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ABSTRACT

Protected areas are a staple in conservation, but human activities outside of
protected areas drive species interactions, compositions, and distributions. Research is
especially needed in these multi-use landscapes to maintain habitat connectivity for entire
wildlife communities between protected areas. Yet, such research is lacking in areas it is
needed most, such as in sub-Saharan Africa, where human populations are expected to
double by 2050. My objectives were to quantify mammal distributions, interactions,
community compositions, and their relationships with human and natural factors within a
sustainable-use forestry concession outside of Gorongosa National Park. | used recently
developed multispecies occupancy models to analyze presence/absence data from 75
motion-detecting camera traps.

First, | wanted to know if small, sympatric carnivores avoided each other in time
or space in a human-modified landscape with few apex predators. | examined activity
patterns, habitat preferences, tolerance to people and potential for intraguild competition
among three common, but understudied African carnivores: African civets (Civettictis
civetta), bushy-tailed mongoose (Bdeogale crassicauda), and large-spotted genets
(Genetta maculata). | hypothesized that all three species would overlap in time, but in
space, genets and mongoose would both avoid civets due to being smaller; and genets
and mongoose, being roughly the same size, would not affect each other. | used the time
stamps from each species’ detections and found that these three species exhibited strong

temporal overlap. | then used N-mixture models in a Bayesian framework to measure

vii



these species’ spatial relationships. | found that civets and mongoose avoid each other,
indicated by the strong negative relationship between their predicted abundances at each
camera trap site. In contrast, genets and mongoose exhibited a positive relationship, and
there was no significant relationship between genets and civets. Civets and mongoose
may be further limited in space through the avoidance of human settlements if they are
also competing with each other, while genets were unaffected by human presence. Such
interspecific interactions are important to consider for multispecies conservation planning
in multi-use landscapes, as these relationships may change as human populations grow.
Second, | investigated how natural and anthropogenic factors influence animal
space use and richness in a multi-use area. We used hierarchical, multispecies models to
quantify species and species groups, and community level spatial relationships with
human and environmental variables for 30 detected mammals. We modelled species
occupancies when separated into two different groups: 1) taxonomic/functional groups
consisting of carnivores, ungulates, primates, other foragers, and insectivores, and 2)
body size groups, consisting of small species (<20kg) to extra-large species (>200kg).
We also quantified occupancy probabilities and richness for the entire community to
determine where species richness was greatest and inform biodiversity conservation
efforts. We predicted that carnivores and large mammals would be the most sensitive to
anthropogenic features. In partial support of this hypothesis, increasing distance from
settlements positively affected the occupancies of carnivores, as well as primates and
other foragers, and large mammals, as well as all three of the other body size groups.
However, active roads and human activity rates did not have a statistically significant

relationship with any species’ occupancies or detection rates, respectively. Overall,
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mammalian richness was highest far from human settlements in the concession and close
to rivers. Our results have important implications for connectivity planning for
multispecies conservation outside of Gorongosa National Park, and provide a starting

point for prioritizing these efforts.
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GENERAL INTRODUCTION

The 7 billion people and counting on this planet have had profound effects on the
natural world, driving rapid land use change, causing species extinctions, and altering
environmental processes (Dobson et al. 2006; Prugh et al. 2009; Estes et al. 2011; Dirzo
et al. 2014, Ceballos et al. 2017). Scientists now understand that these impacts extend far
beyond urban and agricultural areas, and even protected areas are vulnerable to the
cascading effects of human presence and land use (Hansen & DeFries 2007; Lindsey et
al. 2017). In this human-dominated era, where human and environmental systems are
intricately intertwined, holistic conservation strategies and research is needed to preserve
ecosystem function and services (Dirzo et al. 2014; O’Bryan et al. 2018). Examples of
this include maintaining habitat connectivity between protected areas (Belote et al. 2016;
Brodie et al. 2016; Pitman et al. 2016; Saura et al. 2018), and establishing management
strategies that benefit multiple species (Zipkin et al. 2010; White et al. 2013; Tobler et al.
2015; Rich et al. 2016).

Gorongosa National Park in central Mozambique is a recently re-established
protected area in a biologically rich landscape that was devastated by Mozambique’s civil
war that ended in 1992. Now, park managers are working to not only restore wildlife
populations to pre-war levels within the park, but also to connect viable habitats in both
multi-use and protected areas throughout the Greater Gorongosa landscape to maintain
this region’s rich biodiversity. To do this, however, managers need information on how

anthropogenic and natural factors affect species interactions, community distributions and



composition in multi-use landscapes. | conducted research ina sustainable-use forestry
concession adjacent to Gorongosa National Park and its buffer zone. This concession is
one of the first areas that Gorongosa managers began working in to conserve wildlife,
hoping to connect large landscapes for biodiversity while considering the economic needs
of local communities.

Species interactions drive community assemblage patterns, trophic cascades, and
niche partitioning and are therefore essential to understand for conservation planning
(Maddock & Perrin 1993; Linnell & Strand 2000; Schuette et al. 2013; Suraci et al. 2016;
de Satgé et al. 2017; Ramesh et al. 2017; Rich et al. 2017). This is especially true for
multi-use landscapes, where human presence and activities may themselves affect these
patterns (Kiffner et al. 2015; Rota et al. 2016; Moll et al. 2018). My first chapter
examines how small, sympatric carnivores interact with each other in time and space. |
focused on small carnivores because they are diverse and relatively abundant worldwide
but incredibly understudied in Africa, where most carnivore studies focus on the
ecologies and interactions of large and medium-sized species (Creel & Creel 1996; de
Satge et al. 2017; Ramesh et al. 2017; Rich et al. 2017). However, given how ubiquitous
small carnivores are, they likely play important roles in ecosystem functioning that we
know little about.

Conservationists often have limited resources and need to prioritize efforts to
maximize the preservation of entire wildlife communities (Brodie et al. 2014; Rich et al.
2016). My second chapter examines how natural and anthropogenic factors influence
animal space-use and richness in this multi-use area. The community-level approach |

utilized allows us to infer patterns in space use and movement for even rarely detected



species of conservation concern, such as threatened large carnivores (White et al. 2013;
Tobler et al. 2018). For both chapters, | used presence/absence data for species detected
on motion-detecting field cameras (referred to as camera traps) that my partners at the
Gorongosa Lion Project, a team of trained technicians, and | deployed over
Mozambique’s dry season in 2017. Camera traps have become one of the most efficient
ways to study elusive wildlife, and occupancy analyses used for camera data are
continuously evolving to answer new ecological and applied-conservation research
questions (Ahumada et al. 2011, 2013; Carter et al. 2015; Rich et al. 2016).

For the first chapter, | chose three common, but understudied species as a case
study for small carnivore spatiotemporal interactions: large-spotted genets (Genetta
maculata), African civets (Civettictis civetta), and bushy-tailed mongoose (Bdeogale
crassicauda). Based on daily activity times, we found no evidence for temporal
partitioning among these three nocturnal carnivores. Spatially, the three species exhibited
significant differences in habitat preferences and anthropogenic tolerance, but only the
detection frequencies of bushy-tailed mongoose and African civets were negatively
related, indicating spatial niche partitioning between these two species. Both of these
species also had a negative relationship with settlement proximity, whereas genet site use
was unaffected by civet site use, positively related to mongoose site use, and unaffected
by human settlements or activity. Because these species typically dominate multi-use
landscapes where larger predators are rare, interactions between them, and the effects of
human presence and activity could have large consequences for ecosystem services and

biodiversity conservation.



In the second chapter, | quantified the effects of natural and anthropogenic factors
on the distributions and space use of all 30 mammals that we detected at the individual,
group, and community levels. Because certain species may be more sensitive to human
activities or dependent on environmental features (Cardillo et al. 2005; Kleynhans et al.
2011; Ripple et al. 2014; Rich et al. 2016), we also examined the effects of these
variables for different groups of species according to body size (small, medium, large, or
extra-large) or their taxonomic and functional groups (carnivore, ungulate, primate,
insectivore, other forager). Overall, mammalian richness was highest far from human
settlements and close to rivers within the study site. Distance to settlements also
significantly affected the space use and local richness of carnivores, insectivores, and
other foragers, as well as all four body size groups. Results from this study provide a
starting point for connectivity planning for this concession and surrounding protected
areas, and indicate a need to understand what about settlement proximity negatively
affects species occupancies.
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CHAPTER ONE: EVIDENCE FOR COMPETITION AND RESOURCE
PARTITIONING AMONG AFRICA’S INCONSPICUOUS CARNIVORES
Abstract

Small carnivores constitute a diverse and often abundant group of species, capable
of providing ecosystem services and structuring ecosystems. Yet we know very little
about their interactions with each other, especially in human-altered landscapes. We used
camera trap data to examine the spatiotemporal relationships and potential for intraguild
competition among three common, but understudied African carnivores: African civets
(Civettictis civetta), bushy-tailed mongoose (Bdeogale crassicauda), and large-spotted
genets (Genetta maculata). After accounting for habitat preferences and tolerance to
anthropogenic factors, we found that civets and mongoose avoid each other, indicated by
the strong negative relationship between their predicted number of visits at each trap site.
In contrast, genets exhibited a positive relationship with mongoose, and no significant
relationship with civets. Such interspecific interactions are important to consider for
multi-species conservation planning in multi-use landscapes, as these relationships may
change as human populations grow.

Introduction

Despite their relative abundance worldwide, small carnivores constitute a group
of species for which we have little information about intraguild interactions. For example,
African civets (Civettictis civetta) and large-spotted genets (Genetta maculata) are some

of the most abundant and widespread carnivores in Africa, and also are among the most



understudied (Admasu et al. 2004; Ramesh & Downs 2014). This lack of attention on
small carnivores is perhaps due to their nocturnal, elusive behaviors making them
difficult to detect in surveys (de Satgé et al. 2017). However, through diverse dietary and
habitat preferences, small carnivores potentially provide several ecosystem services,
ranging from pest control to seed dispersal (Roemer et al. 2009; Nakashima et al. 2010;
Caughlin et al. 2014; Williams et al. 2017). Furthermore, as human populations grow,
driving land use changes and declines of apex predator populations (Ripple et al. 2014),
small carnivores are occupying higher trophic levels than in the past, likely resulting in
having a larger influence on ecosystem dynamics (i.e., mesocarnivore release, Crooks &
Soulé 1999; Ritchie & Johnson 2009).

Interspecific interactions among carnivores can alter trophic cascades and shape
community dynamics. For example, in North America, coyotes (Canis latrans) suppress
bobcat (Felis rufus), gray foxes (Urocyon cinereoargenteus), and red foxes (Vulpes
vulpes), but gray wolves (Canis lupus) may indirectly benefit these species by
suppressing coyotes (Fedriani et al. 2000; Levi & Wilmers 2012). Such interactions
among large and medium-sized African carnivores have also been documented (de Satgé
et al. 2017; Ramesh et al. 2017; Rich et al. 2017). For example, Creel & Creel (1996)
found that lions (Panthera leo) suppress hyenas (Crocuta crocuta), indirectly benefitting
wild dogs (Lycaon pictus). Although a few studies have investigated interactions among
small carnivores in Africa, researchers know very little about this diverse guild of species
(Waser 1980; Do Linh San et al. 2013). Waser (1980) documented broad overlap in
dietary and habitat preferences among small, nocturnal carnivores in Serengeti National

Park, Tanzania, and observed little evidence of competition through territoriality or
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aggression. The author noted that food availability may not be a limiting resource there,
and that species that do not avoid each other in space might suppress each other’s
abundances. In contrast, Maddock and Perrin (1993) observed spatial and temporal
segregation among small carnivores in a reserve in South Africa and suggested intraguild
competition as a reason for spatial separation even with abundant resources.

Unlike the protected areas where these studies occurred, however, species in
multi-use areas must also navigate human-altered landscapes, where people have had
profound impacts on entire animal communities through the exploitation of species,
altering landscapes of fear, changing the physical environment, and fundamentally
changing how species interact with each other (Ellis 2011; Oriol-Cotterill et al. 2015;
Moll et al. 2018). For example, in multi-use landscapes, sympatric species that avoid
people may have fewer opportunities to partition in time and space from each other
(Kiffner et al. 2015; Rota et al. 2016; Moll et al. 2018). Alternatively, species more
tolerant of anthropogenic landscapes and activity may use these areas as refuges from
competitors (i.e., the “human shield” hypothesis, Berger 2007). Therefore, predictions on
how small carnivores will interact, and the implications on those interactions on
ecosystem services, may not play out as expected in human-modified landscapes.
Understanding these interactions in multi-use landscapes is increasingly important as
human land-uses prevail worldwide and human activities occur throughout much of the
world (Dirzo et al. 2014). Yet, few studies have examined competitive dynamics between
small carnivores in anthropogenic landscapes. To help fill this knowledge gap, we used

camera trap data to investigate the potential for competitive interactions between small
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carnivores in space and time in a multi-use landscape in the Greater Gorongosa
ecosystem of central Mozambique.

Gorongosa’s wildlife populations have been recovering after a long civil war
(Daskin et al. 2016). Large carnivore populations remain diminished (Pringle 2017), and
smaller carnivores face relatively few top-down pressures aside from potentially
competing among each other. This creates an interesting case study on how small
carnivores interact with each other in human-modified landscapes, testing theories about
interspecific competition among species with shared ranges, habitats, diets, and body
sizes (Maddock & Perrin 1993; de Satgé et al. 2017). For example, the avoidance of
human activity during the day could facilitate more interactions or drive spatial
partitioning among competing predators at night (Carter et al. 2015). We investigated the
potential for competitive interactions among three common but understudied species:
African civets, large-spotted genets, and bushy-tailed mongoose (Bdeogale crassicauda;
Table 1.1). We explored two hypotheses. First, we predicted that if these nocturnal
species do not avoid each other in time, species will segregate based on habitat
preferences. For example, several studies have shown that genets often occupy areas
closer to people, which other carnivores avoid (Fuller et al. 1990; Pettorelli et al. 2010;
Schuette et al. 2013; Ramesh & Downs 2014), and bushy-tailed mongoose prefer forested
areas (Caro et al. 2003; Pettorelli et al. 2010). Second, body size often drives dominant
and subordinate interactions among species, with larger species able to outcompete or
directly harm smaller species (Palomares & Caro 1999; Donadio & Buskirk 2006). We
therefore predicted that mongoose and genets will avoid civets in space or time, given

that civets are larger in size and could outcompete smaller species for resources. Species
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interactions drive community structure, abundance, and distributions, and may have
important cascading effects on ecosystem services and function (Crooks & Soulé 1999;
Schuette et al. 2013; Williams et al. 2017). Understanding intraguild interactions among
species in varying environmental conditions (e.g., high to low competition risk from large
carnivores, varying degrees of anthropogenic disturbance) is important if we are to
conserve habitats that support diverse wildlife communities amid a burgeoning human
population (Cardillo et al. 2005; Pettorelli et al. 2010).
Methods

Study Area

Our study site is situated in central Mozambique, east of Gorongosa National
Park’s buffer zone. This area has a sub-tropical climate with a wet season from October
to March and dry season April to September. We conducted our surveys in a sustainable-
certified forestry concession (460km?, Figure 1.1) comprised mostly of miombo
woodlands (Brachystegia spp.) with a range of tree cover from patches of dry miombo
woodlands and open grasslands to moist, closed-canopy riverine forests (Stalmans &
Beilfuss 2008). Elevation decreases gradually from approximately 350 to 150m from the
Cheringoma Plateau in the west to the confluence of the Chiteme and Chimiziua Rivers
to the east. There are two settlements within the concession: Condue to the southwest and
the forestry’s sawmill and living headquarters in the southeast. All roads in the
concession are single-track, dirt roads, created mainly for timber harvest, and a larger
road and parallel railway bisects the concession and the park’s buffer zone. Roads not

currently in use for concession activities are mostly inactive and grown-over.
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Leopards are the only large carnivore known to occur in this area, though their
presence is rare. As such, this an interesting site for studying how small carnivores
interact without the additional influence of larger, dominant predators in the area.
Additionally, the concession’s proximity to the park creates an interesting system for
future studies as large carnivores recover and community dynamics change in the
Gorongosa ecosystem.

Carnivore Detection Data

To measure carnivore site use, we deployed motion-detecting, infrared camera
traps (Bushnell Trophy Cam 24MP and 14MP no-glow Aggressors) at 77 sites within the
forestry concession. We used a 4km? hexagonal grid with approximately 2km separating
each site to guide our camera placement, but we prioritized roads and animal trails where
possible, following protocols from other studies that quantified carnivore space use
(Carter et al. 2012; Rosenblatt et al. 2016). Due to a limited number of cameras and time
for deployment, traps consisted of either pairs or single cameras to protect against
possible failures while covering greater areas, and we rotated traps in four successive
blocks from June to October 2017 (Sollmann et al. 2012; Ahumada et al. 2013; Rovero et
al. 2016). Each block operated for approximately 20 days (Karanth et al. 2004; Wegge et
al. 2009; Athreya et al. 2013). We mounted each camera at knee height relative to the
area or trail of interest. At each station, we recorded elevation, took notes on habitat
characteristics, and estimated the amount of canopy cover at the station in categories (0-
25%, 25-50%, etc.). Identifying individuals with these cameras, especially at sites with

only one camera, is challenging, so we considered detections of the same species
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independent if they occurred at least 30 minutes after the last time that species was
detected at that trap (Wang et al. 2015; O’Connor et al. 2017).

Temporal Overlap

To investigate the interactions between small carnivores, we first examined their
daily activity patterns for temporal overlap. Each species is considered nocturnal (Estes
2012), but fine scale avoidance between species could lead to temporal niche partitioning
(Schuette et al. 2013; Carter et al. 2015). We extracted the time stamps from each photo
of bushy-tailed mongoose, civet, and genet and used the R package ‘overlap’ (Meredith
& Ridout 2017) to determine if these carnivores may avoid each other in time. We used
the timestamps of each species’ detections across all sites as well as only at sites where
the given competitor in a species pair also occurred. We used the D metric, where the
amount of temporal overlap is estimated from 0 to 1, with 1 representing complete
overlap, and bootstrapping to calculate confidence intervals (Meredith & Ridout 2017).
We report D, due to smaller sample sizes in some comparisons (fewer than 75
observations) and consider D; > 0.80 to be a strong overlap (Allen et al. 2018).

Co-Abundance

Analysis

We used recently developed, two-species, N-mixture models to estimate the
abundance of small carnivores relative to each other while accounting for differential
environmental effects and imperfect detection (Royle 2004; Brodie et al. 2018). Because
we did not identify individuals, a site where 20 mongoose, for example, were detected
could actually be 20 detections of the same individual repeatedly using that site in front

of the camera. Therefore, we refer to the predicted abundances produced by these models
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as a metric for how often a species used a given site. N-mixture models use repeated
counts of a population over time to estimate local abundance for a species i at location j
(Ni,j) by assuming Ni; ~ Poisson(ij). We modeled the expected count of a species i at
each location j (Aij) given environmental and anthropogenic covariates using a log-link
function (Royle 2004). To include the effect of one species’ abundance on another, we
added a term that estimates the coefficient, or effect (3), of a species’ abundance (N1) to
the model of the other species in a pair: log(A2) = az,i + oo*Covariatej ... + 52*Nuy;.

An estimated negative value of & would therefore indicate a negative correlation
between the abundances of species 1 and species 2, suggesting the potential of
competitive exclusion (Brodie et al. 2018). Estimates that overlap zero suggest no effect
of one species on another, and a positive estimate indicates that abundances of the two
species increase together, which could indicate a lack of competitive effects (Brodie et al.
2018), optimal habitat and sufficient resources for both species (Rich et al. 2017), or, in
some cases, mutualistic relationships. Similar to other occupancy models (MacKenzie et
al. 2002; Mackenzie & Royle 2005), N-mixture models assume population closure.

Covariates

We hypothesized that these species would vary in their habitat preferences and
tolerance to human disturbance, so we incorporated natural and anthropogenic covariates
into our co-abundance models. We predicted that habitat type and cover, water
availability, settlements, and human activity would influence species abundance
(Schuette et al. 2013; Ramesh et al. 2017; Rich et al. 2017).

We used the Normalized Vegetation Index (NDVI) calculated from a cloud free,

Landsat 8 image (Path 67, Row 73) acquired July 2017 and downloaded from USGS
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Earth Explorer (https://earthexplorer.usgs.gov/) to represent habitat type, cover, and
forage availability (DeFries & Townshend 1994; Pettorelli et al. 2005; Ladle et al. 2018).
We created a land cover map using random forest and our field notes and Google Earth
imagery, but based on the results of an ANOVA test and visual assessments of the two
maps, we determined that NDV1 values provided the same information as our land cover
map (App. B). We therefore used NDVI instead of the categorical land cover map
because it is a continuous variable frequently used in occupancy analyses (Burton et al.
2012; Rich et al. 2017). We created 500m buffers surrounding each camera trap and
calculated the mean NDVI within them to determine how many of each carnivore would
likely use that area (Carter et al. 2013; Ladle et al. 2018). We chose 500m because it is
the approximate size of a genet’s home range, which is the smallest known home range of
our three species (Estes 2012; Williams et al. 2017).

To measure how water availability affects species abundance, we combined the
GPS points we took from the ground where we followed creeks and rivers with spatial
river data from the HydroSHEDS dataset (Lehner et al. 2006) to determine the location of
permanent water sources in our study area. We then calculated the distance from each
camera trap to the nearest water source in ArcGIS 10.5.1.

For our anthropogenic variables, we estimated human activity levels as the
proportion of days people or vehicles were detected each camera trap, for the number of
days each trap was active. We did not believe that human activity would impact detection
because these species are nocturnal, but we predicted that more active areas, such as

those where logging was occurring or near an active road, may affect the abundance of
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carnivores using that area. We also included the distance of each trap to the nearest

settlement, calculated in ArcGIS 10.5.1. The abundance model is therefore specified as:

A0 = a0;i + al(NDVI); + a2(water); + a3(settle)i + a4(human)i + aS(N1);

We included a different set of covariates for the detection model. Carnivores often
utilize trails and roads when traveling (Cusack et al. 2015; Kolowski & Forrester 2017),
so we included a binary variable for whether or not a trap was located on (1) or off (0) a
trail. We also included a binary variable for if a trap consisted of two cameras (1) or one
(0) which may affect the detectability of smaller species. To account for unequal
sampling effort between blocks of traps, we also included the number of days each trap
was out (Brodie et al. 2018). Finally, we calculated the slope at each camera trap using a
Digital Elevation Model in ArcGIS 10.5.1 (Ahumada et al. 2013; Rovero et al. 2014;

Brodie et al. 2018). We therefore specified the detection model as:

logit(p) = POi + B1(trail)i + B2(paired)i + B3(slope)i + P4(survey days)i

We checked all continuous covariates for collinearity with the Pearson’s
correlation coefficient. We initially considered including elevation in our models, but it
was significantly correlated with distance from water (Pearson r = 0.71), so we discarded
this covariate. In addition to these covariates, we subtracted the values of each estimated
parameter between species pairs for each iteration to determine if one covariate had a

significantly different effect on one species from the other (Brodie et al. 2018). We used
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a Bayesian approach with minimally informative priors (McElreath 2015) to estimate
model parameters. This approach provides two advantages. First, Bayesian analysis
allows for the explicit estimates of latent N1 values which are used to estimate Noj
values. Second, by assigning regularizing priors to all the parameter coefficients, we
reduce overfitting while creating a “skeptical” model which interprets values above or
below zero to be less plausible. Therefore, we are more confident in the significance of a
parameter estimate if, for example, the 95% credibility intervals (Cls) do not overlap zero
(McElreath 2015). We implemented our models with R and R2jags (Plummer 2011). We
ran three chains of 100,000 iterations and discarded the first 50,000 as a burn-in for each
species pair, and thinned the remaining 50,000 iterations by 20. We assessed model
convergence by visually examining trace plots and with the Gelman-Rubin diagnostic,
where Rhat values > 1.1 indicate poor convergence (Gelman et al. 2014).

Results

Carnivore Detection Data

Camera traps were out for 2,090 days, and two of the traps had malfunctioning
cameras, leaving 75 sites to analyze. We obtained 168 independent detections of bushy-
tailed mongoose, 152 of African civets, and 120 of large spotted genets (Table 1.2).
These three species were detected about eight times more frequently than the other five
carnivores at our site, including larger species such as leopards (Panthera pardus) and
servals (Leptailurus serval, Figure 1.2).

Temporal Partitioning

Temporal activities of each carnivore pair of our three species strongly

overlapped across all sites (D; > 0.9). At sites where both species in a species pair were
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detected, temporal overlap decreased slightly, with the civet-mongoose pair showing the
largest decrease in overlap. However, confidence intervals overlapped between activity
patterns across all sites and activity patterns at co-occurring sites for each species pair
(Figure 1.3).

Spatial Partitioning

Civet-Genet

Civet abundance did not have a significant relationship with genet abundance
(even 50% CI overlapped O; Figure 1.4). In the civet-genet model, civet abundance was
strongly related to distance from the nearest settlement, with abundance expected to
increase as distance from settlements increased. This relationship was significantly
different from the relationship between settlement distance and genet abundance (95% ClI
of estimated difference did not overlap zero). Other occupancy factors did not have
strong effects on either genet or civet abundance (Table 1.3, Figure 1.5).

The detection probability of both species significantly increases for camera traps
that are located on a trail. Civet detection probability also decreased further into the dry
season. The other detection covariates did not significantly change either species’
detection probabilities.

Civet-Mongoose

We estimated a 98% probability of a negative relationship between civet and
bushy-tailed mongoose abundance (Figure 1.6). Both species’ abundances were
positively related to increasing distance from settlements. Bushy-tailed mongoose
abundance was also significantly related to NDVI and distance to water with higher

abundances predicted in forested areas near water. However, only NDVI coefficient
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estimates for mongoose were significantly different from estimates for civets. (Table 1.3,
Figure 1.7).

Civet detection probabilities remained significantly related to camera placement
on trails and survey dates. Bushy-tailed mongoose detection probabilities decreased for
traps located near steeper slopes.

Genet-Mongoose

Genet and bushy-tailed mongoose abundances were positively correlated
(estimated 99% probability of a positive relationship; Figure 1.8). None of the parameter
coefficient estimates significantly differed between the two species, despite mongoose
abundance being more strongly related to NDVI, distance from water, and distance from
settlement (Table 1.3, Figure 1.9).

Discussion

We have provided evidence for fine-scale spatial partitioning and coexistence
among sympatric carnivores in a multi-use area of Mozambique, with little evidence for
temporal segregation between these nocturnal species. Our results indicate that, after
accounting for differences in habitat preferences and sensitivities to anthropogenic
factors, bushy-tailed mongoose and African civets partition in space, while genet site use
was not affected by either of the other two species. To the best of our knowledge, this
interaction between civets and bushy-tailed mongoose has not been documented by any
other study.

We predicted that both genets and mongoose would avoid civets due to being
smaller, and therefore at a competitive disadvantage (Palomares & Caro 1999; Schuette

et al. 2013; Ramesh et al. 2017; Palomares et al. 1995). Because our models estimate a
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correlation, rather than a directional causation, it is difficult to tell which species may be
avoiding the other or why, but body size differences may play a partial role in the
negative relationship between civet and mongoose space use, as has been found in other
studies. For example, de Satgé and colleagues (2017) found that striped polecats (Ictonyx
striatus) and small-spotted genets (Genetta genetta) avoided their larger competitor, the
African wildcat (Felis silvestris lybica). However, genet site use did not have a negative
relationship with civet site use, rejecting our body-size hypothesis. Indeed, civet
occupancy was negatively related to the detection rate of similarly sized carnivores in
Botswana, but this relationship switched in the wet season, possibly due to greater
resource availability (Rich et al. 2017). Unaccounted for resources that these three
species may be competing over (mongoose-civet) or partitioning (genet-civet) may better
explain our results than differences in body size. The unique foraging habits of genets, for
example, may facilitate their coexistence with mongoose and civets. Genets are known to
be more carnivorous than civets, and they often stalk and hunt prey whereas civets are
ambush predators and more opportunistic omnivores (Ray & Sunquist 2001; Estes 2012).
Genets are also more arboreal, which may allow for an even finer scale spatial partition
between these two species (Maddock & Perrin 1993). Such differences in foraging styles
mediate competitive exclusion in other systems, such as the avoidance of Iberian lynx
(Lynx pardinus) by red foxes but not by Eurasian badgers (Meles meles), which have a
more distinctive foraging strategy (Fedriani et al. 1999). Similarly, civets and mongoose
may be seeking different resources that were not represented in our models. For example,

civets are more frugivorous than others in their guild and have been considered hypo-
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carnivorous (less than 30% of its diet consists of meat, Waser 1980; Ray & Sunquist
2001; Amiard et al. 2015).

The positive correlation between genet and mongoose abundance observed in this
study, with no significant differences between their likelihood to occupy different
habitats was also interesting and difficult to interpret since mutualism seems unlikely
(Brodie et al. 2018). Positive relationships among sympatric species have been
documented elsewhere, counter to competition theory (Dorazio et al. 2015; Rich et al.
2017; Brodie et al. 2018). Interference competition would be unlikely given their similar
size, and the positive relationship between these two species could also be facilitated by
differences in the genet’s diet, hunting strategies, and fine-scale habitat use previously
mentioned (Waser 1980; Ray & Sunquist 2001; Caro et al. 2003; Angelici & Luiselli
2005; Estes 2012). Alternatively, shared resources tracked by both species that were
unaccounted for in these models (such as specific foods) may be abundant. Our study did
not explicitly incorporate forage or prey availability, but Rich and colleagues (2017)
found that, generally, carnivore occupancy depended more on resource availability than
the presence of competing species. Additionally, if abundant resources can support a
higher number of both genets and mongoose, competitive interactions or resource
partitioning would not be necessary (Brodie et al. 2018).

These examples of intraguild interactions carry extra weight in multi-use
landscapes, where the presence of people may drive different patterns than what would be
expected in protected areas (Waser 1980; Schuette et al. 2013; Massara et al. 2016).
Civets and mongoose were both more likely to occur in higher numbers farther away

from human settlements. Other studies have documented similar patterns, where species
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richness, and carnivore occupancy in particular, is reduced near permanent settlements
(Bowkett et al. 2008; Epps et al. 2011; Burton et al. 2012; Carter et al. 2013; Schuette et
al. 2013, 2016; Kiffner et al. 2015; Williams et al. 2017). This result is disconcerting
because small carnivores likely provide ecosystem services, from which people would
benefit. For example, these species likely play a large part in limiting rodent and other
pest populations in cropland areas, and, by extension, limiting the spread of zoonotic
diseases (Ostfeld & Holt 2004; Williams et al. 2017). Additionally, civets in particular
are considered important seed dispersers (Nakashima et al. 2010; Caughlin et al. 2014).
However, these services are reliant on both the abundance and diversity of small and
medium-sized carnivores, which, as supported by our results as well as other studies, are
often limited in human-dominated areas (Burton et al. 2012; Schuette et al. 2013;
Williams et al. 2017).

The selection of habitats farther from settlements by both mongoose and civet
likely further limits resource availability and opportunities for niche partitioning
(Massara et al. 2016; Moll et al. 2018). Human populations are projected to rapidly grow
in Mozambique, including in the Gorongosa region (United Nations 2017). The
expansion of settlements may exacerbate the negative interactions between civets and
mongoose by pushing them out of viable habitats and facilitating more interactions
between these and other potentially competing species whose interactions and basic
ecologies remain unknown (Do Linh San et al. 2013). Such interactions could have
population-level effects on species with restricted ranges (e.g., the bushy-tailed

mongoose’s close relative, the Sokoke dog mongoose; Foley & Do Linh San 2016).
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Competitive interactions are also important to consider for conservation planning,
specifically the restoration of large carnivore populations and preservation of wildlife
corridors. Small carnivores often spatially or temporally avoid large carnivores to reduce
the potential for competition or even predation (Johnson & VanDerWal 2009). Leopards
are the only known large carnivore to occur at our site, and they were rarely detected
(Figure 1.2), likely due to low population sizes resulting from Mozambique’s civil war
(Pringle 2017). The recovery of leopards to pre-war densities and facilitation of their
movement between protected areas in the region, including through our study site, is a
priority for Gorongosa National Park managers. We were unable to test how leopards
affected small carnivore abundance due to low sample sizes, but their presence and
recovery could alter intraguild dynamics. For example, in one of the few studies that
examined the effect of leopards on small carnivore occupancy, Ramesh and colleagues
(2017) found that honey badgers (Mellivora capensis), slender mongoose (Galerella
sanguinea), and striped polecats (Ictonyx striatus) were detected less often at sites where
leopards were detected. Additionally, leopards have been known to kill and eat civets
(Palomares and Caro 1999). Leopards may therefore reduce the amount of available
habitat and resources for subordinate carnivores. Alternatively, they may suppress
medium-sized carnivores such as civets, releasing mongoose, other competitors, and their
prey from interference and predatory pressures. These predator cascades have been noted
in North America, Australia, Europe, and East Africa (Creel & Creel 1996; Johnson &
VanDerWal 2009; Levi & Wilmers 2012; Pasanen-Mortensen et al. 2013; Sivy et al.
2017). Generally, though, if subordinate carnivores are to avoid dominant carnivores as

well as people, corridor planning should consider core areas for large carnivore
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movement, as well as peripheral habitats to support other species (Brodie et al. 2014;
Ramesh et al. 2017). These multi-faceted interactions between apex predators, sympatric
competitors, and people are critical to consider when planning for the conservation of
habitat that supports a diverse wildlife community. Long-term monitoring of this
dynamic predator population, continuing to build our baseline understanding of
competitive interactions among understudied carnivores, and facilitating greater
coexistence between people and carnivores will be essential for successful conservation
programs.
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Tables
Table 1.1 Ecological characteristics of our three study species. All species are
nocturnal and opportunistic generalists. These species consume small
vertebrates, invertebrates, fruits, and plants.
H
Species Size Range ome . Habitat Preferences
Range Size
. - . Anywhere with adequate
African civet 7-20 kg Widely dIStr.lbUted in Sub- 5-11km? cover and food, usually
Saharan Africa
near water
Common within portions
Bushy-tailed of Tanzania, Mozambique, Woodland/scrub and
2 kg . . Unknown
mongoose Zimbabwe, Zambia, forested areas
Malawai
. - . Anywhere with adequate
L - -
arge-spotted 2 kg Widely dIStr.IbUtEd in Sub 0.5-1km? cover and food. Tolerant
genet Saharan Africa e
of human-modified areas

Sources: Ray & Sunquist 2001; Pettorelli et al. 2010; Estes 2012; Schuette et al. 2013; Ramesh & Downs
2014; Rovero et al. 2017; Williams et al. 2017.

Table 1.2 Total number of detections, naive occupancy (raw number of traps
where animal was detected), and naive co-occurrence (raw number of
traps where both species in a pair were detected).

Species Detections Naive Co-Occurrence
(Naive Occupancy) Mongoose Genet Civet
Mongoose 168 (36/75) - 19/36 16/36
Genet 152 (25/75) 19/25 - 16/29
Civet 120 (29/75) 16/29 16/29 -

Table 1.3 Mean parameter estimates for each species pair. Asterisks indicate
95% credibility intervals that do not overlap zero. Bold terms indicate
a significant difference in the estimated coefficients between species in
a pair.

Species o) Dist. Settlement | Dist. River NDVI Human/Vehicle

Civet 008 | 98" -0.13 -0.32 0.1

Genet 0.04 -0.17 0.01 -0.13

Civet o0+ | 083 -0.15 -0.26 0.10

Mongoose ) 0.62* -0.40%* 0.38* 0.08

Genet o5+ | 003 -0.01 -0.01 -0.13

Mongoose ) 0.40* -0.28 0.51* 0.01
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Figure 1.1  Map of our study site within a sustainable forestry concession
adjacent to Gorongosa National Park and its buffer zone in central Mozambique.
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Figure 1.2  Average detection frequency across sites per 100 trap days for each
carnivore species detected. The red box highlights the three study species, and the
number of detections for each of these three species is displayed on top of the bars.
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Figure 1.3  Overlap of daily activity patterns for (A) civet and mongoose across

all sites, (AA) civet and mongoose where both were detected, (B) civet and genet
across all sites, (BB) civet and genet where both were detected, (C) genet and

mongoose across all sites, and (CC) genet and mongoose where both were detected.
The estimate of overlap (A, with 0 indicating no overlap and 1 indicating complete
overlap) is indicated by the grey area. Grey and black ticks indicate the raw time
stamps used to create the density curves, and 95% confidence intervals are given in
parentheses.
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Genet Abundance

Civet Abundance
Figure 1.4  Estimated correlations between civet and genet abundances for each
iteration, represented by the black lines. The red line indicates the mean estimate (-
0.08 on the logit scale).
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Figure 1.5  Mean coefficient estimates and 95% credibility bars of each covariate
for each species. The coefficient estimates for distance from settlements for civets
were significantly higher than the estimates for genets, as indicated by the black
box.
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Figure 1.6 Estimated correlations between civet and mongoose abundances for
each iteration. The red line indicates the mean estimate (-0.26 on the logit scale).
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Figure 1.7  Mean coefficient estimates and 95% credibility bars of each covariate

for each species. The coefficient estimates for NDVI for mongoose were significantly

higher than the estimates for civets, as indicated by the black box. Both species
occurred more often farther away from settlements.

Mean Coefficient Estimate




39

Mongoose Abundance
2
|

Genet Abundance

Figure 1.8  Estimated correlations between civet and genet abundances for each
iteration. The red line indicates the mean estimate (0.25 on the logit scale).
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Figure 1.9  Mean coefficient estimates and 95% credibility bars of each covariate
for each species. Genets and mongoose did not have any statistically significant
differences in their relationships to these covariates.
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CHAPTER TWO: SPATIAL PREDICTION OF MAMMAL RICHNESS OUTSIDE
MOZAMBIQUE’S GORONGOSA NATIONAL PARK FOR LANDSCAPE
CORRIDOR PLANNING
Abstract
Habitat loss and fragmentation threaten wildlife and ecosystems across the globe.

Amid rapid land-use changes in Africa especially, managers need tools to prioritize
conservation efforts outside of protected areas. We studied how human activities affect
the distribution and composition of a mammalian community with various habitat
requirements in a multi-use area of central Mozambique. We deployed 75 motion-
detecting cameras and photographed 30 mammalian species. We used hierarchical, multi-
species occupancy models to estimate species richness at each station and compared the
relative effects of natural and anthropogenic features on the presence of individual
species and groups of species when categorized into taxonomic/functional groups and
body size groups. Richness at each station varied from 3-17 species, and both human and
natural parameters varied in their importance for the occupancy likelihood for different
species. When species were grouped by taxa and diets, settlement proximity negatively
affected the occupancies of carnivores, insectivores, and other foragers. Similarly,
settlement proximity negatively affected the occupancies of species in all four body size
groups. However, active roads and human activity rates did not have a statistically
significant relationship with any species’ occupancies or detection rates, respectively.

Overall, mammalian richness was highest far from human settlements in the concession
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and close to rivers. Building on scant knowledge of wildlife communities in multiuse
landscapes, our results shed light on understudied species assemblages to guide
conservation and connectivity efforts in Mozambique.

Introduction

Rapid land use change and resulting habitat loss are driving species extinctions
and declines across the globe and fundamentally altering ecosystem functions (Sanderson
et al. 2002; Dobson et al. 2006; Sodhi et al. 2010). Protected areas (PAs) are critical for
mitigating these threats and conserving threatened species (Yackulic et al. 2011;
Geldmann et al. 2013). However, PAs cover less than 15% of the Earth’s surface (UNEP-
WCMC and IUCN 2016) and because they are often unconnected they may only provide
temporary refuge for species and habitats vulnerable to change (Hansen & DeFries 2007,
Belote et al. 2016). Global conservation treaties such as the United Nations Convention
on Biological Diversity (CBD) have therefore recognized the need for ecosystem-wide
monitoring as goals shift from saving endangered species and parks to sustaining
biological diversity and ecosystem function (Balmford et al. 2010). Indeed, CBD’s Aichi
Target 11 - which prompts nations to work together to increase protected area coverage -
specifies that protected areas must also be well connected (Balmford et al. 2010; Saura et
al. 2018).

The need for establishing and maintaining connectivity between PAs is especially
great in sub-Saharan Africa where human populations are rapidly growing and are
expected to double by 2050 (United Nations 2017). Such growth drives land conversion
and competition between people and wildlife over natural resources (Caro et al. 2014;

Lindsey et al. 2017; Rogan et al. 2017). Despite immense research on wildlife corridors
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and habitat connectivity, the majority of ecological studies occur within protected areas
rather than unprotected areas (Pettorelli et al. 2010; Martin et al. 2012; Balme et al. 2013;
Pardo Vargas et al. 2016; Durant et al. 2017) or focus on a single species rather than
ecological communities (Beier et al. 2011; Brodie et al. 2014). Even the International
Union for the Conservation of Nature’s threat assessments rely mostly on information
from PAs, which may underestimate the risks to species outside of these well-monitored
sites (Durant et al. 2017). Furthermore, the focus on single, endangered species, while
important, overlooks recently noted declines in seemingly common species (Inger et al.
2015; Ceballos et al. 2017). Such declines may serve as alarming indicators of wide-scale
ecosystem degradation (Conrad et al. 2006; Lindenmayer et al. 2011). To establish
effective wildlife corridors, identify areas of high conservation priority, and prevent
species extinctions in the face of rapid land use change (Brodie et al. 2014; Rich et al.
2016), we need more information on both species and community-level distributions in
multi-use landscapes and their responses to anthropogenic disturbances.

For the first time we assess mammalian occurrence and community distributions
in the Greater Gorongosa region — a biodiversity hotspot — in central Mozambique.
Wildlife populations and human communities in this region are recovering from a post-
colonial civil war that ended in 1992. Parque Nacional da Gorongosa (PNG) and its
surrounding communities were in the center of the conflict, which wiped out more than
90% of the park’s megafauna (Daskin et al. 2016). In 2008, the Gregory C. Carr
Foundation signed a co-management agreement with the Mozambican government to
restore the PNG and its wildlife. Since recovery efforts began, wildlife populations have

been steadily increasing to pre-war estimates, but with markedly different community



43

compositions (Pringle 2017). Medium-sized antelope exceed pre-war estimates, while the
predator community remains low in numbers and richness. Furthermore, lions (Panthera
leo) are the only large carnivores established in the park, although PNG historically
supported leopard (P. pardus), hyena (Crocuta crocuta) and wild dog (Lycaon pictus).
Conservation managers are looking to establish connectivity between PNG and other PAs
in the Greater Gorongosa region to maintain biodiversity and healthy ecosystems, and
facilitate the movement of species not yet established in the park, such as large
carnivores. Yet, there is little information on the wildlife communities outside PNG or on
how such communities or individual species are responding to human presence within
different habitats. Furthermore, the miombo woodlands, despite covering a vast swath of
the African continent, are relatively understudied (Caro 1999). As human activities
increase in this ecosystem and in the Gorongosa region, specifically, such baseline
information is required for successful conservation planning in these multi-use
landscapes.

Collecting baseline information across a range of species is important because
certain groups of animals may be more vulnerable to human disturbances, environmental
change, and habitat fragmentation than others. For example, the high nutritional
requirements and low reproductive rates of large herbivores increase their vulnerability to
habitat loss and resource depletion (Cardillo et al. 2005; Ripple et al. 2015). Similarly,
large carnivores are wide-ranging and prone to conflict with humans through livestock
depredation or competition over prey resources (Ripple et al. 2014; Rogan et al. 2017),
which may influence space use patterns and contribute to population decline. In contrast,

other species, such as small, opportunistic carnivores and rodents, may readily adapt to
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human presence and utilize multiuse areas (Linzey & Kesner 1997; Crooks 2002; Roemer
et al. 2009; Schuette et al. 2013; Pardo Vargas et al. 2016). Different animal responses to
natural and anthropogenic factors drive wildlife community composition and
distributions, and have important implications for conservation (Carter & Linnell 2016).

To capture variation in species responses, we used a multispecies occupancy
model to quantify the effects of natural and anthropogenic factors on the space use of
animals in different body size and taxonomic classification groups across an active
forestry concession outside of PNG. We hypothesized that (1) carnivore and large
mammal occupancy will be highest in areas less influenced by human activities (Cardillo
et al. 2005; Ripple et al. 2014), (2) overall species richness will be highest in areas less
influenced by human activities (Epps et al. 2011), and (3) the influence of environmental
variables on species occupancy will vary, depending on species’ behavioral niches
(Kleynhans et al. 2011; Schuette et al. 2013; Rich et al. 2016). This study adds to scant
literature on species communities in multiuse areas and can therefore help inform
conservation planning with the aim of connecting large landscapes for multiple wildlife
species through human-modified landscapes.

Methods

Study Area

We conducted this study in a 460km?, Forest Stewardship Council-certified
forestry concession east of PNG’s buffer zone (Figure 2.1) in central Mozambique. We
chose this site as a starting point for systematic surveying outside of PNG because this
concession borders the park’s buffer zone and consequently has higher amounts of human

activity while remaining close to a protected area. Because of this, it is also the first area
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involved in the park’s efforts to expand conservation efforts eastward to the coast
(Pringle 2017).

The concession borders and partly contains one large settlement and several
households. The company’s headquarters and sawmill are located within the concession
toward the southern end. Workers, including a small team of scouts, temporarily live on
site at the headquarters. A large dirt road and parallel railway borders the western side of
the concession which connects the city of Beira in the south to Marromeu and other
roadways in the north. Roads within the concession are single-track, dirt roads created
mainly for timber-harvest purposes, with the exception of the southern-most and
northern-most roads, which connect the headquarters to the main road in the south and
connects communities from east to west in the north (Figure 2.1). Other roads not
currently in use for timber harvest are mostly inactive and grown over with vegetation.
Other forestry concessions, hunting concessions, the park’s buffer zone, and other
settlements surround our study site.

Central Mozambique has a sub-tropical climate with a wet season (November-
April) and dry season (May-October). Our study area comprises mainly miombo
woodlands and includes varying levels of tree densities, from open grasslands to closed-
canopy riparian areas. Elevation varies from approximately 150-350 meters and
decreases from the Cheringoma Plateau in the west to the east toward the coast. The
terrain is relatively flat, but steep areas occur near river drainages and can reach 30%

grades.
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Wildlife Occurrence Data

We deployed motion-detecting, infrared camera traps (Bushnell Trophy Cam
24MP and 14MP no-glow Aggressors) at 77 sites within the forestry concession (Figure
2.1). We knew from exploratory surveys in 2016 that leopards occur in this forestry
concession, but had little information on the presence of other potentially wide-ranging
species. We therefore followed field camera protocols from other studies that quantified
large carnivore space use (Carter et al. 2012; Rosenblatt et al. 2016). We used a 4km?
hexagonal grid with approximately 2km separating each site to guide our camera
placement, but we prioritized roads and animal trails where possible. At most sites, traps
consisted of a pair of cameras facing toward each other to protect against possible failures
and to begin identifying individual animals with unique markings such as leopards
(Carter et al. 2015). We were especially interested in knowing how many animals and
which species occur close to the main road that borders the concession to the west. So, to
maximize camera coverage along the main road, we had two rows of single-camera traps
separated by about 1km. We rotated traps in four successive blocks from June to October
2017 (Ahumada et al. 2013) to cover roughly 320km? (Sollmann et al. 2012; Rovero et al.
2016) and maintain population closure assumptions (Mackenzie & Royle 2005). Each
block operated for approximately 20 days (Karanth et al. 2004; Wegge et al. 2009;
Athreya et al. 2013). We mounted each camera at knee height relative to the area or trail
of interest. At each station, we recorded elevation, took notes on habitat characteristics,
and estimated the amount of canopy cover at the station in categories (0-25%, 25-50%,

etc.).
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Occupancy Modelling

We used recently developed, multispecies occupancy models to quantify
mammalian richness and the influence of natural and human factors on species space use
(Russell et al. 2009; Zipkin et al. 2009, 2010; Burton et al. 2012; Jones et al. 2012; Hunt
et al. 2013; Sauer et al. 2013; Tingley & Beissinger 2013; Giovanini et al. 2013; Grant et
al. 2013). Multispecies occupancy models allow collective community observations to
inform the occurrence probabilities of all species observed, while still accounting for
imperfect detection and for the variation in the effects of habitat and sampling factors for
different species’ occupancy and detection rates, respectively (Dorazio & Royle 2005;
White et al. 2013; Tobler et al. 2015). These community-level approaches also allow for
the grouping of different species according to specific hypotheses for better community
inference (Pacifici et al. 2014; Rich et al. 2016, 2017) .

We adapted and used a multispecies occupancy model developed by Rich et al.
(2016). This approach uses detection records from the cameras (humber of detections per
species per survey) to estimate the probability of a species i occurring at survey site j
while accounting for imperfect detection (MacKenzie et al. 2002; Dorazio & Royle
2005). We treated each trap day as a repeat survey at each trap site to distinguish between
true absences and failures to detect a species (Kéry & Royle 2008; Zipkin et al. 2010).
Additionally, by incorporating the number of nights each trap was out, we utilized
unbalanced data from blocks with different sampling lengths and accommodated for
camera failure (Tobler et al. 2015).

In this model, occurrence (zi;) is defined as a latent binary variable, where zjj =1

if trap site j was within the range occupied by species i and 0 if it was not. We assumed
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that species occurrences were the outcome of a Bernoulli process where Wi is the
probability of a species i occurring at trap site j: zij ~ Bern(Vi;). Therefore, z;; is
conditional on observed occurrences at each site and the estimated probability of
occupancy (Tobler et al. 2015). The probability of occupancy is also conditional on the
probability of detection, defined here as: Xijx ~ Bern(pijk*zij), where the probability of
observing species i at camera station j on trap day k is conditional on the site being
occupied, given that species i was truly present (MacKenzie et al. 2002).

We fitted a single model to the whole community and sub-groups based on a
priori hypotheses (Zipkin et al. 2009, 2010, Tobler et al. 2015, 2018; Rich et al. 2016).
Here, we define occupancy as the probability of an animal using the area at each camera
trap site within their larger, unknown occupied range (Rich et al. 2016; Van der Weyde et
al. 2018).

Predictors of Animal Occupancy

We included covariates we predicted would explain the natural variation in
animal distributions due to differences in habitat needs, as well as anthropogenic
variables hypothesized to influence community, group, or species-level space use. Based
on previous studies (Bowkett et al. 2008; Epps et al. 2011; Burton et al. 2012; Ahumada
et al. 2013; Schuette et al. 2013; Rovero et al. 2014; Pardo Vargas et al. 2016; Rich et al.
2016), we predicted that vegetation, cover, water availability, elevation, settlements,
roads, and human presence would affect species space use (Table 2.1).

We assessed vegetation characteristics using the Normalized Difference
Vegetation Index (NDVI) calculated from a cloud free, Landsat 8 image (Path 67, Row

73) acquired July 2017 and downloaded from USGS Earth Explorer
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(https://earthexplorer.usgs.gov/). Based on a visual evaluation and the outputs of an
ANOVA test, we determined that NDVI values provided the same information as a land
cover map we had created for three, general habitat types based on tree cover (App. B).
Therefore, because it is a continuous variable and commonly used in occupancy studies
(Burton et al. 2012; Rich et al. 2017), we used NDVI values instead of the categorical
land cover map in the final model to represent habitat type, cover, and forage availability
(DeFries & Townshend 1994; Pettorelli et al. 2005; Ladle et al. 2018). We used the mean
NDVI value from a 500m buffer surrounding each camera trap to determine each
animal’s likelihood of using that area (Carter et al. 2013). We chose 500m as an
approximate middle point for the diversity of home range sizes of the smaller mammals
known to occur in this area (Estes 2012; Williams et al. 2017).

To assess the influence of water availability on species occurrences, we adjusted
spatial river data from a global HydroSHEDS dataset (Lehner et al. 2006) to match high-
accuracy GPS points taken on the ground where we followed river and creek corridors.
We then calculated the distance from each camera trap to the nearest river representing a
relatively permanent source of water. Ephemeral water sources were not accounted for
because they were only partially observed (Rich et al. 2016), and most temporary sources
observed during camera deployment were dry once we returned for camera rotation.

Finally, elevation at each camera location was recorded using hand-held GPS
receivers. These measurements were consistent with point estimates derived from a
global, 30m resolution SRTM dataset. However, we removed elevation as a covariate as

it was highly correlated with the distance from rivers (Pearson r = 0.71).
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To test the influence of human presence and activities on species’ space use,
anthropogenic variables included distance from permanent settlements within the
concession and active roads (Laurance et al. 2008; Balme et al. 2010; Ogutu et al. 2011,
Kiffner et al. 2013; Schuette et al. 2013). Active roads were identified based on the
detection of people or vehicles other than our own during our sampling period. We
calculated each camera traps’ distance from the nearest settlement and active roads in
ArcGIS 10.5.1. The locations of two settlements in the concession were identified using
Google Earth: Condue to the southwest, and the concession’s headquarters in the
southeast. The final model for the probability of occupancy for each species i at trap site j

was therefore specified as:

logit(Wij) = a0; + alij(distance to river); + a2i(NDVIsoo); + a3i(distance to settlement); +

adi(distance to active roads);

Predictors of Animal Detection

Several variables may influence the process of detecting an animal, such as
obstruction of the camera by vegetation, varying habitat preferences of different species,
or human disturbance (Rovero et al. 2014). Some animals may be more likely to utilize
open pathways for movement, so we included a binary variable for if a camera was
placed on or off a trail (Tobler et al. 2015; Cusack et al. 2015; Kolowski & Forrester
2017). We designated “trails” as being any area that is unobstructed by vegetation and
served as an obvious pathway for animal movement, such as old and new roads, well-

established human foot trails, and large, dry river corridors. We included an additional
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binary variable for whether or not a trap consisted of a pair of cameras (Pease et al.
2016). Human activity may also alter an animal’s detection rates depending on if that
species is diurnal or typically avoids people (Erb et al. 2012). We therefore included the
rate at which people and vehicles were detected on camera as the proportion of days a
person or vehicle was detected on camera out of the trap’s total number of days
operating. Finally, vegetation influences both occupancy and detection processes (Rovero
et al. 2014; Burton et al. 2015). We therefore included NDVI values at each camera site
(30m resolution) to account for differences in detection among forest-associated species

and savannah-associated species (Table 2.1). Our final detection model is:

logit(pij) = POi + Bli(paired); + B2i(trail)j + B3i(NDVI); + B4i(human/vehicle trap rate);

We standardized all continuous covariates to have a mean of 0 and standard
deviation of 1. We can therefore obtain baseline occurrence and detection probabilities of
species i at a camera station with average covariate values by taking the inverse logit of
a0i and BO; (at a station off-trail with one camera), respectively. Each remaining
coefficient (ali,.., odi, and B3i, B4i) represents the effect of a one standard deviation
increase of that respective covariate value for species i. Finally, we specified a0; and B0;
to be jointly distributed (Dorazio & Royle 2005; Kéry & Royle 2008) because a species’
abundance can significantly affect detection probabilities, often resulting in strong,

positive correlations between occupancy and detection (Royle & Nichols 2003).
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Species Groups

Estimates of richness are more precise when the model “borrows strength” from
the detections of the entire community (Pacifici et al. 2014). However, some covariate
effects on individual species may be washed out by generalists or naturally abundant
species that are detected more frequently. We therefore modelled group occupancies in
addition to community occupancy for further hypothesis testing. First, we grouped
species by body size according to their mean body mass as determined by Estes (1991).
Groups included extra-large (>200 kg)-, large (50-200 kg)-, medium (20-50 kg)- and
small (<20 kg)-sized species (Rich et al. 2016). We also grouped species based on a
combination of their taxonomic order and functional groups, such as carnivores,
ungulates, or insectivores. We chose these classifications to answer specific questions
about their spatial ecologies, which may be less clear when grouped strictly by diet, as
there is considerable variability in species traits among omnivores, for example. We were
also especially interested in the carnivore and ungulate groups given the lack of large
predators in the system.

We used non-informative priors with uniform distributions for a.0; and p0;
parameters, and regularizing priors for remaining parameters (ali,.., a4i, and B3i, B4i)
(McElreath 2015). We assumed species-specific parameters were random effects derived
from a normally distributed, community hyper parameter (Zipkin et al. 2010; Rich et al.
2016). We ran all analyses in JAGS using the R package R2jags (Plummer 2011). We ran
three chains of 60,000 iterations with a burn in of 10,000 and thinning rate of 50. Model
convergence was assessed by visually inspecting trace plots and with the Gelman-Rubin

diagnostic, where Rhat values > 1.1 indicate poor convergence (Gelman et al. 2004).
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Results

We obtained data from 75 of the 77 camera traps. Traps operated for 2,090 nights.
We detected 30 mammal species over 1,168 trap days from seven taxonomic orders. We
grouped species into five different taxonomic or functional groups: carnivores (order
Carnivora), ungulates (order Artiodactyla), primates (order Primates), “other foragers”
(orders Rodentia and Lagomorpha), and insectivores (orders Pholidota and Tubulidentata
(App. A, Table Al.). Ungulate and carnivore groups included the largest number of
species (13 and 8, respectively). Mammals were also grouped by size with the majority of
species considered “medium” (12 species) and “small” (9 species). On average, common
duikers (Sylvicapra grimmia) were the most frequently detected species across sites (~12
detections/100 trap days), and pangolins (Smutsia temminckii) were the least frequently
detected (~0.07/100 trap days; Figure 2.2).

Community Model

Model predicted community richness at each camera trap varied between 3 and 17
species. Richness was greatest near rivers and far from settlements and only weakly
related to NDVI (Figure 2.3). These three factors were estimated to have a significant
effect (95% credible intervals do not overlap zero) on at least one species’ occupancy
probability (App. A, Table A2). Distances from the nearest permanent settlement had the
strongest effect on predicted occurrence with 7 out of 30 species’ occupancy probabilities
increasing as distance from settlement increases (App. A, Figure Al). Occupancy
probabilities were higher for six out of 30 species near rivers, while one species (common
duiker) was more likely to occur farther away from rivers (App. A, Figure A2). Similarly,

common duikers were the only species to have a negative association with increasing
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NDVI, while sunis (Neotragus moschatus) had a positive relationship with increasing
NDVI (App. A, Figure A3). Active roads did not have a significant relationship with any
of the species’ predicted occupancies; all 95% credibility intervals overlapped zero, and
posterior distributions were wide for even commonly detected species (App. A, Figure
A4). Detection covariates did not significantly influence detection probabilities
(credibility intervals overlapped 0) except for one; bushy-tailed mongoose detection
probabilities decreased as NDVI increased (App. A, Table A3).

Group Models

Taxonomic/Functional Groups

Distance from settlements still had a strong, positive relationship with species
occurrence and group richness for carnivores, other foragers, and insectivores (Table 2.3,
Figure 5). Distance from settlements also had a weakly positive relationship with the
occupancies of ungulates and primates, but was not a statistically significant factor.
Distance from rivers had a negative relationship with the occurrences of primate and
insectivore groups, and distance from active roads was negatively correlated with primate
occupancy, likely owing to baboon detections dominating this group and their common
utilization of roads. NDVI was not strongly correlated to the predicted richness of any of
these groups, and varied from having a weakly positive relationship with carnivores to
weakly negative for all other groups.

Body Sizes

Mean occurrence probabilities and richness estimates for all four body size groups
were significantly and positively correlated with increasing distances from permanent

settlements (Table 2.3, Figure 2.6). Distance from rivers was also a significant predictor
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of medium-sized species, with occurrence probabilities and richness decreasing with
increased distance from rivers. Small, large, and extra-large species occupancies also had
weakly negative relationships with increasing distance from rivers. NDVI did not have a
significant effect at the group level for species sizes, but varied from having a weakly
positive relationship with small and medium-sized species occurrences and weakly
negative relationship with large and extra-large species (Figure 2.6).

Discussion

Anthropogenic Effects

Proximity to human settlements strongly influenced occupancy estimates,
negatively affecting species richness and space use at the individual, group, and
community levels, while active roads did not have a significant effect on mammals in this
community. These results partially supported our first and second hypotheses that large
mammals and carnivores would be negatively associated with anthropogenic factors, and
that overall richness would be highest farther from human activities. Several other studies
in East Africa and elsewhere have also documented lower occupancy probabilities and
species richness in areas that are permanently settled or have high human densities
(Bowkett et al. 2008; Epps et al. 2011; Burton et al. 2012; Carter et al. 2013; Schuette et
al. 2013, 2016; Vanthomme et al. 2013; Kiffner et al. 2015; Williams et al. 2017). For
example, Kiffner et al. (2015) found that species richness was lower in permanent
agricultural sites than in pastoral or protected areas. Researchers have proposed several
explanations for the negative relationships documented between settlement proximity and
wildlife occurrence. These include habitat degradation through cultivation and firewood

collection (Nagendra et al. 2008; Carter et al. 2013), increased hunting pressure (Bowkett



56

et al. 2008), human-wildlife conflict and retaliatory killing (Kiffner et al. 2015), and other
perceived threats through sensory inputs such as noise or light (Longcore & Rich 2004;
McKenna et al. 2016). At our site, human-wildlife conflict is relatively minimal due to a
lack of livestock, and agricultural areas are small. However, if small carnivores are a
perceived threat to chickens in these communities, human-wildlife conflict may explain
the negative relationship between settlement proximity and small carnivore occurrence
(Williams et al. 2017). The communities in this concession are also relatively small and
concentrated. We would not expect the effects of cultivation or resource extraction to
propagate very far or be more of a habitat disturbance than timber harvest in the area.
Although we did not directly test the effects of logging on animal space use, several
studies have shown that sustainably managed concessions can support and even promote
diverse mammal communities (Azevedo-Ramos et al. 2006; Clark et al. 2009; Roopsind
et al. 2017; Tobler et al. 2018). The noise from the concession’s headquarters and
sawmill, however, may influence the space use of diurnal mammals (Barber et al. 2010;
Clinchy et al. 2016; Drolet et al. 2016). Drolet and colleagues (2016) found that
simulated drilling noise negatively affected the habitat use of white-tailed deer
(Odocoileus virginianus) but we did not test for the effects of industrial noise at our site.
Illegal bushmeat hunting is pervasive in the region, though, and may be altering
occupancy in this concession (Lindsey et al. 2012). Snaring is the most common form of
poaching in and around PNG (Unpublished data). Watson et al. (2013) found a strong
correlation between snaring and human development in protected area buffer zones, but
the effect this may have on animal occurrence is difficult to discern. Burton et al. (2012)

found that snaring intensity had either no effect or even a positive effect on carnivore
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occupancy predictions and attributed this trend to people likely targeting highly
productive areas for hunting success. Our study was unable to measure the effects of
poaching on wildlife occurrence due to a lack of data, but our field team and subsequent
patrols seized approximately 120 snares during the five months cameras were active,
mostly in areas predicted to have high species richness, far from settlements.
Furthermore, the effects of snaring compared to other forms of hunting are difficult to
measure given their untargeted nature (Gray et al. 2018). Cane (Thryonomys
gregorianus) and pouched rats (Cricetomys gambianus) are sought after for consumption,
so this may influence the negative correlation between rodent occurrence and distance to
settlement if hunting is more intense next to villages. However, if local hunters are
targeting ungulates for consumption as in other locations (Bowkett et al. 2008; Henschel
et al. 2011; Rogan et al. 2017), we would expect to see the same negative correlation for
this group or individual species. Ungulates and primates were the only groups that did not
have a significant, negative relationship, but ungulates may be more driven by
environmental factors such as forage availability (Parker et al. 2009); and the primates
group mostly consisted of baboons, which typically utilize anthropogenically-modified
landscapes (Hoffman & O’Riain 2011; Schuette et al. 2013).

We hypothesized that carnivores would be more sensitive to human factors
(Cardillo et al. 2005; Ripple et al. 2014), and this group’s strong negative association
with settlement proximity partially supported that hypothesis. However, the carnivore
guild in our site was mostly composed of small, generalist species that adapt well to
human environments, such as genets and civets (Estes 2012). We were therefore

surprised that distance to settlement significantly affected both the carnivore group and
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the small mammal group. The lack of large carnivores in this area may contribute to this
response. Mesocarnivore release theory suggests that where dominant predators have
declined or occur at low densities, subordinate species, relieved of competitive or
predatory pressures, may occupy optimal habitats, farther from people, in greater
abundances (Creel & Creel 1996; Durant 1998; Crooks & Soulé 1999; Ritchie & Johnson
2009). As large carnivores recover in the Gorongosa ecosystem, they may suppress
mesocarnivores or push them into marginal habitats, thereby potentially reversing the
relationship between mesocarnivore occupancy and settlement proximity that we found in
this study.

Environmental Effects

Responses to environmental covariates varied more among species, often in
accordance to their behavioral niches, supporting our third hypothesis. For example,
riverine-associated species such as marsh mongoose (Atilax paludinosus) were less likely
to occur away from rivers, as were leopard, suni, red duiker (Cephalophus natalensis),
giant pouched rat (Cricetomys gambianus), and samango (Cercopithecus albogularis).
Common duikers, which tend to be more abundant in dry woodlands and savannahs
(Estes 2012), were more likely to occur farther away from rivers in areas with low NDVI,
corresponding to grassy areas in the dry season, while suni, a forest-associated species
(Estes 2012), was more likely to occur in areas with high NDVI, corresponding to closed-
canopy riverine forests. Distances from rivers was generally a more important factor in
our study system than in Rich et al.’s (2016), which is expected given other wildlife
studies (Pettorelli et al. 2010; Epps et al. 2011; Schuette et al. 2013). However, our

camera traps were only out during the dry season, and our inferences on the importance
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of rivers are limited to a time period when species may be more bound to these
permanent water sources. Nevertheless, the spatial distribution of rivers is an important
component to consider for conservation planning.

Implications for Connectivity Planning

We identified areas most likely to support the highest levels of species richness
and factors influencing the space use of species groups and rarely detected individuals of
conservation concern such as leopards. Areas with high mammalian richness are
predicted to be farther away from the settlements in the south, and furthermore, are
adjacent to portions of the park’s buffer zone with lower densities of people and
settlements. This provides a potential starting point for connectivity planning and
conservation efforts. Managers with limited time and resources could focus on alleviating
pressures from illegal hunting and working with land managers to maintain these areas
with high species richness to begin establishing wildlife corridors between multi-use and
protected areas that benefit the mammal community. When managed well, sustainable-
use forestry concessions can stimulate the local economy while also providing important
habitat for smaller species and connectivity between protected areas for larger, more
mobile species, such as large carnivores (Clark et al. 2009; Tobler et al. 2018).

The recovery of large carnivores is of particular interest to the managers of PNG,
given their population declines globally and in the region during and after the civil war
(Pringle 2017). Of concern among some scientists, however, is the efficacy of the
“umbrella species” approach, which is when conservation efforts focus on one species,
assuming these efforts will in turn benefit species at lower trophic levels or those which

use similar habitats (Caro 2003; Brodie et al. 2014; Thornton et al. 2016). Although
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preliminary, areas used by leopards correspond with areas predicted to have high species
richness, which may indicate their ability to serve as an umbrella species in this system.
Several studies have shown that leopard occurrence is best predicted by prey availability,
and as generalists, this may encompass a wide variety of species (Hayward et al. 2006,
2007; Henschel et al. 2011). Small carnivore diversity and space use may change,
however, as leopards and other large carnivores recover (Durant 1998; Caro et al. 2003,
Ramesh et al. 2017). Miombo woodlands typically support lower biomass densities than
more heterogeneous landscapes (Waltert et al. 2009), though, which may keep large
carnivores populations small and alleviate intraguild competition. Interspecific
interactions will be important to monitor over time. Furthermore, to the north and
northwest of our study site, there is another forestry concession that may harbor similar
species abundances and diversity. We suggest extending camera surveys to these areas
for connectivity planning, and to see if similar patterns are observed between species
richness and distance from settlements farther north, including from the much larger
town, Inhaminga.
Conclusion

Our research has documented mammal occurrence and community composition in
the miombo woodlands of a multi-use area of Mozambique, providing baseline
information useful for connectivity planning. Generally, miombo woodlands and the
wildlife they support are becoming increasingly threatened throughout Africa as a result
of burgeoning human populations (Dewees et al. 2011; Cabral et al. 2011; Jew et al.
2016). In the Sofala Province of Mozambique, deforestation may result in the loss of this

ecosystem and its services by 2040 (Garrett 2008). Despite these impending threats and
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their vast coverage in sub-Saharan Africa, these woodlands are a relatively understudied
ecosystem, are largely unprotected, and have the potential to provide connectivity to and
safeguard wildlife communities through multi-use landscapes (Caro 1999; Waltert et al.
2009; Jew et al. 2016).
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Tables

Table 2.1 Factors predicted to influence community richness, species space use,
and species detection.

Occupancy Covariates Predicted Effect
al;  Distance from River -

OLZi NDV|500m +/-

a3i  Distance from Settlement +

odi  Distance from Active Road +/-

Detection Covariates Predicted Effect
B1;  Paired Cameras +

B2i  On Trail +

B3i NDV l3om +/-

B4i  Human/Vehicle Detection Rate -

Table 2.2 Mean parameter estimates of occupancy and detection covariates of
the full community model. Probability estimates denote the likelihood
that the covariate has a positive or negative effect on species
occurrence or detection, calculated by summing the number of draws
with a positive or negative estimate, dividing by the total number of
draws and multiplying by 100.

Community Level Covariate Mean Probability (+) Probability (-)
al; Distance from River -0.374 70 30

a2i  NDVlsoom -0.104 44 56

a3; Distance from Settlement 0.431 92 8

ad; Distance from Active Road -0.132 81 19

Bli Paired Cameras -0.012 43 57

B2i On Trail -0.001 47 53

B3i NDVlsom -0.011 50 50

B4i Human/Vehicle Detection Rate 0.046 54 46
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Table 2.3 Group mean coefficient estimates. Standard deviations are in
parentheses and bold terms indicate 95% credibility intervals that did
not overlap zero.

G P v
Small -0.51(0.34) 0.36(0.36) 0.64 (0.31) -0.27 (0.37)
Medium -0.57 (0.29) 0.01(0.27) 0.51(0.22) -0.21(0.23)
Large -0.36 (0.23) -0.14(0.21) 0.37(0.16) -0.11(0.15)
Extra-Large  -0.30 (0.24) -0.31(0.24) 0.50 (0.19) -0.09 (0.16)
Carnivore -0.37(0.24) 0.08(0.23)  0.50 (0.16)  0.01 (0.15)
Ungulate -0.51(0.38) -0.22(0.35) 0.13(0.29)  -0.21(0.28)
Primate -0.65 (0.32) -0.25(0.32) 0.35(0.30) -0.76 (0.26)
Insectivore -0.94 (0.50) -0.60(0.48) 0.97(0.39) -0.57(0.48)
Other Forager -0.23 (0.27) -0.25(0.27) 0.49 (0.20) 0.07 (0.17)
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Figure 2.1  Map of our study site in a sustainable use forestry concession in central

Mozambique, adjacent to Gorongosa National Park and its buffer zone.
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Figure 2.3  Mean site-specific estimates of species richness in relation to each trap’s
(a) distance to the nearest settlement, (b) distance to the nearest river, (c) average
NDVI within a 500m radius around each trap, and (d) distance to the nearest active
roads.
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Figure 2.4  Inverse-distance weighted interpolation of model-predicted richness at
each site from the full community model. Richness estimates ranged from three to 17
species at each trap. We set the boundaries of the interpolation at 1.5km because that

was the average distance between all traps.
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GENERAL CONCLUSIONS

For my thesis research, | evaluated species interactions, space use and richness
amid various anthropogenic and natural features hypothesized to influence occupancy
and abundance. In the first chapter, | found that after accounting for imperfect detection
and variation in habitat preferences, civet site use negatively influenced bushy-tailed
mongoose site use, while genets were unaffected by civets and positively associated with
mongoose. Although bushy-tailed mongoose were more strongly associated with forested
areas than civets, the negative correlation between predicted abundances for this species
pair indicates spatial niche partitioning and potentially local avoidance (Brodie et al.
2018). Genets were more likely to utilize areas closer to human settlements than
mongoose and civets, but that mongoose and civets utilized sites farther away from
settlements, and that they limit each other’s site use is cause for concern for two reasons.
First, diverse and abundant small carnivores provide ecosystem services such as seed
dispersal and pest control (Roemer et al. 2009; Nakashima et al. 2010; Caughlin et al.
2014; Williams et al. 2017), but if species are avoiding local communities, they are not
benefitting from such services. Second, several studies have demonstrated the
suppression of small carnivores by apex predators (Palomares & Caro 1999; Pasanen-
Mortensen et al. 2013; Ramesh et al. 2017). As large carnivores recover in the region,
they may push civets, mongoose, and the other small carnivores in our system to sub-

optimal areas (i.e. close to settlements), or suppress these species’ populations altogether.
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In the second chapter, we found that community and group-level richness was
strongly associated with settlement proximity, while responses to environmental factors
varied more among individual species. Although human settlements had a significant
influence on occupancies, active roads and human/vehicle activity rates had no
significant effect on any of the 30 species’ occupancy or detection, respectively,
indicating avoidance only of areas with permanent human presence. Our results are
supported by several other studies, and researchers have proposed several reasons for this
negative relationship, such as: habitat degradation, higher amounts of hunting, and
human-wildlife conflict all surrounding and within permanent settlements (Bowkett et al.
2008; Epps et al. 2011; Burton et al. 2012; Carter et al. 2013; Schuette et al. 2013, 2016;
Kiffner et al. 2015; Williams et al. 2017). Of these explanations, overexploitation of
wildlife through illegal bushmeat hunting seems to be the most plausible explanation at
our site, as snaring for bushmeat consumption and wildlife trade is prolific, though spatial
patterns of snaring warrant further investigation (Lindsey et al. 2012). While future
studies should investigate the causes for species’ avoidance of settlements, results from
this study provide a starting point for connectivity planning between protected areas in
the Greater Gorongosa region.
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Species information and species-specific model outputs from the community model

Table A.1

outside of Gorongosa National Park.

Species

Aardvark

Baboon

Bushbuck

Bushpig

Bushy tailed mongoose
Cane rat

Civet

Common duiker

Eland

Galago

Genet

Honey badger

Kudu

Leopard

Lichtenstein's hartebeest
Marsh mongoose
Nyala

Oribi

Pangolin

Porcupine

Pouched rat

Red duiker

Reedbuck

Sable

Samango

Scrub hare

Serval

Suni

Warthog

White tailed mongoose

Species Name

Orycteropus afer

Papio ursinus
Tragelaphus scriptus
Potamochoerus larvatus
Bdeogale crassicauda
Thryonomys gregorianus
Civettictis civetta
Sylvicapra grimmia
Taurotragus oryx
Otolemur crassicaudatus
Genetta genetta
Mellivora capensis
Tragelaphus strepsiceros
Panthera pardus
Alcelaphus lichtensteinii
Atilax paludinosus
Tragelaphus angasii
Ourebia ourebi

Smutsia gigantea
Hystrix cristata
Cricetomys gambianus
Cephalophus natalensis
Redunca arundinum
Hippotragus niger
Cercopithecus albogularis
Lepus saxatilis
Leptailurus serval
Neotragus moschatus
Phacochoerus africanus
Ichneumia albicauda

Bodly Size Taxonomic or
Large Insectivore
Medium  Primate
Medium  Ungulate
Large Ungulate
Small Carnivore
Small Other Forager
Medium  Carnivore
Medium  Ungulate
Extra-Large Ungulate
Small Primate
Small Carnivore
Medium  Carnivore
Extra-Large Ungulate
Large Carnivore
Large Ungulate
Small Carnivore
Large Ungulate
Medium  Ungulate
Medium  Insectivore
Medium  Other Forager
Small Other Forager
Medium  Ungulate
Medium  Ungulate

Extra-Large Ungulate

Medium  Primate
Small Other Forager
Medium  Carnivore
Small Ungulate
Large Ungulate
Small Carnivore

Functional Group Detections

7
147
36
12
168

120
267

152

o ~

40

17

27
53
42

18
106
12
95
10
6

Mammals detected on cameras in a sustainable forestry concession

Mean Detection
Rate/100 Days

0.38 (1.39)
7.43 (7.94)
1.86 (3.58)
0.50 (1.64)
6.13 (11.36)
0.33 (1.69)
4.60 (10.87)
12.42 (15.64)
0.27 (1.13)
0.25 (1.79)
5.83 (16.83)
0.26 (1.03)
0.42 (1.55)
0.27 (0.98)
0.13 (0.92)
1.79 (6.46)
0.26 (1.01)
0.53 (2.61)
0.08 (0.52)
1.35 (3.97)
2.46 (7.27)
1.77 (3.71)
0.26 (1.04)
0.22 (1.06)
0.52 (2.68)
4.68 (14.05)
0.52 (1.44)
4.24 (13.92)
0.42 (1.42)
0.25 (1.37)
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Mean detection probabilities and coefficient estimates for each

species. Standard deviations are in parentheses. Coefficient estimates
are on the logit-scale, and estimates in bold indicate 95% credibility

intervals that do not overlap zero.

Species

Aardvark

Baboon

Bushbuck

Bushpig

Bushy tailed mongoose
Cane rat

Civet

Common duiker

Eland

Galago

Genet

Honey badger

Kudu

Leopard

Lichtenstein's hartebeest
Marsh mongoose
Nyala

Oribi

Pangolin

Porcupine

Pouched rat

Red duiker

Reedbuck

Sable

Samango

Scrub hare

Serval

Suni

Warthog

White tailed mongoose

Detection  Single/Paired Off/On
Probability Cameras (0/1) Trail (0/1)
0.01 (0.01) 0.14 (0.41) -0.42(0.74)
0.08 (0.02) 0(0.22) -0.20(0.33)
0.04 (0.03) 0.15(0.40) 0.03 (0.75)
0.01 (0.02) -0.06 (0.45) -0.03 (0.89)
0.09 (0.04) 0.16 (0.46) 0.08 (0.62)
0.02 (0.02) 0.12 (0.45) 0.48(0.72)
0.09 (0.03) 0.32(0.36) 0.41(0.44)
0.15 (0.03) 0.12 (0.25) -0.03 (0.87)
0.02 (0.01) 0.10 (0.41) -0.35(0.89)
0.05 (0.04) -0.12 (0.49) -0.17 (0.96)
0.16 (0.03) -0.39 (0.46) 0(0.87)
0.01 (0.01) 0.01 (0.41) -0.03(0.88)
0.01 (0.01) 0.04 (0.49) -0.03(0.89)
0.01 (0.01) 0.03 (0.47) -0.01(0.88)
0.02 (0.02) 0.13(0.44) -0.24 (0.77)
0.09 (0.03) 0.05(0.48) -0.01(0.92)
0.01 (0.01) 0.02 (0.43) -0.08 (0.62)
0.06 (0.05) 0.04 (0.49) 0.20 (0.68)
0.01 (0.01) 0.04 (0.43) -0.27 (0.88)
0.04 (0.02) 0.06 (0.42) 0.68 (0.59)
0.10 (0.04) 0.21(0.47) -0.51(0.77)
0.05 (0.01) 0.01(0.27) -0.01(0.88)
0.01 (0.01) -0.07 (0.47) 0(0.89)
0.01 (0.01) -0.12 (0.48) 0.11(0.62)
0.05 (0.03) 0.11 (0.45) 0.42 (0.50)
0.15 (0.03) 0.19 (0.39) 0(0.86)
0.03 (0.03) 0.00 (0.46) -0.16 (0.74)
0.09 (0.04) 0.16 (0.45) 0.46 (0.68)
0.01 (0.01) 0.03 (0.41) -0.40(0.90)
0.02 (0.02) -0.03 (0.45) -0.26 (0.77)

NDVl3zom

-0.13 (0.36)
0.08 (0.37)
0.13 (0.21)
0.07 (0.35)

-0.36 (0.14)
0.36 (0.38)

-0.08 (0.33)

-0.04 (0.31)

-0.03 (0.37)
0.11 (0.35)
0.18 (0.20)
0.06 (0.33)
0.01 (0.34)
0.02 (0.35)

-0.09 (0.37)
0.15 (0.36)

-0.08 (0.38)

0(0.38)
0.04 (0.38)

-0.03 (0.19)
0.09 (0.21)

-0.38 (0.32)

-0.03 (0.33)
0.13 (0.35)

-0.26 (0.37)
0.15 (0.17)
0.03 (0.36)

-0.20 (0.30)
0.13 (0.29)

-0.07 (0.31)

Human/Vehicle
Detection Rate

0.02 (0.48)
-0.06 (0.49)
0.03 (0.14)
0.03 (0.49)
0.02 (0.23)
0.01 (0.50)
-0.18 (0.58)
-0.15 (0.31)
-0.06 (0.51)
-0.07 (0.50)
-0.09 (0.51)
0.02 (0.50)
0.03 (0.47)
0.01 (0.35)
0.03 (0.51)
-0.09 (0.43)
0.04 (0.51)
-0.03 (0.49)
0.03 (0.48)
-0.03 (0.52)
-0.06 (0.48)
-0.03 (0.46)
0.04 (0.51)
0.04 (0.51)
0.06 (0.48)
-0.08 (0.50)
-0.22 (0.47)
0.18 (0.27)
0.03 (0.48)
0.14 (0.16)
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Mean occupancy probabilities and coefficient estimates for each
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species. Standard deviations are in parentheses. Coefficient estimates

are on the logit-scale, and estimates in bold indicate 95% credibility

intervals that do not overlap zero.

Species

Aardvark

Baboon

Bushbuck

Bushpig

Bushy tailed mongoose
Cane rat

Civet

Common duiker

Eland

Galago

Genet

Honey badger

Kudu

Leopard

Lichtenstein's hartebeest
Marsh mongoose
Nyala

Oribi

Pangolin

Porcupine

Pouched rat

Red duiker

Reedbuck

Sable

Samango

Scrub hare

Serval

Suni

Warthog

White tailed mongoose

Occupancy Distance to
Probability River

0.36 (0.22)
0.86 (0.06)
0.47 (0.12)
0.37 (0.17)
0.50 (0.07)
0.15 (0.11)
0.38 (0.06)
0.75 (0.06)
0.23 (0.18)
0.06 (0.06)
0.30 (0.06)
0.34 (0.21)
0.34 (0.21)
0.22 (0.15)
0.11 (0.11)
0.13 (0.04)
0.28 (0.18)
0.08 (0.04)
0.21 (0.19)
0.26 (0.09)
0.13 (0.05)
0.33 (0.09)
0.25 (0.17)
0.30 (0.20)
0.05 (0.03)
0.19 (0.05)
0.29 (0.15)
0.19 (0.05)
0.33(0.18)
0.16 (0.12)

-0.46 (0.63)
0.24 (0.38)
0.01 (0.34)

-0.68 (0.53)

-0.28 (0.27)

-1.02 (0.61)

-0.52 (0.28)
0.78 (0.37)

0 (0.62)

-0.28 (0.54)

-0.28 (0.26)

-0.15 (0.62)
0.46 (0.58)

-1.22 (0.69)
0.40 (0.61)

-0.81 (0.39)

-1.01 (0.72)
0.08 (0.42)

-0.45 (0.70)
0.01 (0.34)

-1.14 (0.46)

-1.00 (0.44)
0.21 (0.58)

-0.27 (0.65)

-1.03 (0.55)

-0.05 (0.30)

-0.60 (0.55)

-0.79 (0.34)

-1.09 (0.65)

-0.25 (0.55)

NDVI

-0.37 (0.47)
-0.51 (0.44)
-0.07 (0.39)
0.71 (0.59)
0.42 (0.28)
-0.33 (0.56)
-0.15 (0.27)
-0.79 (0.33)
-0.37 (0.56)
-0.59 (0.48)
0.26 (0.27)
-0.29 (0.60)
-0.60 (0.51)
0.49 (0.54)
0.15 (0.56)
0.37 (0.33)
-0.53 (0.51)
-0.51 (0.42)
0.16 (0.62)
0.17 (0.34)
0.24 (0.32)
0.63 (0.40)
-0.89 (0.57)
-0.35 (0.64)
0.30 (0.41)
-0.38 (0.31)
-0.63 (0.48)
0.63 (0.33)
-0.30 (0.55)
0.02 (0.53)

Distance to Distance to
Settlement Active Roads

0.32 (0.33)
0.23 (0.30)
0.35 (0.26)
0.46 (0.31)
0.63 (0.24)
0.43 (0.29)
0.52 (0.22)
0.29 (0.24)
0.45 (0.31)
0.36 (0.31)
0.55 (0.21)
0.51 (0.32)
0.14 (0.37)
0.52 (0.34)
0.49 (0.30)
0.32 (0.25)
0.38 (0.32)
0.68 (0.32)
0.38 (0.32)
0.16 (0.28)
0.39 (0.26)
0.36 (0.24)
0.39 (0.31)
0.56 (0.35)
0.35 (0.30)
0.81 (0.31)
0.56 (0.29)
0.29 (0.24)
0.40 (0.30)
0.64 (0.34)

-0.09 (0.20)
-0.08 (0.18)
-0.12 (0.18)
-0.16 (0.19)
-0.20 (0.16)
-0.13 (0.19)
-0.13 (0.15)
-0.17 (0.16)
-0.09 (0.20)
-0.11 (0.20)
-0.20 (0.16)
-0.12 (0.20)
-0.08 (0.19)
-0.11 (0.19)
-0.09 (0.20)
-0.09 (0.17)
-0.13 (0.19)
-0.09 (0.18)
-0.18 (0.20)
-0.14 (0.17)
-0.08 (0.18)
-0.18 (0.17)
-0.19 (0.20)
-0.05 (0.22)
-0.12 (0.19)
-0.18 (0.16)
-0.16 (0.18)
-0.17 (0.16)
-0.15 (0.19)
-0.15 (0.18)
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Hare -

Oribi -
White-Tailed Mongoose -
Bushy-Tailed Mongoose -
Serval -

Sable -

Genet-

Civet-

Leopard -

Honey Badger -
Hartebeest -
Bushpig -

Eland -

Cane Rat-
Warthog -
Reedbuck -
Pouched Rat -
Nyala -

Pangolin -

Red Duiker -
Galago -
Samango -
Bushbuck -
Aardvark -

Marsh Mongoose -
Suni-

Common Duiker -
Baboon -
Porcupine -
Kudu -

Species

05 0.0 05 1.0 15
Mean
Figure A1  Mean species-specific coefficient estimates for distance to settlement
with 95% credibility bars.



Common Duiker -

Kudu -

Hartebeest-

Baboon -
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Eland -

Hare -
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Species

Pangolin -

Aardvark -
Civet-

Serval -

Bushpig -
Suni-
Marsh Mongoose -

Red Duiker -

Nyala -

Cane Rat-

Samango -

Warthog -

Pouched Rat -

Leopard -
1
-3

-2

Figure A.2  Mean species-specific
95% credibility bars.
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Figure A.3
credibility bars.
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Mean species-specific coefficient estimates for NDVI with 95%



Sable -

Baboon -

Kudu -

Pouched Rat-
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Eland -
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Leopard -
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Pangolin -
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Reedbuck -
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Figure A.4
with 95% credibility bars.
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Mean species-specific coefficient estimates for distance to active roads
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Density of Snares Found in 2016
- High

- Low

Predicted Richness
3-4
4-6
6-8
8-10

E Concession Boundaries

Figure A5 Kernel density estimates for snares seized (n = 468) by concession
rangers in 2016. Snares included wire, rope, and gin traps. Patrols were non-
systematic.
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Further explanation of the use of NDVI for land cover and habitat types
For chapters one and two of this these, we used NDVI to represent habitat types,
tree cover, and forage availability. This is not uncommon for occupancy analyses but
merits further explanation. At our study site, the habitats are made up of miombo
woodlands with various tree densities. More open areas, such as grasslands or bare soils,
dry out in the dry season and turn brown. Whereas closed-canopy areas with high tree
densities, and relatively little undergrowth occur near rivers, and remain deep green

throughout the dry season. Such variations in greenness are apparent when looking at a

satellite image, or an NDVI raster (Figure B1).

Figure B.1  Satellite image (left) and NDVI raster (right) of our study site.

To be sure, we ran an ANOVA to see how the mean NDVI values compared to
the land classes we created using random forest from the same Landsat image. We only
had three land classes, given the relative homogeneity of our site, and those were:
grasslands and mixed savanna, mixed woodlands, and closed-canopy riparian forests. We

expected that areas categorized as savannahs would have low, mean NDVI values, and
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areas categorized as riparian forests would have high, mean NDVI values. Indeed, the
means were significantly different (F2, 72 = 45.01, p < 0.001), along the grdient that we
expected. We therefore felt comfortable using NDVI as a representation of what we saw
on the ground, understanding that this is a coarse measure of habitats and forage

variation.

NDVI
|

0.55
|

o
| T I

045
|

Riparian Savanna Woodland

Figure B.2  NDVI values significantly differed between land cover categories (F2, 72
=45.01, p < 0.001).



