QGIS against ground-truthing GPS data from this study, satellite images
(Google Earth; landsatmosaic_udzungwa) and aerial photos (WCS Flight Program), and
found to underestimate size of two forests (Mwanihana and Nyanganje) as defined for
this study; thus these polygons were amended to give final estimates of forest size used
(as listed in Table 2-4).
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3.4 Relationships Between Variables
In this section, I explore relationships between these variables. First I use correlations to
test for specific relationships between all of the variables, discuss these relationships, and
drop certain variables where there is high multi-collinearity. Second, I use ordination to
get a broader-stroke perspective on relations between the remaining variables.

3.4.1 Relationships Between Anthropogenic Variables
Relationships between anthropogenic variables were investigated using correlations
(Table 3-7), in order to reduce the number of variables for subsequent models.
Table 3-7. Pearson (r) and Spearman Rank (rs - results italicised) correlations between anthropogenic
variables (see statistical methods for test selection criteria, 2.6.1).

Cutting

Snares

Hunting

Distance
to village
Distance
to road

Ranger
posts

r/rs
P
n
r/rs
P
n
rs
P
n
r/rs
P
n
r/rs
P
n
rs
P
n

Snares

Hunting

-0.035
0.362
22

0.691
0.000
22
0.725
0.000
22

Distance
to village

Distance
to road

Ranger
posts

Protective
status

-0.204
0.362
22
-0.327
0.138
22
-0.479
0.024
22

-0.041
0.856
22
-0.354
0.106
22
-0.360
0.100
22
0.441
0.04
22

0.180
0.422
22
0.798
0.000
22
0.436
0.042
22
-0.344
0.117
22
0.028
0.903
22

-0.618
0.002
22
-0.801
0.000
22
-0.651
0.001
22
0.470
0.027
22
0.270
0.224
22
-0.606
0.003
22

Hunting correlates strongly with cutting, snares, ranger posts and protective status, and
will be tested as a predictor variable due to its potential importance as an indicator of the
effect of law enforcement, despite being ordinal data. Cutting and snares do not correlate
with each other however (r=-0.04, P=0.36), and these factors may have different effects
on mammals, therefore they will also both be included in subsequent models.

63

Distance to village correlates negatively with the index of hunting and positively with
protective status, but not with encounter rates of cut trees and poles, or snares. Because
its relationship to disturbance variables is unclear, it will thus be tested in models as an
additional predictor variable. Distance to road correlates only with distance to village
(r=0.44, n=22, P<0.05), and will therefore also be tested in the models.
Distance to ranger post is highly significantly correlated with snares (r=0.80, n=22,
P<0.001), and also has a significant positive association with the hunting index (p<0.05),
suggesting a strong deterrent effect of the ranger posts on these activities. A significant
negative correlation with protective status is explained by the placement of all these
ranger posts in or close to the UMNP. Ranger posts will be tested as a predictor variable
in subsequent models.
Protective status has very strong associations with levels of cutting, snaring, and hunting
in general, and a significant relationship also with distance to village, confirming the
greatest protection of forest sites within the National Park, followed by the Nature
Reserve, and then the Forest Reserves. Being a categorical variable, as well as
multicollinear with several other variables (Table 3-7) an appropriate hypothesis-testing
approach will be adopted to examine the effect of protective status on mammal richness,
distribution and abundance (methodology will be explained where relevant, e.g. 4.2.4.1).
Overall, relationships between the different variables of anthropogenic 'disturbance'
suggest that to some extent, these activities go hand in hand. The significance of
protective status in particular will be further explored throughout the rest of this thesis,
and the strength of this factor, and the proximity of National Park ranger posts, in
predicting levels of human disturbance to the forest mammal assemblages will be
discussed further in Chapter 7.
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3.4.2 Relationships Between Environmental Variables
Relationships between environmental variables were investigated using correlations
(Table 3-8), in order to reduce the number of variables for subsequent models. Tree
density is confirmed to increase with altitude (Givnish, 2002; Aiba et al,2005; Lovett et al,
2006; Slik et al, 2010; see also 3.3.2). Tree density and pole density correlate only
marginally significantly and may indicate different things (see 3.3.2 for more detail), thus I
will experiment with using both in all models, then removing each stepwise. ‘Tree & pole
density’ correlates strongly with both however (P<0.001) and so is deemed redundant.
Variance of slope within sites, by contrast, does not correlate with any other
environmental variables.
Several relationships or associations among environmental variables are revealed by the
data (Tables 3-8, 3-9), some of them obvious but others more interesting. For example,
variance of aspect - which should reflect the complexity of the topography within each
site - has a negative relationship with mean canopy height. A possible explanation is that
taller tree species favour more even topography (or that trees in general grow taller
under such circumstances). It is surprising however that no relationship is observed
between canopy height and slope (neither its mean nor variance). In any case, variance of
aspect associates with several other variables, albeit negatively (Table 3-4), and is
therefore left out of subsequent models.
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Table 3-8. Pearson (r) correlations between continuous environmental variables. Significant (P<0.05) correlations are emboldened.

Tree density

Pole Density
Tree & pole
density
Canopy
cover site
Canopy
Height
Visibility
Altitude
mean
Altitude
range
Slope
mean
Slope
variance
Aspect
mean
Aspect
variance
Distance to
edge

r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n
r
P
n

Pole
Density
0.517
0.024
19

T&P
density
0.820
0.000
19
0.912
0.000
19

Canopy
cover
0.743
0.000
19
0.132
0.589
19
0.431
0.065
19

Canopy
Height
0.188
0.440
19
-0.143
0.560
19
-0.021
0.933
19
0.432
0.065
19

Visibility
0.186
0.446
19
0.368
0.121
19
0.345
0.148
19
0.098
0.689
19
0.483
0.036
19

Altitude
mean
0.540
0.017
19
0.473
0.041
19
0.577
0.010
19
0.331
0.167
19
0.181
0.458
19
0.443
0.057
19

Altitude
range
0.074
0.764
19
0.165
0.499
19
0.121
0.623
19
-0.050
0.839
19
0.562
0.012
19
0.483
0.036
19
0.061
0.789
22

Slope
mean
-0.078
0.766
17
0.304
0.235
17
0.160
0.538
17
-0.319
0.212
17
0.318
0.214
17
0.525
0.030
17
0.348
0.132
20
0.548
0.012
20

Slope
variance
-0.099
0.706
17
0.405
0.107
17
0.241
0.352
17
-0.308
0.228
17
0.191
0.463
17
0.118
0.651
17
-0.067
0.780
20
0.307
0.189
20
0.244
0.301
20

Aspect
mean
-0.025
0.924
17
-0.263
0.307
17
-0.193
0.457
17
0.134
0.609
17
-0.302
0.238
17
-0.513
0.035
17
-0.390
0.089
20
-0.340
0.142
20
-0.648
0.002
20
-0.138
0.562
20

Aspect
variance
-0.110
0.675
17
-0.126
0.630
17
-0.122
0.640
17
-0.083
0.752
17
-0.668
0.003
17
-0.547
0.023
17
-0.289
0.216
20
-0.694
0.001
20
-0.520
0.019
20
-0.167
0.483
20
0.084
0.725
20

Distance
to edge
0.262
0.278
19
0.336
0.160
19
0.345
0.148
19
0.124
0.614
19
-0.235
0.332
19
-0.244
0.315
19
0.091
0.688
22
0.025
0.911
22
-0.180
0.448
20
0.257
0.274
20
0.171
0.472
20
-0.115
0.631
20

Forest
Size
-0.507
0.027
19
0.061
0.803
19
-0.208
0.392
19
-0.532
0.019
19
-0.367
0.122
19
-0.361
0.129
19
-0.326
0.139
22
-0.067
0.766
22
-0.138
0.561
20
0.335
0.149
20
0.151
0.525
20
0.258
0.272
20
0.484
0.023
22
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Table 3-9. Summary table of multicollinearity among environmental variables.
Variable 1

Variable 2

+/-

Relationship

Speculative hypotheses

a

a

Canopy cover

Forest size

-

strong

Larger forest = more habitat
heterogeneity, more likelihood of
clearings (more elephants), or
greater fragmentation

Canopy cover

Tree density

+

strong

Higher tree density = more closed
canopy

Canopy height

Aspect
variance

-

strong

Taller trees favour less complex
topography

Slope mean

Aspect mean

-

strong

Steeper slopes as aspect
approaches SE (i.e. compared to
S- or SW-facing slopes

Altitude

Tree density

+

significant

Tree density increases with
altitude

Canopy height

Visibility

+

significant

Taller canopy = thinner ground
layer

Canopy height

Altitude range

+

significant

Slope mean

Altitude range

+

significant

Expected result since site size is
fairly constant

Visibility

Aspect
variance

-

significant

More complex topography
associated with thicker ground
layer

Altitude range

Aspect
variance

-

significant

Steeper slopes in areas less
varied in aspect

Slope mean

Aspect
variance

-

significant

Steeper slopes in areas less
varied in aspect

Slope mean

Visibility

+

weak

Ground layer thinner on steeper
slopes?

Canopy cover

Canopy height

+

weak

Taller canopy more likely to be
unbroken

strong: P<0.01; significant: 0.03>P>0.01; weak(ly significant): 0.05>P>0.03

Mean aspect correlates highly significantly (and negatively) with mean slope (Table 3-9).
Aspect of slopes varies from roughly south-west facing (215o) to south-east facing (135o),
and a scatterplot comparing the two variables (Figure 3-6) confirms that gradient of slope
increases as aspect moves from south-west to south-east. In the context of this study,
mean slope is of greater potential interest than aspect, especially in relation to mammal
ecology, and more likely to be a useful predictor variable.
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Figure 3-6. Mean slope versus mean aspect of 20 forest sites. These two site-level variables are
negatively and significantly correlated (r=-0.65, n=20, P<0.01).

Canopy cover has a negative relationship with forest size (r=-0.53, n=19, P<0.05) (though
the relationship may be complicated, thus both variables are retained for models). There
are a number of possible explanations why the canopy cover may be more broken overall
in larger forests than in smaller ones. Larger forests may simply be more susceptible to
processes of fragmentation, including anthropogenic influences such as clearing for
agriculture or (selective) logging, on account of their larger area. They may naturally be
more heterogenous than smaller forests, including more cliffs and steep slopes where
closed canopy is physically impossible, and perhaps more drier 'rain shadow' slopes
where more open-canopy forest forms. There may be more temporary or permanent
clearings, whether formed recently by the fall of a large senescing tree (which can often
take several smaller trees and branches down with it), or maintained for longer by the
browsing habits of elephants on small colonisers.
Finally, habitat type is a nominal variable and therefore cannot be tested using
correlations, however a scatterplot indicates the clear association with altitude (Figure 37) - as expected considering three of the four categories are defined by their altitudinal
zone: lowland, submontane and montane forest (Table 2-1). Thus for modelling, the
nominal habitat variable is excluded, and the continuous mean altitude variable is
retained.
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Figure 3-7. Mean altitude versus habitat type of 22 study sites. 1 = woodland; 2 = lowland forest; 3
= submontane forest; 4 = montane forest (Table 2-1).

69

3.4.3 Relationships Between Climatic Variables
All of the temperature variables are highly multicollinear (Table 3-10). AMI correlates
strongly with annual rainfall, and significantly with all temperature variables. Meanwhile,
altitude correlates very strongly with all temperature variables (for they are calculated as
a function of altitude), and less strongly with AMI (r=0.48,n=22, P=0.023). Thus, rainfall
and temperature variables are considered redundant, while AMI and mean altitude are
retained as predictor variables.

Table 3-10. Pearson Correlations between climatic variables, plus altitude

AMI
Annual
Rainfall
Temp
Mean
Temp
Min
Temp
Max

Annual
Rainfall

Temp
Mean

Temp
Min

Temp
Max

Temp
Range

Altitude
mean

0.841

-0.493

-0.498

-0.460

0.545

0.484

0.000

0.020

0.018

0.031

0.009

0.023

22

22

22

22

22

22

0.033
0.884

0.029
0.899

0.060
0.792

0.049
0.828

-0.028
0.901

22

22

22

22

22

r

0.999

0.993

-0.921

-0.987

P
n

0.000

0.000

0.000

0.000

22

22

22

22

r

0.989

-0.933

-0.989

P
n

0.000

0.000

0.000

22

22

22

r

-0.870

-0.974

P
n

0.000

0.000

22

22

r
P
n
r
P
n
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3.4.4 Other Relationships Among Variables
Multicollinearity among variables of different categories - anthropogenic, environmental
and climatic- was also tested (Table 3-11), revealing some intriguing associations (Table 312).

Table 3-11. All other significant (in bold) or near-significant Pearson (r) and Spearman Rank (rs - results
italicised) correlations between predictor variables (not covered in previous three sections)
Temp
Mean

Hunting

Distance
to road

Tree
density

Pole
Density

rs
P

0.499

0.607

0.600

0.029

0.006

0.003

n
r

19

19

22

P
n
r
P
n

AMI

Canopy
cover

Altitude
mean

Slope
mean

Slope
varian
ce

Tree
density

-0.567

0.521

0.615

-0.471

0.006

0.022

0.002

0.036

22

19

22

20

-0.527

0.540

0.020

0.017

19

19

Aspect
mean

r

0.521

-0.567

P

0.019

0.009

n

20

20

Visib
ility

Distance
to edge

0.59
3
0.00
7
19

For example, hunting is the only anthropogenic activity that significantly associates with
some environmental factors, including pole density, tree density, and distance to the
forest edge. Although the hunting variable comprises ordinal data (see 3.2.3.1), the
positive association with distance from the forest edge is a strong result that confirms a
preference by hunters for operating towards the forest interior. This could be driven by
avoidance behaviour as hunters (operating illegally at all of the sites sampled here) seek
to evade the patrols of National Park rangers by focusing on more remote areas deep
inside the largest forests. Indeed, we have already seen evidence for an effect of ranger
posts on snaring and hunting (3.4.1). Another factor in the hunting-forest interior
relationship could be greater availability of favoured prey species away from the forest
edge, and this will be explored further in Chapters 6 & 7.
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Table 3-12. Summary of strongest cross-category relationships between predictor variables
Environmental
variable

Anthropoge
nic variable

Pole density

Hunting

Climatic
variable

+/-

Relationshipa

+

strong

Speculative hypotheses

Distance to
edge

Hunting

+

strong

Illegal hunters feel safer from
authorities in forest interior;
maybe more prey also

Altitude

Distance to
road

+

strong

Mountain peaks are remote from
major roads

Visibility

AMI

+

significant

Visibility also positively
associated with canopy height;
maybe higher moisture
availability leads to taller forest
with thinner ground layer

Slope mean

AMI

+

significant

Steeper slopes attract more
moisture (Jackson, 1967)

Aspect mean

AMI

-

significant

Tree density

Mean
Temp

-

significant

Tree density increases with
altitude, so this relationship is
function of altitude
Areas of higher tree density
more productive for hunting; or
a function of altitude, i.e.
hunters' preference for remote
upland areas

Tree density

Hunting

+

significant

Slope variance

Distance
to road

-

weak

a

More complex topography in
areas closer to road

strong: p<0.01; significant: 0.03>p>0.01; weak(ly significant): 0.05>p>0.03

Are tree and pole density "natural" variables (i.e. environmental or climatic), or
anthropogenic variables, or both? Conventional wisdom holds that the factors controlling
tree density include the effects of both natural and anthropogenic disturbance, as well as
soil condition (Richards, 1952), and teasing out the distinctions is difficult if not
impossible in most tropical mountain sites. Unlike the great majority of remaining forests
in East Africa, which clearly display evidence of historical modification by humans, the
Udzungwa Mountains contain some forests which are virtually undisturbed, thus it is a
good place to explore this question. I therefore looked for correlations between each of
these variables and the other 30 predictor variables generated.
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We have seen that tree density correlates significantly with only the following
environmental and climatic variables (n=19-22 in all cases): mean altitude (r =0.5,
P=0.017); mean temperature (r =-0.53, P=0.02); and canopy cover (r =0.74, P<0.001).
Also, tree density correlates with hunting (rs=0.5, P=0.03), and also near-significantly with
distance to road (r=0.40, P=0.090) - but does not correlate with any other
anthropogenic/disturbance variables. Even the correlations with hunting and distance to
road are weak, suggesting these latter two variables may be partial proxies for other
factors. Most notably, there is no relationship between tree density and the index of
cutting at each site, suggesting that the selective logging and other tree cutting that has
occurred in certain forests across the Udzungwa range, has not been extensive enough to
become a strong predictor of tree density.
In terms of habitat variables, there is no relationship at all between tree density and
canopy height, visibility at ground level, mean slope or mean aspect; but there is a fairly
strong relationship with canopy cover. Thus as one moves from woodland to lowland
forest, submontane forest, and then montane forest (i.e. as one gains elevation), tree
density generally increases. This relationship has been previously reported (Givnish, 2002;
Aiba et al, 2005; Slik et al, 2010), and is probably related to lowered temperatures and
energy inputs at higher elevations. Forests at lower temperatures show lower growth and
productivity than those at high temperatures, which might contribute to the stunted
high-elevation forests with high stem densities (Slik et al, 2010). However, this
relationship might be expected to weaken where forests have experienced heavy and/or
continuous exploitation for timber over time. In the Udzungwas, to some extent, this
relationship appears to hold. Indeed, my findings are consistent with those of a study of
78 variable-area plots across an altitudinal gradient of 470-1700 m asl within a single
forest Mwanihana) in the UMNP, in which Lovett et al (2006) also found a significant
increase in stem density with altitude.
Thus in summary, based on data from 19 of the sites sampled, tree density appears to be
primarily an indicator of habitat, rather than of historical disturbance.
Pole density correlates significantly (Spearman Rank Correlation, n=19) with hunting
(rs=0.607, P<0.01), but with no other anthropogenic predictor variable. Again, hunting is
the weakest of the disturbance variables, being a qualitative measure, and the lack of
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relationship with other indicators of disturbance appears to undermine the significance of
this finding.
Perhaps surprisingly, pole density (which excludes bamboo) does not correlate with any
environmental or climatic variables. There is a significant positive relationship between
pole density and mean altitude (r=0.47, n=19, P=0.041), but not with distance from forest
edge (r=0.34, n=19, P=0.16).
Thus it is difficult to interpret the pole density variable as indicating anything other than
density of poles. Yet we have seen that there is considerable variation between sites in
mean pole density, even considering variance around the mean (Table 3-4). Where there
is a higher density of poles, we could infer that a site (i.e. that part of the forest) is
experiencing high levels of regeneration of forest trees; or clearings (whether natural or
anthropogenic) with abundant saplings of pioneer tree species. Alternatively, perhaps
pole density values are affected by diversity and densities of mammal species that browse
on young trees. All of these possibilities can be borne in mind when we examine the
effects of pole density and other variables on various mammal species.

3.4.5 Ordination of Predictor Variables
Canonical correspondence analysis (CCA) was used to combine multiple variables into two
new variables, for use as predictor variables in models. First, CCA was carried out on all of
the predictor variables listed above (3.2.3) across the 22 sites sampled. Axis 1 described
19.6 % of variation and axis 2 described 15.9 %, giving a cumulative total for axes 1 & 2 of
35.6 %. However, there was a lot of noise and no clear discernible patterns, probably
because of the large number of variables on the biplot. After removing several variables
correlating strongly with other variables (see 3.4.1-3.4.4 above), the resulting biplot
(figure 3-8) has similar explanatory power to the original biplot (axis 1 = 18.0 %, axis 2 =
15.3 %; cumulative axes 1 & 2 = 33.2 %) and appears to describe a couple of general
patterns. Along axis 1, the 'anthropogenic' variables of distance to village, distance to
road and protective status are strongly negative, with Snares pointing strongly in the
opposite positive direction, along with several habitat variables such as altitudinal range,
visibility, canopy height, and tree and pole density. Meanwhile, axis 2 indicates a strong
influence of protective status in the opposite direction to several other variables notably
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canopy cover, distance to road, and tree and pole density. These values of axis 1 and axis
2 for each site (Table 3-13) will be used as independent predictor variables in all
subsequent GLMs testing for predictors of mammal species richness, occupancy and
density (Chapters 4 & 6).

Table 3-13. Axis 1 and Axis 2 values for 22 study sites as derived from
CCA on predictor variables (see text above).

Site

CCA axis 1

CCA axis 2

US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro W
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

1.894
1.706
-0.297
-0.238
0.538
-1.165
0.184
0.972
-1.727
-0.282
-0.789
-0.837
-0.417
-1.276
-0.054
-0.728
-0.777
-0.728
0.692
1.015
1.114
1.465

0.073
-0.191
1.728
1.762
0.855
0.458
1.11
1.301
-1.982
-0.16
-0.126
-0.936
-0.209
1.848
0.392
0.083
-0.687
0.083
0.485
0.378
-1.315
-1.506

n
Minimum
Maximum
Mean
Std Deviation

22
-1.73
1.89
0.01
1.02

22
-1.98
1.85
0.16
1.04
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CCA case scores

Road

CanopyCover
T&Pdensity

AltMean

Visibility
CanopyHeight
AMI

A x is 2

Cutting

Snares

ForestEdge
Village
ForestSize

AltRange

ProtStatus

Axis 1

Vector scaling: 3.44

Figure 3-8. Euclidean biplot of site data investigating relationships between selected physical and anthropogenic variables across the 22 sites sampled
(represented by green triangles).
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3.5 Final List of Key Variables and Hypotheses Relating to Mammals
Table 3-14. Predictor variables for modelling of mammal distribution and abundance, and associated
hypotheses. All variables except protection are continuous data and will be covariates in models; hunting
and protection comprise ordinal and categorical data respectively, and will be factors in models.
Name

Predictor
Source
ANTHROPOGENIC PREDICTORS
Qualitative index of
Range of
hunting pressure
observations

Hypotheses: large mammal presence/density

Cutting

Index of trees and
poles cut

Quantitative
transect data

Modification of habitat/forest structure and/or loss of
resources leads to lower mammal densities

Snares

Index of snares
found

Quantitative
transect data

Level of snaring negatively affects mammal densities and may
lead to local extirpations

Village

Distance to nearest
village

GPS wpts
and GIS

Road

Distance to nearest
major road

GPS wpts
and GIS

Mammal densities and richness negatively associated with
distance to nearest village as a proxy for all kinds of
exploitation (hunting, snaring, logging, etc)
Mammal densities and richness negatively associated with
distance to nearest major road, which facilitates exploitation

Ranger posts

Distance to nearest
ranger post

GPS wpts
and GIS

Mammal density and richness greater at sites closer to ranger
post, which deters illegal exploitation

Protection

Legal protective
status

TZ Govt

Level of protection varies between the different designations
of protected area, affecting mammal diversity and densities

Hunting

Greater hunting pressure reduces mammal densities and
potentially species richness

Tree density

ENVIRONMENTAL PREDICTORS
Density of trees
Quantitative
transect data

Pole density

Density of poles

Quantitative
transect data

Canopy cover

Percentage canopy
cover

Quantitative
transect data

Characteristic of certain habitat types for which mammals may
have preference, or indicator of availability of preferred
resources
Indicates forest type which may be favoured or avoided by
different mammal species

Canopy
height

Estimated mean
height of canopy

Estimates on
transects

Indicates forest type which may be favoured or avoided by
different mammal species

Visibility

Estimates on
transects

Thicker forest ground vegetation layer favours some mammal
species, either as food or to aid concealment from predators

Altitude

Mean ground
distance visible from
transect
Mean altitude of site

GPS wpts
and GIS

Affects habitat type and climate which in turn drive mammal
presence and density

Altitudinal
range

Altitudinal range of
site

GPS wpts
and GIS

Greater altitudinal range should predict greater mammal
species richness

Slope mean

Mean gradient

GIS data

Steeper slopes favour some species and deter others; inferred
greater altitudinal range may predict greater species richness

Slope
variance

Variance in gradient

GIS data

More complex topography may be favoured by some species,
perhaps because it is less favoured by their predators

Forest edge

Minimum distance
to forest edge

GPS wpts
and GIS

Forest size

Size of forest patch

GPS wpts
and GIS

Certain species prefer forest edge, others forest interior;
greater forest edge distance may confer less disturbance by
humans (or more if ranger post is at forest edge)
Species-area relationship predicts more species in larger
patches; 'interior-loving' species may be in higher density

AMI

CLIMATIC PREDICTORS
Annual Moisture
GIS and
Index
climate data

Greater moisture availability means greater plant diversity and
abundance supporting higher mammal diversity and density

CCA Axis 1

COMBINED
Axis 1

CCA

An amalgam of several independent covariates

CCA Axis 2

Axis 2

CCA

An amalgam of several independent covariates

Characteristic of certain habitat types for which mammals may
have preference
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3.6 Summary of Findings
1. Significant variation between sites in almost all attributes - both physical and
anthropogenic - confirms the Udzungwa Mountains as an appropriate "natural
laboratory" for studies of this kind.
2. Disturbance variables are multicollinear. In other words, the different forms of
exploitation of a forest occur together: where there is more snaring, there is more
hunting (with guns, and usually dogs), and more cut trees and poles. There was no
instance where a forest was subject to one form of exploitation and not others.

3. There is a close and consistent relationship between protective status of a site, and all
the forms of human disturbance found there. The highest levels of disturbance are found
in the forest reserves, intermediate levels in the nature reserve, and the lowest levels in
the national parks. This relationship holds for levels of cutting, snaring, and hunting with
guns.

4. There is a very strong relationship between distance to ranger post and levels of
snaring, indicating a powerful deterrent effect on this illegal activity.
5. Levels of hunting are significantly greater in the forest interior than near the forest
edge.

5. Tree density in Udzungwa forests is an indicator of habitat, rather than of historical
disturbance. Tree density increases with altitude, but bears no relation to numbers of
trees cut, nor any other disturbance variables.

6. AMI correlates positively and significantly with all other climatic variables, and will be
used in all subsequent models.
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Chapter 4 Predictors of Mammal Species Richness in Afromontane
Forest

4.1 Introduction
In the previous chapter, I prepared and explored relationships between a range of
variables that could potentially impact on large mammal assemblages in the Afromontane
forests of Udzungwa. In this chapter, I adopt model-building and hypothesis-testing
approaches to examine the effect of these variables on mammal species richness in these
forests.
First, I report on variation in composition among the large mammal communities at the
22 study sites, and then assess predictors of variation in large mammal species richness,
using Principal Components Analysis and Generalised Linear Models. Predictors of
richness are evaluated at the levels of community and guild, and relationships between
guilds considered. The relative importance of anthropogenic and environmental factors
are examined and discussed, and the most threatened communities identified, in the
context of differing protective status across the study area. Finally, using a hypothesistesting approach, species-area relationships are examined at both the community and
guild levels.
In this chapter, the term "persistence" (Michalski & Peres, 2007) is occasionally used in
the context of species richness, implying that the current mammal assemblages comprise
those species that have not been extirpated (without specific reference to cause of
extirpation). The validity of this concept will be further tested later in the thesis by
identifying predictors of species occurrence (Chapters 6, 7).
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4.1.1 Aims of Chapter


To report the large mammal communities at each of 22 sites in 10 forests of the
Udzungwa Mountains, and evaluate the variation in the structure of these
communities.



To determine which sites and forests have the most similar primary consumer
groupings, and which species are most commonly found together.



To establish which anthropogenic and environmental variables best predict mammal
species richness in Udzungwa forests.



To identify which variables predict richness of the different functional guilds within
these communities, and examine relationships between these guilds.



To report on and explore the strength of species-area relationships for large
mammals in the Udzungwa montane forests.
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4.2 Methods
The general methods for collecting data on presence/absence of mammal species at each
site, and analysis of these data, were described in Chapter 2. Specific methods relating to
the analysis in this chapter are described here.

4.2.1 Survey Methods
A combination of survey methods was used at all 22 study sites to determine the
composition of each mammal community, observing direct and indirect sign of the
animals present. These comprised: systematic transects (2.5.1); opportunistic records;
and camera-trapping (2.5.3) targeted at confirming presence of nocturnal, elusive or very
low-density species not detected by the first two methods.
Presence/absence data were collected on the 27 medium to large mammal species found
in Udzungwa forests which have a mean body mass of over 2 kg). These comprise all the
species detected with confidence by the survey methods used (2.3.1).

4.2.2 Communities and Guilds
A community is defined as the assemblage of study species present at each site or forest.
Five functional guilds are defined for analytical purposes, following Laurance et al (2006,
2012): monkeys, megaherbivores, medium-sized herbivores, semifossorial species, and
carnivores (2.3.1, Table 2-3).

4.2.3 Ordination
A combination of Cluster Analysis and Principal Components Analysis (PCA) was used to
assess similarities between composition and structure of large mammal communities at
the 22 sites sampled, and to assess levels of sympatry or associative persistence between
species (Anderson & Willis, 2003; Klinger, 2006). Analyses were carried out in MVSP 3.1
(Kovach, 2008). Cluster analysis in MVSP produces a UGPMA dendrogram, measuring
Sorensen’s coefficient of similarity between variables. For PCAs, untransformed
(presence/absence) data were centred and Kaiser’s rule was used to extract axes, to an
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accuracy of seven decimal places. Loadings greater than 0.1 are highlighted. Axes 1 and 2
are then taken forward for use as predictor variables, representing an amalgam of related
independent variables, in subsequent GLMs, later in this chapter and in Chapter 6.

4.2.4 Generalised Linear Models
4.2.4.1 Predictors of Species Richness
Generalised Linear Models (GLMs) were used to establish the best predictors of mammal
species richness across study sites (Grafen & Hails, 2002; Marshall et al, 2010). Model
type was chosen based on the response variable, which in this chapter was always count
data, therefore a Poisson loglinear model was selected. The full model with all potential
predictor variables (see Chapter 3) was run, then a stepwise process was used to remove
non-significant variables one by one, to arrive at model(s) with significant predictor
variables only. In some cases, more than one final model are presented and discussed,
with Akaike's Information Criteria (AIC) reported for each model.
Two variables, protective status and forest size, are considered important potential
predictors of mammal species richness, but require special treatment in modelling.

4.2.4.2 Testing for Effect of Protective Status
In chapter 3, a variable reduction process including checking of variables for collinearity
resulted in a list of key predictor variables for models examining mammal species
richness, distribution and abundance (Table 3-14). These variables are all continuous
data, with the exception of protective status which is (i) a categorical variable (of ordinal
data, three categories: National Park, Nature Reserve and Forest Reserve) and (ii)
collinear with other anthropogenic variables, including cutting, snares and hunting, and
distance to village (Table 3-7). Therefore the continuous anthropogenic variables are
generally preferred for model-building (3.4), however protective status is an important
real-world factor that this study aims to explore. Thus it is also tested in GLMs (at site
level - it cannot be tested at forest level because sections of Matundu and NdunduluLuhomero forests fall under different protective status), but where its collinearity with
other significant variables renders models invalid, these other variables are removed from
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the model, and the best alternative model showing protective status to be a significant
predictor is also presented, together with the AICs of all models (see also 2.6.5, 4.2.4).

4.2.4.3 Examining Species-Area Relationships
Forest size is also an important predictor variable, for exploring possible species-area
relationships among mammal communities or guilds (Macarthur & Wilson, 1967). Most
analysis in this thesis is at the site level, as justified by great variation between sites
(2.4.1), however my 22 study sites fall within ten forests in the Udzungwas, thus some
study sites are in the same forest (Table 2-4). To avoid the potential of pseudo-replication
in analysis, effect of forest size on mammal species richness is thus explored at the forest
level, after collating site-level species presence data into a forest-level presence/absence
matrix (section 4.4). As with site-level analysis, I use Poisson log linear generalised linear
model on the response variable of species richness. I also examine species-area
relationships using correlations between forest size and species richness (Marshall et al,
2010).

4.2.5 Correlations
Spearman Rank Correlations are used to test for associations between (i) the species
richness of different mammal guilds across the 22 study sites (4.3.5), and (ii) species-area
relationships between forest patches and mammal communities and guilds (4.4.3).
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4.3 Predictors of Species Richness
In this section, I first present the results of the mammal surveys at each of the 22 study
sites, and comment on evident variation, before examining in more detail the predictors
of this variation at the site level.
4.3.1 Mammal Communities by Site
Presence data for 27 mammal species at the 22 study sites are shown in Figure 4-1 and
Table 4-1. Considerable variation was found in the mammal communities at the 22 sites
surveyed (range = 7-22 species, mean = 14.77, SD = 4.85). Ng'ung'umbi, in the UMNP and
part of the Luhomero-Ndundulu forest, scored highest with 22 species, while southeastern Kising'a-Rugaro FR scored only 7 species.
Equally, distribution across sites varied greatly between the 27 species (range = 1-22 sites,
mean =12.04, SD = 6.84). Angolan colobus and Harvey's duiker are found at all sites,
whereas kipunji and hippopotamus are found at only one site each (Vikongwa and
Matundu Ruipa respectively).
25

Number of species

20
15

10
5
0

Figure 4-1. Large mammal species richness (maximum possible 27 species) per site. Sites are
arranged from west to east, and colour-coded as follows: black = National Park; grey = Nature
Reserve; white = Forest Reserve (2.4.1, Table 2-4).
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Table 4-1. Presence(1) and absence (0) matrix of 27 study species at the 22 study sites.

Monkeys
Site
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro W
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

BW
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
22

RC
1
1
1
1
0
0
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
19

SY
1
1
0
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
20

SM
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
4

KP
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1

BN
1
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
1
1
0
1
5

Primary Consumers
Herbivores
Megaherbivores
Medium-sized herbivores
EL
BF
HP BP BB AB RD BL SN HX
0
0
0
1
1
1
1
1
1
1
0
0
0
0
0
1
1
0
1
1
0
0
0
1
0
1
1
1
1
0
0
0
0
1
0
0
1
1
1
0
0
0
0
1
0
0
1
1
0
1
1
0
0
1
1
1
1
1
0
0
0
0
0
1
0
1
1
0
1
1
0
0
0
1
0
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
0
0
0
1
1
1
1
1
1
1
1
1
0
1
0
1
1
1
1
1
1
0
0
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
1
0
0
1
1
1
1
1
0
0
1
1
0
1
0
1
1
1
1
0
1
0
1
1
0
1
1
1
1
0
1
1
1
1
0
1
1
14
11
1 21 13 18 22 17 20 18

Carnivores

Semifossorial
PC
0
0
0
0
0
0
0
0
1
0
0
1
1
0
0
0
1
0
0
0
1
1
6

CR
1
0
0
0
1
0
0
0
0
1
0
0
0
0
1
0
0
0
1
1
1
1
8

GP
1
1
1
1
0
0
1
0
1
0
0
0
1
1
1
1
1
1
1
1
1
0
15

AA
1
1
0
0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
0
0
0
1
15

CV
0
0
0
0
0
0
1
0
1
0
1
1
1
1
0
0
1
0
0
0
1
0
8

MM
1
0
0
0
0
0
0
0
1
0
0
0
0
1
0
1
1
1
0
0
1
0
7

OT
1
0
0
0
0
0
0
0
0
0
0
1
0
0
1
1
1
0
1
1
0
1
8

HB
1
0
0
0
0
0
0
0
1
1
0
1
0
1
0
1
1
0
0
0
1
1
9

HY
0
0
0
0
0
0
0
0
1
0
0
1
0
1
0
1
1
0
0
0
0
1
6

LP
1
0
0
0
0
0
0
0
1
0
1
1
1
1
1
1
1
1
1
0
1
1
13

LN
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
1
2

Key to species: BW = Angolan colobus. RC = Udzungwa red colobus. SY = Sykes' monkey. SM = Sanje mangabey. KP = kipunji. BN = yellow baboon. EL = African elephant.
BF = African buffalo. HP = hippopotamus. BP = bushpig. BB = bushbuck. AB = Abbott's duiker. RD = Harvey's (red) duiker. BL = blue duiker. SN = suni. AA = aardvark. HX =
Tree hyrax. PC = crested porcupine. CR = cane rat. GP = giant pouched rat. CV = African civet. MM = marsh mongoose. OT = African clawless otter. HB = honey badger
(ratel). HY = spotted hyena. LP = leopard. LN = lion. See Table 2-3 for scientific names.

85

Total
19
10
8
8
8
7
10
9
21
15
15
19
15
19
16
19
22
16
16
14
18
21

4.3.2 Associations Between Species and Sites
First, Principal Components Analysis was used on the presence-absence data (27 species,
22 sites: Table 4-1) to explore relationships in occurrence between species in Udzungwa
forests (figures 4-2 and 4-3) and to ask the question, which medium to large mammal
species are most commonly found together in Udzungwa montane forests? In the
resulting scatterplot (figure 4-2), Axis 1 describes 75.9 % of variance, while Axis 2
describes 5.3 % of variance, giving a cumulative variance for Axes 1 and 2 of 81.2 %.
The first (x-)axis, explaining most of the variation, describes the gradient of least to most
widely distributed species, from hippo and kipunji at the lower extreme (one site each), to
red duiker and Angolan colobus as the most widespread (the only two study species
present at all 22 sites). It also indicates a 'clustering' together of the following species, all
associations having a Sorensen's coefficient > 0.9 (figure 4-3): Udzungwa red colobus,
Angolan colobus, Sykes' monkey, bushpig, Abbott's duiker, Harvey's duiker, suni and tree
hyrax. These are all forest-dependent or 'forest-loving' (bushpig, Harvey's duiker) species.
The second (y-)axis, explaining little variation, describes a gradation from sites with
species such as hyaena, honey badger, buffalo, leopard and elephant, to sites with the
colobines, bushpig and giant pouched rat. The former, which share the traits of large
body size and that they are not forest-dependent species, are generally only found in the
well protected areas of the Udzungwa Mountains, i.e. remoter parts of the National Park
and Nature Reserve. The latter species are more widespread, and can also be found in
forest areas which are the most disturbed, or under hunting pressure, i.e. the Forest
Reserves - the same forests from which the larger species have been driven to local
extinction by hunters.
The two species found at only one site each can be thought of as "special cases". Kipunji,
only 'discovered' for science in 2004 (Jones et al, 2005), has an exceptionally restricted
range in Udzungwa of about 10 km2 (Davenport et al, 2008), the reasons for which are
currently unclear (Jones, 2006). Hippopotamus meanwhile are restricted to a lowland
section of the Ruipa river within Matundu forest, and are probably a relic subpopulation
connected to the diminishing hippo population of the Kilombero Valley. No other
stretches of river in the Udzungwa Mountains may be large or deep enough to suit these
megaherbivores, thus hippopotamus may be a "red herring" because they probably never
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inhabited most of the study sites, especially the highland sites with smaller, faster-flowing
rivers.

BW
RD
GP

CR

BN

BL

Axis 2

RC
SM

BP
SN
SY
AB

HX

KP
HP

OT
AA
BB

LN

EL
MMCV

LP

PC
HB

HY

BF

Axis 1

Figure 4-2. Clustering of species presence among sites. Axis 1 and Axis 2 explain 75.9 % and 5.3 %
of variation respectively.
KP
HP
LN
OT
CR
BN
SM
HY
HB
MM
CV
PC
BB
LP
BF
EL
GP
AA
BL
HX
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RD
BW

0.04

0.2

0.36

0.52

0.68

Sorensen's Coefficient

Figure 4-3. Dendrogram showing clustering of species presence among sites.
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0.84

1

Next, Principal Components Analysis was carried out on the same data to explore
similarities in the composition of large mammal communities between sites (Figures 4-4
and 4-5), i.e. to address the question, which sites have the most similar communities of
mammals? In the resulting scatterplot (Figure 4-4), Axis 1 describes 25.5 % of variance,
while Axis 2 describes 16.5 % of variance, giving a cumulative variance for Axes 1 and 2 of
42.0 %.
Axis 1 appears to roughly describe the gradient from species-poor to species-rich
mammal communities, from the four Kising'a-Rugaro and New Dabaga-Ulan'gambi sites
with seven to eight species each, to Ukami, Ng'ung'umbi, Luhomero E and Matundu Ruipa
with between 19-22 species each. The drivers of Axis 2 are less easy to discern, although
there appears to be a gradation from the forest reserve sites to the sites in either the
Kilombero NR or the Udzungwa Mountains NP (with the exception of Luhomero W).
This analysis does however illustrate the variation in communities within forests,
justifying the site-level approach taken by this study. Of the 20 sites that share contiguous
forest with one or more other sites, not a single site scores a Sorensen's similarity
coefficient > 0.9 with any of its 'sister' sites in the same forest. In particular, the pairs of
sites within Kising'a-Rugaro and Uzungwa Scarp forests, and the three sites in Matundu
forest, all have very low similarity coefficients (<0.63).
Overall, the scatterplot and dendrogram (figure 4-5) when assessed together reveal four
clusters of sites, in their mammal communities (Sorensen's similarity coefficient >0.86), as
encircled on Figure 4-4. When these Principal Components and Cluster analyses are run
on primary consumers only (i.e. excluding carnivores; Table 4-1) at each of these sites,
Vikongwa clusters with Ndundulu N and Luhomero W (Sorensen's similarity coefficient
>0.87; Figures 4-4 and 4-5). This is unsurprising since these sites are within contiguous
forest (first two sites within Kilombero NR, the latter within UMNP).
The most significant omission from the latter two communities is kipunji, which as
previously mentioned is restricted to 10 km2 in the Vikongwa Valley. Additional intensive
survey work for kipunji has been carried out in Ndundulu N and Luhomero W, without
recording a single individual - despite the expectation that they would be detected there
(Jones, 2011). The similarities in the mammal community structure at these three sites
adds to the mystery of the absence of kipunji at all but one of them (Jones, 2006).
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New Dabaga N
Matundu SW2
Matundu
W1
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juu
K-Rugaro SW

Nyanganje E
Nyanganje
W W
Luhomero
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K-Rugaro SE
Axis 2

Ndundulu N
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Iwonde
Nyumbanitu E
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Matundu Ruipa
Ng'ung'umbi
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Figure 4-4. Clustering of sites according to their large mammal communities. Axis 1 and Axis 2
explain 25.5 % and 16.5 % of variation respectively.

Figure 4-5. Dendrogram of sites as clustered according to their large mammal communities.
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4.3.3 Predictors of Mammal Species Richness
I used a Generalised Linear Model with Poisson log linear link function on the dependent
variable of mammal species richness (Table 4-1), which was in the form of untransformed
count data. All predictor variables were continuous covariates, except the categorical
variable of protective status which was introduced as a factor (see chapter 3 and 4.2.4.1).
Among the predictor variables tested were axes 1 and 2 from CCA ordination on all
predictor variables across sites (derived in Chapter 3, section 3.3.1.1), and the GLM found
CCA Axis 2 to be a significant predictor of species richness (likelihood ratio chi-square =
14.63, df = 1, P < 0.001). Axis 2 represents an amalgam of variables and appears to
roughly describe a gradation of influence from protective status in one direction, to
habitat variables such as canopy cover and stem density in the other (3.2.3.2).
However, when any single explanatory variables were added to the model together with
Axis 2, they all became non-significant. Thus I also removed Axis 2 and tested species
richness against all the other possible predictor variables.

Table 4-2. GLMs showing only significant (P<0.05) predictors of large mammal species richness across 22
forest sites in the Udzungwa Mountains.
Likelihood ratio chi-square
Predictor variables
Model 1
(Intercept)
Distance to village
Canopy cover
Model 2
(Intercept)
Distance to village
Tree and pole density

D

P

df

B

98.533
68.753
8.734
7.566

0.000
0.003
0.006

1
1
1

3.505
0.030
-0.019
98.539

117.181
6.901

0.000
0.010

1
1

3.085
0.025

7.434

0.006

1

-0.076

Model 3
(Intercept)
Ranger posts

106.828
577.151
16.246

0.000
0.000

1
1

2.989
-0.015

Model 4
(Intercept)
Protective status

AIC

98.814
618.742
13.945

0.000
0.001
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1
1

2.944
N/A

The best models (Table 4-2) indicate five variables as highly significant (P<0.01) predictors
of mammal species richness in Udzungwa forests: two environmental variables, canopy
cover and tree and pole density; and three anthropogenic variables (which are interrelated; 4.2.4.1), distance to village, ranger posts and protective status.
Previous studies in the tropics have shown examples of species diversity being affected by
habitat heterogeneity (e.g. small mammals: August, 1983; forest birds: Boecklen, 1986)
and plant productivity (primates: Kay et al, 1997; primates in Udzungwa: Marshall et al,
2010). However, canopy cover and tree density as predictors of mammal diversity are
unreported from either the Old World or the New World, except one preliminary
assessment of camera-trap data which found higher mammal species richness at sites
with continuous over fragmented forest (Ahumada et al, 2011).
Are the significant predictors of tree density and canopy cover related to the altitude and
habitat type of the sites? The mid-domain effect describes null models that produce
hump-shaped species richness gradients - whether latitudinal, depth or elevational within a bounded geographical domain (Connolly, 2005; Currie & Kerr, 2008). While this
effect is highly controversial, particularly in relation to latitude (Zapata et al, 2003; Colwell
et al, 2004; Davies et al, 2005; Hawkins et al, 2005; Dunn et al, 2007), a small number of
studies have presented evidence for species richness peaking at mid-elevation among
moths (Behm et al, 2007), ants (Sanders, 2002) and small mammals (McCain, 2004, 2005;
though see Balete et al, 2009). To date in Afromontane forests, only a plant study in
Mwanihana forest (continuous canopy from 300-1800 m asl) has considered this
phenomenon, showing that tree species diversity and canopy cover are highest in the
intermediate sub-montane forest zone from approximately 800m-1400m, and reduced
below and above this zone (Lovett et al, 2006).
Among the large and medium-sized mammals of this study, conformity with the middomain hypothesis is suggested when sites are divided into altitudinal categories (Figure
4-6). The intermediate, submontane forest zone has a higher mean of species numbers
per site than the lowland or montane forest zone sites. These lowest and highest
altitudinal zones have the greatest range of numbers of large mammal species per site,
however this is largely explained by four outlier sites within the National Park with high
species richness, which is most likely strongly influenced by a combination of protective
status (the lowland Matundu Ruipa site) and remoteness (the three montane forest sites:
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Ng'ung'umbi, Luhomero W and Luhomero E) (Table 4-2). Thus, while more work is
required, the data appear to show a pattern of highest mammal species richness in
submontane forest, mirroring patterns of tree diversity, and potentially supporting the
mid-domain hypothesis.
However, canopy cover and altitude do not inter-correlate (r =0.33, n=19, p=0.17; Table
3-9), thus this altitudinal pattern does not explain the predictive power of canopy cover.

Figure 4-6. Mammal species richness versus altitude at the 22 sites surveyed. Sites are divided
into low (300-800m asl: 5 sites), medium (800-1,400m asl: 7 sites) and high altitude zones (1,4002,600m asl: 10 sites).

The three anthropogenic predictors of mammal diversity suggest an association between
levels of human disturbance and the number of species still present, or persisting, at each
site (Michalski & Peres, 2007). This suggests overexploitation and historical local
extinctions of some species at those sites furthest from ranger posts and subject to more
hunting, cutting, etc (Michalski & Peres, 2005). This hypothesis is supported by the fact
that many of the species not recorded at the more species-impoverished sites (Table 4-1)
are the megaherbivores and larger ungulates most favoured by hunters for food, and the
larger carnivores which may also be subject to illegal killing (Peres, 2001; Fa et al, 2005).
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4.3.4 Predictors of Species Richness Within Guilds
To explore whether particular groups of species are driving these relationships between
species richness and certain predictor variables, I also used Generalised Linear Models
with richness of different guilds as the response variable, following the same
methodology as for all mammals above. See Table 4-1 for details of species
presence/absence at each site.
Using forest antelope richness as a response variable produced no significant predictor
variables, possibly because of the small number of species (2-5), and the relatively low
variation in richness between sites.
Similarly, monkey richness (comprising maximum six monkey species) was not
significantly predicted by any variables in all models, probably for the same reasons of
low sample size and therefore variance. In another study focused solely on primates and
including a greater number of smaller forest fragments (total of 22 patches), Marshall et
al (2010) found a species-area relationship for monkeys in the Udzungwa Mountains.
However, significant predictors were found for species richness of both the herbivore and
carnivore guilds (as classified in Table 4-1, with 'herbivores' comprising megaherbivores
and medium-sized herbivores).

Herbivores
With diversity of herbivores ranging from four to ten species at each site, it was found
that the anthropogenic variables of snares, distance to ranger posts and protective status
significantly (p<0.05) predicted richness (Table 4-3), indicating an association between
human exploitation of this guild, and persistence or local extirpation of species (Michalski
& Peres, 2007). No independent habitat or climatic variables were significant predictors.
Body size has been argued to be a correlate of extinction risk in mammals (Cardillo et al,
2005; but see Johnson, 2002). Disregarding the special case of the hippopotamus (see
4.3.1.2), the three herbivore species absent from the most sites are the two
megaherbivores, elephant and buffalo (both reported to have been overhunted in the
western Udzungwa forests up to the 1960s/70s; TJ unpublished data, M. Nielsen & D.
Moyer, pers. comm.), and the largest antelope using forests, the bushbuck (Table 4-1;
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Figure 4-7). Local extirpations of these three species therefore mostly explain the
variation in herbivore species richness.

Table 4-3. GLMs showing only significant predictors (P<0.05) of herbivore species richness across 22 forest
sites in the Udzungwa Mountains.
Likelihood Ratio Chi-Square
Predictor variable

D

P

df

B

AIC

Model 1

74.543

(Intercept)
Snares

248.960
4.188

Model 2
(Intercept)
Ranger posts

0.000
0.041

1
1

2.081
-0.443
80.196

182.386
7.501

Model 3
(Intercept)
Protective status

0.000
0.006

1
1

2.265
-0.015
74.715

202.496
6.016

0.000
0.049

1
2

2.213
N/A

25

Number of sites

20

15

10

5

0

EL

BF

HP

BP

BB

AB

RD

BL

SN

HX

Figure 4-7. Number of sites at which each herbivore species was recorded. Key to species: EL =
African elephant. BF = African buffalo. HP = hippopotamus. BP = bushpig. BB = bushbuck. AB =
Abbott's duiker. RD = Harvey's (red) duiker. BL = blue duiker. SN = suni. HX = Tree hyrax. See Table
2-3 for scientific names.
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Carnivores
Testing the response variable of carnivore species richness (ranging from 0 to 7), four
models give positive results (table 4-4). Protective status, distance to village and distance
to ranger posts strongly predict carnivore diversity, indicating associations between
general levels of disturbance (probably especially hunting) at a site, and the deterrence
effect of ranger posts, with the persistence of carnivore species.
Table 4-4. GLMs showing only significant predictors (P<0.05) of carnivore species richness across 22 forest
sites in the Udzungwa Mountains.
Likelihood Ratio Chi-Square
Predictor variables

D

P

df

B

Model 1
(Intercept)
Distance to village

9.623
9.870

0.002
0.002

1
1

3.080
0.076

Canopy cover

8.827

0.003

1

-0.053

68.820

Model 2
(Intercept)
Distance to village
Tree density

AIC

70.467
7.512
8.834
7.181

0.006
0.003
0.007

1
1
1

1.540
0.068
-0.401

Model 3
(Intercept)

67.241
8.635

0.003

1

2.402

Protective status
Tree density

14.060
3.828

0.001
0.050

2
1

N/A
-0.305

Model 4
(Intercept)

74.627
39.146

0.000

1

1.615

Ranger posts

15.381

0.000

1

-0.043

The habitat variables of canopy cover and tree density are also strong positive predictors
of medium to large carnivore richness, echoing and to some extent driving the results for
mammals overall, as discussed above (4.3.1.3).
As with the herbivores, smaller body mass may be related to carnivore species' ability to
persist, since lion and spotted hyaena were found at the least number of sites (Figure 48). However, the leopard (third largest carnivore with mean body mass of 40 kg) was the
most widespread medium to large carnivore species. This may reflect the leopard's
successful adaptation to hunting forest mammal prey such as duikers and bushpig, and
variation in density of its prey species.
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14

Number of sites

12
10
8
6
4
2
0
MM

HB

OT

CV

LP

HY

LN

Figure 4-8. Number of sites at which each carnivore species was recorded. Species are arranged
from left to right in ascending order of body mass. MM = marsh mongoose. HB = honey badger
(ratel). OT = African clawless otter. CV = African civet. LP = leopard. HY = spotted hyaena. LN =
lion.
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4.3.5 Does Species Richness Correspond Between Guilds?
In the New World, Emmons (1984) observed that when faunas varied in species richness
from place to place in Amazonia, only certain taxa (primates, bats, small rodents,
marsupials, small carnivores) exhibited variation, while others (large rodents, large
carnivores, lagomorphs, ungulates and xenarthans) were almost invariant or virtually
constant. Considering medium to large mammals in the Udzungwas, I found variation in
monkeys, megaherbivores, semifossorial animals, and carnivores, but little variation
among medium-sized herbivores (Table 4-1).
Emmons (1999) reviewed the limited data that then existed on correspondences in
diversity between guilds at large scales (biome or continental), finding that in Africa
diversity of Proboscidea and large ungulates (Perissodactyla and Artiodactyla) showed a
positive trend with monkey species richness. In the Udzungwas, I found no association
between herbivore and monkey species richness (Spearman Rank Correlation: rs=0.109,
n=22, P=0.63).
Highly significant positive correlations were found however between carnivores and
primary consumers, and more specifically the herbivores (P<0.001). A weaker, nearsignificant correlation was found between carnivores and monkeys (Table 4-5). This may
be because of a lack of predator-prey relationship between the terrestrial carnivore
species included, and the forest monkeys (leopard prey on monkeys in Udzungwa but this
is probably occasional; the main predator of monkeys is avian, the African crowned eagle
Stephonaetus coronatus).

Table 4-5. Significant (P<0.05; emboldened) and near-significant Spearman Rank Correlations between
species richness of mammal guilds across 22 forest sites in the Udzungwa Mountains.
Carnivores (7 spp)
No. spp.

rs

P

Primary consumers

20

0.878

0.000

Monkeys

6

0.410

0.058

Herbivores

10

0.827

0.000
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4.4 Species-Area Relationships Among Mammals in Afromontane Forest
Although the modelling approach taken above to examine mammal diversity across the
22 study sites included forest size as a potential explanatory variable, it was not found to
be a significant predictor of species richness at either community or guild level. However,
since some of these study sites are within the same forest (Table 2-4), the data may have
presented issues of pseudo-replication (4.2.4.3). I therefore now take a hypothesis-testing
approach in order to check for possible species-area relationships across the 10 forest
patches sampled. First, I collate the survey results from the 22 study sites (Table 4-1) into
species presence and richness data at the forest level.

4.4.1 Mammal Communities by Forest
At the forest level, the most variation in species richness occurs among (i) the carnivores;
(ii) semifossorial species; and (iii) the monkeys - although the latter is mostly explained by
the very limited distribution of the kipunji and Sanje mangabey (discussed in Jones, 2006
and Rovero et al, 2009), while Angolan colobus, Udzungwa red colobus and Sykes's
monkey are present throughout (Table 4-6, Figure 4-9i). All five of the forest-using
antelope species were recorded at either nine or ten of the forests sampled, confirming
the conservation importance of the Udzungwa Mountains for this guild. This includes the
IUCN-Endangered and Tanzania-endemic Abbott's duiker, whose presence was confirmed
for the first time, using camera-trapping and molecular analysis of dung samples, in nine
of the ten forests (Bowkett & Jones, 2011; Jones & Bowkett, 2012).
Variation overall between forests was also significant (Figure 4-9ii): New DabagaUlang'ambi and Kising'a-Rugaro Forest Reserves have the most impoverished mammal
communities with 9 and 10 species respectively, while Ndundulu-Luhomero, which
straddles the KNR and the UMNP, and Mwanihana (in UMNP) both support 24 species
each.
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Table 4-6. Presence of 27 mammal species in ten study forests in the Udzungwa Mountains. See Chapter 2 for survey methodology, and Table 4-1 for species
codes.
Uz Scarp
New Dabaga
K-Rugaro
Matundu
Nyumbanitu
Ukami
Nd'ulu-L'mro
Iwonde
Nyanganje
Mwanihana

BW
1
1
1
1
1
1
1
1
1
1
10

RC
1
1
0
1
1
1
1
1
1
1
9

SY
1
1
1
1
1
1
1
1
1
1
10

SM
1
0
0
0
0
0
0
0
0
1
2

KP
0
0
0
0
0
0
1
0
0
0
1

BN
1
0
0
1
0
0
0
0
1
1
4

EL
0
0
1
1
1
1
1
1
1
1
8

BF
0
0
0
1
1
1
1
1
1
1
7

HP
0
0
0
1
0
0
0
0
0
0
1

BP
1
1
1
1
1
1
1
1
1
1
10

BB
1
0
1
1
1
1
1
1
1
1
9

AB
1
1
1
1
1
1
1
1
0
1
9

RD
1
1
1
1
1
1
1
1
1
1
10

BL
1
1
1
1
1
1
1
1
1
0
9

SN
1
1
0
1
1
1
1
1
1
1
9

AA
1
0
1
1
1
1
1
1
0
1
8

HX
1
0
1
1
1
1
1
1
1
1
9

PC
0
0
0
1
0
1
1
0
0
1
4

CR
1
0
1
0
1
0
1
0
1
1
6

GP
1
1
0
1
0
0
1
1
1
1
7

CV
0
0
0
1
1
1
1
0
0
1
5

MM
1
0
0
1
0
0
1
1
0
1
5

OT
1
0
0
0
0
1
1
0
1
1
5

HB
1
0
0
1
1
1
1
0
0
1
6

HY
0
0
0
1
0
1
1
0
0
1
4

LP
1
0
0
1
1
1
1
1
1
1
8

LN
0
0
0
0
0
0
1
0
0
1
2

10
25

9
Number of species

Number of forests

8
7
6

5
4

20
15
10
5

3

0

2
1
0
BW RC SY SM KP BN EL BF HP BP BB AB RD BL SN HX AA PC CR GP CV MM OT HB HY LP LN

Figure 4-9. Number of forests in which each species is recorded as present, and number of mammal species recorded per forest. See Table 4-1 for species
codes.
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19
9
11
22
17
19
24
16
17
24

4.4.2 Mammal Species Richness and Forest Size
The species-area relationship (SAR) for large mammals in Udzungwa forests was explored
using the forest-level data on species occurrence (10 forests, 27 species: Table 4-6). A
GLM with response variable of species richness showed effect of forest size to be weak
and marginally non-significant (Table 4-7).
Table 4-7. GLM testing mammal species richness against forest size in the Udzungwa Mountains (10
forests, maximum 27 species; Table 4-6).

Predictor variable

Likelihood Ratio Chi-Square
D
P
df

B

Model
(Intercept)

390.646

0.000

1

2.749

Forest size

3.506

0.061

1

0.001

AIC
60.913

Next, I plotted species richness against forest size at all 22 study sites, with number of
species on the y-axis (Figure 4-10). Overall, the scatterplot also shows no obvious speciesarea relationship among mammal assemblages in Udzungwa forests. There is however a
clear pattern pertaining to protective status of sites (only apparent at the site level,
because two forests contain areas of differing status; Table 2-4). All the sites in the top
half of the scatterplot are either in the National Park, or the Kilombero Nature Reserve with the exception of US chini, the lower-altitude site within the large Uzungwa Scarp
Forest Reserve (patch size=230 km2). All the sites in the lower half of the scatterplot are in
Forest Reserves. Even considering only forest reserves, or only NP and NR sites, a speciesarea relationship is not obvious.
Considering sites within the same forest, a second striking difference in species richness
occurs in Matundu forest (512 km2; the three dots at far right of Figure 4-10). Matundu
Ruipa (within UMNP) harbours 21 species while the two western Matundu sites, Matundu
W1 and Matundu W2, which were within Iyondo Forest Reserve before being included in
the Kilombero Nature Reserve in 2007, contain nine and ten species respectively. Effects
of protective status and distance to village (Table 4-2) on large mammal species richness
appear to be markedly greater than effect of forest size (Canale et al, 2012).
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Figure 4-10. Mammal species richness versus forest size at each of the 22 study sites (maximum
27 species). Sites are colour-coded as follows: black = National Park; grey = Nature Reserve; white
= Forest Reserve.

4.4.3 Within-Guild Species Richness and Forest Size
To further explore this apparent lack of SAR for mammals in Afromontane forest, I also
used correlations to test associations between forest size and species richness at the guild
level, and compared results with those found for all 27 species (Table 4-8).
Table 4-8. Spearman Rank Correlations on forest-level data between species richness (all species and
within guilds) and patch size. Significant results (P<0.05) are emboldened.

No. spp.
ALL SPECIES

Forest size
rs
P

n

27

0.612

0.060

10

6

0.610

0.061

10

10

0.078

0.831

10

5

0.038

0.917

10

Semifossorial

4

0.749

0.013

10

Carnivores

7

0.491

0.150

10

Monkeys
Herbivores
Forest antelopes

No relationship was found between forest size and richness of herbivores generally, nor
with forest antelopes. (Variation in composition of the forest antelope guild was in any
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case low, with seven forests containing all five species and three forests - New Dabaga,
Kising'a-Rugaro and Mwanihana - containing four; Table 4-6). Nor did carnivore species
richness show any association with forest size.
Marshall et al's (2010) study of the species-area relationship for monkeys in Udzungwa
considered 22 forest patches including six patches < 1 km2, and found patch size to be a
highly significant predictor of monkey species richness (rs=0.85, n=22, P<0.0001) although it is likely that monkeys have now been extirpated from all of these smaller
patches. Considering the ten forests studied here (range 5 km2 - 512 km2)(and noting the
smaller sample size), the species-area relationship is weaker, and non-significant (rs=0.61,
n=10, P=0.061).
Richness of the semifossorial guild (range 1-4 species per forest) shows a significant
relationship with forest size (rs=0.75, n=10, P<0.05). These burrowing species including
aardvark and crested porcupines are more likely to be found in larger forests. However it
is noteworthy that this was the only mammal species group found to have a clear
relationship with forest area.
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4.5 Summary of Findings
1. Mammal community structure and composition vary greatly between forest sites,
however the following species are commonly found sympatrically in all sites, and can be
said to typify Udzungwa forests: Udzungwa red colobus, Angolan colobus, Sykes' monkey,
bushpig, Abbott's duiker, Harvey's duiker, suni and tree hyrax.
2. Two megaherbivores with relatively large home ranges - elephant and buffalo - use a
range of habitats and were recorded within seven (buffalo) or eight (elephant) of the ten
forests, and at about 50% of the 22 study sites (11 for buffalo, 14 for elephant). Sites used
by these two species were largely those in more remote areas of the Kilombero Nature
Reserve and Udzungwa Mountains National Park.
3. Between sites and forests variation was found in the species richness of monkeys,
however this is mostly explained by the two locally endemic and extremely rangerestricted kipunji (one site and forest) and Sanje mangabey (two forests and four sites).
4. Large mammal species richness in Udzungwa forests is strongly predicted by distance
to ranger post, protective status, and distance to the nearest village (a general
anthropogenic variable representing levels of disturbance including hunting and cutting).
These results together suggest that levels of law enforcement and human disturbance are
the strongest influences overall on large mammal species persistence in Udzungwa
forests.
5. Two habitat variables, canopy cover and tree and pole density, also significantly predict
the species richness of medium to large mammals.
6. Mammal species richness across sites indicates highest numbers of species at
intermediate elevation, or the submontane forest zone, approximately 1000-1800 m asl,
in support of the mid-domain hypothesis. This pattern had previously been shown for
plant species richness in Afromontane forest.
7. Protective status and distance to ranger post predicted species richness of herbivores
and carnivores, but did not predict monkey nor forest antelope species richness.
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8. Levels of snaring also significantly predict herbivore diversity at Udzungwa sites, while
the distance from human settlements, and canopy cover or tree density, predict the
species richness of carnivores.
9. Carnivore species richness is highly inter-collinear with richness of medium to large
herbivores, but only weakly correlates with monkey species richness.
10. The species-area relationship was found to be weak for the medium to large mammal
communities in Udzungwa forests, with protective status and distance to village having
markedly greater effects than forest size on large mammal species richness. The only
guild for which a significant relationship with forest size was found, were the
semifossorial mammals.
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Chapter 5 Variation in Mammal Density in Afromontane Forest

5.1 Introduction
The previous chapter addressed patterns and predictors of species richness among
assemblages of large mammals at different sites in Afromontane forest, at the community
and guild levels. In the next two chapters, I move the focus down to evaluating factors
affecting mammal presence and density at the species level.
This chapter presents, compares and discusses data on the relative densities of selected
mammal taxa at the 22 study sites. A taxon-by-taxon approach is adopted, to further
introduce these key species of the study, and the variation in their relative density across
sites. In the next chapter, the estimates of relative density generated and examined here
will be used as response variables in GLMs to further explore predictors of these
densities, for each taxon.
I estimate relative density in two ways. Mean indirect encounter rates are calculated to
represent a relative, standardized index enabling comparisons between sites, for primary
consumers, tree hyrax, aardvark, bushpig, buffalo and monkeys. For forest antelopes and
elephants, an actual estimate of density of dung piles at each site is calculated using
DISTANCE, and adopted as the relative index of density for these taxa. These species were
selected for this more precise method because they meet assumptions of DISTANCE,
particularly: their dung piles are regular and detectable along a high proportion of
transects walked, and perpendicular distance can be accurately measured to the centre of
the dung pile.
Although methods have been developed for a few species including forest elephant
(Walsh & White, 1999; Barnes, 2001) and sika deer (Marques et al, 2001), there are
inherent problems with interpreting actual animal density from measures of dung or
other indirect indicators such as burrows. With dung counts, for example, one must also
know dung decay rate and defecation rate, which ought to be measured in situ because
they can vary spatially and temporally as affected by many factors including diet, rainfall,
placement of deposition in sunlight or shade, soil type, presence of termites or other
decomposers (e.g. White, 1995). However these biases are less problematic and it is
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therefore justified, while considering and making certain assumptions, to use indirect
measures to generate relative indices of density or abundance of the same species at
different sites (Latham et al, 1996; Laurance, 2006; Acevedo et al, 2007) or over time
(Plumptre, 2000; Maisels et al, 2013).
In this study, therefore, when comparing densities of dung or other indirect indicators
within species but across sites, we are assuming comparable dung decay and defecation
rates between populations of the same species. Potential variation in these factors
(rainfall, diet, etc) is minimised because all the sites are within the same mountain range
and within montane forest, comprising similar habitat types, and because the study was
only conducted during the dry season, during which there is very little rainfall (2.2.3).
After generating the measures of relative density for each taxon, they are first assessed
qualitatively, as a prerequisite to the quantitative assessment of predictors in the next
chapter. Only monkey densities will be excluded from subsequent models, due to small
sample sizes and methodological concerns, as outlined below. Finally in this chapter, to
provide further background information on possible inter-species associations, prior to
exploration of species-specific predictors of density, I test for associations between
relative densities of the different species and guilds introduced.

5.1.1 Aims of Chapter


To generate encounter rates and density estimates for key selected taxa across all 22
study sites, and consider the strengths and weaknesses of these data, in preparation
for their use as response variables in models exploring predictors of mammal relative
abundance



To evaluate variation in density of selected taxa between sites and forests, and to
relate this variation to the protective status of these sites



To test for relationships between the relative densities of different large mammal
taxa across sites
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5.2 Methods
The general methods for recording data on the study animals and their sign, and analysis
of these data, were described in chapter 2. Here I present more specific methodological
details pertaining to collection and analysis of large mammal density data (direct and
indirect) in the Afromontane forests of Udzungwa.

5.2.1 Scale and Presentation of Results
This chapter generates and presents results on relative density at the species or taxon
level, i.e. I am investigating patterns of encounter rate or density estimate across sites for
each species or group (in the case of forest antelopes).
Also, all results are generated and presented at the site level, i.e. comparisons of
encounter rates and densities are made between the 22 sites sampled, including between
sites in the same forest but with different characteristics (Table 2-4; chapter 3).
To highlight potential effect of protective status on densities of different taxa, figures
presenting results from all 22 sites are colour coded consistently throughout this chapter
according to protective status of each site, as follows: black = National Park; grey = Nature
Reserve; white = Forest Reserve (Tables 2-2, 2-4).

5.2.2 Sampling of Mammals
All data presented in this chapter were collected along recce transects (2.4.1). Depending
on species, measures were made of appropriate proxies of different types of animal
occurrence, e.g. hyrax dung latrine as a proxy for a hyrax tree territory or den, or an
aardvark burrow entrance as a proxy for an aardvark individual or breeding pair, etc. Thus
a variety of indirect signs were used to measure indirect relative abundance within each
taxon, as summarised here (Table 5-1) and explained further in the relevant results
sections for each taxon below.
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Table 5-1. Summary of observation type and density measure used for each taxon.

Taxon

Observation type

Density Measure (units)

Tree hyrax

Latrine

Encounter rate (km-1)

Aardvark

Active burrow

Encounter rate (km-1)

Bushpig

Dung pile

Encounter rate (km-1)

Buffalo

Dung pile

Encounter rate (km-1)

Monkeys

Direct observation
(visual)

Encounter rate (km-1)

Forest antelopes

Dung pile

Density estimate (km-2)

Elephant

Dung pile

Density estimate (km-2)

A further note on transect methodology is relevant to this chapter: distance sampling (see
5.2.4) does not require observers to stay at the centre line of the transect, as long as
perpendicular distance from the line of all data points are recorded (Buckland et al, 2001;
S. Buckland, pers. comm., 2010). However in the case of this recce transect method, not
all of the target observations (e.g. primate encounters and hyrax latrines) had their
perpendicular distance from the line either measured or estimated, for reasons explained
under each species section below. Thus to maintain consistency of encounter rate
between transects and sites, I determined to stay on, and make all observations from, the
centre of the line, at all times. This methodological rule is easily followed by continuously
walking next to the hipchain thread.
5.2.3 Encounter Rates
For tree hyrax, aardvark, bushpig and buffalo, encounter rates and associated variation
around the mean were calculated for each site using the software DISTANCE (Version
6.0).
DISTANCE calculates encounter rate using the formula:
Encounter rate = n/L,
where n is number of encounters (observed from the line), and L is the length of the
transect in km (Buckland et al, 2001). 95% confidence intervals (CIs) are generated as the
main measure of variability. In the case of results from each of my sites, n is the total
number of encounters along all transects at that site, and L is the total length of all
transects at that site.
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Strip width does not vary even where there is varying visibility from the line (e.g. due to
thicker herb layer vegetation which may conceal dung piles), thus encounter rate is a
rough estimate of density whose precision depends on uniformity of visibility and
encounters, as well as sample size. While not ideal, encounter rates are very useful in
enabling comparisons of relative abundance between sites for selected species, especially
rare species where sample sizes are always low unless prohibitively high effort is
undertaken at each site.
5.2.4 Density Estimates
A more precise unit of comparison between sites, where it can be obtained, is the
estimate of density as calculated using the software DISTANCE (Version 6.0). After
inputting all data points along the transects together with their perpendicular distances
from the line, DISTANCE estimates the effective strip-width sampled and then computes
several estimates of density, using a variety of models on a subset of the data (depending
on the distance from the line at which one chooses to “truncate” the data) (Buckland et
al, 2001). Akaike’s Information Criteria are used to select the most appropriate model
with the best fit to the data (Posada & Buckley, 2004). Thus a more accurate measure
than encounter rate, the selected densities can then be compared between sites.
However, a minimum sample size of 60 is recommended for estimating densities in
DISTANCE, below which variance can become so high that the estimate ceases to be
useful (Buckland et al, 2004). In this chapter, I use DISTANCE to estimate densities of dung
for the two taxa for which I obtained the greatest sample sizes across all the sites, namely
the forest antelopes and elephants.
5.2.5 Correlations
Species densities can be affected by and tied to the densities of other species in their
guild or community, e.g. predators and prey, density compensation. To provide
background on such potential relationships among mammals in Udzungwa forests, ahead
of examining predictors of relative density for each taxon in the next chapter, I use
pairwise Spearman Rank correlations (2.6.1) on the densities of selected taxa across sites.
Taxa tested are all those for which relative densities have been generated wherever the
species was present (n = 14-22 study sites).
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5.3 Encounter Rates
5.3.1 Primary Consumers
First, I have pooled the main datasets to give an overall picture of encounter rates at each
of the sites. Figure 5-1 compares the encounter rates with observations of 16 primary
consumer species at each site. This dataset excludes four primary consumer species
(hippopotamus, porcupine, cane rat and giant pouched rat) which are included in species
richness analyses (Chapter 5) but not in encounter rate or density calculations, due to the
elusiveness of their sign. The dataset also excludes all secondary consumers or carnivores,
since these species may be in very low density and their dung or spoor undetected on
transects. Primary consumers usually constitute >90% of all mammalian biomass in
African forests (White, 1994). Thus, although this ‘primary consumer index’ is a little
crude being derived from dung piles, live animals and aardvark burrows, it gives a fair
indication of relative mammal abundance between sites.
There is high variation between sites in the ‘primary consumer index’ (range 2.67-71.87,
mean=35.30, SD=19.18, variance=367.93). The western Forest Reserves (Uzungwa Scarp,
New Dabaga-Ulang’ambi, Kising’a-Rugaro) and the western portion of the Kilombero
Nature Reserve (Matundu West 1 & 2 sites) contain lower densities of medium to large
mammals than the eastern forests of the Kilombero NR and the Udzungwa Mountains
National Park. This holds true across a wide altitudinal range and between medium and
large patch sizes, indicating that protective status may be a significant factor affecting
levels of overall mammalian abundance. (This issue will be discussed further in Chapter
7.)
An interesting exception is in the southern area of New Dabaga-Ulang’ambi FR, which has
been the focus of an active Joint Forest Management (JFM) project which aims to
encourage a sense of ownership and responsibility for protecting the forest among local
people (Nielsen & Treue, 2012). Here, overall mammalian densities are comparable to
those of the eastern forests, in particular the Nyumbanitu E and Luhomero W sites which
share similar altitudinal ranges.
After comparing relative densities for the selected taxa, I introduce each of these key
mammal taxa, and present the variation in relative density for each taxon between sites.
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Figure 5-1. Encounter rates (km-1) of pooled mammal observations at each site, forming a ‘primary consumer index’ comprising 16 of the total 20 primary
consumer species; the number of these species present at each site is given at the top of each bar. Minimum number of species detected was 6 (KRugaro W, in the Kising’a-Rugaro Forest Reserve) and maximum was 13, at four sites within the Kilombero Nature Reserve and the Udzungwa Mountains
National Park. Data included in this index: dung piles of elephant, bushpig and buffalo; forest antelope dung piles (suni, blue duiker, red duiker, Abbott’s
duiker, bushbuck); tree hyrax latrines; active aardvark holes; direct (visual) observations of the following monkeys: Udzungwa red colobus, Angolan
colobus, Sykes’ monkey, kipunji, Sanje mangabey, yellow baboon.

Sites are arranged from west to east, and protective status of each site is colour-coded as follows: black = National Park (NP); grey =
Nature Reserve (NR); white = Forest Reserve (FR)(2.4.1, Table 2-4). This colour-coding scheme is retained throughout this chapter.
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5.3.2 Tree hyrax
Although primarily arboreal, Eastern tree hyrax (hereafter tree hyrax) are easily detected
using the recce transect method because wherever they are present, dung piles
accumulate to form extensive latrines around the foot of denning trees within their home
range (Figure 5-2).

Figure 5-2. A typical tree hyrax latrine, in Luhomero forest, September 2008.

Because of the size of these latrines, which can be up to 10 m across, it is very difficult,
time-consuming and imprecise to try to determine the centre of the latrine for the
purpose of measuring perpendicular distance from the line. Thus instead, every latrine (a
lone dung pile also equals a latrine for this analysis) was recorded as an encounter
wherever it was detected from the line, and each site given an encounter rate expressed
as number of latrines encountered per km of transect (Figure 5-3).
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Figure 5-3. Tree hyrax latrine encounter rate (km-1; mean +/- 95% CI) at each of the 22 study sites.
See Table 2-4 for total transect lengths. Numbers of hyrax latrines per site vary from zero up to 63
(Nyumbanitu E). Sites are colour-coded as follows: black = NP; grey = NR; white = FR.
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Tree hyrax are widespread in the Udzungwa Mountains, though limited to closed-canopy
forest (personal observations). Of 22 sites sampled, they were present in 18 sites, and of
the ten forests they were only completely unrecorded in New Dabaga-Ulan’gambi FR.
However, they were also found to be absent or in very low density (<0.5 dung piles per
km) at Kising’a-Rugaro SW & SE; Matundu W1, W2 & Ruipa; Ng’ung’umbi; Iwonde; and
Nyanganje W & E.
Tree hyrax latrines constitute on average between 1-10% of all primary consumer signs
recorded (maximum of 14% at Luhomero W). The western Forest Reserves show
relatively low densities (or absence) of hyrax latrines, consistent with low numbers of
mammals generally. In some of the Nature Reserve and National Park sites, there are high
densities of hyrax. However, at some other sites with high overall mammal densities,
especially Matundu Ruipa, Ukami, Ng’ung’umbi and Iwonde, hyrax density is low. This
suggests that hyrax density may be inversely correlated with either altitude (Ng’ung’umbi
is among the highest sites sampled) or patch size (Ukami and Iwonde are the smallest
forest sampled). These and other predictor variables will be tested quantitatively in
chapter 6.
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5.3.3 Aardvark
The aardvark is an extremely elusive nocturnal creature, native to Africa and found in a
variety of habitats, depending on availability of food (especially termites and ants) and
suitable burrowing substrate (Melton & Daniels, 1986). It is present in several Udzungwa
forests but hardly ever seen. Its unusual habit of burying its distinctive dung (Melton,
1976; Stuart & Stuart, 2000; TJ, personal observations) makes its presence even harder to
detect. Aardvarks were captured on camera-traps during this study, providing sound
verification of their presence; however, where they are in low density, a large number of
camera-trap days may be required to 'capture' an aardvark (TJ, unpublished data).

Figure 5-4. A typical aardvark hole, showing signs of recent activity.

Another way of recording an aardvark’s presence is to examine the remarkably large
entrances to their underground burrows for signs of recent activity (Figure 5-4). Caution is
required because many other animals can make use of an aardvark burrow: one study in
Zimbabwe found 17 other species making use of aardvark burrows (Smithers, 1971), and
mentioned that the survival of some of these species may depend on the shelter which
these burrows can provide. However a freshly dug burrow (depending on size) and
footprints near the entrance can be reliable indicators for an experienced observer. Thus
for this study, it was decided to record active aardvark burrows as a proxy for aardvark
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density, and it is detections of these burrows from the transect lines that are measured as
encounter rates at each site (Figure 5-5).
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Figure 5-5. Active aardvark hole encounter rate (km-1; mean +/- 95% CI) at each of the 22 study
sites. See Table 2-4 for total transect lengths. Numbers of aardvark holes per site vary from zero
up to 13 (Matundu Ruipa). Sites are colour-coded as follows: black = NP; grey = NR; white = FR.

Aardvarks appear to be absent from most of Udzungwa’s forest reserves (with the
exception of Uzungwa Scarp, where they were found in low density at the lower altitude
site only). They appear to favour the larger, better protected forest patches in the nature
reserve and national park, with no apparent effect of altitude: the sites with the highest
densities, Matundu Ruipa and Ndundulu N, are low and high altitude sites respectively.
However, number of observations per site was fairly low (maximum 13 at Matundu
Ruipa), with many zeros, meaning the density data are inappropriate as a response
variable for modelling. Thus further analysis of variables predicting aardvark distribution
will compare them with the presence/absence of this ecologically important species (as
determined also through presence of inactive burrows and/or camera-trapping data;
chapter 6).
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5.3.4 Bushpig
Bushpig are large 'omnivores' with an emphasis on plant material, though they will also
eat carrion and particularly bones. They often dig for roots and tubers and digging sites
up to 10m across can be observed on well drained slopes with sandy soil (TJ, personal
observations). They are widespread in the Udzungwas, and their dung was recorded at all
but one of the sites (US juu). High variation between sites in bushpig dung density was
recorded (range 0.0-8.2, mean=3.21, SD=2.69), with the highest densities found within
the UMNP (especially in Matundu, Luhomero and Mwanihana forests) and KNR
(Nyumbanitu and Ndundulu forests). They were found in low density in the forest reserve
sites, with the exception of Nyanganje E (Figure 5-6).
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Figure 5-6. Bushpig dung pile encounter rates (km-1; mean +/- 95% CI) at each of the 22 study
sites. See Table 2-4 for total transect lengths. Numbers of piles per site vary from zero up to 97
(Luhomero E). Sites are colour-coded as follows: black = NP; grey = NR; white = FR.
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5.3.5 Buffalo
Buffalo are widespread in many Tanzanian protected areas; they are not forestdependent but rather roam around the Udzungwa Mountains using all of the habitat
mosaic. They are reported to have been extirpated from the western Udzungwa forests
(TJ, unpublished interviews), but until this study, their occurrence in different forests
around Udzungwa was undocumented. Their dung was recorded on transects at only
eight sites in five forests (though they were recorded opportunistically or by camera-trap
at three other sites, Matundu Ruipa, Ukami and Vikongwa; see Chapter 5, Table 5-1).
Nyanganje W was the only site at which they were recorded in a Forest Reserve, albeit in
low density (Figure 5-7). Again, I found high variation between sites in dung density
(range 0.0-2.82, mean=0.42, SD=0.85).
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Figure 5-7. Buffalo dung pile encounter rates (km-1; mean =/- 95% CI) at each of the 22 study sites.
See Table 2-4 for total transect lengths. Numbers of piles per site vary from zero up to 34
(Luhomero E). Sites are colour-coded as follows: black = NP; grey = NR; white = FR.

5.3.6 Monkeys
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The Udzungwa Mountains are renowned for their primate diversity and endemism,
including two endemic monkeys (Sanje mangabey and Udzungwa red colobus), two
endemic taxa of galago, and the recently discovered and Critically Endangered kipunji
(Jones et al, 2005; Rovero et al, 2009). Primates have received more scientific attention
than any other organisms in the Udzungwas, and are used as flagship species for the
area (Jones, 2007). In addition to studies of particular species (mostly Sanje mangabey
and Udzungwa red colobus: see Rovero et al, 2009 for references), long-term
monitoring of primate transects in Mwanihana (UMNP) and Uzungwa Scarp FR were
initiated in the early 2000s, and are continued today by the Udzungwa Ecological
Monitoring Centre (Rovero et al, 2012). The data collected for this study, particularly in
the sites rarely visited by scientists especially Kising’a-Rugaro and Matundu West, have
contributed to an updating of the distribution of primates across the Udzungwa
Mountains (Marshall et al, 2010).
Although the primary aim of my transect method was to record and measure dung piles
and other (non-primate) mammal sign along one-off transects, detections of live
monkeys are also reported here, considering their conservation importance. Auditory
detections are also reported but only during detection events where the animals were
not seen (Table 5-2, Figure 5-9). These auditory data are included because sometimes
this can be the only way of detecting the rarer species, and because certain species
(especially Sanje mangabey) are not suited to survey by sightings alone (Rovero et al,
2008, 2009; TJ, unpublished data).
Numbers of sightings per site are low (n=1-20) but give a crude indication of variation in
monkey density between sites (Figure 5-8). Forest reserves generally had lower
encounter rates than nature reserve or national park sites, with particularly low relative
encounter rates recorded in New Dabaga-Ulang'ambi and Kising'a-Rugaro Forest
Reserves. The notable exception is Nyanganje W which may have a high density of
monkeys, and this preliminary finding warrants further surveys. Since I sampled
Uzungwa Scarp FR in 2008, continued monitoring has shown a continuing and alarming
decline in primates, which colleagues and I highlighted in a report to the Tanzanian
government that was subsequently presented to national and international media in
2011 (Rovero et al, 2011).
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Figure 5-8. Monkey encounter rate (km-1; mean +/-95% CI) at each of the 22 study sites, for all six
monkeys combined (Table 5-2). See Table 2-4 for total transect lengths, and Table 4-1 for monkey
species richness at each site. Numbers of encounters per site range from 1 (K-Rugaro SW) up to
20 (Nyumbanitu E). Sites are colour-coded as follows: black = NP; grey = NR; white = FR.
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Table 5-2: Encounter rates km-1 (separate sightings and auditory detections) for each of the monkeys at the 22 study sites.

Site
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro W a
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu
a

b

Total
length
(m)

All
monkey
sightings

Angolan
colobus
seen

Angolan
colobus
heard

Red
colobus
seen

Red
colobus
heard

Sykes’
monkey
seen

Sykes’
monkey
heard

Sanje
mangabey
seen

Sanje
mangabey
heard

14,619
10,458
11,228
9,990
10,122
19,750
9,400
11,710
10,853
5,200
17,550
9,150
11,020
12,053
7,200
14,995
9,740
9,608
11,549
11,095
15,200
8,494

0.41
0.38
0.18
0.30
0.10
0.10
0.96
0.51
0.74
0.76
1.13
0.44
0.82
0.50
0.97
0.80
0.72
0.52
1.04
0.27
0.46

0.14
0.19
0.09
0.20
0.10
0.10
0.11
0
0.18
0.38
0.68
0.22
0.45
0.17
0.69
0.27
0.21
0.21
0.35
0.18
0.26

0
0
0
0.10
0
0.05
0.43
0.09
0.18
0.38
0.34
0
0.27
0.08
0.28
0.13
0
0.10
0.26
0.36
0

0.07
0
0.09
0
0
0
0.21
0
0.28
0.38
0.39
0.22
0.36
0
0.14
0.27
0.21
0.21
0.52
0.09
0.13

0.14
0
0
0.10
0
0
0.43
0
0.18
0
0.17
0.33
0.36
0.08
0
0
0
0.21
0
0.09
0.13

0
0.10
0
0.10
0
0
0.64
0.51
0.28
0
0.06
0
0
0.08
0.14
0.27
0.31
0.10
0.17
0
0.07

0.07
0
0
0
0.20
0.20
0.21
0.17
0.09
0.19
0.51
0.66
0.45
0.41
0
0.20
0.41
0.10
0.35
0.18
0.33

0.35

0.12

0

0.24

0.24

0

0.35

0.21
0.10
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0b

0.14
0.29
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.20
0b

Kising'a-Rugaro monkey records contributed to Marshall et al, 2010
Sanje mangabey known to be present at Mizimu
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Kipunji
seen

Kipunji
heard

Baboon
seen

Baboon
heard

0
0
0
0
0
0
0
0
0
0
0
0
0
0.25
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0.08
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.09
0.09
0

0

0

0

0

5.3.6.1 Udzungwa Red Colobus
Being endemic to the Udzungwa Mountains, Udzungwa red colobus are an important
conservation priority, particularly well suited to sampling by sightings along line transects
(Rovero et al, 2006, 2012), making them a good candidate in these forests as an indicator
of human disturbance and its effects on primates (Rovero et al, 2009).
Udzungwa red colobus were detected at 17 sites in 9 forests, being unrecorded from only
one forest, Kising’a-Rugaro (Figure 5-9; records also contributed to Marshall et al, 2010).
They were also unrecorded in the higher altitude site in Uzungwa Scarp FR and one of the
western Matundu (KNR) sites, and were only heard but not seen at Vikongwa, southern
Ndundulu (KNR). Encounter rates were also relatively low in Uzungwa Scarp and New
Dabaga-Ulan’gambi FRs, and the eastern site in Nyanganje FR.
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Figure 5-9: Encounter rates (km-1; mean =/- 95% CI) of Udzungwa red colobus groups using visual
and auditory detection along recce transects at each site. See Table 2-4 for total transect lengths).
Numbers of sightings per site range from zero up to 7 (Nyumbanitu E), and for auditory
encounters from zero up to 4 (Matundu W1 & Ndundulu N).

Even with such low sample sizes, Figure 5-9 highlights the variation in relative
density/abundance between sites and in particular this species' absence or low density in
the western forest reserves, a result supported by longer-term monitoring in Uzungwa
Scarp FR and emphasised in the aforementioned report on the unfolding biodiversity
crisis in this forest (Rovero et al, 2011).

5.4 Density Estimates
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5.4.1 Forest Antelopes
As previously discussed (2.5.2), due to the difficulties of correctly identifying East African
forest antelope dung piles to species in the field, I have combined the recorded dung of
all 'forest antelopes' at each site, which varied from 2 to 5 of the following species:
Harvey's duiker, Abbott’s duiker, blue duiker, suni and bushbuck (Table 5-3). (Note that
bushbuck and to a lesser extent Harvey's duiker are found in non-forest habitats in
Udzungwa also, but are often found in Udzungwa forest interiors too and thus are
included as 'forest antelopes').
Dung densities were generated using DISTANCE 6.0, and varied from only 655 piles km-2
at Kising’a-Rugaro SW up to 26,029 piles km-2 at Ukami, i.e. a forty-times difference
between sites (Table 5-4, results also plotted in Figure 5-11). The half-normal model most
commonly gave the best fit to the data (86.4% of sites), often after truncating the data to
200-350 cm. This is because the great majority of records were less than 3.5 m from the
centre of the line, reflecting the detectability of antelope dung piles on the
forest/woodland floor. Thus the average effective strip-width for recording antelope
dungs was 4-7 m. Coefficients of Variance at 95% confidence limits averaged around 0.2
across all sites (range = 0.13-0.26, median = 0.21, mean = 0.22), which is consistent with
other published analyses of large mammal dung transect data using DISTANCE (Plumptre,
2000). Generally, 80-95% of this variance derived from encounter rate, while only 5-20%
of variance came from detection probability, indicating appropriate methodology for
recording these kinds of data, and good fit of the data to the model.
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Table 5-3. Forest antelope species presence (x) at the 10 forests (shaded grey) and 22 forest sites
surveyed.
Forest / Site
Uzungwa Scarp

Total

Blue
duiker

Suni

Harvey's
duiker

Abbott's
duiker

Bushbuck

5

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

US chini

5

US juu

3

New Dabaga-Ulang'ambi

4

New Dabaga S

4

x

x

x

New Dabaga N

3

x

x

x

x

x

x

Kising'a-Rugaro

4

x

x

K-Rugaro W

2

x

x

K-Rugaro SE

4

x

x

x

x

x

x

x

x

x

x

x

Matundu

5

x

Matundu W1

3

Matundu W2

4

x

x

x

x

Matundu Ruipa

5

x

x

x

x

x

x

x

x

x

x

Nyumbanitu

5

Nyumbanitu W

5

x

x

x

x

x

Nyumbanitu E

5

x

x

x

x

x

5

x

x

x

x

x

5

x

x

x

x

x
x

Ukami

Ukami

Ndundulu-Luhomero

Iwonde

Ndundulu N

5

x

x

x

x

Vikongwa

4

x

x

x

x

Luhomero W

5

x

x

x

x

x

Luhomero E

5

x

x

x

x

x

Ng'ung'umbi

5

x

x

x

x

x

5

x

x

x

x

x

4

x

x

x

x

x

x

x

x

x

x

x

x

x

Iwonde

Nyanganje
Nyanganje W

3

Nyanganje E

3

Mwanihana

4

x

3 Rivers

3

x

x

x

Mizimu

4

x

x

x
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Table 5-4. Density estimates for antelope dung piles at each of the 22 sites sampled, as generated using
DISTANCE. See Table 2-4 for total transect lengths.

Site
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro SW
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

n
98
133
387
119
13
122
75
154
469
232
309
366
392
413
96
111
116
443
338
150
589
164

Density

CV

D LCL

D UCL

Model

Truncation

AIC

2597
5760
14402
2953
655
5500
4904
7732
14435
21297
8231
26029
17649
21466
4330
4986
6131
20770
14475
4688
25534
11681

0.22
0.33
0.14
0.29
0.55
0.19
0.30
0.28
0.18
0.18
0.18
0.15
0.14
0.12
0.26
0.23
0.13
0.16
0.23
0.23
0.12
0.24

1653
2835
10714
1544
173
3665
2621
4304
9808
14045
5719
19103
13112
16587
2504
3051
4615
14786
8901
2873
19966
6853

4079
11702
19359
5648
2476
8253
9178
13888
21246
32291
11846
35467
23756
27779
7486
8150
8146
29175
23539
7648
32654
19909

Half-normal
Half-normal
Half-normal
Half-normal
Uniform
Half-normal
Hazard
Half-normal
Half-normal
Half-normal
Half-normal
Hazard
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal
Half-normal

325
250
300
none
none
175
200
none
350
none
300
250
350
250
none
none
300
350
250
275
200
none

1051
1423
4158
1364
119
1157
747
1565
5282
2448
3304
3603
4179
4150
1027
1184
1175
4862
3528
1625
5911
1663

Key to Tables 5-4 & 5-5: n=total number of detections. Density = number of dung piles per km2.
CV = Coefficient of Variation. D LCL = Density lower confidence limit. D UCL = Density upper
confidence limit. Model = Model type (uniform, half-normal, hazard). Truncation = perpendicular
distance from centre of line in centimetres at which data were truncated for analysis. AIC =
Akaike's Information Criteria value for model selection (see methods).

Figure 5-10. Example detection function from DISTANCE 6.0 of antelope dung data: Vikongwa
(half-normal model, truncated at 250 cm)
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Figure 5-11. Forest antelope dung pile density (mean piles km-2; 95% CI) at each of the 22 study
sites. See Table 5-4 for further details. Forest antelope guild comprises Harvey's duiker, Abbott’s
duiker, blue duiker, suni and bushbuck as indicated in Table 5-3. Sites are colour-coded as follows:
black = NP; grey = NR; white = FR.

Interestingly, the five sites with the highest dung densities (Ukami, 3 Rivers, Vikongwa,
Nyumbanitu W and Iwonde) are the five sites characterised by undisturbed closed-canopy
submontane forest between approximately 1100-1600 m asl, and are all situated in either
the UMNP or KNR - despite variation in patch size, and distance to nearest villages.
Sample sizes are high and the estimates of density robust, with the data showing good fit
to the selected models (Table 5-4), thus estimates of density for this taxon are analysed in
more detail against predictor variables in Chapter 6.
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5.4.2 Elephant
Elephants were confirmed to be largely absent from the more western forests of the
Udzungwas, though I was very surprised to find a single dung pile at Kising’a-Rugaro SE,
from where they had not been reported for several decades (see Figure 6-1).
Dung densities were generated using DISTANCE 6.0, and varied from only 100 piles km-2
at Kising’a-Rugaro SE up to 11,402 piles km-2 at Ng’ung’umbi (Table 5-5, results also
plotted in Figure 5-13), i.e. a one-hundred-and-fourteen times difference between sites.
The half-normal model gave the best fit to the data most often (60% of sites), usually
after truncating the data from 250-600 cm. While some outlying piles were detected up
to 10 m from the line (note that elephant dung boli may be larger than a football, while
antelope dung piles are never larger than a tennis ball), the majority of records were from
less than 5 m from the centre of the line, giving an average effective strip-width for
recording elephant dung of 5-10 m, depending on the thickness of the ground level
vegetation. Excluding sites with very small sample sizes (Kising’a-Rugaro SE, Nyumbanitu
W, Nyanganje W and 3 Rivers), Coefficients of Variance at 95% confidence limits averaged
around 0.25 across all sites (range = 0.16-0.56, median = 0.24, mean = 0.28), which is
consistent with other published analyses of elephant dung transect data using DISTANCE
(Plumptre, 2000). Generally, 80-95% of this variance derived from encounter rate, while
only 5-20% of variance came from detection probability, indicating appropriate
methodology for recording these kinds of data, and good fit of the data to the model.
The highest dung densities were found at Luhomero E and Ng’ung’umbi, tracts of
montane forest with bamboo (1600-2200 m asl) within the well protected UMNP, which
are the two most remote sites of all those sampled. With the exceptions of Nyanganje FR
and the single dung pile observed in Kising'-Rugaro FR, all other records are from either
the national park or the nature reserve.
In eight out of 14 sites where elephants were present, sample sizes are high and the
estimates of density robust, with the data showing good fit to the selected models, thus
the estimates of density for this taxon are analysed in more detail against predictor
variables in Chapter 6.
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Table 5-5. Density estimates for elephant dung piles at each of the 22 sites sampled, as
generated using DISTANCE (these results also plotted in Figure 5-13). Total transect length
given in Table 2-3. See Table 5-4 for key.
Site
n
Density CV D LCL D UCL
Model
Truncation AIC
US chini
US juu
New Dabaga S
New Dabaga N
K-Rugaro SW
K-Rugaro SE
Matundu W1
Matundu W2
Matundu Ruipa
Nyumbanitu W
Nyumbanitu E
Ukami
Ndundulu N
Vikongwa
Luhomero W
Luhomero E
Ng'ung'umbi
Iwonde
Nyanganje W
Nyanganje E
3 Rivers
Mizimu

0
0
0
0
0
1
0
0
142
3
186
22
0
18
85
250
309
121
16
94
23
85

0
0
0
0
0
100
0
0
3232
200
5013
761
0
465
3578
8716
11402
3170
350
3674
350
4003

>0.6

-

-

-

-

-

0.24
>0.6
0.22
0.56

1964
3182
249

5319
7897
2332

Half-normal
Half-normal
Half-normal

600
250
400

1714
1974
217

0.46
0.28
0.16
0.27
0.19
>0.6
0.25
~0.6
0.18

182
1947
6311
6041
2161
2177
2680

1189
6577
12038
21520
4650
6201
5979

Uniform
Half-normal
Half-normal
Hazard
Half-normal
Hazard
Uniform

none
none
350
350
400
300
250

198
935
2766
3408
1421
1003
895

Figure 5-12. Example detection function from DISTANCE 6.0 of elephant dung data: Luhomero E
(half-normal model, truncated at 350 cm)
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Dung density
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Figure 5-13. Elephant dung pile density (mean piles km-2; 95% CI) at each of the 22 study sites. See
Table 5-5 for further details. Sites are colour-coded as follows: black = NP; grey = NR; white = FR.
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5.5 Relationships Between Mammal Densities
The densities of certain mammal species or guilds in forests may be ecologically interdependent or inter-related, either positively or negatively; examples of such mechanisms
may include predators and their primary prey species; species avoiding other species by
whom they tend to be out-competed; or density compensation as a result of
overexploitation of certain species. To explore this possibility in Udzungwa forests, before
exploring anthropogenic and habitat predictors of densities for each mammal taxon
separately (Chapter 6), I also tested for possible associations between the estimated
relative densities of different mammal species and guilds, using pairwise correlations.
Pearson correlation tests (Table 5-6) revealed significant (P<0.05) or near-significant
(P=0.052) positive relationships between the densities of:
(i)
(ii)
(iii)
(iv)

tree hyrax & monkeys (P<0.01)
tree hyrax & bushpig (significant)
aardvark & bushpig (significant)
monkeys & bushpig (near-significant)

- and a strong negative relationship between the densities of:
(v) elephant & forest antelopes (P<0.01)
The explanations for these intriguing relationships are unclear, and will be revisited in the
next chapter after identifying significant anthropogenic and environmental predictors of
density for each species or guild (6.4).
Meanwhile, it is noteworthy that bushpig density associates positively with density of
minimum three other large mammal species in these forests, suggesting that it may be a
useful indicator species for surveys of Afromontane forests where one of the aims is to
evaluate relative mammal abundance or biomass.
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Table 5-6. Pearson correlations between relative densities (encounter rates or density estimates) of
selected mammal taxa at the 22 forested sites sampled. Significant (P<0.05) and near-significant results
are emboldened.

Forest
r
antelopes P
n
Elephant r
P
n
Buffalo
r
P
n
Bushpig
r
P
n
Aardvark r
P
n
Hyrax
r
P
n

Elephant

Buffalo

Bushpig

Aardvark

-0.675
0.008
14

0.330
0.133
22
0.250
0.389
14

0.180
0.422
22
0.317
0.270
14
0.100
0.657
22

0.309
0.162
22
-0.099
0.736
14
0.158
0.483
22
0.474
0.026
22
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Tree
hyrax
0.229
0.304
22
-0.068
0.817
14
0.326
0.139
22
0.443
0.039
22
0.396
0.068
22

Monkeys
0.223
0.318
22
-0.117
0.691
14
0.272
0.221
22
0.419
0.052
22
0.327
0.137
22
0.547
0.008
22

5.6 Summary of Findings
1.

Relative density, as indicated by indirect estimates of encounter rates and density,
varied between sites for all taxa.

2.

An index of primary consumer density combining proxy measures for 16 species also
showed significant variation between study sites, and indicates that overall mammal
density is significantly lower in forest reserves than in the nature reserve or national
park.

3.

Exceptions to this pattern were:
(i) New Dabaga S, an area of the New Dabaga-Ulang'ambi FR which has been under
participatory (community-based) management, showed slightly higher overall density
(36.2 mammal observations km-1), despite being species-poor (7 species out of 16);
(ii) the two nature reserve sites in western Matundu forest (Matundu W1 and
Matundu W2) have low mammal density (14.8 and 21.8 mammal observations km -1
respectively) (and are species-poor: 8 species each); and
(iii) Nyanganje FR, which is situated between the nature reserve and national park,
had intermediate mammal density (Nyanganje W and Nyanganje E: 34.1 and 27.5
mammal observations km-1, 12 and 10 species respectively).

4.

Large mammal species and guilds for which dung encounter rates or densities were
calculated also conformed to this pattern of lower density in forest reserves
compared with nature reserve and national park sites. A potential exception to this
pattern (though reliable density data are unavailable) is the Udzungwa-endemic and
extremely range-restricted Sanje mangabey, which is found in only two forests:
Mwanihana in the Udzungwa Mountains National Park, and in Uzungwa Scarp Forest
Reserve.

5.

In particular the megaherbivores, elephant and buffalo, together with aardvark, were
either absent or persisting in very low density at all sites within the forest reserves,
but in higher density in the eastern nature reserve and national park sites (see Table
5, Figures 5-19 and 5-5).
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6.

Forest antelopes (four to five species at each site) are in the highest density in five
sites characterised by undisturbed closed-canopy submontane forest between
approximately 1100-1600 m asl (Tables 5-4 and 2-3); all five sites are in either the
Udzungwa Mountains National Park or Kilombero Nature Reserve (Tables 2-2, 2-3).

7.

Positive associations were found between the densities of bushpig and three other
large mammal taxa - aardvark, tree hyrax and monkeys - raising the possibility of
bushpig as a useful indicator species for Afromontane forest mammal surveys.

8.

Density of elephant wherever present correlates strongly and negatively with
antelope density. This and other inter-specific relationships will be examined further
in the next chapter, after testing for other predictors of relative density.
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Chapter 6 Predictors of Mammal Presence and Density in Afromontane Forest
6.1 Introduction
In Chapter 4, I established the pattern of species occurrence and species richness for 27
larger mammals species in 10 forests containing 22 study sites in the faunally rich and
diverse Udzungwa Mountains. I showed that the patterns of occurrence and richness
were to some extent predicted by predictor variables such as distance to village,
protective status and canopy cover. In Chapter 5, I analysed data collected on
observations and sign of selected mammal taxa and demonstrated high variability in
density between my sites, and an apparent association between protective status and
species densities. In this chapter, using distribution and relative density data from
chapters 4 and 5, I use GLMs to identify and assess which factors - anthropogenic,
environmental and climatic - affect the distribution and abundance of a selected subset of
the study species. I excluded monkeys, which have been assessed elsewhere (Marshall et
al, 2010), and selected ten species for detailed species level evaluation.
Species selected (see 6.2.2 for criteria) comprise two megaherbivores, elephant and
buffalo; one large carnivore, the leopard; a large omnivore, the bushpig; one mediumsized (bushbuck) and one small ungulates (blue duiker); two exclusively African mammal
taxa, sometimes referred to as Afrotheria (together with the African elephant among
other species), aardvark and tree hyrax; and two large rodents, crested porcupine and
giant pouched rat. Of these ten species, two are forest-dependent (tree hyrax, blue
duiker), five may inhabit forests exclusively in Udzungwa but are not necessarily forest
specialists (leopard, bushpig, aardvark, porcupine, pouched rats) and three are animals
using a variety of habitats including forest (elephant, buffalo, bushbuck).
In addition to species-level analysis, I examine predictors of relative abundance for
forest occurring antelopes combined (6.3.2.3). This combination of density data for forest
antelopes was necessitated by the lack of reliability in identifying forest antelopes to
species level from dung (2.5.2; Bowkett et al, 2009, 2013).
All analyses are at the site level: mammals were surveyed and sampled at 22 sites within
10 forests of the Udzungwa Mountains (Chapter 2). Surveying and sampling methodology
was consistently applied and involved a combination of transects to record dung, other
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sign, and live encounters; opportunistic records of all of the above; camera-trapping;
sound recording; and DNA sampling of antelope dung (Chapter 2).
Presence of each species at each site is reported in Table 4-1 (Chapter 4). Density indices
were developed from transect data as either encounter rates, or estimates of absolute
density using DISTANCE (Chapter 5). 30 predictor variables (generated in Chapter 3) are
then tested against presence and density of each mammal.
Finally, at the end of this chapter, I summarise each of the variables found to be
significant predictors of distribution and abundance of each species (Table 6-5), and
emergent patterns of anthropogenic and ecological influence are identified.

6.1.1 Aims of Chapter
 To identify and compare predictors of (a) presence, and (b) relative abundance, for
selected large mammal species that inhabit or use forests of the Udzungwa Mountains
 To relate these findings to the unique ecology of each mammal species or group in the
Udzungwa montane forests
 To evaluate the conservation implications of these significant predictors for each
selected mammal species or group in the Udzungwas, with particular reference to the
importance of anthropogenic factors including protective status
 To identify and discuss patterns among the significant predictors of large mammal
occurrence and abundance in these Afromontane forests
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6.2 Methods
The general methods for recording presence and density data on the study animals and
their sign, and analysis of these data, were described in chapters 2 and 5. In Chapter 3,
the process of generating and reducing predictor variables was described. Here I present
more specific methodological details pertaining to identifying, analysing and interpreting
predictors of large mammal presence and density in the Afromontane forests of
Udzungwa.

6.2.1 Data Collection and Processing
The presence of ten mammalian taxa at 22 sites was determined using a combination of
direct and indirect indicators: encounters with animal sign (dung, footprints, feeding
signs), either on transects or opportunistically; sightings or auditory detection of live
animals; camera-trapping; and molecular analysis of dung for forest antelope species
identification (Jones & Bowkett, 2012). The relative densities of taxa are estimated from
their dung, a proxy for live animals (see 5.1), and calculated as either an encounter rate
along transects (units per km walked) or density (units per km 2, as calculated using the
programme DISTANCE). These methods are described in greater detail in Chapters 2 and
3, with the final presence-absence matrix shown in Chapter 4 (Table 4-1), and density
results given in chapter 5.
30 predictor variables were generated for use in the models presented in this chapter,
falling roughly into three categories: environmental, anthropogenic, and climatic. Several
of these datasets (e.g. density of snares, canopy cover) were collected in the field at each
of the 22 sites sampled, while others (e.g. distance to village, variance of slope) were
calculated post-hoc and remotely for each of the sites, using tools such as remote sensing
data and Quantum GIS. All of the methods used for generating predictor variables, and
results for each variable, are presented and discussed in detail in chapter 4.

6.2.2 Generalised Linear Models
I used Generalised Linear Models (2.6.5) with binary logistic function to assess predictors
of presence for selected mammal taxa. In each case, the response variable comprised
presence-absence binary data for the selected taxon. Predictor variables comprised those
generated and described in chapter 3 (Table 3-14), which were already tested against
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species richness in chapter 4. They were all normally distributed scale data. Observed
power of predictor variables was computed using an alpha of 0.05. All results come from
a Type III analysis using Likelihood ratio chi-square tests (though all models were also run
using Type I, and using Wald tests, to double-check validity).
Taxa were only used as response variables provided they were absent at minimum 20%
and maximum 80% of sites, i.e. they were present at between 4-18 out of 22 sites.
Presence at less than 20% or more than 80% of sites made it impossible to discern
potential factors explaining presence or absence, rendering results of models statistically
weak and meaningless. This criterion applied to 10 species.
I also used Generalised Linear Models with normal distribution and identity link function
to assess predictors of density in four mammal taxa: elephant, bushpig, forest antelopes,
and tree hyrax. Response variables for each taxon comprised scale data representing
either density (elephant, antelopes) or encounter rate (bushpig, hyrax) of dung, as a proxy
for the animals themselves. See Chapter 5 for detailed justification and explanation of
how these data were collected and processed. The predictor variables used comprise
those generated in chapter 3 (Table 3-14), and are the same as those tested against
species richness (Chapter 4) and occurrence (this chapter).
Only statistically significant (P<0.05) predictor variables are presented and discussed. In
addition to f-values, p-values and observed power of each variable, effect sizes are also
presented to allow assessment of the biological significance of results (Thomas & Juanes,
1996; Nakagawa & Cuthill, 2007; Hawkins et al, 2013). Pearson and Spearman Rank
pairwise correlations (see 2.6.1), and scatterplots, are also employed where useful to
assist with interpretation of models.

6.2.2.1 Testing for Effect of Protective Status
Predictor variables all comprise continuous data, with the exception of protective status
which is (i) a categorical variable (of ordinal data, three categories: National Park, Nature
Reserve and Forest Reserve) and (ii) collinear with other anthropogenic variables,
including cutting, snares, and distance to village (Table 3-7). Therefore the continuous
anthropogenic variables are generally preferred for model-building (3.4), however
protective status is an important real-world factor that this study aims to explore. Thus it
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is also tested in all GLMs, at site level (it cannot be tested at forest level because sections
of Matundu and Ndundulu-Luhomero forests fall under different protective status), but
where its collinearity with other significant variables renders models invalid, these other
variables are removed from the model, and the best alternative model showing
protective status to be a significant predictor is also presented, together with the AICs of
all models (see also 2.6.5, 4.2.4).

6.2.2.2 Testing for Effect of Forest Size
Forest size is also a potential important predictor variable, that requires special
consideration in the case of these data (see also 4.2.4.2). for exploring possible speciesarea relationships among mammal communities or guilds (Macarthur & Wilson, 1967).
Although analysis in this thesis is primarily at the site level, as justified by great variation
between sites (2.4.1, Chapter 3), my 22 study sites fall within ten forests in the
Udzungwas, thus some study sites are in the same forest (Table 2-4). The potential for
pseudo-replication in analysis must therefore be borne in mind. However, although forest
size was included in all model-building in this chapter (testing mammal presences and
densities), it was an insignificant predictor variable that was dropped from all models,
with the exception of aardvark presence/absence (Table 6-1). Verification of this result
using a forest-level model is attempted, and this potential relationship between aardvark
occurrence and forest size is further explored (6.3.3).

6.2.3 Correlations
Wherever relevant or potentially useful in the course of explaining or discussing models,
correlations between predictor variables (Chapter 3), or between response variables
(Table 5-6), are reported.
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6.3 Predictors of Mammal Presence
For each of ten selected mammal species, presence at the 22 focal sites was significantly
predicted by between one and three variables (Table 6-1). The balance of anthropogenic
versus habitat predictors varied between taxa. Protective status significantly predicted
occurrence of the three largest species analysed: elephant, buffalo and leopard. These
patterns will be returned to at the end of this chapter.
In this section I discuss these results for buffalo, leopard, aardvark, bushbuck, blue duiker,
porcupine and giant pouched rat. Elephant and tree hyrax were also tested for predictors
of density, while bushpig was only tested for predictors of density and not presence
(because present at all sites), thus these three species are discussed in more depth later
in this chapter (6.4.1, 6.4.4).
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Table 6-1. GLMs showing only significant (P<0.05) predictors of selected species occurrence at 22 study
sites in the Udzungwa Mountains.
Likelihood ratio chi-square
Predictor variables

D

P

df

B

AIC

Elephant
Model 1

20.051

(Intercept)

3.090

0.079

1

-7.329

Distance to village

7.497

0.006

1

-0.412

Pole density

5.726

0.017

1

4.360

Model 2

8.008

(Intercept)

8.305

0.004

1

-166.99

Protective status

11.277

0.004

2

N/A

Pole density

7.623

0.007

1

65.979

Model 3

21.133

(Intercept)

5.779

0.016

1

-2.225

Ranger posts

5.902

0.015

1

0.084

Buffalo
Model 1

22.360

(Intercept)

0.998

0.318

1

-0.915

Ranger posts

5.339

0.021

1

0.098

(Intercept)

4.744

0.029

1

-0.916

Protective status

8.947

0.011

2

N/A

(Intercept)

2.560

0.110

1

-11.176

Distance to village

11.075

0.001

1

-0.571

Canopy cover

5.004

0.025

1

0.267

(Intercept)

8.382

0.004

1

-2.655

Ranger posts

9.303

0.002

1

0.103

Model 2

14.376

Leopard
Model 1

15.978

Model 2

20.561

Model 3

10.783

(Intercept)

2.840

0.092

1

-22.566

Protective status

11.209

0.004

2

N/A

(Intercept)

2.211

0.137

1

1.396

Distance to village

4.252

0.039

1

-0.164

Bushbuck

22.783

Blue duiker

12.567

(Intercept)

4.289

0.038

1

-30.052

Tree density

11.251

0.001

1

-4.281

Slope variance

6.603

0.010

1

14.060

Aardvark

21.356

(Intercept)

9.690

0.002

1

8.871

Distance to village

11.060

0.001

1

-0.627

6.081

0.014

1

-0.352

(Intercept)

10.828

0.001

1

-93.689

Canopy cover

11.605

0.001

1

1.753

Distance to village

4.520

0.033

1

-1.112

Distance to road

4.038

0.044

1

0.885

Forest size

1

Porcupine
Model 1

22.311

Model 2

6.000
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(Intercept)

11.903

0.001

1

-221.346

Ranger posts

11.334

0.001

1

3.529

Canopy cover

8.007

0.005

1

3.241

Giant pouched rat

6.000

(Intercept)

15.034

0.000

1

1751.736

Canopy height

15.772

0.000

1

3.467

Ranger posts

9.512

0.002

1

-607.291

Tree hyrax

8.000

(Intercept)

7.593

0.006

1

658.678

Canopy height

11.523

0.00

1

-289.169

Ranger posts

5.885

0.015

1

1.943

Canopy cover

5.298

0.021

1

2.907

1

Potential pseudo-replication; see 6.3.3 for discussion

6.3.1 Buffalo and Elephant
Buffalo, hippopotamus and elephant are the three megaherbivores (Owen-Smith, 1992)
inhabiting the Udzungwa Mountains. While the hippo is only found along the Ruipa river
within and above Matundu forest, buffalo and elephant share a similar distribution as a
result of being hunted out of the western areas of the Udzungwa Mountains during the
20th Century (Figure 6-1). This is reflected in the finding that protective status and
distance to village significantly predict presence of both buffalo and elephant (Table 6-1),
clearly showing the long-term effects of hunting (and the correlate of risk avoidance).

Figure 6-1. Occurrence of elephant, buffalo and hippopotamus at the 22 sites sampled. UMNP =
Udzungwa Mountains National Park. KNR = Kilombero Nature Reserve. All other forests are Forest
Reserves (Figure 2-1, Table 2-4).
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Both species have been extensively hunted (legally and illegally) throughout the
Udzungwa systems (especially in Western Areas) for over 100 years and the current
population size, distribution and habitat use within Udzungwa reflects this anthropogenic
mortality. Consequently, buffalo are entirely absent from the three most south-western
forests which are distant from areas of higher protection and have only forest reserve
status. Similarly, elephant were found at only one (out of six) sites in these forests (thus
occurring in only one of the three forests). Interestingly, there was no site where buffalo
were present and elephant were absent. The entire difference in occurrence across study
sites between these species is the 3 sites in which elephant occurred but buffalo did not.
It was also found that distance to nearest ranger post predicted occurrence of both
elephant and buffalo. However, all the ranger posts are inside or within 5 km or the
UMNP, and did not exist before the gazettement of UMNP in 1992, while the majority of
local extirpations of these megaherbivores in western Udzungwa occurred in the 1960s to
1970s. Therefore the predictive power of the ranger post variable is likely explained by its
correlation with protective status (3.4.1).
No environmental variables predict buffalo presence at the 22 sites, while only pole
density is an additional significant predictor of elephant occurrence. Tropical moist
forests do not usually support a high biomass of megaherbivores, who generally range
across a variety of habitats in the landscape – as do the buffalo and elephant in
Udzungwa. The forests have relatively low biomass of vegetation at ground level, with
foliage being more concentrated in the canopy. However pole density correlates with a
greater thickness of lower strata vegetation and reduced visibility. Further information
on how buffalo and elephant use forests and when is likely to illuminate this pattern of
occurrence in relation to human activity and forest characteristics. I discuss this issue in
relation to elephant density in section 6.4.1 below.
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6.3.2 Leopard
Leopards occurred at 13 of the 22 study sites in eight of the ten forests, being unrecorded
from two of the forest reserves (Tables 4-1, 4-6; Figure 6-2). Three models confirm
protective status, distance to village, and distance to ranger posts respectively as being
highly significant predictors (P<0.01) of leopard occurrence in Udzungwa forests (Table 61). A factor not covered in these models that is certain to be a driver of leopard presence,
and is very likely related to these anthropogenic influences, is availability of medium-sized
ungulates and other mammals, i.e. the prey base of the leopard. (Leopard in Udzungwa
are known to prey on Abbott's duiker, red duiker, blue duiker, Udzungwa red colobus,
Sanje mangabey and tree hyrax; TJ, personal observations). There is also a weaker but
significant (P<0.05) positive relationship between leopard presence and canopy cover,
suggesting a preference for more closed canopy forest.

Figure 6-2. Occurrence of large carnivores (leopard, lion and spotted hyena) at the 22 sites
sampled. UMNP = Udzungwa Mountains National Park. KNR = Kilombero Nature Reserve. All
other forests are Forest Reserves (Figure 2-1, Table 2-4).
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6.3.3 Aardvark
Aardvark occurred in 8 of the 10 forests and 15 of the 22 study sites (Figure 6-3).
Modelling of the binary presence-absence data for aardvark found two predictors of their
presence in Udzungwa forests.
Presence of aardvarks is very strongly predicted by distance to village (Table 6-1),
suggesting that the aardvark is sensitive to human disturbance and prefers more remote
forests. However, no relationship was found between aardvark presence and protective
status.
Aardvark presence was also significantly predicted at the site level by forest size. Aardvark
were the only species of the ten taxa included in these analyses whose presence could be
predicted by forest size. This is consistent with my finding that the semifossorial
mammals were the only guild with a significant species-area relationship with forest size
(4.4.3; though see study on monkeys by Marshall et al, 2010).

Figure 6-3. Occurrence of aardvark and tree hyrax at the 22 sites sampled. UMNP = Udzungwa
Mountains National Park. KNR = Kilombero Nature Reserve. All other forests are Forest Reserves
(Figure 2-1, Table 2-4).

The possibility of pseudo-replication biasing the site-level analysis (see 6.2.2.2) demands
further investigation of this result. A forest-level binary logistic GLM on the response
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variable of aardvark presence/absence (present at 8 out of 10 forests; Table 4-6) does not
show forest size to be a significant predictor of aardvark occurrence (likelihood-ratio chisquare: D=1.977, df=1, P=0.160), though probably partially due to low sample size.
However, an encounter rate of aardvark burrows was recorded for each site, in addition
to presence-absence. Although the encounter rate data were not appropriate for
modelling (5.3.3), plotting these data against forest size, together with a graphic of
presence/absence against forest size (Figure 6-4a,b) suggests that the relationship
between aardvark presence and forest size is real, and is driven by the absence (or low
densities) of aardvarks in smaller forests, below 200 km2, rather than high densities or the
consistent presence of aardvark at those sites within larger forest sizes.

(a)

(b)
Figure 6-4 (a) density of active aardvark burrows versus forest size at the 22 sites sampled; (b)
presence/absence versus forest size in the 10 forests sampled.

No other environmental variables were found to predict the presence of aardvarks in
Udzungwa forests, nor did I find any literature on habitat preferences or use by aardvark
of forests, although this is likely because the small number of studies carried out on
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aardvarks in Africa have been in non-forest habitats (e.g. Taylor et al, 2002; Lindsey,
2008). The aardvark's adaptability to almost any sub-Saharan habitat up to 2000 m asl
that is sufficiently drained appropriate soil to burrow in, and containing sufficient
termites and ants of the appropriate type to feed on, is well-documented (Taylor, 2013).
Variable occurrence in forests greater than 200 km2, and an absence from smaller forests
in Udzungwa suggest that forest size may reflect abundance of the heterogenous and
extremely patchy soil and food resources required by the aardvark. A study of availability
of termites and ants across the various forests of Udzungwa would likely shed further
light on their distribution pattern.
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6.3.4 Bushbuck and Blue Duiker
Bushbuck are not forest-dependent antelope but are also often found at forest edges, in
wooded grasslands and riverine systems in the Udzungwa Mountains (Rovero & de Luca,
2006). In some parts of Africa, they enter agricultural fields to eat crops and may be
considered a pest (Plumptre & Wronski, 2013). In my study, they were present in nine out
of 10 forests but at only 13 of the 22 forest sites, and their presence was significantly
predicted only by distance to village (likelihood ratio chi-sq: D= 4.3, df=1, P<0.05; Table 61), and by no environmental variables. It appears that within Udzungwa forests, bushbuck
are more likely to be found in the least disturbed areas, furthest from human settlement.

Figure 6-5. Occurence of the five antelope species of Udzungwa forests (bushbuck, Abbott's
duiker, Harvey's duiker, blue duiker, suni) at the 22 study sites sampled. UMNP = Udzungwa
Mountains National Park. KNR = Kilombero Nature Reserve. All other forests are Forest Reserves
(Figure 2-1, Table 2-4).

In contrast to the habitat generalist bushbuck, the occurrence of the forest-dwelling blue
duiker was not predicted by any anthropogenic variables, but only by two environmental
factors (Table 6-1). Particularly important was tree density (likelihood ratio chi-sq = 11.3,
n=22, P=0.001), indicating a preference for denser, closed canopy forest (see 4.2.3.2);
blue duiker abundance was also found to be predicted by canopy cover in Gabonese
rainforest (Laurance et al, 2008). Variance in slope was also a fairly strong predictor of
presence (likelihood ratio chi-sq = 6.6, n=22, p=0.01), suggesting a possible preference of
blue duiker for forested areas of varied topography with ridges and valleys which may
offer good escape or hiding places from predators.
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6.3.5 Porcupine
The crested porcupine is a widespread rodent found in sub-Saharan Africa, northern
Africa, and Mediterranean Europe, in a range of habitats from dry rocky areas to
woodland and forest (Grubb et al, 2008). Its ecology in tropical montane rainforest has
never been studied, although one study in Gabon reported on predictors of abundance of
the brush-tailed porcupine Atherurus africanus centralis (Laurance et al, 2008).

Figure 6-6. Occurrence of crested porcupine and giant pouched rat at the 22 sites sampled. UMNP
= Udzungwa Mountains National Park. KNR = Kilombero Nature Reserve. All other forests are
Forest Reserves (Figure 2-1, Table 2-4).

In Udzungwa, crested porcupine occurred in 4 out of 10 forests and 6 of the 22 forest
sites (Figure 6-6). Presence was significantly predicted by distance to village and distance
to road (Table 6-1), as well as being strongly predicted by distance to ranger posts,
suggesting sensitivity to human disturbance, a preference for more remote areas, and an
effect of law enforcement. These results are inconsistent with the findings of Laurance et
al (2008) in Gabon where brush-tailed porcupine, as with other rodents recorded in that
study, was abundant in hunted forest - a pattern which the authors attributed to habitat
and land use change in the vicinity of the hunted sites. In Udzungwa, I would hypothesise
a different explanation: that the presence of porcupine is predicted by decreasing
disturbance because they are vulnerable to snaring and therefore more likely to occur in
areas where there is no snaring.
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However, the strongest positive predictor of porcupine presence in Udzungwa was
canopy cover (likelihood ratio chi-sq=11.6, n=22, p=0.001; Table 6-1), suggesting an
association with closed canopy, indicative of primary forest. Such forest is more likely to
occur at greater distances from human activity and settlement. Canopy cover was also a
positive significant predictor of porcupine abundance in Gabon (albeit a different species:
Laurance et al, 2008).

6.3.6 Giant Pouched Rat
Giant pouched rats occur in seven of the ten forests and were present at 15 of the 22
study sites (Table 5-1; Figure 6-6), and occurrence is strongly predicted by distance to
ranger post. Height of the canopy is the only environmental factor positively predicting
their presence (Table 6-1: likelihood ratio chi-sq=6.3, n=22, P=0.01). This suggests a
preference for primary forest, and is an original finding that warrants further research.
Giant pouched rats are taken as bushmeat from Udzungwa forests by the local Wahehe
tribe and others (Nielsen, 2006; Nielsen & Treue, 2011) and can be a popular target of
snaring in forests where populations of larger mammals have been hunted out (TJ
personal observation, e.g. US juu site in 2008: Figure 6-7; Rovero et al, 2011). Their
apparent higher abundance in heavily hunted forests (far from ranger posts) also suggests
possible density compensation, with pouched rats increasing as other mammals of similar
mass decrease (TJ personal observation). However the binary presence-absence data
analysed here cannot test this hypothesis.

Figure 6-7. Giant pouched rat found in a snare during survey of Uzungwa Scarp in 2008.
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6.4 Predictors of Mammal Density
GLMs were carried out to test for predictors of density (using dung density or encounter
rate as a proxy for animal density) in four selected large mammal taxa (Table 6-2). For the
four selected species, density at the 22 sites was significantly predicted by two to four
variables. Results are further discussed below for each taxa in turn.

Table 6-2. GLMs showing only significant (P<0.05) predictors of density for selected mammal taxa at 22
study sites in the Udzungwa Mountains.
Significant Variables

F

df

P

Partial
Eta2

Observed
Power

2

R
(Adjusted)

Number
of Sites

AIC

0.907 (0.845)

14

38.267

0.734 (0.619)

14

49.446

0.742 (0.682)

22

46.460

0.616 (0.561)

22

68.559

0.393 (0.322)

22

164.209

0.491 (0.373)

22

166.629

0.328 (0.283)

22

58.231

0.679 (0.614)

22

12.689

Elephant
Model 1
Distance to village

29.600

1

0.002

0.831

0.994

Distance to road

14.903

1

0.008

0.713

0.892

Pole density
Tree density

9.816
7.754

1
1

0.020
0.032

0.621
0.564

0.743
0.644

Model 2
Protective status
Pole density

14.203
7.402

2
1

0.001
0.007

0.402
0.564

0.465
0.569

Bushpig
Model 1
Distance to village
Canopy cover

19.314
14.358

1
1

0.001
0.002

0.598
0.525

0.982
0.938

Slope variance
Model 2

7.962

1

0.014

0.380

0.742

Ranger posts
Distance to village
Forest antelopes

6.818
5.126

1
1

0.021
0.040

0.328
0.268

0.681
0.559

10.330
4.814

1
1

0.005
0.042

0.378
0.221

0.857
0.544

Model 1
Snares
Slope variance
Model 2
Protective status

13.509

2

0.001

0.443

0.726

Slope variance

6.698

1

0.010

0.283

0.554

Model 3
Ranger posts

7.306

1

0.016

0.328

0.715

Tree hyrax
Canopy cover
Distance to village

17.912
16.157

1
1

0.001
0.001

0.544
0.519

0.977
0.963

Canopy height

6.943

1

0.019

0.316

0.693
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6.4.1 Elephants
I used elephant dung density as a proxy for elephant density (Barnes, 1992), and found
elephants to be present at 14 out of 22 sites, with great variation in density between sites
(4.3.2.2). To examine predictors of elephant density, I used a General Linear Model with
identity link function on the response variable of elephant dung density, which was
transformed using cube root to transform these scale data into normally distributed data
(5.4.2).
The best models (Table 6-2) indicate that five variables are significant predictors of
elephant dung density in Udzungwa forests. A very high R squared value for model 1
(R2=0.91, adjusted R2=0.85) indicate that its four significant variables together - distance
to village, distance to road, tree density and pole density - provide powerful explanations
of the observed variation in elephant dung density across the 14 sites at which elephants
were present. A second model, albeit of lesser explanatory power, adds protective status
as a significant explanatory variable.
Three anthropogenic predictor variables, distance to village, distance to road, and
protective status, were thus highly significant (P<0.01 in all cases). Two further variables,
pole density and tree density, were also significant predictors of dung density (F= 9.8 and
7.8, df=1, P<0.05). In each case, effect size affirms the biological importance of these
variables (Thomas & Juanes, 1996; Nakagawa & Cuthill, 2007).
Distance to village (which correlates negatively and significantly with presence of snares:
rs=-0.66, P=0.001; Table 4-7) is assumed to be a good indicator of general anthropogenic
activity, disturbance and pressure over recent decades at each of the sites surveyed in
this study (4.4.2). Distance to road can be seen as an indicator of site remoteness and
inaccessibility. Protective status reflects level of security, particularly for megaherbivores.
The strong positive relationships between elephant dung density and these
anthropogenic factors confirm that elephants use most those forested areas that are best
protected and furthest from humans. This spatial relationship has been demonstrated for
forest elephants in Central Africa (Barnes et al, 1991; Laurence et al, 2006; Blake et al,
2008), and to some extent for non-forest dwelling savanna elephants in southern and
eastern Africa (Parker & Graham, 1989a,b; Hoare & Toit, 1999); these results provide the
first evidence for this relationship in savanna elephants using forest in an East African
montane system.
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Elephant dung density was also significant and positively predicted by (a) tree density,
and (b) pole density (Table 6-2). These two relationships should be considered in turn,
since tree density and pole density may have distinct ecological implications for elephants
(4.3.2).
Tree density at my study sites was found to be a 'natural' variable indicative of habitat
type, positively correlated with altitude and canopy cover, while only weakly correlated
with hunting and unrelated to levels of cutting or other forms of anthropogenic
disturbance (4.4.4). Perhaps, therefore, tree density predicts relative elephant abundance
or intensity of use because elephants favour higher altitude forests (Figure 6-8), because
of certain resources that are absent from lowland forests (with lower tree density). This is
supported by preliminary observations and analysis of elephant feeding data in
Udzungwa (K. Nowak & TJ, unpubl. data) which show that upland bamboo, found
between 1,800-2,300 m asl, is a highly favoured food plant (bamboo, with dbh generally
<5 cm, was not included in pole or tree density measures). Other plants found at high
elevation and consumed by elephants include date palm Phoenix reclinata (Jones &
Nowak, in press).

Figure 6-8. Elephant dung density versus mean site altitude (m asl). Although the sites with
highest dung density (Ng'ung'umbi, Luhomero E) are at the highest altitude, altitude did not
significantly predict dung density (Table 6-2).
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It was first argued in the 1950s that elephants in forests prefer clearings and secondary
growth over tall, closed-canopy forest (Jones, 1955; Langdale-Brown et al, 1964; Laws et
al, 1975), and quantitative studies from a limited number of (non-montane) sites have
supported this conclusion (savanna elephants: Kibale, Uganda, Wing & Buss 1970,
Nummelin 1990, Struhsaker 1997; forest elephants: northeastern Gabon, Barnes et al,
1991). One would thus expect an inverse relationship between elephant and tree density
- the opposite to what is seen in Udzungwa. It was also found in the relatively flat Kibale
forest of Uganda that elephants browse more on young trees than old trees, thus having
a much greater impact on the survivorship of older trees (Struhsaker, 1997). In Kibale,
there was no conclusive relationship found between elephant density and tree density.
Density of 'poles' or young trees, meanwhile, does not correlate strongly with any other
variables in the Udzungwas, whether anthropogenic, environmental or climatic. Higher
pole density may be indicative of a forested area which is experiencing regeneration, or
which has higher numbers of clearings being newly colonised (4.3.1.5). Perhaps elephants
are attracted to such areas to browse on the combination of younger trees, leaf flush, and
grasses (as in Kibale, where elephants were found to prefer regenerating forest;
Struhsaker, 1997). This could be self-perpetuating ecologically: elephants are drawn to
these areas where the impact of their feeding behaviour on trees leads to more or
extended forest clearings and therefore a greater density of young trees - another
example of 'ecosystem engineering' (Blake et al, 2009).
In Kibale, where studies have focused on comparing elephants' use of logged and
unlogged areas of the forest, it was found that elephants were attracted to large areas of
herbaceous tangle with relatively open canopy and shorter trees, as brought about by
selective logging (Struhsaker et al, 1996; Struhsaker, 1997). In this case, elephants' use of
an area was either inversely related or unrelated to the density of young trees, again in
contrast to my findings. This could be because logging, which has only occurred in a
relatively small proportion of the elephants' forested range in the Udzungwas (and was
not a significant characteristic of the majority of my sites: see Cutting, 4.3.1), is less of a
determining factor on elephants' ranging behaviour here. Addressing this question will
require more focused study of elephants' habitat use in logged versus unlogged areas of
Udzungwa forests.
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All this said, tree and pole density inter-correlate across my study sites in Udzungwa
(r=0.52, n=19, P<0.05; Table 4-7), and higher density of both trees and poles may
generally represent thicker cover (and food abundance, either fruits from canopy
emergent trees or browse). Therefore, the predictive value of these two variables could
possibly also be explained by elephants' general preference in these mountains for
thicker cover, perhaps for greater security, and where they feel less conspicuous to
hunters. This would be consistent with the general preference for remoteness from
people indicated by the two strongest predictor variables, distance to village and distance
to road. The positive relationship between tree density and altitude thus raises the
possibility that its value as a predictor of elephant abundance is in part an element of the
same overall narrative of elephants preferring to spend time and forage at higher
altitudes, in more remote and less disturbed forests of Udzungwa.

Comparison of predictors: density versus presence
By comparing predictors of occurrence with predictors of density, one looks for evidence
of different variables that affect occurrence but not density, or vice versa. In the case of
elephants, both presence and dung density are predicted by anthropogenic and habitat
variables (Table 6-3).
Table 6-3. Significant (P<0.05) predictors of elephant presence (from Table 6-1) and density (from Table 62).
Anthropogenic
Distance
to village
Presence (χ2)

9.2

Density (F)

29.6

Distance
to road

Environmental

Protective
status

Ranger
posts

11.3

5.9

14.9

14.2

Tree
density

Pole
density
4.2

9.8

7.8

It should be noted when comparing these results that the elephant presence response
variable comprised binary presence-absence data from all 22 sites, while the density
model considered data from only the 14 sites where elephants were present (Figure 6-1).
It is therefore interesting that site presence by elephants is predicted by the same three
variables of distance to village, protective status and pole density that also predict
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elephant density at sites where they are present. We know that elephants using the
western Udzungwa forests were killed by hunters during the twentieth century, and that
they are now restricted to eastern areas (although their distribution has increased since
gazettement of UMNP in 1992; Jones & Nowak, in press). The significance of distance to
village as predictor of presence confirms avoidance of areas closer to settlements, where
they were probably more regularly hunted. Because elephants have been absent from the
western forests since before the gazettement of the UMNP, the significance of the ranger
posts variable likely reflects its correlation with (historical) protective status and levels of
hunting (see 6.3.1).

6.4.2 Bushpig
I used encounter rate of bushpig dung (number of observations = 761 across all sites
combined) as a proxy for bushpig density. Bushpig were recorded at 21 out of 22 sites
with the exception of US juu (making it impossible to meaningfully look for predictors of
presence), and dung density showed great variation across sites (5.3.4). To examine
predictors of bushpig density, I used a GLM with identity link function on the response
variable of bushpig dung density, which was transformed using square root to make these
scale data normally distributed.

The two best models (Table 6-2) reveal five variables as significant predictors of bushpig
dung density in Udzungwa forests, with high R-squared values suggesting a meaningful
explanation of variation across the 22 sites included in the analysis. Two anthropogenic
(distance to village and protective status) and one specific habitat variable (canopy cover)
emerged as very strong predictors of bushpig density, with variance in slope and distance
to ranger posts also being significant predictors. In each case, biological significance of
these relationships is affirmed by the effect sizes of the regressions (Table 6-6).
Bushpigs are distributed throughout much of sub-Saharan Africa, where they can be
found in a variety of wooded and wetland habitats including closed canopy moist forest,
except in those central African forests where the larger giant forest hog Hylochoerus
meinertzhageni is common and competitively excludes the bushpig (Estes, 1991).
Bushpigs are often crop-raiders in areas where agriculture has encroached on or is
adjacent to their favoured habitats. It has also been suggested that bushpig are attracted
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to farming areas because of reduced predator risk and increased food supply (Estes,
1991). They are a favoured bushmeat of non-Muslims throughout the region; catchable in
a wire snare, a single bushpig provides a hearty meal for a large group of people. In any
relatively well protected or undisturbed forest, their diggings for roots and tubers
commonly betray their presence (as do their conspicuous dung, often on wider trails
including those of elephants which they clearly use for moving around). Yet bushpigs are
not well studied animals, with most research focused in southern Africa in non-forest
zones (Skinner et al, 1976; Breytenbach & Skinner, 1982; Seydack, 1990; Seydack &
Bigalke, 1992), with the exception of some short or opportunistic studies in Kibale forest,
Uganda (Giglieri et al, 1982; Nummelin, 1990). The ecology of bushpigs in montane
forests, including their potentially important role in seed dispersal, has hardly been
studied at all (Blake & Fay, 1997; White & Abernethy, 1997; Beaune et al, 2012).
The primary predictor of distance to village confirms vulnerability of bushpigs in the
Udzungwa Mountains to human disturbance, particularly for bushmeat. A significant
relationship between density and ranger posts also indicates a law enforcement
deterrence against hunting. Bushpigs' total absence from the higher elevation site in
Uzungwa Scarp (US juu) is probably a result of overhunting. With this exception, however,
they are still widespread in Udzungwa forests, unlike the various herbivorous mammals
(elephant, buffalo, Abbott's duiker, possibly also porcupine) which have been hunted out
of some or many of the relatively unprotected forests. That bushpigs are still present, but
that their density is highly sensitive to human disturbance, makes them a good indicator
of human pressure on mammal fauna in forests, and a potential indicator species for
monitoring purposes.
Canopy cover was also a strong positive predictor of bushpig density, suggesting a
preference for closed canopy forest. Finally, a secondary but still significant predictor of
bushpig density in the Udzungwas is the variance of slope within each site. That is to say,
a greater complexity in the topography of a site predicts a higher density of bushpigs.
Why would bushpigs favour complex topography in forest? Is it related to availability of
water, for more ridges and valley means a greater likelihood of year-round mountain
streams? Or maybe the varying terrain brings better forage, preferred food plants, or
greater security against predators such as leopards, and humans. Clarifying the reasons
for this predictor calls for further research.
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6.4.3 Forest Antelopes
I used a GLM with identity link function on the dependent variable of antelope dung
density (4.3.2.1), which was transformed using square root to give normal distribution of
these scale data. The three best models (Table 6-2) reveal four variables as significant
predictors of antelope density in Udzungwa forests. Relatively low R squared values for all
three models (adjusted R2=0.32, 0.37 and 0.28) indicate that these variables provide only
limited explanation of the variation in antelope dung density across the 22 survey sites.
The relatively low predictive power of these models compared with, for example,
elephants or tree hyrax is probably attributable to the fact that the response variable is
density of dung of five species: suni, blue duiker, Harvey's duiker, Abbott's duiker and
bushbuck. Dung density of these antelopes was analyzed at the guild rather than species
level because they could not reliably be identified to species level (without molecular
analysis; see Chapter 2). Camera-trapping and subsequent molecular analysis of dung
enabled me to confirm the forest antelope community composition at each site, which
varied from two to five species (Jones & Bowkett, 2012; Bowkett et al, in press; see
Chapter 5 for full list of species by site). The unique ecology and behaviour of each
antelope species (Wilson, 2005; Rovero et al, 2005) makes it unlikely that the density of
the guild as a whole can be reliably or accurately predicted by most of the environmental
or even anthropogenic variables included in this study.
Nevertheless, the density of antelopes at each site was found to be strongly and
significantly affected by three anthropogenic factors, encounter rate of snares found
along transects (F=10.3, df=1, P<0.01), protective status of the site (F=13.5, df=2, P<0.01),
and distance to ranger post (F=7.3, df=1, P<0.05). These are striking results as we could
expect certain species to be more vulnerable to, and their density more affected by, level
of protection or hunting with snares than others (e.g. in central and west Africa, blue
duiker populations are reported to withstand hunting pressure better than larger duikers:
Mochrin, 2009; Hart & Kingdon, in press). Moreover, the snares variable here represents
all snares encountered, which are often - but not always - set to catch antelopes.
Generally, hunters set traps for the largest available animals, e.g. Abbott's duiker,
bushbuck and bushpig, then, when an area becomes impoverished of these animals, they
start to set smaller traps for red duiker and suni. In upper Uzungwa Scarp (US juu) in
2008, where all the antelopes are now at low density after years of hunting, but where
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giant pouched rat are common (possibly because the giant sengis of the area, Rhyncocyon
cirnei, have also been all but hunted out), we found several small snares which had been
set specifically for these large rodents. Thus, the snares variable can be thought of as a
general indicator of snaring pressure on the mammal community of a site, not just on the
forest antelopes.
The other predictor of antelope guild density revealed by the model is variance of slope,
that is to say more antelopes are found in those forested areas with more varied
topography, including more ridges and valleys. This could reflect a behavioural response
in areas which are heavily hunted, with antelopes seeking to evade capture by seeking
refuge or persisting in gullies and on steep slopes - as Abbott's duiker appear to do on the
forested slopes of Mount Kilimanjaro (F. Rovero, pers. comm.).

Figure 6-9. Antelope dung density versus variance of slope at 21 forest sites. Fit line excludes
outlier site 'US juu', linear R2= 0.133.

Overall antelope density was not predicted by forest size (r =- 0.27, n=22, P=0.18), nor by
tree density or visibility, although again the model is bound to be subject to inter-specific
variations: for example, blue duiker presence was predicted by tree density in this study
(6.3.3), while a habitat use study using camera-traps in two Udzungwa forests found
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associations between red duiker and small stem diversity, and between suni and a
visibility index (Bowkett et al, 2007).

Figure 6-10. Antelope species richness (number of species = 2-5 per site) and antelope dung
density km-2 (all species combined). See 5.2 and Figure 6-5 for a list and map of species per site.

No pattern is discernible between antelope density and antelope species richness (Figure
6-10), i.e. the hypothesis that more species present will equal more overall abundance of
dung is rejected. Considering this finding, and the great variation in dung density (3.4.1),
there is currently no evidence for density compensation within the forest antelope guild
(Fa & Brown, 2009).
A significant negative relationship was found however between elephant and antelope
density (5.5). Aside from protective status, none of the significant predictors of density
for each taxon correspond (Table 6-2), and so these models do not appear to shed any
light on this mysterious relationship.
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6.4.4 Tree Hyrax
I used a GLM with identity link function on the dependent variable of tree hyrax dung
density, which were normally distributed scale data. The final model selected (Table 6-2)
reveals three variables as significant predictors of tree hyrax density in Udzungwa forests.
A high R squared value for the model suggests that these four variables together provide
a meaningful explanation of the variation in hyrax dung density across the 22 survey sites.
Two variables emerged equally as very strong predictors of hyrax density, an
environmental or more precisely habitat variable (Canopy cover: F=17.9,df=1, P=0.001),
and a disturbance variable (Distance to village: F=16.2, df=1, P=0.001). An additional
habitat variable (canopy height: F=6.9, df=1, P<0.05) also had significant albeit weaker
predictive power.
There have been very few published studies on the ecology of tree hyrax or determinants
of their density. The most recent relevant paper (Topp-Jorgensen et al, 2008) documents
surveys of three western forests in the Udzungwa Mountains with differing levels of
disturbance (Ndundulu, Uzungwa Scarp and New Dabaga-Ulan'gambi), and compared
tree hyrax density (D. arboreus) with disturbance and canopy cover in these forests
(though no other variables). Two papers describe a study of habitat use, ranging, feeding
and activity patterns of habituated tree hyrax (D. arboreus) in the Parc National des
Volcans, Rwanda (Milner & Harris, 1999a,b), while Gaylard & Kerley (2001) assessed
selection of denning trees among tree hyrax (D. arboreus ) in the Eastern Cape of South
Africa. Laurance et al (2009) studied the effects of roads, hunting and habitat alteration
on nocturnal mammals in southern Gabon, central Africa, but found no significant
predictors of tree hyrax (D. dorsalis) density.
This study has verified with a larger dataset the findings of Topp-Jorgensen et al (2008),
also in the Udzungwas, that canopy cover and disturbance (the inverse of 'distance to
village') are important predictors of tree hyrax density. In this case, distance to village,
which was shown to correlate negatively with all kinds of anthropogenic disturbance in
Udzungwa forests, likely represents levels of hunting of hyrax at each site. Tree hyrax are
a favoured prey in the Udzungwa Mountains of local Wahehe hunters, where they may be
speared in their tree holes, burnt out of trees and then killed by dogs or spears, or snared
on the ground (Nielsen, 2006; TJ, pers. obs.).
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It has also been speculated that in forests where there are no large boulders or cliffs
available, tree hyrax may be density-dependent on the availability of suitable or preferred
denning trees, which are usually characterised thus: tall, partly decayed trees of the
upper canopy bearing cavities with multiple entrance holes, often with dietary value, and
(in the Eastern Cape at least) with trunks angled between 45o and 68o (Milner & Harris,
1999a; Gaylard & Kerley, 2001). Such trees may only be found in tall, mature forest which
may explain the positive relationship between tree hyrax density and canopy height
(though canopy height and cover are also related, albeit weakly: r=0.43, n=19, P=0.066;
Table 3-9).
No other variables significantly predicted tree hyrax density in the Udzungwa Mountains.
Based on a preliminary assessment of hyrax dung encounter rates (3.3.2), I hypothesised
they may be predicted by altitude and forest size. Scatterplots of hyrax density at each of
the 22 sites sampled against these two variables hint at a relationship with altitude
(Figure 6-11a) but suggest no relationship with forest size (Figure 6-11b).

(a)

(b)

Figure 6-11. Tree hyrax latrine density at 22 sites versus (a) mean altitude of site, and (b) forest
patch size

The most important finding here is the convincing explanatory power of three significant
variables, and especially canopy cover and the remoteness of the site. Hunting clearly
affects tree hyrax density, and overexploitation may even lead to local extirpations, e.g. in
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New Dabaga-Ulan'gambi; protection against overhunting is thus critical to maintaining
healthy and viable tree hyrax populations.
Finally, Gaylard & Kerley (2001) proposed, based on their documentation of the preferred
characteristics of denning trees, and a model they developed for predicting these trees,
that selective logging of forests which avoided these potential denning trees might be
feasible without affecting tree hyraxes, and might even help to fund their conservation.
This proposal could make sense if we accepted that the only factor limiting tree hyrax
density is the availability of these denning trees (and not, e.g. continuous forest canopy,
which may enable movement between trees). However, my findings here, together with
the other small but valuable body of tree hyrax literature discussed (including the work of
Gaylard & Kerley) overwhelmingly point to the importance for tree hyrax of continuous
closed canopy of tall mature forest. This ecological requirement is entirely inconsistent
with an argument for selective logging that avoids denning trees.
Tree hyrax density correlates significantly and positively with bushpig density (5.5),
therefore it is interesting that the two species share two strong predictors of density:
distance to village and canopy cover. It appears that this bushpig-hyrax relationship is
driven at least partially by their shared vulnerability to human activity, and preference for
more closed canopy forest.

Comparison of predictors: density versus presence
The two important environmental variables that strongly predict both presence and
density of tree hyrax are canopy cover and canopy height, while the anthropogenic
variable distance to village significantly predicts density but not presence (Table 6-4). This
raises the likelihood that tree hyrax have been hunted to local extinction at the four sites
where they are absent.
Table 6-4. Significant (P<0.05) predictors of tree hyrax presence and density (Tables 6-1, 6-2).

Presence (χ2)
Density (F)

Anthropogenic
Distance
Ranger
to village
posts
5.9
16.2
161

Environmental
Canopy
Canopy
cover
height
12.2
9.3
17.9
6.9

6.5 Synthesis: Patterns Among Mammal Predictors
6.5.1 Anthropogenic Factors
Anthropogenic factors are important drivers of distribution and relative abundance of a
range of mammals in forests of the Udzungwa Mountains (Table 6-5). In terms of density,
all mammal taxa studied are strongly negatively affected by human disturbance and
proximity. In particular, distance to village is a very strong predictor of mammal densities.
Snares, distance to road, and distance to ranger post also serve as predictors for some
taxa. Protective status predicts the relative density of all the large mammals tested
(antelopes, bushpig, elephant).
Similarly, human disturbance is a major predictor of mammal distribution in these forests.
Only occurrence of blue duiker, tree hyrax and giant pouched rat (which may prosper in
hunted forests) were not significantly predicted by an anthropogenic variable. As with
density, distance to village and protective status were common and strong predictors of
presence. Distance to ranger post was also a strong predictor of presence of several taxa,
suggesting that law enforcement may have prevented some local mammal extirpations.
6.5.2 Environmental Factors
Among the environmental factors which inevitably affect all mammals, six different
variables significantly predicted distribution and/or abundance of one or more of the taxa
assessed. Among these, canopy cover was both the most frequent and the strongest
predictor of mammal density and/or presence.
The second most frequent environmental predictor was the related factor of canopy
height. Canopy cover and canopy height are associated (correlating weakly: r=0.43, n=19,
P=0.066), and it is indeed common to observe that as the forest canopy becomes more
closed, the trees become taller. The prevalence of these two predictor variables suggests
a range of mammals' preference for taller, primary or 'least disturbed' forest type in these
mountains.
Also of interest are the 'negative' results, i.e. that the following variables did not
significantly predict distribution or abundance of any of the taxa assessed (with the
caveat that in some cases this may be because of collinearity with significant predictors):
visibility, mean altitude, altitudinal range, mean slope, mean aspect, aspect variance, and
distance to forest edge; nor any climatic variables.
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Table 6-5. Predictors of presence (presence/absence) and density among selected mammal taxa in
forests of the Udzungwa Mountains. Size of circle is proportional to effect sizes of the selected
models (Table 6-1: B; Table 6-2: Partial Eta2), representing relative strength of the predictor
variable. The four taxa with the greatest sample sizes were tested for predictors of density as well
as presence.

Anthropogenic
Presence
Density

Distance
to village

Elephant

⃝

Elephant

⃝

Snares

Road

⃝

Bushpig1

⃝

Bushbuck

⃝

Prot.
status

R'ger
posts

⃝

⃝

C'py
cover

C'py
height

⃝

⃝

⃝

⃝

⃝

⃝

⃝

⃝

Aardvark

⃝

Porcupine

⃝

Tree
hyrax

1

⃝

⃝

⃝

Slope
var

Forest
size

⃝

⃝

Forest
ant'lopes2

GP rat

Poles

⃝

Blue
duiker

Tree
hyrax

Trees

⃝

⃝ ⃝

Buffalo
Leopard

Environmental

⃝

⃝
⃝

⃝
⃝

⃝⃝
⃝ ⃝
⃝

⃝

⃝

⃝

⃝

Bushpig occurred at 21 of the 22 sites, therefore tests of predictors of presence were not possible.

2

Antelope taxa were combined for testing predictors of density since identification of dung to species level was
unreliable without molecular analysis (2.5.2); presence was verified to species level, but only bushbuck and
blue duiker could be tested since the other three species occurred at between 20-22 of the 22 sites, rendering
models non-significant.

The significance of these results in relation to other studies, and their implications for
mammal conservation, will be discussed further in Chapter 7.
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6.6 Summary of Findings
1. The occurrence of nine mammal species in Udzungwa forests was shown to be
significantly predicted by various anthropogenic and environmental variables, with
distance to nearest ranger post, and the general disturbance variable of distance to
village being the most common predictors of mammal distribution.
2. Leopard are more likely to be found in forest with greater canopy cover.
3. Aardvark were absent from two of the four forests of less than 200 km2 in size, and
present in all forests greater than 200 km2. This is the first study to indicate a relationship
between aardvark presence and forest size.
4. Blue duiker are associated with areas of higher tree density and, to a lesser extent,
sites with more complex topography.
5. Porcupine are associated with closed canopy forest, and giant pouched rats are
predicted by height of the canopy.
6. Distribution of humans influences use by savanna elephants of forests of the
Udzungwa Mountains, with elephants preferring remote areas furthest from human
settlements and roads. This mirrors the spatial relationship between elephants and
people in Africa generally.
7. Tree and pole density also positively predict elephant density within Udzungwa forests,
and more work is required to clarify these relationships.
8. Bushpig density is strongly negatively affected by levels of human disturbance, most
likely through hunting using snares, though they remain widely distributed throughout
the study area. Bushpig density is also positively associated with canopy cover and
complexity of topography.
9. The density of forest antelopes is inversely affected by the amount of snaring
occurring at a given site, therefore the absence or very low density of certain species
(including the IUCN-Endangered Abbott's duiker) in poorly protected forests in the
Udzungwas, is likely a result of overhunting. A significant effect of topography was also
found.
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11. Tree hyrax occurrence and density in the Udzungwas are strongly predicted by both
canopy cover and height: they require tall, mature forest with continuous canopy. Other
environmental variables such as forest size are not significant.
12. Tree hyrax density is also negatively related to human activity, with density increasing
as one moves further from the nearest village. In broken canopy, tree hyrax may use the
forest floor more often, making them more vulnerable to snaring.
13. Among environmental variables, extent of canopy cover and height of canopy most
frequently and most strongly predicted distribution and abundance of a range of medium
to large rainforest mammals.
14. Human disturbance variables are strong predictors of mammal distribution for all
mammal taxa considered in this study, and also predict relative abundance in the four
species or species groups considered.
15. Protective status of site (national park, nature reserve or forest reserve, in descending
order of protection level) is a significant predictor of presence and relative abundance of
the largest mammals studied: elephant, buffalo, leopard and the forest-using antelopes.
16. Distance from a site to the nearest ranger post is a significant predictor of presence of
the larger species studied (elephant, buffalo, leopard), as well as smaller mammals
(porcupine, tree hyrax, giant pouched rat). There is also an apparent positive effect of
proximity to ranger post on dung density of bushpig and the forest antelope group.
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Chapter 7 General Conclusions and Recommendations
7.1 Introduction
This final discussion chapter is structured in two parts. First, I attempt to synthesise the
findings of results chapters 4 to 6 by reviewing the identified predictors of mammal
species richness, distribution and abundance in Udzungwa forests, and placing them in
the context of other studies and current knowledge on these topics. In the second half of
this chapter, I return to the local context of the Udzungwa Mountains and review the
implications and possible lessons to be learnt from my findings for practical protection of
these important forests, and their mammal assemblages. I also propose directions for
future research, and conclude the thesis with a very brief distillation of its main findings.

7.2 Synthesis of Findings
7.2.1 Predictors of Mammal Species Richness
The strongest and most important predictors of overall large mammal species richness in
forests of the Udzungwa Mountains (Chapter 4) were distance to nearest ranger post, and
protective status, confirming the positive effects of law enforcement against
overexploitation of these forest mammal communities. This result echoes Stoner et al's
(2007) documentation of greater large mammal richness and abundance in Tanzanian
national parks versus game reserves, but is the first time that effects of protection have
been tested in an Afromontane forest context. Implications of these findings for
management and recommendations for conservation are discussed further below (7.3.1).
The next most important predictor of large mammal richness is distance to the nearest
village, a general disturbance variable indicating level of anthropogenic pressure on each
site. This result is convincing and especially powerful considering the range of 27 species
it addresses - their greatly varying body size, biology and behavioural ecology, and likely
consequent variance in responses to, and tolerance of, the different types of disturbance
they experience (Lawes et al, 2000; Laurance et al, 2006; Davidson et al, 2009). This
variable of distance to village is thought to encompass varied forms of disturbance
(Chapter 4) including snaring, shooting and hunting primarily for bushmeat (Nielsen,
2001; Nielsen & Treue, 2012), and habitat modification or loss through cutting of trees or
historical selective logging. Some species may also be disturbed indirectly simply by
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increased human activity in an area, such as a busy path through a forest. Thus this
variable appears to have captured the various anthropogenic pressures on the mammal
community as a whole, and its predictive power appears to indicate human-induced local
extirpations of a range of mammal populations around Udzungwa forests (Canale et al,
2012).
Two distinct though interrelated habitat variables, canopy cover and stem density (trees
and poles combined), also positively and significantly predicted large mammal species
richness in forest sites. Among monkeys only, across 21 fragments in the Udzungwas,
these variables were not significant predictors (Marshall et al, 2010), suggesting that
these may be driven by other mammal taxa. Among the few comparable studies of wider
communities of large mammals in African forests, or indeed tropical forests of South
America, it had not previously been shown that variance in forest structure can predict
the number of large mammal species present.
These relationships were then tested at guild level. Although the numbers of species in
each guild are fairly small (between four and nine species per guild), and therefore results
should be treated with caution, the significant results of the guild-level models, and their
consistency with the results for the overall mammal community, instil confidence.
Herbivore diversity is significantly predicted by levels of snaring only, a result which is not
surprising: snaring of antelopes and bushpig can lead to local extinctions and reduced
diversity (Redford, 1992; Michalski & Peres, 2007) while canopy cover or tree density
predicted the species richness of carnivores, suggesting that the latter group of animals
may contribute a major role in this relationship between species richness and the two
habitat variables. In other words, increasing species richness in forest with more closed
canopy or higher stem density is driven at least partially by a greater number of carnivore
species.
A further novel finding of this study concerns the relationship between species richness
and altitude, whereby the submontane forest zone from approximately 900-1,800 m asl
harbours a greater number of large mammal species than contiguous forest lower and
higher. This phenomenon has been described by the mid-domain hypothesis, a disputed
theory that has some limited evidence from the field both for (Behm et al, 2007; Sanders,
2002; McCain, 2004, 2005) and against (Davies et al, 2005; Hawkins et al, 2005; Dunn et
al, 2007; Balete et al, 2009)(see 4.3.3 for further discussion). Though previously
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recognised among plants in forests of the Eastern Arc Mountains (Lovett et al, 2006), this
relationship of species richness with forest of intermediate altitude was previously
undocumented among large mammals using forest. The Udzungwa Mountains are a
special place for recording, documenting and conserving this phenomenon, being the only
mountain range among the highly biodiverse Eastern Afromontane ranges with
continuous forest cover from 300 m up to over 2,000 m asl (in two forests: Mwanihana
and Uzungwa Scarp).
Finally, I found the species-area relationship between large mammal communities and
forest size in the Udzungwas to be either lacking or weak (Canale et al, 2012). Considering
all 27 study species in the ten study forests, the relationship was non-significant
(likelihood ratio chi-square: D=3.5, P=0.061; Table 4-7), and it was also non-significant for
herbivores, monkeys, forest antelopes and carnivores (Table 4-8). The only guild or subgroup whose species richness was associated with forest size was the semifossorial
mammals (maximum four species: rs=0.75, P<0.05; Table 4-8). These findings contrast
markedly with a New World study which reported forest patch size as explaining >90% of
variation in mammal species richness in the Alta Floresta forest fragments of Brazil
(Michalski & Peres, 2007).
Overall there are clear signals that emerge from the analyses of species richness
undertaken in this thesis. A greater diversity of large mammals in this Afromontane forest
system is associated with protection and law enforcement, remoteness from human
settlements, and related lower levels of disturbance to the forest and its fauna; with
forest that has unbroken canopy and/or a high density of tree stems, e.g. unlogged forest;
and with submontane forest, between 900-1,800 m above sea level.
7.2.2 Predictors of Mammal Presence
At the species level, this study found predictors of presence (versus absence) for eight
mammals around the 22 forest sites sampled, ranging from a huge pachyderm down to a
large rodent: elephant, buffalo, bushbuck, blue duiker, aardvark, crested porcupine, tree
hyrax, and the giant pouched rat. Each of these species were predicted by between one
to four variables (Chapter 6), and some interesting patterns and inter-species differences
emerge.
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Distance to village predicted presence of the five largest species assessed (elephant,
buffalo, bushbuck, aardvark and porcupine), but not the three smallest (blue duiker,
hyrax and rat). This result describes a significant anthropogenic effect, i.e. a strong factor
in local extinctions, in a range of mammals in Udzungwa forests - but also suggests a
relationship between this effect and body size, with the smaller-bodied species being less
affected (or at least not extirpated) by human disturbance (Canale et al, 2012).
Interestingly however, distance to ranger posts - which correlates strongly with levels of
snaring - significantly predicts the presence of both larger (elephant, buffalo, leopard) and
medium-sized mammals (porcupine, tree hyrax, giant pouched rat), all of which are the
subject of hunting by local people. An effect of law enforcement or deterrence,
preventing local extirpations, is clear (Caro et al, 1998).
Overall, there is a clear pattern of distribution regarding the wide-ranging, non-forestdependent, megaherbivores and larger predators in the Udzungwas, with elephant,
buffalo, leopard and lion found only in the eastern areas of the mountains, either in the
Udzungwa Mountains National Park or the Kilombero Nature Reserve. Disappearance of
elephant and buffalo from western forests such as Uzungwa Scarp occurred around the
1960s (according to informal interviews with local people). The eastern montane areas of
the Udzungwas offer less disturbance by humans, either through better protection, or
because they are the furthest from human settlement, a result consistent with findings
for elephants in central Africa (Barnes et al, 1991; Blake et al, 2008). My results suggest
however that in Afromontane forest, persistence of medium-sized mammals such as
bushbuck, aardvark, porcupine, etc, is also dependent on release from human pressure,
whether this be hunting and/or habitat degradation (Michalski & Peres, 2005, 2007).
Canopy cover and canopy height are associated habitat variables indicative of forest type,
and leopard, porcupine, tree hyrax and giant pouched rat all show a preference for
primary forest of taller, closed canopy. Interestingly, blue duiker - one of the less widely
distributed forest antelopes in Udzungwa forests, who is forest-dependent but whose
presence is not predicted by any anthropogenic variables - is more likely to occur in areas
of higher tree density, with complex topography. Perhaps the latter habitat preferences
have made it harder, or less likely, to be caught in snares.
Finally, it should be noted that aardvark, while its occurrence is most strongly related to
distance from the nearest village, is the only mammal species assessed which displayed a
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relationship between its occurrence and size of the forest. For reasons currently unclear,
it is more likely to occur in Udzungwa forest patches over 200 km2. It is also striking to
find a lack of area relationship for the other mammal species of these forests, with the
possible exception of some of the monkeys (Marshall et al, 2010), especially the
Endangered Sanje mangabey and Critically Endangered kipunji, who only persist in three
of the four largest forests (Table 7-2). However, this result may be affected by the fact
that the two smallest forests in the study, Iwonde (5 km2) and Ukami (6 km2), are
relatively remote and well protected forests.

7.2.3 Predictors of Mammal Densities
Evaluation of predictors of density was carried out for four mammal taxa: elephant,
bushpig, tree hyrax, and the forest antelopes (a combination at each site of suni, blue
duiker, Harvey's duiker, Abbott's duiker, and bushbuck) (Chapter 6). Density of all four
taxa were very strongly predicted by human disturbance - either by the distance to the
nearest village, or specifically by the level of snaring, in the case of the antelopes (and, to
a lesser extent, tree hyrax). Bushpig and forest antelope density were positively affected
by proximity to the nearest ranger post. Anthropogenic effects (especially bushmeat
hunting) on density or abundance of large mammals have been documented at other
tropical forest sites (Fitzgibbon et al, 1995; Blom et al, 2005; Michalski & Peres, 2007;
Laurance et al, 2006, 2008; Fa, 2005; Canale et al, 2012) however this study is unusual in
the wide range of both anthropogenic and environmental variables that were tested
(Chapter 3), with hunting still emerging as the primary factor affecting mammal density. It
is also the first time that this has been shown for mammals in Afromontane forest.
Among the significant environmental variables that were also revealed at the species
level, bushpig and tree hyrax density are higher where canopy cover is greater, probably
for different reasons. Unbroken canopy may be associated with a more open forest floor
(Chapter 3), perhaps favoured by bushpigs; while tree hyrax require closed canopy,
primary forest for their denning and foraging needs (tree hyrax density was also
positively predicted by canopy height). Forest antelopes, meanwhile, are in higher density
where there is greater variance in slope; whether this relationship is driven solely by the
blue duiker or, more likely, other antelope species too, will require further investigation.
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Elephants were until now unstudied in Afromontane forest, with very little known of their
ecology (Nowak et al, 2010a,b). This study represents a first look at predictors of their
distribution and abundance. While previous studies have suggested elephants avoid
climbing hills where possible (Wall et al, 2006), in the Udzungwa Mountains their sign is
commonly observed close to the highest peaks up to 2,500 m asl. Bamboo patches
between 1,800-2,200 m asl hold some of the highest densities of elephant dung recorded
anywhere in these mountains and this favoured food source may provide partial
explanation for their mountain-scaling exploits, together with the refuge qualities of
these more remote upland areas. In the forests, elephant density is also significantly
predicted by stem density (trees and poles), and whether this preference is attributable
to foraging habits, the benefits of greater cover, or another reason, also requires further
research.
Occupancy vs Abundance
Two species provided strong datasets for intra-specific comparison of predictors of both
presence and density: elephant and tree hyrax. In the case of elephants, the same major
factors, protective status, remoteness from village or road, and stem density, affected
both their presence and density in Udzungwa forests sites. For tree hyrax, canopy cover
and height strongly predicted both presence and density, however anthropogenic factors
(distance to village and ranger posts) strongly influenced density, but had no effect on
presence. In other words, the data suggest human effects on elephant density to the
point of local extinctions in some areas, while in the smaller-bodied tree hyrax, human
activities (especially hunting) greatly reduce density, but have not yet led to complete
extirpation at a site (Fitzgibbon et al, 1995; Carpaneto & Fusari, 2000; Fa et al, 2005; Fa &
Brown, 2009).
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7.3 Implications for Mammal Conservation in the Udzungwa Mountains
7.3.1 Protective Status and Management
Examining the potential relationship between protective status, law enforcement, and
mammal distribution and abundance was one of the objectives of this thesis. The major
forests in the Udzungwa Mountains are under one of three designations (see also 2.2.5):
(i) Forest Reserves: managed by the Tanzania Forest Service, given least protection in
terms of resources on the ground (Burgess et al, 2007); there are no operational ranger
posts and many FRs receive no ranger patrols at all
(ii) Nature Reserve: managed by the Tanzania Forest Service, this comprises former forest
reserves of high conservation value and thus theoretically given greater protection,
though in practice this is a relatively new legal designation whose effectiveness has not
previously been tested; at the time of study there were no operational NR ranger posts
however one NP ranger post is adjacent to the NR at Udekwa and the NR received
occasional patrols
(iii) National Park: has seven ranger posts (Figure 2-1), many more rangers per km2 than
the two other categories, and is managed solely for nature conservation purposes,
funded by strict non-utilisation photographic tourism.
Of the 22 study sites, eight are in forest reserves, seven are in a nature reserve, and seven
are in a national park. Protective status was found to be a highly significant predictor of
species richness for large mammals overall (maximum 27 species; Table 4-2) and among
carnivores (maximum 7 species; Table 4-4), and was a marginally significant predictor of
herbivore species richness (maximum 10 species; Table 4-3). With the exception of
Uzungwa Scarp (US chini site: 19 species) and Nyanganje forest (which is between the
large Matundu and Mwanihana forests of the national park: 16 species), the forest
reserves (7-10 species) harbour considerably species-poorer mammal assemblages than
the nature reserve (9-19 species) and national park sites (16-22 species)(Table 4-1; Figure
4-1). Among a subset of nine species examined, protective status also significantly
predicted occurrence of the three largest mammals (elephant, buffalo, leopard; Table 61). Thus more large mammal species have persisted in the national park and nature
reserve forests than in the forest reserves, and this is related to the effectiveness of
management to protect forest mammals in each area, particularly against overhunting
(7.2.1, 7.2.2).
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Protective status not only affects species richness, but also relative abundance of selected
mammal taxa across sites, as illustrated by comparing relative indirect densities (Fig 7-1).

Elephant dung piles

Buffalo dung piles

Bushpig dung piles

Forest antelope dung piles

Aardvark active burrows

Tree hyrax dung piles

WHITE = FOREST RESERVE GREY = NATURE RESERVE BLACK = NATIONAL PARK
Figure 7-1. Indirect relative densities of six large mammal taxa at 22 study sites across the
Udzungwa Mountains, in relation to protective status. No bar indicates that taxon was not
recorded at that site. Y-axis scale varies between taxa; see chapter 5 for fully labelled versions of
these graphs and associated data.
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A clear pattern is discernible: greater abundance in national park and nature reserve sites,
compared with relatively low abundance in the forest reserves. A similar pattern was
reported when comparing large mammal densities in national parks with the lesser
protected game reserves across Tanzania (Stoner et al, 2007; Caro, 2008).
In summary, the Udzungwa Mountains National Park and Kilombero Nature Reserve are
performing significantly more effectively in conserving mammals than the Forest
Reserves, which have already experienced several local mammal extinctions and,
considering the very low densities of species at certain sites, are likely to experience more
in the near future barring significantly improved performance.
Importance of Law Enforcement
How could the Udzungwa Forest Reserves (and the Nature Reserve) better serve their
mandate to conserve mammal populations? The adoption of Joint Forest Management
(JFM) between the government and local communities has been a major strategy in
Tanzania since the late 1990s (2.2.5). Though this was not the subject of this study, other
assessments have cast serious doubt on the efficacy and long-term potential for
conserving wildlife of this form of management (Nielsen, 2011; Nielsen & Treue, 2012).
This study did however identify an indicator of practical on-the-ground law enforcement,
i.e. distance to ranger post, as a significant predictor of large mammal presence and
species richness, showing that ranger posts - and by implication the associated forest
patrols by rangers - are an effective means of reducing hunting pressure and conserving
populations (Caro et al, 1998; Caro, 2008; Jachmann, 2009). One of the most clear
distinctions between the current management regimes of the different types of protected
area is law enforcement, especially the lack of ranger posts and patrols in the forest
reserves compared with the national park (Fischer, 2008; Gaveau et al, 2009). It follows
that the forest reserves are in urgent need of such infrastructure, personnel and
enhanced protection activity, if they are going to prevent future extinctions in their areas.
If lack of funding and/or political will prevent these increased protection efforts, then the
results presented here would support upgrading of important forest reserves to national
park status and management, as a matter of urgency (Struhsaker et al, 2005).
In Section 7.3.4 below, more forest-specific recommendations are offered after assessing
priority sites for intervention, based on status of their large mammal populations.
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7.3.2 Ecological Connectivity
While not the focus of this study, which has looked at patterns of variation among
mammals within forests, the related issues of connectivity of forest habitats, and large
mammal corridors - both within Udzungwa, and between the Udzungwa Mountains and
adjacent or nearby ecosystems and protected areas (Kilombero Valley, Selous-Mikumi,
Ruaha-Rungwa) - are thought to be of great importance for the long-term conservation of
the large mammals of Udzungwa (Jones et al, 2007, 2009, 2012; Epps et al, 2011, 2013;).
Figure 7-2 shows three important but highly threatened corridors on the eastern side of
the Udzungwa Mountains (Rovero & Jones, 2012), and the study sites sampled in this
study which are closest to these corridors. Important mammals confirmed at these sites
are reported below in Table 7-2, and in more detail in Table 4-1. In short, this study
confirmed the continued presence of key mammal species associated with each corridor,
at sites close to the corridors, e.g. elephant and buffalo in Nyanganje FR; elephant,
buffalo, hippopotamus, bushpig, Harvey's duiker, spotted hyena and leopard at Matundu
Ruipa; Abbott's duiker and Udzungwa red colobus at US juu and Matundu W1. These
findings have positive implications for potential corridor and habitat restoration efforts in
these areas (Jones et al, 2012).

Figure 7-2. Three major corridors of the Udzungwa Mountains: Mngeta, Ruipa and Nyanganje, and
the closest forest sites sampled for this study. Dotted lines indicate large mammal corridors;
continuous lines indicate a habitat corridor (Rovero & Jones, 2012). Base map by T. Jones and N.
McWilliam, in Rovero & Jones (2012).
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7.3.3 Most Threatened Mammal Species
This study has shed light on the distribution and relative abundance of several mammal
species in forests of the Udzungwa Mountains, for which there were previously no data
(Chapters 3,5). Known status and threats to the rarer and endemic mammals are
summarised below (Table 7-1). In this review, I have included the Udzungwa-endemic and
IUCN-Vulnerable grey-faced sengi Rhyncocyon udzungwensis (Rovero et al, 2008) which
weighs 700g and was therefore not a study species of the main thesis, but is the only
mammal less than 2 kg mean body mass to have been comprehensively surveyed around
Udzungwa, and is known from only two forests, Mwanihana and Ndundulu-Luhomero
(Rovero et al, 2013; TJ, unpublished data).
Table 7-1. Distribution and status of threatened and endemic mammal species (all >2 kg body mass,
except grey-faced sengi) in the Udzungwa Mountains, Tanzania.
Species

Red list
status

Global range

No. of
forests

Estimated
Abundance
Udzungwa

Threats in
Udzungwa

Sources

1

~150

Disease,
population
viability

Jones, 2006; Davenport
et al, 2008; Jones,
unpubl. data

CR

TZ endemic:
Udzungwa
Mts, Southern
Highlands only

Abbott's
duiker

EN

TZ endemic:
5 mountain
ranges

9

~1,000

Snares

This study; Jones &
Bowkett, 2012; Bowkett,
2012; Rovero et al,
2013a

Sanje
mangabey

EN

Udzungwa
endemic

2

~2,800?

Snares,
hunting with
dogs

Rovero et al, 2009, 2011;
this study

Udzungwa
red
colobus

EN

Udzungwa
near-endemic

9b

~25,000?

Hunting with
guns

African
elephant

VU

Sub-Saharan
Africa

8

500-1,000

Lion

VU

Sub-Saharan
Africa

2

<50

Kipunji

Grey-faced
sengi
Hippopotamus

a

Poaching,
conflict with
farmers
Unknown
(population
viability?)

This study; Rovero et al,
2009, 2011, 2012;
Marshall et al, 2010
This study; Udzungwa
Elephant Project,
unpubl. data
This study

Udzungwa
15,000Rovero et al, 2008,
2
Snares
endemic
24,000
2013b
Sub-Saharan
Hunting with
VU
1
<50
This study
Africa
guns
Sub-Saharan
Reduced prey
Leopard
NT
8
200-500?
This study
Africa
base, hunting
a
Minimum two isolated populations also occur in Kilombero Valley (Magombera, Ibiki forests)
b
recorded in Marshall et al (2010) in total of 14 patches in the Udzungwa Mountains including small
fragments not surveyed for this study, however their persistence in these additional fragments in 2013 is
doubtful
VU
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There are two Udzungwa-endemic and probably rare small mammals (Phillips' Congo
shrew Congosorex phillipsorum and the mouse shrew Myosorex kihaulei) which are
excluded here since their distribution and conservation status are unknown (Stanley et al,
2005). Other interesting small mammal groups found in Udzungwa but not covered by
this study include the bats, galagos, anomalures, genets, mongooses, squirrels and shrews
(Rovero & de Luca, 2006; Kingdon, in press).
Kipunji and Sanje mangabey stand out as Critically Endangered and Endangered primates
which are confirmed to exist in only one and two forests in Udzungwa respectively (the
latter occurring nowhere else), supporting their red list status and demanding maximum
protection, careful monitoring, and continued research into the reasons for their limited
distribution, and the viability of their populations (Jones, 2006; Rovero et al, 2009). The
Udzungwa red colobus, also listed as Endangered, is widespread in the Udzungwa
Mountains, however low density and heavy exploitation in western forest reserves (this
study; Rovero et al 2011, 2012) mean this species is likely in decline, justifying its listing.
The Endangered Abbott's duiker occurs in nine of the ten forests sampled (Jones &
Bowkett, 2012), however confirmed records were few, particularly in Kising'a-Rugaro,
New Dabaga-Ulang'ambi, Uzungwa Scarp and Matundu West where snaring is high and
may threaten local extirpations of this low density antelope. The current red list status of
Abbott's duiker as Endangered (Moyer et al, 2008) therefore remains valid, in my view.
The possibility of currently unviable populations should be assessed through
comprehensive surveys of these forests employing camera-traps and molecular
verification of dung samples, and long-term conservation programmes should be
implemented in these areas.
Finally, my findings identified eight mammal species commonly associated with each
other in Udzungwa forests (4.3.2), which include the Endangered Abbott's duiker and
Udzungwa red colobus, and bushpig. I also found that bushpig dung density correlated
with the dung of other mammals including aardvark, tree hyrax and the forest monkey
guild. It therefore appears that bushpig has potential as an indicator species for surveying
and monitoring mammal assemblages in Afromontane forest, and this finding should be
explored at other sites.
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7.3.4 Most Threatened Forests
Since Dinesen et al (2001) published an assessment of conservation priorities in
Udzungwa forests based on mammals and birds, this study and others have increased our
knowledge of the distribution and status of threatened mammals in the Udzungwa
Mountains (e.g. Marshall, 2009; Rovero et al, 2011; Bowkett et al, submitted). To
compare the current value of each forest in the Udzungwa Mountains for mammal
conservation, I present a preliminary ranking based on an index of mammal species
richness, and the conservation status of species present in each forest, based on IUCN red
list status (Galetti et al, 2009; Davenport et al, 2013). I did not add value for endemic
species, since this information was already considered in the red list assessments of each
species. Only species for which reliable presence-absence data across all ten forests were
included (Chapters 2 & 5). This ranking system includes only a subset of the Udzungwa
mammal fauna (i.e. excluding all mammals <2 kg), and does not consider relative
abundance. However, it comprises all the known rare species and gives a fair indication of
the current importance of each study forest for medium and large mammal biodiversity
conservation.
Thus a 'mammal conservation score' was calculated for each forest as follows:

Mammal conservation score = Number of species 1 + Threatened species scores2
1

Maximum number of species is 27, comprising all large mammals of known presence/absence in
the ten forests, i.e. 27 large mammal species > 2kg (2.3.1)
2
Additional scores were awarded for threat status on the IUCN red list of each species present
(Table 7-2), as follows: Critically Endangered (CR) = 4; Endangered (EN) = 3; Vulnerable (VU) = 2;
Near Threatened (NT) = 1; (Least Concern, LC = 0).

Results of this ranking system are given in Table 7-2, showing Ndundulu-Luhomero and
Mwanihana to be the most valuable forests in the Udzungwa Mountains for large
mammal conservation, followed by Matundu and Uzungwa Scarp. The four highest
ranking forests are also by far the largest, confirming the value of conserving large forests
both for maintaining species richness, and for the benefit of threatened species.
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Table 7-2. Major forests of the Udzungwa Mountains, their key mammal populations and current primary threats. Forests are ranked and listed in
descending order of their 'mammal conservation score' (see text above).
Rank

Mammal
Conservation
Score

Area
2
(km )

Altitudinal
range
(m asl)

NdunduluLuhomero

1

40

221

1350-2500

Mwanihana

2

39

NP

177

300-2300

Matundu

3

33

NR/NP

522

273-800

Uzungwa
Scarp

4

29

FR

230

300-2050

Ukami

5

28

NP

6

1100-1600

Nyanganje

6=

26

FR

42

300-950

Nyumbanitu

6=

26

NR
(JFM)

49

Iwonde

8

25

NP

Kising'aRugaro

9

16

New
DabagaUlang'ambi

10

15

Forest

Legal
status

Current threatsc

Conservation
status

Sources

Hunting,
bushfires

Moderate

This study; Stanley
et al, 2005; UMNP,
pers comm, 2012

Good

This study

Threatened

This study; A.
Araldi, pers comm,
2012

Highly
Threatened

This study; Rovero
et al, 2011, 2012

Bushfires, hunting

Good

This study

Elephant, leopard, Udzungwa red
colobus (Abbott's duiker?)

Hunting,
pitsawing,
bushfires

Threatened

This study

1350-2350

Abbott's duiker, elephant, leopard,
Udzungwa red colobus

Hunting,
bushfires

Threatened

This study

5

1029-1500

Abbott's duiker, elephant, leopard,
Udzungwa red colobus

Bushfires

Good

This study

FR

99

1600-2300

Abbott's duiker, elephant

Severe hunting,
cutting, bushfires

Highly
Threatened

This study; D.
Moyer, pers.
comm., 2010

FR
(JFM)

32

1740-2100

Abbott's duiker, Udzungwa red
colobus

Hunting,
bushfires

Threatened

This study; Nielsen,
2011

NR (JFM)
/NP

Key mammal populations
Kipunji, Abbott's duiker, elephant,
leopard, grey-faced sengi, Udzungwa
b
red colobus, Phillips' shrew
Sanje mangabey, Abbott's duiker,
leopard, elephant, Udzungwa red
colobus, grey-faced sengi
Abbott's duiker, elephant, leopard,
Udzungwa red colobus, hippo
Sanje mangabey, Abbott's duiker,
Udzungwa red colobus, leopard
Abbott's duiker, elephant, leopard,
Udzungwa red colobus

a

Snaring,
pitsawing,
bushfires
Severe cutting
and hunting
(western section
in NR), bushfires
Severe hunting,
logging, cutting

Maximum 27 species (based on this study: see Table 4-6)
Udzungwa-endemic shrew described in 2005 and currently known only from Ndundulu; not included in ranking analysis below because presence/absence in other
forests unknown
c
see Dinesen et al (2001) and Lovett & Pocs (1993) for details on past exploitation of forests
b
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However, it should be stressed that even the lowest ranking of these ten forests are of
conservation value for mammals: as shown above (Table 7-2), Kising'a-Rugaro and New
Dabaga-Ulang'ambi harbour important populations of endemic and globally threatened
mammal species, particularly Abbott's duiker, for which the forests of Udzungwa provide
the last remaining stronghold for the species (Jones & Bowkett, 2012; Bowkett et al, in
press). Moreover, several mammal species including elephant and lion should be
considered true 'landscape species' in the sense that each individual uses the mosaic of
habitat types available in Udzungwa, including more than one and likely several of the
study forests during its lifetime.
Threats to, and overall conservation status of, forests and their mammal fauna were
evaluated with reference to the findings of this study, personal observations and local
knowledge accrued over the last decade of working in these forests, and other studies
(cited in the final column of Table 7-2). Of the ten forests, Uzungwa Scarp and Kising'aRugaro are considered "highly threatened", and four other forests (Matundu, Nyanganje,
Nyumbanitu and New Dabaga-Ulang'ambi) are considered "threatened". It follows that
these forests are in need of urgent conservation attention to preserve their mammal
assemblages. As already seen (7.3.1), an increase of rangers, ranger posts and other
protection-related infrastructure would very likely increase the prospects for these
forests and their mammal populations (Holmern et al, 2007; Jachmann, 2008). To
facilitate the investment required for this greater protection, there is a strong case for
upgrading the status of these threatened forests (Rovero et al, 2011). Uzungwa Scarp FR
is currently in the process of becoming a Nature Reserve and, based on mammal
conservation goals at least, Kising'a-Rugaro FR should also be upgraded to NR status as
soon as possible. Part of Matundu and all of Nyumbanitu forest are inside the Kilombero
Nature Reserve, yet they are considered "threatened", therefore serious consideration
should be given to including these forests - and the threatened and nearby Nyanganje FR
- into an extension of the Udzungwa Mountains National Park.

7.4 Future Research Directions
Approximately half of the 27 study species also use non-forest habitats (woodland,
wooded grassland, dry bush) adjacent to the forests in which they were recorded here.
Because this study focused on occurrence and relative densities at forest sites, these data
do not inform on how factors affecting these populations outside of the forest (e.g.
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habitat loss or hunting) may impact on the data recorded inside the forest. I strongly
suspect that the larger 'landscape species' in particular (e.g. elephant and buffalo), but
also bushpig, baboon, etc, benefit in the Udzungwa Mountains from the range of habitat
types available; yet they may also be even more negatively affected by anthopogenic
activities in non-forest habitats than in the forests. It would therefore be of great interest,
including for conservation planning purposes, to enhance our knowledge of factors
affecting mammal species and assemblages in habitats adjacent to Afromontane forest.
There are a number of other avenues one might pursue to build on the results presented
here, especially in Udzungwa which has shown itself to be an excellent model system for
studies of Afromontane mammals. This study used indirect measures of relative density,
often dung, yet for several species (elephant, antelopes, bushpig) it may be possible to
translate these indirect measures (by measuring dung decay and defecation rates) into
estimates of abundance for different forests (Barnes, 2001; Marques et al, 2001), and
even to estimate mammalian biomass (White, 1994). Mammals in Udzungwa also provide
an excellent opportunity to test the specialisation-disturbance hypothesis and occupancyabundance relationships, and to map and model the distribution of threatened species
for conservation.
Related to this latter point, several important mammal populations are at relatively very
low density in certain forests, and at possible risk of extirpation. From a conservation
point of view, there is a pressing need to examine the viability of at-risk populations, in
order to plan effective conservation measures. The findings of this thesis can hopefully
guide researchers with this interest towards those species and populations that are
currently most threatened.

7.5 Conclusion
In conclusion, this study has demonstrated some interesting variation in the factors
affecting distribution and abundance of different mammals in Afromontane forest, but
also some broad-stroke patterns.
Variation between species is apparent when we review the habitat variables predicting
occurrence and density of various animals. For example, the blue duiker is associated with
areas of greater tree density and complex topography; and elephants have a propensity
for using forest with higher pole density. However, canopy cover and canopy height most
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regularly appear as predictors of mammals, e.g. tree hyrax distribution and abundance;
bushpig distribution; and porcupine density. These animals are preferring, each for their
own reasons, the primary, taller, more closed (and less disturbed) forest. Forest size,
meanwhile, predicts the distribution in forest of only one mammal species assessed, the
aardvark, and it does not significantly predict species richness of forest sites. However,
species richness of large mammals is predicted by canopy cover and/or height.
More dominant in predicting mammal distribution and abundance in Afromontane forest
- and likely diluting a species-area relationship - are the anthropogenic factors,
particularly the distance from a forest site to the nearest village, and the level of
protection. Most mammal species' distribution and abundance in forests are these days
primarily predicted by levels of human disturbance, whether hunting, snaring, or (more
rarely in the Udzungwas) cutting of trees or poles. Among the mammal species studied,
there appears to be an interaction between these anthropogenic factors and body size,
with the larger animals more negatively affected.
Similarly, although there is variation between species in the strength of the effect, overall
the national park and nature reserve in the Udzungwa Mountains are preserving greater
mammal richness and abundance, while the forest reserves contain low density of several
mammals, or have already experienced local extinctions, in most cases due to illegal
hunting. Moreover, the proximity of a ranger post is an important factor in mammal
distribution and abundance, and a significant deterrent against overexploitation. These
findings send a clear message that if we wish to conserve these mammal assemblages
over the long-term, across the Udzungwa landscape, the effective protective status, i.e.
the management, of these forest reserves will have to change.
The extensive Afromontane forests and other habitats of the Udzungwa Mountains
contain a unique and irreplaceable assemblage of large mammals. These include
megaherbivores and large predators no longer found on other Eastern Arc Mountain
ranges; strictly endemic and critically endangered primates; and Abbott's duiker, the
beleaguered Tanzanian antelope for whom the Udzungwas currently represent its
greatest hope of long-term survival. This thesis has illustrated that there is still a rich
mammal fauna to conserve, in all of the remaining forests of the Udzungwa Mountains and it would be a tragedy were we to fail.
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Appendix. Gallery of Udzungwa Large Mammals

Udzungwa red colobus Procolobus gordonorum

Sanje mangabey Cercocebus sanjei

Kipunji Rungwecebus kipunji

Angolan colobus Colobus angolensis

Sykes’ monkey Cercopithecus mitis moloneyi

Yellow baboon Papio cynocephalus
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African elephant Loxodonta africana

Leopard Panthera pardus

Honey badger Mellivora capensis

African buffalo Syncerus caffer

Spotted hyena Crocuta crocuta

African civet Civettictis civetta
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Bushpig Potamochoerus larvatus

Abbott’s duiker Cephalophus spadix

Suni Neotragus moschatus

Bushbuck Tragelaphus scriptus

Harvey’s duiker Cephalophus harveyi

Blue duiker Cephalophus monticola
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Aardvark Orycteropus afer

Marsh mongoose Atilax paludinosus

Eastern tree hyrax Dendrohyrax arboreus

Crested porcupine Hystrix cristata

Giant pouched rat Cricetomys gambianus

Grey-faced sengi Rhyncocyon udzungwensis
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