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ABSTRACT
Carnivore and native ungulate populations are in decline inside and outside of
government-protected areas in Africa due to habitat fragmentation, conversion of
rangeland to farmland, and conflict. Though government-protected areas are an
important component of conservation and management policy, it is also important to
include landscapes that vary in their degree of protection and human land use. These
mixed-use landscapes may provide valuable insight into patterns that promote
coexistence among carnivores, native ungulates, and people. From 2008-2011, we
examined distributions and abundances of carnivores and their ungulate prey across a
communally-owned rangeland in the southern Rift Valley of Kenya. Here, the local
Maasai community moves seasonally with their livestock across areas set aside for
human settlement, livestock grazing, and a community conservation area. Camera
surveys revealed a diverse carnivore community (21 species), which includes all native
apex carnivores. Occupancy models revealed patterns of spatial and temporal niche
partitioning in response to environmental conditions and anthropogenic pressures. Apex
carnivore and native herbivore occupancies were sensitive to the proximity of water, the
dry season, and distance to human settlements. In general, most carnivore and native
herbivores responded to some form of human land use. Animal counts and distance
sampling indicated livestock densities were nearly three times higher than total native
ungulate densities, however, native ungulate densities were comparable to many
government-protected areas. Selection of different habitats and land use types promoted
coexistence between domestic and native ungulates. Zebra, wildebeest, and cattle
(obligate grazers) densities were sensitive to a severe drought, but only wildebeest failed
to rebound to pre-drought levels the following year. Behavioral follows of radio-collared
lions (4F, 2M) revealed a local lion density of 0.136 individuals/km2, comparable to
many government-protected areas. Lion groups altered their space use in response to
seasonal movements of people, a pattern that likely explains low levels of local conflict.
Overall, the combination of an unfenced, heterogeneous landscape and a land use system
based on temporary settlements, seasonal grazing areas, and a community conservation
area, allows apex carnivores, a diverse carnivore community, and their native ungulate
prey to coexist at high densities with people and livestock.
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CHAPTER ONE
INTRODUCTION TO DISSERTATION
Overview of Dissertation
The majority of ecological research on carnivores and their ungulate prey has
been conducted inside government-protected areas (GPAs). This is particularly true in
East Africa, where decades of research have examined diverse carnivore communities
(≥40 species) and ungulate communities (≥ 15 species). These studies have documented
ecological processes, such as competition, predation, and food-limitation, and determined
how these factors may limit species (Caro and Durant 1995, Dublin et al. 1990,
Fitzgibbon 1990a, 1990b, Fryxell and Sinclair 1988, Hofer and East 1993, Kruuk 1972,
McNamara and Houston 1992, McNamara 1987, Mduma et al. 1999, Schaller 1972,
Scheel and Packer 1995, Scheel 1993, Sinclair and Arcese 1995, Sinclair and NortonGriffiths 1995, Sinclair 1985, Sinclair et al. 2003). This research has provided the
foundation for wildlife management and conservation programs in Africa for several
decades.
Recent evidence suggests, however, that GPAs alone may be insufficient for
sustaining viable populations of carnivores and their ungulate prey. Widespread changes
in human land use have fragmented landscapes and expanded the interface between
people, carnivores, and ungulates (Bolger et al. 2008, Homewood et al. 2001, Linkie et
al. 2006, Ogutu et al. 2011, Sunquist and F. Sunquist 2001, Western et al. 2009). As a
result of these land use practices, African ungulate populations have declined ≥ 50% in
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recent decades inside and outside of GPAs (Western, Russell, et al. 2009), and carnivores
are vulnerable along GPA boundaries (Ogutu et al. 2005, Woodroffe and Ginsberg 1998).
Sparse data exist for small and medium carnivores (Carbone et al. 2005, Creel and Creel
1996, Creel et al. 2001, Durant 1998, Hayward et al. 2001), making it difficult to predict
the extent and magnitude of anthropogenic pressures on the carnivore community
(Brashares et al. 2001, Ray et al. 2005). Given these concerns, it is important that we
extend beyond GPAs to examine distributions and abundances of carnivores and their
ungulate prey across landscapes varying in their degree of protection and human use.
Arid rangelands in Kenya, which cover 88% of the country’s surface area (Bekure
et al. 1991), have supported mobile pastoralists, such as the Maasai people, and their
livestock alongside abundant carnivore and ungulate populations for thousands of years
(Marshall 1990). Though many of these rangelands have been subdivided for private use
and converted to farmland, some communities continue to practice traditional land use
strategies (Homewood et al 2009). These intact rangelands may provide important
insight into spatial and temporal patterns among people, livestock, carnivores, and native
ungulates that promote coexistence, which could help improve conservation and
management policies in Africa.
In the southern Rift Valley of Kenya, I examined factors influencing the
distribution and abundance of carnivores and their ungulate prey across a communally
owned rangeland in Kenya. We hypothesized that this mixed-use landscape might reveal
spatial and temporal patterns that promote coexistence among carnivores, their ungulate
prey, people, and livestock.
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In Chapter Two, I describe how we used camera surveys and occupancy models
to examine a carnivore community exposed to variations in environmental conditions and
anthropogenic pressures. We detected locally high diversity (21 species). We focus our
occupancy analysis on the 12 most frequently detected species, which varied in
morphology, social structure, and foraging strategy.
In Chapter Three, I present results from camera surveys and occupancy models
that examined spatial and temporal niche partitioning among two apex carnivores (lions,
spotted hyenas), eight common prey species (zebra, wildebeest, Grant’s gazelle, impala,
warthog, giraffe, porcupine, African hare), the local Maasai community, and their
livestock. This analysis provides insight into predator-prey dynamics and native
ungulate-livestock interactions across a mixed-use rangeland.
In Chapter Four, I describe how we used animal counts along line transects and
distance sampling to examine native herbivore and ungulate populations. We estimated
densities for five of the most common native ungulates (zebra, Grant’s gazelle,
wildebeest, impala, and giraffe) and Maasai livestock (cattle, sheep/goats) before, during,
and after a severe drought. We also compared native and domestic ungulate spatial
distributions in relation to habitat type and human land use. This analysis provides
important insight into patterns affecting lion prey availability.
In Chapter Five, I present data from 6 radio-collared lions (4 F, 2 M). We
uniquely identified all individuals > 1 year from all radio-collared female prides and male
coalitions in an area of 240 km2. We examined spatial patterns of radio-collared lion
groups when people were settled on the east side of a permanent (far from lion core use
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area) and the west side of the permanent river (closer proximity to lion core use area).
These patterns provided valuable insight into land use patterns that promote coexistence
between an apex carnivore and pastoralists.
In Chapter Six, I provide general conclusions and discuss the relevance of my
research to wildlife management and conservation programs that include pastoralist
rangelands.
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Abstract
Although carnivores are in global decline, diverse carnivore communities are
common in sub-Saharan Africa, where more than 20 species may co-occur. Though
intraguild competition and predation can lead to extinction, most carnivores have traits
that decrease the impacts of interspecific competition on fitness, a pattern that promotes
coexistence. An increasing human population and demand for natural resources (e.g.
farming) has fragmented landscapes, reduced available prey, and elevated rates of
conflict. These anthropogenic pressures tend to eliminate large carnivores first, which
can have cascading effects on ecosystem function (e.g. mesopredator release).
Anthropogenic pressures might also affect mesocarnivores directly, but they have
received little research attention to date. Here, we used camera surveys to describe
spatial and temporal patterns of carnivore occupancy in a mixed-use landscape in Kenya.
This landscape included a community conservation area and seasonally occupied human
settlement and livestock grazing areas. We documented 21 carnivore species and
examined occupancy patterns for the 12 most frequently detected. Differences among
species in responses to environmental conditions supported a hypothesis of spatial niche
partitioning. Differences in the temporal activity patterns of the apex predators and
mesocarnivores supported a hypothesis of temporal niche partitioning. Human land use
altered occupancy patterns in 10 of 12 species. Apex predator occupancies were lower in
more anthropogenically disturbed areas, but mesocarnivore occupancies were not
inversely related to apex predators, contrary to the mesopredator release hypothesis. Our
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results suggest that a diverse carnivore community persists in this mixed use landscape
because of seasonal variation in human land use.
Keywords: carnivore community, occupancy, interspecific competition, conflict,
mesocarnivore
Introduction
There has been substantial research on the influence of bottom-up processes on
carnivore populations (Creel et al. 2001), and this work clearly establishes the importance
of habitat loss and prey depletion for carnivore conservation. However, the top-down
process of intraguild competition and predation also influences carnivores’ abilities to
carve out ecological niches and these have also been shown to affect the distribution and
abundance of carnivores (Caro and Stoner 2003, Creel et al. 2001, Palomares and Caro
1999, Ritchie and Johnson 2009). Several aspects of carnivore ecology probably
strengthen the effects of interspecific competition in this guild. Most obviously,
carnivores are morphologically and behaviorally adapted to killing, which can increase
the likelihood that interference competition leads to intraguild predation (even though the
killed competitor is frequently not consumed) or displacement from preferred habitats.
Additionally, the energetic costs of active hunting are high in comparison to most other
foraging strategies (Creel and Creel 1995, Gorman et al. 1998), and this strengthens
selection in favor of kleptoparasitism even when live prey are abundant. If stealing a
carcass has a better cost/benefit ratio than attempting a hunt, dominant competitors
actively seek out subordinate competitors to steal kills. For example, spotted hyenas
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(Crocuta crocuta) sometimes follow hunting groups of African wild dogs (Lycaon pictus)
even before they have made a kill. By doing so, hyenas can quickly outnumber wild dogs
at their kills, and their numerical advantage increases the likelihood of appropriating a
carcass (Creel and Creel 1996, Estes and Goddard 1967, Fanshawe and Fitzgibbon 1993,
Malcolm and Marten 1982). Thus, interactions within a carnivore community can
decrease a species’ fitness (Creel and Creel 1996, Gorman et al. 1998, Linnell and Strand
2000) and increase the probability of a species’ local and global extinction (Polis et al.
1989).
To offset the costs of interspecific competition, natural selection favors
adaptations in morphology, life history, and behavior that limit the negative effects of
competition on fitness (Creel et al. 2001, Hardin 1960, Pfennig and Pfennig 2005), and
thus, promote coexistence. Such niche partitioning is apparent in diverse carnivore
guilds, where numerous physical traits (e.g. body size, stature, dentition, specialized
sensory systems) and behavioral/ecological traits (e.g. solitary vs social, habitat and
dietary preferences) have allowed competing species to coexist by partitioning resources
(Fedriani et al. 2000, Karanth and Sunquist 1995, Kitchen et al. 1999, Mills et al. 1984,
Owen‐Smith and Mills 2008, Sinclair et al. 2003). Though the causal mechanism driving
the evolution of many physical attributes and behavioral strategies is uncertain (e.g.
sociality, (Nudds 1978, Waser 1981)), differences among species in derived
characteristics promote coexistence, and many of the differences within carnivore
communities are probably directly linked to competition. For example, attributes of skull
morphology and dentition (which affect patterns of prey selection) are uniformly
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distributed within guilds, as expected under the hypothesis that competition drives niche
partitioning (Dayan et al. 1992). Active spatial and temporal avoidance at broad
(geographic) scales and fine (habitat) scales can reduce the frequency of potentially
costly encounters between a subordinate and dominant competitor (Creel et al. 2001,
Durant 1998, Fedriani et al. 2000, Hayward and Slotow 2009, Linnell and Strand 2000,
Mills and Biggs 1993, Neale and Sacks 2001). These avoidance behaviors have been
well-documented in the African wild dog and cheetah (Acinonyx jubatus), which avoid
areas of high prey density because the competitively superior lion (Panthera leo) and
spotted hyena prefer these areas (Durant 1998, Creel and Creel 2002).
Carnivores evolved their adaptations to interactions with guild members within
large, heterogeneous ecosystems (Creel et al. 2001). However, an increasing human
population and concomitant demand for land and natural resource extraction have
fragmented landscapes, increased the interface between people and carnivores, and
reduced available forage and prey items for carnivores (Woodroffe and Ginsberg 1998,
Woodroffe 2000). As a result, many species, particularly the larger and more
competitively dominant ones, have experienced drastic population reductions and
shrinking distributions (Ray et al. 2005, Woodroffe and Ginsberg 1998, Woodroffe
2000). Data on direct anthropogenic pressures on many smaller, co-occurring carnivores
are sparse and the impacts are not as well understood (Martinoli et al. 2006, Pettorelli et
al. 2010, Schipper et al. 2008). Nevertheless, fragmentation of carnivore communities
and reductions in species richness are apparent in many disturbed areas (Dalerum et al.
2009). In most of the world, radical changes in the relative frequency of carnivore
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species have likely altered community function. For example, declines of a dominant
species may prove advantageous to a subordinate species via numerical ‘release’ (i.e.
mesopredator release), triggering cascading ecological effects (Crooks and Soulé 1999,
Ritchie and Johnson 2009, Soulé et al. 1988).
Alternatively, variation in human land use may help sustain native species
richness in some taxa. For example, Gardner et al (2007) showed that species richness in
small mammals, amphibians, birds, butterflies, and trees did not change, but the
composition of species did change across a gradient of land uses from strictly protected
parks to areas of high human activity. Thus, heterogeneity in local land uses may protect
or promote biological diversity at the regional scale, by creating areas with
complimentary sets of species. This hypothesis is largely untested for carnivore
communities. For example, in Serengeti National Park, lion and spotted hyena densities
have increased in recent decades, resulting in reductions in the African wild dog and
cheetah populations inside the park (Hanby and Bygott 1995). Outside the park,
however, densities of lions and spotted hyenas have been reduced by trophy hunting
(Packer et al. 2010) and human persecution, respectively, allowing African wild dogs and
cheetahs to thrive (Creel et al. 2001). In addition to numerical changes, human land use
may also induce behavioral adjustments. For example, heavily persecuted species, such
as the spotted hyena, can become more secretive or nocturnal in heavily human-modified
landscapes (Boydston et al. 2003, Schuette and Creel, in review). Such behavioral
changes in a dominant species may initiate a ‘behavioral release’ in subordinate
competitors, allowing them to broaden their temporal niche. Thus, while habitat loss,
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prey depletion, and overharvest make strictly protected areas of great importance for
large carnivores (Cooley et al. 2009, Creel and Rotella 2010, Packer et al. 2010,
Robinson et al. 2008), these results suggest that richer and more intact carnivore
communities might possibly be maintained in landscapes incorporating a mix of
protected and human land uses, particularly when the community includes subordinate
species that are excluded from fully protected areas by dominant species (Creel et al.
2001, Noss et al. 1996).

Even if this hypothesis is not supported, it remains important to

understand the dynamics and ecology of carnivore communities outside of fully-protected
national parks, which have been little-studied in Africa.
We used camera trapping and dynamic occupancy models (Fiske and Chandler
2011, MacKenzie 2003, 2006) to examine the distribution and abundance of a diverse
carnivore guild across a multiple human use landscape in Kenya’s southern Rift Valley,
occupied by pastoralist Maasai people. The landscape included a community-run
conservation area (CCA), seasonal livestock grazing grounds, and areas of more
permanent human settlement and use. Our primary objectives were to quantify species
richness, evaluate the impacts of environmental features and anthropogenic pressures on
species occupancy patterns, and test for spatial and temporal niche partitioning among
species. Specifically, we tested the following hypotheses: (1) the combination of
environmental conditions affecting occupancies will be unique for each species, creating
a pattern of spatial niche partitioning within the local carnivore community, (2) small and
medium-sized species occupancies will be higher in areas where large carnivore
occupancies are low due to numerical mesopredator release, (3) where large carnivore
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occupancies are high, temporal activity patterns of small and medium-sized species will
be constrained by temporal avoidance of lions and spotted hyenas, creating a pattern of
temporal niche partitioning (Mills and Biggs 1993), and (4) occupancies of conflict-prone
species that directly threaten livestock (lions, spotted hyenas) will be more directly
influenced by anthropogenic pressures than smaller, non-conflict species.
Methods
Study Area
This study was conducted in the southern Rift Valley of Kenya on the
Olkiramatian and Shompole Maasai Group Ranches (GR) (~ 1 000 km2). This area
supports a Maasai community and their livestock alongside a nearly intact large herbivore
community (all species except black rhinoceros) and a diverse and abundant carnivore
community of > 20 native species (Caro and Stoner 2003). Despite increasing land
subdivision and farmland production on surrounding rangelands (Homewood et al. 2009),
much of this Maasai community is semi-nomadic and pastoral, moving seasonally across
a set of areas with different land uses that includes human settlement areas, grazing
zones, and a community conservation area (CCA) that doubles as a dry season grazing
refuge. Although some livestock predation occurs (particularly by spotted hyenas,
leopard, and lion), retaliatory attacks are uncommon in the area (unpublished data). For
example, no lions were killed during this study, despite several direct attacks by lions on
livestock.
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We used a systematically-sampled grid of motion sensitive cameras to monitor
the carnivore community throughout the study area. This area is open and unfenced in all
directions, although the Rift Valley wall forms a geographic barrier to the west.
Olkiramatian and Shompole GRs are situated >100 km from any other governmentprotected area. The local Maasai people live at low densities (~10people/ km2) in small,
family settlements, typically with < 15 men, women, and children per settlement. The
area receives low annual rainfall (400-600 mm/year) that falls almost exclusively during
the long (Mar-May) and short (Nov-Dec) rainy seasons (Warinda 2001), although the
region received below average rainfall during 2009 (327 mm, unpublished data). The
permanent Ewaso Nyiro River bisects the study area, flowing into the Shompole swamp,
which provides a foraging refuge for livestock and wildlife during extended dry seasons.
Olkiramatian and Shompole GR are partitioned into 4 land uses, with two primary
land uses east and two land uses west of the Ewaso Nyiro River (Fig. 2.1). Moving from
west (adjacent to Rift Valley Escarpment) to east, the 4 land uses are as follows: (1) CCA
(W of river): conservation area with no settlement and livestock only during severe
drought and only during daylight. (2) Buffer (W of river): area adjacent to and between
the CCA and the river, settled and grazed temporarily during dry seasons (~Sep-Mar). (3)
Grazing zone (E of river): wet season grazing area (~Mar-Sep) with no human
settlements. (4) Permanent settlement (E of river): area containing semi-permanent
homes and also used as a wet season grazing area. Areas east of the river contain more
people and livestock year-round, with the Permanent settlement area having the highest
year-round human activity, including two small (< 250 people) permanent villages. In
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addition, the permanent settlement area broadly appeared more arid, rocky, and
composed of a different vegetation community than the other three land uses. We
controlled for this difference by incorporating site-level habitat and soil covariates (see
below).
Sampling Design
We used motion sensitive cameras with infrared flash (Moultrie Game Spy digital
camera, 6.0 megapixel) to monitor carnivore activities and dynamics. We divided the
landscape into 57 (4 km2) grids, each composed of 4 (1 km2) sub-locations (228 total),
spread evenly across the four land uses (Fig. 2.1). Locations were then monitored over 28
consecutive months (Apr 2008 – July 2010) by surveying one sub-location in each of the
57 grids for 3 nights and 4 days (consecutive) per month. Sampling cycled
systematically across the 4 sub-locations within each grid cell over an interval of 4
months (e.g. NE sub-location in each grid in Nov 2009, SE in Dec 2009, SW in Jan 2010
and NW in Feb 2010.)

This survey design required 4 months to sample all 228 sub-

locations. We consider each 4-month cycle of the 228 sub-locations as our primary
sampling period (28 months = 7 cycles). We further subdivided each sub-location survey
into 7 secondary day and nighttime sampling occasions [3 at night (6:01pm-6:00am) and
4 during the day (6:01am-6:00pm)]. Implemented perfectly, our sampling design would
have yielded 49 sampling occasions at each of the 228 sub-locations, totaling 11 172
sampling occasions. In practice, we sampled 9 701 occasions. We recorded
detection/non-detections of each carnivore species using a conservative strategy whereby
multiple still images or videos of a species (or a group of that species) within a sampling
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occasion (1 day or 1 night) were scored as a ‘1’ (detection) and occasions with no images
or videos of a species were scored as a ‘0’ (non-detection). A more detailed description
of camera survey methods is available in (Schuette and Creel, in review).
For each sampling occasion, we recorded ten anthropogenic, environmental, and
procedural variables that we hypothesized might affect carnivore abundance and
distribution. Anthropogenic variables included land use (CCA, Buffer, Grazing zone,
Permanent settlement), east or west of the river, and distance to nearest active human
settlement (0-10km), which we mapped every month across the study area.
Environmental variables included habitat type (graze [primarily graminoids and forbs],
browse [primarily woody vegetation], or graze/browse mix), growing season (green:
fresh vegetation, brown: dried vegetation), distance to permanent water (0-8km),
substrate (rock, silty soil, mix), and days into dry season [range: 0-150 days] (Schuette
and Creel, in review). Procedural variables included the cycle (i.e. the primary sampling
period (1-7)) and the secondary sampling occasion (3 night, 4 day). These procedural
variables controlled for the possibility that animals became more or less likely to be
detected by cameras over the course of the study or within the 4 days and 3 nights of any
one secondary sampling occasion. Breaking the 7 secondary occasions into periods of
day and night also allowed us to test for variation among species in diurnal vs nocturnal
detection patterns.
Single Species, Multi-season Occupancy Models
We used multi-season, single-species occupancy models to estimate the
probability of occurrence for each species (Fiske et al. 2011, MacKenzie 2002, 2003,

21
2006). Multi-season occupancy models provide estimates of dynamic occupancy,
consisting of initial occupancy ( ̂ ) site colonization ( ̂) and extinction ( ̂) rates (i.e.,
changes in occupancy between primary sampling periods), and detection probability ( ̂ )
(the probability that a species will be detected if it is truly present) (Fiske et al. 2011,
MacKenzie 2003, 2006). We included environmental, anthropogenic and procedural
covariates to test their potential influence on each parameter and thus to avoid biased
estimates (Fiske et al. 2011, MacKenzie 2003, 2006) and to identify the factors that most
strongly affected local patterns of occupancy.
With 10 covariates that could affect each of 4 parameters ( ̂ , ̂, ̂, and ̂ ), the set
of candidate models that we might have examined is vast, even without considering
interactions between variables or alternative functional forms. To reduce this set of
potential models, we first used Akaike’s Information criterion to select the variable(s)
that best described detection probability ( ̂ ) for each species, and then held this model of
̂ constant for subsequent analyses of factors affecting ̂ , ̂, and ̂. This multi-stage
approach is reasonable because estimating detection probability was not our primary
concern (but is essential for estimating occupancy), and it greatly reduced the total
number of candidate models for comparison. In a second stage, we compared a set of 23
models that combined anthropogenic and environmental variables that we hypothesized
might affect initial occupancy ( ̂ ) and seven anthropogenic, environmental, and
procedural variables we hypothesized could influence site colonization ( ̂) and extinction
( ̂) rates. The set of 23 models was constructed to avoid models that included more than
one variable related to a given effect (for example, no models included both land use and

22
east/west of the river). This resulted in an a priori set of 161 models (23 combinations of
variables potentially influencing ̂ x 7 variables potentially influencing ̂ and ̂) for
each species. This model set was not exhaustive, but was aimed to evaluate the influence
of various combinations of anthropogenic and environmental variables to test our
hypotheses.
We fit dynamic occupancy models using the ‘unmarked’ package in program R
(Fiske et al. 2011, R Development Core Team 2010), and compared models using
Akaike’s Information Criterion (AIC) scores and AIC weights (w) to determine the best
supported models for each species (lowest AIC score and highest w) (Burnham and
Anderson 2002). We compared the influence of environmental and anthropogenic
variables on occupancy, changes in occupancy, and detection probability. We summed
AIC weights (w) for all species models containing environmental and anthropogenic
variables with w > 0.10, which equated to ΔAIC ≤ 2 for all species.
Temporal Partitioning
We examined fine-scale temporal partitioning among carnivore species by
examining the times when species were detected, using time-stamps that were
automatically applied to each image and video when the camera was triggered. Because
most African carnivores are highly nocturnal or crepuscular, a day versus night
comparison would be relatively uninformative for testing hypotheses of temporal niche
partitioning. Consequently, we rearranged our secondary sampling structure for this
analysis to partition detections into 8 secondary sampling occasions, consisting of 7, 2hour intervals from 6:00pm-7:59am to examine dawn, dusk, and nighttime detections,
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and 1 interval from 8:00am-5:59pm to include all daytime detections. In this way, we
were able to estimate detection probability for each species at a relevant temporal scale,
with differences among species in detection probabilities across time periods providing
evidence of temporal niche partitioning.
Spatial Partitioning by Land Use
Large-bodied carnivores such as lions and spotted hyenas are often the first
species to disappear from landscapes affected by humans, and the loss of these apex
species can create niche expansion opportunities for subordinate competitors. To
examine whether areas heavily utilized by people and livestock were associated with low
occupancies for large carnivores and consequent increases in mesocarnivores, we
estimated species occupancies across the 4 land uses alone. To allow direct comparison
of effects across species in this analysis, we applied the same generic model to all
species, containing land use (with 4 levels) as the only independent variable for initial
occupancy ( ̂ ), local colonization ( ̂), and local extinction parameters ( ̂), and each
species’ respective top detection probability covariate(s) for detection probability ( ̂ ).
We incorporated each species’ ‘best’ detection probability covariate in an effort to reduce
the likelihood that the observation process (variables influencing the ability to detect a
species when present) obscured the ecological process of interest (response to land use)
(Royle and Dorazio 2008).
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Results
We recorded 1 575 unique detections (per secondary sampling occasion) of 20
carnivorous species. Nineteen species were in the Order Carnivora with diets wholly or
largely of meat, but we included the baboon because it includes a substantial proportion
of meat in its omnivorous diet. The total number of unique detections for each species
ranged from 4 (serval cat) to 436 (bat-eared fox) (Table 2.1). Two additional species, the
African wild dog and golden jackal, were seen infrequently in the study area, but we
recorded no images or videos in our camera surveys. Models for species with < 27
unique detections for the species failed to converge, and thus, we did not consider them
in our occupancy analyses. Consequently, we obtained sufficient data to assess dynamic
occupancy for 12 of the 20 species. While we do not discuss the poorly-sampled species
further, using species richness as an index, carnivore diversity was locally high. It is
notable that 21 species of carnivores, including all 5 of the largest species native to the
region (lion, leopard, cheetah, spotted hyena and wild dog), persist within an area that is
heavily used by humans and livestock, and includes no national park.
Single Species, Multi-season Occupancy
The number of variables influencing patterns of occupancy in well-supported
models (w > 0.10) ranged from 1 to 6 (Table 2.2). Spotted hyena occupancy was
influenced by 6 variables, lions by 5 variables, baboon by 4 variables, wildcat by 3
variables, 6 species (striped hyena, aardwolf, black-backed jackal, civet, genet, bat-eared
fox) by 2 variables, and 2 species (white-tailed mongoose, zorilla) by 1 variable. All
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environmental variables except growing season (brown/green) appeared in a wellsupported model for at least one species.
Summing weights across species, distance to permanent water had the strongest
influence on occupancy (∑w = 2.54), followed by days into dry season (∑w = 1.59),
ground cover (∑w = 1.12), and habitat (∑w = 0.26). Lions, spotted hyenas, black-backed
jackal, civet, African wildcat, and baboon were more likely to occupy areas near
permanent water (Table 2.2). These effects were weak in lion, black-backed jackal, and
wildcat (estimates ± 1SE overlapped 0). Zorilla was the only species more likely to
occupy areas far from water.
Lion, spotted hyena, and baboon occupancies declined as the dry season
progressed, while aardwolf, civet, wildcat occupancies increased. However, these
observed effects were weak in lion, aardwolf, wildcat and baboon (estimates ± 1SE
overlapped 0). Lion, spotted hyena, aardwolf, and white-tailed mongoose occupancies
were higher in silty substrate areas compared to rock and mixed silt/rock areas. Bateared foxes occurred most frequently in habitats dominated by grasses (grazing habitats).
Human settlements had the strongest anthropogenic influence on occupancies
across species (∑w = 2.05), followed by land use (CCA, Buffer, grazing zone, permanent
settlement) (∑w = 1.13), and a more general land use classification (east/west) (∑w =
0.84). These three measures are all indices of the likelihood of encounters between
carnivores and people, and model selections gave most support to settlements as the most
fine-scaled measure. This suggests that, in this ecosystem, carnivores adjust patterns of
occupancy in reaction to human space use in a rather fine-scaled manner, rather than
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simply avoiding areas associated with high levels of human activity over the long term.
Lion, spotted hyena, and baboon (all potential high conflict species) occupancies were
high near active human settlements, while striped hyena, black-backed jackal, and
wildcat (all low conflict species) occupancies were low near active human settlements.
These effects were weak in lions and wildcats (estimates ± 1SE overlapped 0).
Not surprisingly, lion and spotted hyena occupancies were highest in the CCA, as
was bat-eared fox occupancy. Genet occupancy was lowest in the CCA. Spotted hyena,
striped hyena, and baboon occupancies were higher on the west side of the river (CCA,
Buffer) than the east side (Grazing zone, Permanent settlement), although this effect was
weak in baboon. Genet occupancy was higher on the east side of the river.
Summed across species, environmental variables had a greater overall influence
on occupancy estimates than anthropogenic effects ( ̂ : ∑wenv > ∑wanthro) (Table 2.2).
However, changes in occupancy through time (i.e. across primary sampling periods) were
influenced more by anthropogenic effects ( ̂, ̂: ∑wenv < ∑wanthro). In general, this result
shows that human actions triggered changes in species occupancy patterns. For detection
probabilities, for all species except lion, ̂ was modeled best with environmental
variables and procedural variables. Lion detection probability was associated with
anthropogenic effects (land use: 4 levels).
Temporal Partitioning
The probability of detecting lions was highest between 10:00pm – 3:59am (Fig
2.2: intervals 3, 5, 7, 9 hours since sunset), peaked between 12:00am - 1:59am (interval 7
hours since sunset), and was followed by a secondary peak at dawn from 6:00 – 7:59am
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(interval 13 hours since sunset) (Fig. 2.2). This pattern is consistent with high nocturnal
hunting, followed by movement into hiding cover around dawn. Spotted hyena detection
probability was highest between 12:00am – 5:59am (intervals 5, 7, 9, 11 hours since
sunset), with a peak from 12:00am - 1:59 am (interval 7 hours since sunset) and a
secondary peak from 8:00pm - 9:59 pm (interval 3 hours since sunset. In general,
mesocarnivore detection probabilities, which we interpret as a measure of temporal
activity patterns, extended through more time intervals and were less peaked in
comparison to lion and spotted hyena (Fig 2.2). Aardwolf and bat-eared fox detection
probability increased throughout the night and dropped just prior to sunrise. Baboon
detection probability followed an expected pattern for a diurnal species, with detection
probability above 0 only at sunrise, sunset, and during the daytime hours.
Spatial Partitioning by Land Use
Using the generic model (land use set as the sole variable to describe effects on ̂ ,
̂, ̂), estimated occupancies were slightly higher in the CCA and Buffer (west of river)
than the Grazing zone and Permanent settlement land use areas (east of the river)
(Fig.2.3a). Summed across species, total carnivore occupancy was highest in the CCA
( ̂

= 6.78), followed by the Buffer ( ̂

4.43), and Grazing zone ( ̂

= 6.00), Permanent settlement ( ̂

=

= 3.76). The large carnivores, including lion, spotted

hyena, and medium carnivores, including striped hyena, and black-backed jackal,
occurred at high rates in the CCA (3 of 4 species’ occupancies ~1), and declined with
increasing human utilization (Buffer > Grazing zone > Permanent settlement). Though
spotted hyena, black-backed jackal, and striped hyena occurred at low rates on the east
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side of the river, lions were rare in the Grazing area and absent from the Permanent
settlement area (Fig 2.3b). In contrast, genet and baboon occupancies were low (and
nearly absent) in the CCA, and were relatively high in the Buffer, Grazing zone, and
Permanent settlement area. For most mesocarnivores, however, occupancies were highly
variable across land use types (Fig 2.3b) and exhibited patterns that do not support
numerical mesopredator release.
Discussion
Species Richness
With 21 documented species of carnivores in our surveyed study area of 228 km2,
our results show that it is possible for areas used by people and livestock to support a
diverse carnivore community. In this case, coexistence with carnivores was facilitated by
the maintenance of traditional pastoralist lifestyles (so that the anthropogenic effects were
not constant in most locations), and by the establishment of a CCA (so human and
livestock activities were minimal for a substantial proportion of the area). While we
could not directly estimate densities from the occupancy modeling, densities of
carnivores appeared to be relatively high; e.g., individually recognized lions in radiocollared prides had a minimum density of 0.136 lions > 1 year old/km2, which is
comparable to or greater than the density of lions in many national parks (Chardonnet
2002, Creel and Creel 1997, Hanby and Bygott 1995, Mills and Biggs 1993, Ogutu et al.
2005, Packer et al. 2010, Spong 2002).

29
Environmental Effects and Ecological Niche Partitioning
Broadly, nearly all of the 12 carnivore species we studied in detail had a unique
combination of environmental variables influencing occupancy patterns (except for
similarities between lions and spotted hyena, and civet and wildcat) (Table 2.2). This
general pattern is in agreement with the hypothesis that niche partitioning structures the
carnivore community and promotes diversity. Nonetheless, several factors had pervasive
effects on carnivore distributions, particularly access to water. For six species,
occupancies declined at increasing distances from permanent water. Observed positive
associations between occupancy and water agree with previous research on lions
(Hopcraft et al. 2005), spotted hyenas (Pettorelli et al. 2010), and civets (Durant et al.
2010, Pettorelli et al. 2010). Dense vegetation within riparian areas is well suited for
concealing lions as they stalk water-dependent herbivores such as zebra, impala, and
Grant’s gazelle (Hopcraft et al. 2005, Schaller 1972). Lions and other stalking predators,
such as spotted hyena, also may prefer areas close to water where encounter rates with
water-dependent herbivores may be higher. Data from radio-collared lions, spotted
hyenas, and striped hyenas also revealed the importance of dense riparian areas for
daytime refuges and dens for adults and their young (unpublished data).
The dependence of black-backed jackals on permanent water accords with their
tendency to follow and scavenge prey items from lions and spotted hyenas. In addition,
black-backed jackals have also been observed killing ungulate fawns and small antelope
species next to water sources (Krofel 2008, Schaller 1972). For baboons, a close
connection to riparian areas was expected because they take refuge in the upper reaches
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of the trees in riparian areas to sleep as protection from predation by leopards and other
large carnivores at night (Cowlishaw 1997a, 1997b). High wildcat occupancies close to
permanent water is a unique observed response for this species, as we are not aware of
any other studies showing this pattern. Interestingly, zorilla appeared to avoid permanent
water, although it is not clear whether this is related to resource distributions or niche
partitioning. In either case, the finding that zorilla occupancy was influenced only by
distance to water, negatively, indicates a unique ecology that promotes exploitation of an
otherwise unused ecological niche.
Days into dry season influenced occupancy for six of the focal species, but the
direction of this effect differed across species. Lion, spotted hyena, and baboon
occupancies decreased as the dry season progressed while aardwolf, civet, and wildcat
occupancies increased. A declining trend during the dry season supports the notion that
lions and spotted hyenas track their ungulate prey into dry season refuges outside the
study area such as the Shompole swamp, highlands, and dense woodlands (these areas
were not surveyed due to logistical constraints) (Schuette and Creel, in review). For
baboons, rainfall has been shown to drive changes in temporal activity budgets, including
increasing feeding rates and decreasing movement during periods of low rainfall
(Bronikowski and Altmann 1996). As such, the south Rift baboon population may have
moved less during the surveyed dry seasons, reducing camera encounter rates relative to
the wet seasons. Increased occupancies by civets, aardwolves, and African wildcats as
the dry season progressed provide intriguing results. As with baboons, these occupancy
patterns may be explained by changes in movement and camera encounter rates. Counter
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to the baboon pattern, however, the species may have increased their movements in the
less productive dry periods in order to obtain sufficient foraging opportunities.
The underlying soil types found across the study area influenced occupancies in a
manner that varied among species. Lions, spotted hyenas, aardwolves, and white-tailed
mongoose occupancies were higher in areas of silty soil. All sites in the CCA and Buffer
were silty, compared to 75% in the Grazing area and 42% in the Permanent settlement
area. Given the high prevalence of lions and spotted hyenas in the CCA and Buffer, we
believe that the apparent effect of silty soils is largely an artifact of this land use pattern.
However, it is also possible that the silty soils in the western portion of our study area
near the Rift Valley escarpment are better-suited for producing higher quality vegetation,
which attract large herbivores and their top predators. It may therefore be fruitful in the
future to investigate a potential west to east soil gradient in the south Rift to determine to
what extent geological processes have structured plant, herbivore, and carnivore
communities.
Interestingly, aardwolves and white-tailed mongooses appeared most frequently
in areas of sandy and silty soils, but these two species were not restricted to the CCA and
Buffer areas like lions and spotted hyenas were. The difference is likely due to the
specialized foraging preferences and non-nuisance status to the local Maasai of the two
smaller carnivores. Aardwolves are hyenids, but have evolved a reduced, peglike
dentition and feed almost exclusively on termites (Anderson et al. 1992). In particular,
aardwolves selectively forage on termites from the Trinervitermes and Hodotermes
genera, which are found only in softer soils and grasslands (Cooper and J. Skinner 1979,
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Kruuk and Sands 1972, Williams et al. 1997). Similarly, white-tailed mongooses utilize
open and wooded habitats, but actively forage during the night on termites and other
ground-burrowing invertebrates found in open grassy habitats (Admasu et al. 2004,
Waser 1980).
Finally, beyond human land use attributes, only bat-eared fox occupancy was
detectably influenced by habitat type, being highest in open grassland habitats. This
result is in agreement with behavioral studies indicating that the highly social bat-eared
fox prefers open, short grassland habitats, which promote ease of movement, access to
termites and insects, and anti-predator scanning (e.g. ‘many eyes’ hypothesis) (Koop and
Velimirov 1982, Malcom 1986, Waser 1980).
Proximity to Human Settlements
Anthropogenic variables appeared in well-supported occupancy models (w >
0.10) for eight species (not aardwolf, civet, white-tailed mongoose, or zorilla).
Considering changes in occupancy through time, 10 species (including aardwolf and
civet) were influenced by anthropogenic variables leaving only white-tailed mongoose
and zorilla occupancies unrelated to anthropogenic variables.
Distance to active human settlements was the most influential anthropogenic
variable, appearing in well-supported models for six species, including lion, spotted
hyena, striped hyena, black-backed jackal, wildcat, and baboon. Elevated spotted hyena
and baboon occupancy near human settlements supports the negative, local perception of
these species as common livestock predators and frequent raiders on subsistence farms
and households, respectively (unpublished data). These patterns are shared across East
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Africa, where spotted hyenas are known to attack livestock in fenced corrals inside
human settlements at night (Kolowski and Holekamp 2006, Ogada et al. 2003). In
addition, anthropogenic food sources are highly attractive to both species (Bronikowski
and Altmann 1996, Kolowski 2008).
A negative association between lions and distance to human settlement was
evident, but weaker than that of spotted hyena and baboon, likely due to the low number
of lion detections in this study (n=34). We suspect this may be a spurious result because
estimated lion occupancies were ~1 from 0 to 5 km distances, dropping quickly beyond
this distance, and the standard errors for all estimates were extremely small (<0.001).
This implies that lions were primarily found within 5 km of an occupied settlement,
suggesting lions occurred in close proximity to people. However, our models also
indicate that changes in lion occupancy and local extinction, in particular, were slightly
negatively associated with distance to human settlement ( ̂0km=0.33 ± 0.23, ̂10km=0.19±
0.12). Though weak, this pattern indicates that if lions were detected at a site during 1
cycle, they were less likely to be detected there again if that site was in close proximity to
a human settlement. Our tracking data support this pattern. Lions used the Buffer region
during the wet season when people and livestock were east of the river (Permanent
settlement and Grazing zone areas). As the dry season arrived, attracting people to settle
in the Buffer area, lions retreated into the CCA (unpublished data). Coupled with the low
number of local lion conflict reports relative to those for spotted hyena and leopard, these
data lead us to believe any attraction by lions to active human settlements is minimal.
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Striped hyena, black-backed jackal, and wildcat occupancies were higher at
increasing distances to human settlements. The positive relationship between distance to
settlements and jackal occupancy was surprising because black-backed jackals are
common livestock predators in other areas and other studies have documented their
attraction to anthropogenic food items in human settlements (Gusset et al. 2009, Kaunda
and Skinner 2003). However, opportunistic field observations of black-backed jackal
indicate their density is relatively low, which would offer jackals increased opportunities
for foraging away from humans. Alternatively, jackals may simply be more cryptic near
human settlements and less likely to investigate the scents available at camera stations.
Similarly, striped hyenas are rarely involved in conflicts locally, but they are capable of
attacking livestock calves, sheep and goats. Despite this, our data suggest striped hyenas
avoided active human settlements and we are not aware of any local conflicts with striped
hyenas. Interestingly, however, striped hyena radio-tracking data from the west side of
the river showed an opposite pattern (unpublished data). We suspect this apparent
discrepancy is likely explained by high rates of avoidance on the east side (where people
live more permanently) that may mask any attraction on the west. Finally, the African
wildcat also avoided active human settlements, a behavioral pattern that could reduce the
chance of hybridization with domestic cats, which is the biggest threat to this small
carnivore (Driscoll and Nowell 2010).
Temporal Partitioning
For subordinate carnivore species, temporal niche partitioning is often an
evolutionary advantageous strategy for avoiding dominant competitors that can injure or
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kill them, or steal their food (Fedriani et al. 2000, Hayward and Slotow 2009, Linnell and
Strand 2000, Mills and Biggs 1993, Neale and Sacks 2001). In our study, the two locally
dominant competitors (lion, spotted hyena) were most active during the middle of the
night (Fig. 2.2), a pattern also observed by Mills and Biggs (1993). However, although
these species showed similar activity peaks around midnight, lions exhibited a relatively
narrow window of activity (as reported also by (Mills and Biggs 1993). In contrast,
several small and medium-sized carnivores, including black-backed jackal, striped hyena,
civet, wildcat, and genet, exhibited notably broader temporal activity patterns. Also,
zorilla detection rates were higher just below and just after midnight, well outside of the
peak activity times for lions and spotted hyenas. These patterns for the smaller species
are in agreement with expected patterns for temporal displacement wherein top
competitors rule their preferred time periods, temporally displacing subordinate species
(Fedriani et al. 2000, Hayward and Slotow 2009, Linnell and Strand 2000, Mills and
Biggs 1993, Neale and Sacks 2001) (Fig. 2.4).
While strong, our observed patterns of temporal partitioning were not as clear as
has been reported for Kruger National Park (Mills and Biggs 1993). It is possible that
ecological (e.g. prey availability) or environmental conditions, such as temperature,
might also explain observed temporal patterns (Hayward and Slotow 2009, Mills and
Biggs 1993, Schuette and Creel, in review). Certainly, a high daytime temperature of
37.7°C ± 0.03°C limits daytime carnivore activity (as indicated by low daytime detection
probabilities for all carnivores in this study). However, carnivore activity was not
strongly correlated with temperature during the night. Using temperature records from
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>40,000 camera images, we estimated an average temperature of 34.5°C ± 0.10°C at
sunset that steadily declined throughout the night to a low of 24.2 ± 0.09 °C (Fig. 2.5) at
sunrise. The only species that increased activity as temperature declined were bat-eared
fox, aardwolves, and white-tailed mongoose (which, interestingly, all feed on termites).
Given this, we suspect the activity patterns for most of the small and medium-sized
carnivores represented a balance between those behaviors devoted to foraging and
reproduction (and care of young) and responses to restrictions imposed by competitors.
In addition to temperature effects and temporal niche partitioning, humanmodified landscapes may impose additional restrictions on activity budgets in the
mesocarnivores. In the south Rift, people and livestock are active from just before
sunrise to just after sunset, time periods when many smaller carnivores are still active in
landscapes where humans are absent (Waser 1980). Thus, the temporal activity budgets
of mesocarnivores in the south Rift likely reflect additional behavioral shifts that serve to
avoid potential dangerous encounters with people, livestock, and guard dogs (which
typically accompany Maasai livestock herds).
Human Land Use Effects: Implications for Species
Richness, Evenness, & Mesocarnivore Release
In general, we found that the CCA and Buffer land use types supported higher
overall carnivore occupancies than the Grazing zone and Permanent settlement land use
types, which are used more regularly by people and livestock (Fig 2.3a). High lion and
spotted hyena occupancies in the CCA, which declined as human utilization increased,
indicates these 2 potential conflict species prefer areas used less by people and livestock
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and the CCA appears to provide sufficient habitat and prey to attract and sustain regular
use of the CCA by lions and spotted hyenas. In addition, local lion densities are higher in
the CCA (unpublished data).
Though lion and spotted hyena occupancies were high to the west of the river
(CCA, Buffer), their occupancies were low on the east side of the river, which could
allow mesopredator release. However, we found very little evidence of elevated
mesocarnivore occupancies there. For most small and medium-sized carnivores (8 of
10), occupancies remained similar or decreased moving from the CCA in the west to the
Permanent settlement area in the east. Only baboon and genet showed any indication of
increasing occupancies. Though we did not see increases in mesocarnivore occupancies
in the near absence of apex predators, the potential for such an effect remains as most
mesocarnivores persisted in areas of active human land use across the landscape.
While the mixed-use landscape mosaic of our surveyed study area supports 21
species, the high lion and spotted hyena occupancies in the CCA and the inconsistent
mesocarnivore occupancies across land use types provoked us to consider species
evenness. We developed a coarse measure of species evenness that incorporates species
occupancies across the 4 land uses:
E=∑

̅̂

̂

Eq.2.1

Equation 2.1 calculates the cumulative sum of the absolute values for the difference
between mean occupancy for all focal species (n) in a land use type (L) and species i in
that land use type. For example, an E-value 0 would indicate perfect evenness, i.e., that
all species occupancies were the same in that land use.
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Comparing evenness across land use types, the Buffer, Grazing, and Permanent
settlement land use types showed similar species evenness (E = 1.74, 1.59, 1.94,
respectively), while the CCA was much more uneven (E = 3.31). As a result, though the
CCA has high species richness, it is also the most uneven in terms of species
occupancies. However, this pattern is largely due to high occupancies in the largerbodied carnivores relative to the other species, and occupancies for most mesocarnivores
(except genet and baboon) in the CCA were high relative to rates in other land uses. This
indicates that the well-protected CCA is vital for sustaining the observed carnivore
diversity in the surrounding mixed-use landscape.
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Table 2.1. Total number of unique detections (maximum value ‘1’ per sampling
occasion). * denotes a species not belonging to the order Carnivora.
Carnivore Species
Spotted hyena, Crocuta crocuta
Lion, Panthera leo
Cheetah, Acinonyx jubatus
Leopard, Panthera pardus
Striped hyena, Hyaena hyaena
Olive baboon*, Papio anubis
Black-backed jackal, Canis mesomelas
Caracal, Felis caracal
Bat-eared fox, Otocyon megalotis
Common genet, Genetta genetta
Civet, Civettictis civetta
White-tailed mongoose, Ichneumia albicauda
Aardwolf, Proteles cristata
Wildcat, Felis sylvestris
Zorilla, Ictonyx striatus
Banded mongoose, Mungos mungo
Egyptian mongoose, Herpestes ichneumon
Honey badger, Mellivora capensis
Marsh mongoose, Atilax paludinosus
Serval cat, Felis serval

Body size
large
large
large
large
medium
medium
medium
medium
small
small
small
small
small
small
small
small
small
small
small
small

# Unique
Detections
112
34
8
7
141
69
49
9
436
245
118
116
111
33
27
19
15
14
8
4

Table 2.2. AIC weights (w) for environmental and anthropogenic variables for well-supported models (w>0.10). The direction of the
relationship for continuous variables and the condition with the highest occupancy for categorical variables (s=silty soil, gr=Grazing
area habitat, ca=CCA, w=west of the river, e=east of the river) are indicated in parentheses. *indicates a weak effect (estimate ± 1SE
overlaps 0). ¹ indicates an increase in occupancy as days into dry season progresses up to ~50 days and then a decline. 2 indicates land
use type where a species exhibited its lowest occupancy. ∑wcovariate is the sum of model weights for well-supported models containing
each covariate across species. ∑wtype is the sum of the weights for models with covariates classified as environmental or anthropogenic
variables. **indicates a potentially spurious result (see Discussion).
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Fig. 2.1. Map of study area. Four different land uses are outlined: CCA (conservation
area and drought refuge), Buffer (dry season settlements and grazing), Graze (wet season
grazing with no settlements), Perm (permanent settlements and grazing). Cameras were
deployed at 4 sub-locations (dark circles) within 57 grids. Human settlements (triangles)
mark all possible permanent and seasonal settlements, only a portion were active each
season. A permanent river bisects the Buffer and Grazing areas and a seasonal stream
roughly separates the CCA and Buffer. Gray regions to the west represent dense bush
and woodland, gray regions to the east represent rocky terrain. The dark gray (bottom
center) represents Shompole swamp.
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Fig. 2.2. Estimated detection probability ± 1SE for 12 carnivore and omnivore species
throughout the night with initial occupancy, colonization, and extinction held constant.
Sampling occasions were seven two-hour nighttime (6:00pm-7:59am) intervals and one
10 hour daytime interval. Hours since Sunset corresponds to hours since 6pm. Large
dominant carnivores are pictured top left. Mesocarnivores, consisting of medium and
small carnivores are pictured at top right and the two lower rows, respectively. Peak
detection probabilities for lion and spotted hyena occurred between 12-2am (6-7 hours
from sunset). Note that the y-axes are scaled to the range of detection probabilities for
each species in order to show variations in activity patterns across species.
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a)

b)

Fig. 2.3. a) Mean estimated occupancies (±1SE) for each land use, averaged across all
carnivore species (species richness). b) Mean estimated occupancies (±1SE) for each
species in each land use, using a model with the same covariates for all species ( ̂ : land
use, ̂, ̂: land use). For many species, occupancies were substantially higher in the CCA
and Buffer, where human activities were lower, even though species richness was very
similar across land use types. However, species evenness was lowest in the CCA, where
dominant competitors were most common.
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Fig. 2.4. Diurnal activity patterns for a top carnivore (lion), a close competitor (spotted
hyena), and a subordinate competitor (black-backed jackal). Frequency represents the
proportion of detections for each species that fell within each two-hour time interval. We
present time intervals on a 24-hour cycle, from 12 pm at left to 11 am at right. Peak lion
activity occurred around midnight and competitor activity was spread more broadly
throughout the night.

Fig. 2.5. Mean ambient temperature and 95% CI from time stamps on camera images.
Time 0 corresponds to 6 pm (sunset), 12 hours since sunset corresponds to 6am (sunrise),
and 15 hours corresponds to the daytime hours (collectively) of 8:00 am through 5:59
pm.
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CHAPTER THREE
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Abstract
Large carnivore and native ungulate populations in Africa are declining inside and
outside of government-protected areas (GPAs) due to increasing human population
densities, habitat loss and fragmentation, and conflict. Despite similar patterns of decline
inside and outside of GPAs, most research on large carnivores, native ungulates, and the
factors limiting their populations, is restricted to GPAs. Comparatively little research has
examined large carnivore-ungulate dynamics outside of GPAs, and thus, we have sparse
data to inform conservation and management programs where humans are an important
component of the ecosystem. To address these concerns, we used camera surveys and
occupancy modeling to examine spatiotemporal niche partitioning among the following
groups: (1) the two locally-dominant carnivores (lion, spotted hyena), (2) a set of native
herbivores including three grazers (zebra, wildebeest, warthog) and five browsers/mixedfeeders (Grants gazelle, impala, giraffe, porcupine, African hare), (3) the semi-nomadic
Maasai people and (4) their livestock. We examined spatial and temporal occupancy for
each group across a broad range of land uses, including a community conservation area,
seasonal grazing zones, and seasonal human settlements, in the southern Rift Valley of
Kenya. We examined environmental variables and anthropogenic variables we
hypothesized might influence species occupancy and temporal activity patterns. In
general, large carnivore and native herbivore occupancies were most sensitive to distance
to permanent water, days into the dry season, and distance to active human settlements.
Human land use had the largest effect on changes in occupancy (local colonization/
extinction), a result highlighting the importance of human actions on large carnivore -
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ungulate dynamics. Our research provided key insight into predator-prey dynamics
outside of GPAs, interactions between livestock and native herbivores, and the
relationship between lions and spotted hyenas with Maasai pastoralists. We concluded
that access to permanent water and a heterogeneous, unfenced landscape have allowed
two apex carnivores and their native herbivore prey to co-occur with people and livestock
across this mixed-use rangeland.
Keywords: camera surveys, occupancy models, predator-prey, human-wildlife conflict,
livestock-ungulate, spatiotemporal niche partitioning
Introduction
Ecological research on large African carnivores and their ungulate prey has been
conducted primarily inside government protected areas (GPAs). In Serengeti Nation
Park, for example, decades of research exist on the behavioral ecology of apex carnivores
(e.g. lion, Panthera leo; spotted hyena, Crocuta crocuta), ungulates (e.g. zebra, Equus
quagga; wildebeest, Connochaetes taurinus; and Grants gazelle, Nanger granti), and the
processes (food-limitation, competition, predation) limiting their populations (Sinclair
and Arcese 1995). Though GPAs have made substantial contributions to large carnivore
and ungulate management and conservation, recent evidence suggests GPAs may be
insufficient for sustaining viable populations of large carnivores (Woodroffe and Frank
2005, Woodroffe and Ginsberg 1998), and their ungulate prey (Thirgood et al. 2004,
Western, Russell, et al. 2009). In particular, many rangelands that once supported
historically large and ecologically connected populations of large carnivores and
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ungulates are now increasingly subdivided for private use and converted to farmland
(Homewood et al. 2009). These human land use changes have contributed to ongoing
large carnivore and ungulate population declines inside and outside of GPAs in Africa
(Bolger et al. 2008, Craigie et al. 2010, Homewood et al. 2001, Ogutu et al. 2011,
Ottichilo et al. 2001, Western et al. 2009, Western et al. 2009). For example, the
geographic range and population size of the African lion has decreased by ~75 % in
recent decades (Bauer et al. 2008), and their ungulate prey populations have declined by
more than 50% (Craigie et al. 2010, Ogutu and Norman Owen-Smith 2003, Ottichilo et
al. 2001, Western, Russell, et al. 2009). Thus, drastic reductions in large carnivores and
their ungulate prey is a matter of serious concern to wildlife managers and conservation
planners (Hayward et al. 2007).
Given the continued downward trends in African carnivore and ungulate
populations, it is critical we extend ecological research and conservation efforts beyond
GPAs. In the past decade, several studies have started to document these patterns. For
instance, in East Africa, livestock and native ungulates were shown to compete for forage
and water resources, which may have lead to native herbivore displacement (Bonnington
et al. 2007, Dunham et al. 2003, Groom and Harris 2010, de Leeuw et al. 2001, Ogutu et
al. 2008). However, an unfenced and heterogeneous landscape may allow native species
to coexist with livestock through spatial and temporal partitioning (Sitters et al. 2009).
This may in turn allow apex predators, including the African lion and spotted hyena, the
freedom to follow their native ungulate prey with less risk of dangerous encounters with
people and their livestock. Some of these patterns were observed in a spotted hyena clan
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along the border of the Maasai Mara National Reserve (MMNR). In this area, spotted
hyenas increased their use of dense vegetation when people and livestock populations
increased locally (Boydston et al. 2003). Spotted hyenas also became more nocturnal,
increasing their activity patterns during the nighttime hours when livestock are corralled
(Boydston et al. 2003). Human activities can also attract native herbivores and large
carnivores. In some instances, for example, livestock may facilitate native grazers, or
vice versa, by removing unpalatable vegetation and stimulating new growth (Mattiello et
al. 2002, Odadi et al. 2011, Ogutu et al. 2008). For large carnivores, spotted hyenas
frequently were attracted to a refuse pit next to a tourist lodge in the Maasai Mara
National Reserve, where they fed on food scraps (Kolowski 2008). These patterns
suggest large African carnivores and ungulates exhibit behavioral plasticity when
exposed to human activities, which makes it difficult to predict the direction and
magnitude of human-wildlife interactions outside of GPAs.
Disentangling the complex relationship between humans and diverse African
carnivore and ungulate communities is logistically challenging. However, the rapid
advance of digital camera technologies, and occupancy modeling (MacKenzie et al.
2006), may provide useful tools to examine interactions between people, livestock, large
carnivores, and native ungulates. For example, motion-activated, digital cameras with
infrared flash can be used to collect detection/non-detection data throughout the 24-hour
cycle. When these surveys are repeated through time and across space, occupancy
modeling can provide a robust estimate of species occurrence probabilities (i.e.
occupancy) in relation environmental variables (e.g. human land use, habitat), while
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accounting for imperfect detection probability (MacKenzie et al. 2006). Although
density is not directly estimable with occupancy models, occurrence itself is a useful
proxy for density in many contexts, and provides vital information to many conservation
and management programs (MacKenzie et al. 2006).
From 2008 – 2010, we used camera surveys and occupancy modeling to examine
spatial and temporal patterns in two apex predators (lions and spotted hyenas), eight of
their common native herbivore prey, (grazers, browsers, mixed feeders), and a
community of Maasai pastoralists and their domestic animals (cows, sheep, goats, dogs,
donkeys) in the southern Rift Valley of Kenya. In this region, the Maasai people
maintain a communally-owned and unfenced landscape composed of a community
conservation area, areas of temporary settlements, and seasonal grazing areas. This local
land use strategy is similar to those practiced in the region for thousands of years, which
has allowed people and abundant wildlife to co-occur (Marshall 1990). Thus, we
expected that this system could provide valuable insight into spatial and temporal patterns
among large carnivores, native herbivores, people, and livestock, which may advance
conservation and management strategies outside of GPAs in Africa.
Specifically, we estimated occupancy patters of lions, spotted hyenas, and native
herbivores in relation to a suite of landscape-level environmental and anthropogenic
variables to determine patterns of spatiotemporal overlap and avoidance. We then
examined occupancy patterns of a mobile Maasai community and their domestic animals
to document how human land use on a daily basis may influence spatial and temporal
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patterns in large carnivore and native herbivore occupancies. Specifically, we tested the
following hypotheses and predictions:
(1) We expected native herbivore occupancy would be most strongly associated
with environmental characteristics that promote access to forage and water. For grazers,
we predicted high occupancy rates in open grasslands and areas close to permanent water.
We predicted grazer occupancy rates would be high in the growing season and decrease
during the dry season as obligate grazers likely migrate to dry season refuges. For
browsers and mixed-feeders, we expected consistent, high occupancy rates near
permanent water and in dense vegetation, with no changes seasonally.
(2) We expected lion and spotted hyena occupancy would be associated with
environmental characteristics that promote their chances of encountering grazers, which
are their common prey. We therefore predicted lion and spotted hyena occupancies
would be high close to permanent water and in open habitats, and decrease during the dry
season as grazers move to dry season refuges.
(3) In general, we expected that large carnivore and native herbivore occupancy
would be closely associated with environmental conditions, but that changes in
occupancy through time would be due to seasonal changes in human land use.
(4) We expected that native herbivores would exhibit patterns of occupancy in
relation to anthropogenic variables that reflect their foraging strategy. We predicted
grazers would show high spatial overlap with domestic grazers (cows, sheep, goats), and
thus they would occur at high rates near active human settlements and in grazing areas.
We predicted native grazers would exhibit higher activity rates during the night than day
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compared to livestock. This temporal niche partitioning could reduce interference
competition with livestock and herders, although it would not reduce exploitation
competition. We predicted browser/mixed-feeder occupancy would be unrelated to
human settlements and grazing areas because their diets overlap less with livestock.
(5) We expected lions and spotted hyenas would exhibit patterns of occupancy
that, in general, show spatial avoidance of people and livestock. In areas where lions and
spotted hyena overlap spatially with people and livestock, we predicted that they would
adjust their behavioral patterns by becoming less active to limit their exposure to
potential human persecution.
Methods
Study Area
We conducted our research on Olkiramatian and Shompole Group Ranches (~
1,000 km2) in the southern Rift Valley of Kenya (Fig 3.1). This portion of the Rift Valley
landscape is open and unfenced, though the Rift Valley wall forms a geographic barrier
to the west. Olkiramatian and Shompole Group Ranches are situated >100 km from any
GPA. The semi-nomadic, pastoralist Maasai people live at low-densities (~10people/
km2) in small, family settlements (typically < 15 men, women, and children, per
settlement). The area receives low annual rainfall (400-600 mm/year) that falls almost
exclusively during the long (Mar-May) and short (Nov-Dec) rainy seasons (Warinda
2001). However, the area received below average rainfall during a 2009 drought (327
mm, unpublished data). The permanent Ewaso Nyiro River bisects the study area,
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flowing into the Shompole swamp, which provides a grazing refuge for domestic and
native ungulates during extended dry seasons.
Locally, the Olkiramatian and Shompole landscape is partitioned into four land
uses, including (from west to east) (1) a community conservation area (CCA) that
doubles as a dry season grazing refuge, (2) a buffer area that is occupied seasonally by
Maasai and grazed by livestock during the dry season, (3) a grazing area that is
seasonally grazed in the wet season with no settlements, and a (4) permanent settlement
area where people and livestock occur more consistently throughout the year, which
includes two small (< 250 people) permanent villages.
Focal Species and Domestic Groups
Olkiramatian and Shompole Group Ranches support a diverse carnivore
community consisting of ≥ 21 species, including all apex predators (lions, spotted hyenas,
leopard, cheetah, and African wild dog) (Schuette et al., in review), but we focus here on
lions and spotted hyenas. The local native herbivore community includes ≥ 15 species,
but we restrict our focus to common lion and spotted hyena prey species that we
hypothesized may be susceptible to disturbance from people and livestock, including the
common zebra (Equus quagga), wildebeest (Connochaetes taurinus), and warthog
(Phacochoerus africanus), and browsers/mixed-feeders, including Grant’s gazelle
(Nanger granti), impala (Aepyceros melampus), giraffe (Giraffa camelopardalis
tippelskirchi), porcupine (Hystrix cristata), and the African hare (Lepus spp.).
We also collected information on locations of people (recorded as children, adult
males (AM), and adult females (AF)), and 4 domesticated animals, including cows,
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sheep/goats, dogs, donkeys. Local sheep and goats are very similar in appearance and
mixed within the same groups, and were therefore combined as one category.
Sampling Design
We used motion-sensitive trail cameras equipped with infrared LED floodlights
for pictures at night (Moultrie Feeders, Alabama, USA) to monitor carnivores, native
herbivores, and domestic groups across four local land uses (CCA, buffer, grazing area,
permanent settlement) for 28 consecutive months (Apr 2008 – July 2010). We sampled
57 (4 km2) grids, each composed of 4 (1 km2) sub-locations (228 total) spread evenly
across the 4 land uses (Fig. 3.1a). We surveyed one sub-location in each of the 57 grids
(e.g. NE sub-location in each grid in Nov 2009) for 3 nights/4 days per month. This
survey design required 4 months to sample all 228 sub-locations. We considered each 4month cycle of the 228 sub-locations the primary sampling period (28 months = 7
cycles). We analyzed data at the sub-location level because it allowed inference at a
higher resolution than the grid level to test our hypotheses regarding spatial and temporal
niche partitioning. We subdivided the 3 night/4 day survey of each sub-location per
cycle into 7 secondary sampling occasions [3 at night (6:01pm-6:00am) and 4 during the
day (6:01am-6:00pm)] (Fig. 3.1b). Implemented perfectly, this sampling design would
have yielded 49 sampling occasions at each of the 228 sub-locations to potentially detect
wildlife, livestock, and people (11,172 sampling occasions).
At each sub-location, two cameras were placed at right angles to each other, 4 m
from a baited post 1 m in height. Each day we applied three commercially available
hunting lures (Hawbakers Wildcat Lure No.2, Carman’s Triple X, and mountain lion
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urine), milk powder, and decomposed catfish to a pipe cleaner that we wrapped around
the bait post. Using a metal post with a custom mount, cameras were set at a height of
20-30 cm, with the focal point set for the bait post. One camera recorded three still
images when triggered (at intervals of 15 seconds), and the other recorded a 5-second
video followed by one still image. We downloaded images and videos from the memory
cards each month, reviewed images and videos, and recorded detections of focal species
and domestic groups in a database. We recorded detection/non-detection using a
conservative strategy whereby multiple still images or videos of a focal animal (or a
group of animals) were recorded as one detection (‘1’) for that secondary sampling
occasion. When a species or group was not detected during a sampling occasion, we
recorded a ‘0’. For some species that are commonly detected in groups, we recorded the
number of individuals, but the analysis reported here considers only detection (any
number greater than zero) versus non-detection (zero) on each sampling occasion; our
focus is explicitly on occupancy rather than density.
We measured 10 anthropogenic, environmental, and procedural variables that we
hypothesized might affect the distributions of large carnivores, native herbivores, people,
and domestic animals. It may seem uninformative to evaluate the responses of people
and domestic animals to anthropogenic variables such as land use. However, the
anthropogenic variables we considered represented general land uses, whose actual
human settlement state and the type and intensity of usage by people and livestock varied
through time. Camera trapping provided finer-scale data to quantify seasonal and diurnal
variation in use of the landscape by people and their domestic animals. Anthropogenic
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variables included land use (4 levels: CA, buffer, grazing area, permanent settlement),
east or west side of the permanent river (2 levels, more people and livestock typically
year-round on the east side), and distance to nearest active human settlement (0-10km),
which we mapped monthly. As described below, when we compared occupancy models
using Akaike’s Information Criterion, we did not include any models that incorporated
both land use and east/west as predictors of occupancy; our intention here was to test
which of these two descriptions of variation in land use provided the best and most
parsimonious explanation of occupancy patterns.
Environmental variables included habitat type, consisting of graze (primarily
graminoids and forbs), browse (primarily woody vegetation), and graze/browse mix,
growing season (green=fresh growth, brown=dried vegetation), distance to permanent
water (0-8km), substrate (rock, silty soil, mix), and days into dry season (range: 0-150
days), using criteria outlined by Zhang et al. (2005). All sampling occasions during the
wet season (> 20 mm cumulative rain in the past 30 days) were coded as day 0. Days
into the dry season increased daily from day 0 at the onset of the dry season (daily
rainfall < 5 mm and total number of rain days < 4 in past 30 days) until day 150, which
marked the end of a severe drought in 2009.
Procedural variables included the cycle (i.e. the primary sampling period) and the
secondary sampling occasion (3 night, 4 day). These variables controlled for the
possibility that animals became more or less likely to be detected by motion sensitive
cameras during the course of the entire study (over the seven primary sampling periods)
or within the 4 days and 3 nights of a secondary sampling occasion. Breaking the 7
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secondary occasions into periods of day and night allowed us to examine diurnal patterns
of detection, and thus to test for temporal niche overlap or partitioning between pairs of
species and between wildlife species and domestic groups.
Single Species, Multi-season Occupancy Models
We used multi-season, single-species occupancy models to estimate the
probability of occurrence for each large carnivore species, native herbivore species,
people, and domestic animals (MacKenzie et al. 2006). Multi-season occupancy models
provide estimates of initial occupancy ( ̂ ) local colonization ( ̂) and extinction ( ̂)
(changes in occupancy between primary sampling periods), and detection probability ( ̂ )
(the probability that a species will be detected if it is truly present), which can be
combined to estimate dynamic occupancy patterns for each focal species (MacKenzie et
al. 2006). We included environmental, anthropogenic and procedural covariates to test
their potential influence on each parameter estimate (Fiske et al. 2011, MacKenzie et al.
2006), to identify the factors that most strongly affected local patterns of occupancy for
each species or domestic group.
With 10 covariates that could affect each of 4 parameters ( ̂ , ̂, ̂, and ̂ ), the set
of candidate models that we might have examined is vast (even without considering
interactions between variables or alternative functional forms). To reduce the set of
models under consideration, we used a multi-stage strategy to test our hypotheses
regarding spatial and temporal patterns of large carnivores, native herbivores, people, and
domestic animals. First, we compared 15 models for detection probability (10 models for
each lone covariate, 2 procedural models, a full model with all environmental variables,
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and a full model with all anthropogenic variables), and selected the model with the lowest
∆AIC (Burnham and Anderson 2002). We adopted this approach because estimating
detection probability was not our primary concern in most analyses (but is essential for
estimating occupancy), and it greatly reduced the total number of candidate models for
comparison, because the model of ̂ was constant for subsequent stages of analysis. In
the second stage, we developed a set of 23 models that combined anthropogenic and
environmental variables we hypothesized could affect initial occupancy ( ̂ ). We also
selected seven combinations of anthropogenic, environmental, and procedural variables
we hypothesized could influence colonization ( ̂) and extinction ( ̂) estimates. These
combinations provided a set of 161 models (23 combinations of variables potentially
influencing ̂ x 7 variables potentially influencing ̂ and ̂) to evaluate for each species
and domestic group. Given that the potential number of models is in the thousands, we
considered this subset of models appropriate for testing our hypotheses. We fit dynamic
occupancy models using the ‘unmarked’ package in program R (Fiske et al. 2011, R
Development Core Team 2010), and compared models using ∆AIC and AIC weights (w)
to determine the best supported models for each species (Burnham and Anderson 2002).
Comparison of Environmental and Anthropogenic
Effects on Large Carnivores and Native Herbivores
We examined whether environmental or anthropogenic variables had a greater
influence on occupancy patterns ( ̂ ) and changes in occupancy through time ( ̂, ̂) in
large carnivores, native herbivores, and domestic groups. We did this by summing the
weights of well-supported models (w > 0.10) for each species that included an
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environmental and/or anthropogenic variable as a predictor of ̂ , ̂, and ̂. We used
Chi-squared tests of equality to determine if environmental or anthropogenic variables
had a greater influence on wildlife occupancies (Dalgaard 2008).
Generic Model
We used a single, generic model to compare the influence of a fixed set of
variables on patterns of occupancy by all of the species of interest (Ferraz et al. 2007):
large carnivores, native herbivores, and domestic groups. The generic model was the
single model (of 161 potential) that received the highest cumulative support (∑w) across
species and domestic groupings. We considered this an appropriate strategy to determine
overall patterns of spatial and temporal niche partitioning among carnivores, native
herbivores, people, and domestic animals exposed to the same set of conditions.
We determined the sensitivity of each species and domestic grouping to the
variables included in the generic model. Sensitivity was calculated as 1 minus the change
in occupancy from the lowest to the highest observed values for a continuous variable
(Eq. 1). We calculated a standard error for each estimate using the delta method
(Williams et al. 2001). For example, if the generic model included distance from
permanent water (which varied from 0-8 km in the data), the ratio of sensitivity would be
calculated as follows:
Sensitivity

=1-

̂
̂

(Eq. 3.1)

Using Equation 3.1, sensitivity values equal to 0 indicated no change in occupancy as the
variable increased, values > 0 indicated higher occupancy as the variable increased
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(positive relationship), and values < 0 indicated a lower occupancy as the variable
increases (negative relationship).
Temporal Niche Partitioning
We compared estimated detection probabilities ( ̂ ) between day and night
sampling occasions as a measure of temporal variation in activity levels. We considered
this approach a potentially useful tool to examine temporal niche partitioning and to test
for any effect of anthropogenic activities on temporal niche partitioning. In all other
analyses, the dependent variable was dynamic occupancy corrected for detectability ( ̂ ).
In this analysis, the dependent variable was detectability itself. We based this strategy on
the assumptions that individuals are detected more often when they are more active, and
that true occupancy of a site varied more slowly than changes in the activity of animals
present within that site. We compared day and night detection probabilities for each
species and domestic group using two sample t-tests (Dalgaard 2008), and tested whether
activity patterns were related to the presence of humans.
Results
We conducted surveys on 9,701 sampling occasions (87% of planned occasions),
limited by bad weather, battery or camera failures, and other logistical constraints posed
by monitoring a large area. We collected and reviewed ~400,000 images and videos
from our camera surveys. Of these, 43,318 images and videos allowed unambiguous
recognition of one or more focal species and domestic groups. Table 3.1 presents the
total number of detections for spotted hyenas, lions, native herbivores, and domestic
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groups and estimated detection probabilities from the top model for each species, which
ranged from 0.02 – 0.22 ( ̂ =0.10). Note that non-detection on a sampling occasion is not
equivalent to missing data, so the sample size for each species occupancy model is 9,701;
the subset of these observations that were detections is reported in Table 3.1, and the
remainder were non-detections.
Top Model for Each Large Carnivore and Native Herbivore Species
The number of independent variables in the top occupancy model (highest w) for
each large carnivore and native herbivore species ranged from 1 to 5 variables (Fig 3.2).
Distance to human settlement (km) appeared in the most top models (7species), followed
by distance to water and days into dry season (5 species), human land use with 4 levels (4
species), human land use with 2 levels (3 species), and substrate (2 species). Habitat type
and growing season did not appear in the top model for any species.
Habitat Type and Ground Type
The absence of habitat type and growing season from any of our focal species’ top
models (and none of the models garnering w>0.10) does not support our hypothesis of
expected high occupancies for native grazers, lions, and spotted hyenas in open
grasslands. For browsers/mixed-feeders, the absence of habitat in their top models does
not support our hypothesis of high occupancy in closed habitats, but their lack of
response to growing season was as expected. The type of ground cover (i.e. substrate)
was important only for spotted hyena and warthog.
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Distance to Water and Days into the Dry Season
Spotted hyena and lion occupancy was negatively associated with distance to
permanent water, a pattern shared by 3 out of 4 grazers (warthog, zebra, grants) and 1 out
of 4 browsers/mixed-feeders (impala). This shared response by lions, spotted hyenas,
and most grazers supports a hypothesis of spatial overlap between large carnivores and
grazers, which are common prey items (Hayward 2006, Hayward and Kerley 2005).
Lion and spotted hyena also overlapped spatially with impala, a mixed-feeder, which is
also a potential prey species. The same set of species responded to days into dry season.
A decreasing rate of occupancy as the dry season progressed for most grazers, lions, and
spotted hyenas supported our hypothesis that animals would not be available for detection
because they likely move out of our focal study area during the dry season. The absence
of a response by 3 out of 4 browse/mixed-feeders to dry season also supported our
hypothesis that they would not shift their spatial patterns.
Distance to Occupied Human Settlements and Land Use Types
Spotted hyena, but not lion, occupancies were high close to human settlements.
This pattern was contrary to our hypothesis that expected lions and spotted hyenas would
avoid areas near people and livestock. Two grazing species (warthog, wildebeest) and
one browser/mixed-feeder (porcupine) also showed high occupancies close to human
settlements, which indicated a potential attraction to people and livestock. Conversely,
estimated occupancy for two other grazers (zebra, grants gazelle) and a browser (giraffe)
increased in areas further from human settlements. Thus, we observed species-specific
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responses by apex predators and native herbivores to human settlements across this
mixed-use landscape.
Spotted hyena, lion, and impala occupancies were high in the CCA and decreased
in land use types where people and livestock became more prominent. Lion and spotted
hyena occupancies were relatively high in the buffer zone, but considerably lower in land
use types east of the permanent river, particularly for lions. This pattern supports our
expectation that these two apex carnivores would exhibit a pattern of spatial avoidance of
people and livestock. Though spotted hyena occupancy was low on the east side of the
river compared to the west, they showed intermediate occupancies in the grazing area,
and thus had a higher potential for spatial overlap with people and livestock than lions.
Warthog occupancy levels were similar in the CCA, buffer, and permanent settlement
area, but slightly lower in the grazing area.
At a broader level, occupancies for three species (African hare, porcupine,
wildebeest) were substantially different on the east and west side of the permanent river.
African hare occupancy was high on the east side of the river compared to the west side
of the river. In contrast, porcupine occupancy was higher on the west side of the river
(CCA, buffer) where human disturbance is less. Wildebeest occupancies were relatively
high on both side of the river, but slightly higher on the west side of the river. Thus, of
the pure grazers, wildebeest have the highest potential for spatial overlap with people and
livestock in relation to land use type and proximity to human settlements.
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Broad Comparison of Environmental and
Anthropogenic Effects on Occupancy Patterns
Environmental and anthropogenic variables had a similar effect on occupancy
estimates for carnivores (χ2 = 0.120, p =0.729) and native herbivores (χ2 = 0.001, p
=0.981). Changes in lion and spotted occupancy through time ( ̂, ̂) were also equally
affected by environmental and anthropogenic variables (χ2 = 0.241, p =0.624). In
contrast, we found weak support for the hypothesis that changes in native herbivore
occupancy would be influenced more by anthropogenic variables than environmental
variables (χ2 = 2.326, p = 0.127).
Generic Model
The generic model included an additive effect of days into dry season, distance to
permanent water, and distance to active human settlement as predictors of initial
occupancy, human land use as a predictor of colonization and extinction, and sampling
cycle and occasion as predictors of detection probability. For all domestic groups,
estimated occupancies increased as the dry season progressed (Sensitivitydry > 0) and as
distance from water increased (Sensitivitywater > 0) (Fig 3.3a and 3.3b). The African hare
was the only native species to follow this pattern. In contrast, estimated lion, spotted
hyena, and all native herbivore occupancies (except the African hare) decreased slightly
as the dry season progressed (Sensitivitydry < 0) and as distance to water increased
(Sensitivitywater < 0). However, these effects were weak in lion, grants gazelle,
wildebeest, and porcupine (estimate ± SE overlapped 0). Negative relationships were
most apparent in the grazers (zebra, wildebeest, and grants gazelle), but estimated
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standard errors were large. These results confirm earlier results that lions, spotted
hyenas, and native herbivores were sensitive to changes in the landscape as the dry
season progressed. In addition, year-round water availability was shown again to be an
important feature for lions, spotted hyenas, and most native herbivores.
Occupancies for all domestic groups decreased as the distance from human
settlements increased (Sensitivitysettlements < 0), though this relationship was weak for
donkeys and cows (estimate ± SE overlapped 0). A similar pattern was observed for
native browsers/mixed-feeders (impala, hare, and porcupine), a result contrary to our
expectation that browsers/mixed-feeders would not exhibit spatial partitioning from
people and livestock. Lion, grants gazelle, wildebeest, and zebra occupancies increased
slightly as the distance to human settlement increased (Sensitivitysettlement > 0), a result
that provided additional support to an earlier result that indicated spatial overlap between
lions and their common prey, and avoidance people and livestock. Spotted hyenas,
however, showed little response to distance to human settlements (Sensitivitysettlement ≈
0). Results from wildebeest and spotted hyena in this generic model provided slightly
different results compared to their top models. These were the only two species that
showed slightly different results between the generic model and their respective top
model.
The generic model included human land use (4 levels) as the best predictor of
changes in occupancy through time ( ̂, ̂) (Fig. 3.4). The appearance of land use in the
generic model indicated that changes in occupancy were driven largely by changes in
usage of each land type by people and livestock through time, rather than changes in
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environmental conditions. This supports our earlier result that changes in native
herbivore occupancies, in particular, were influenced by human land use. In general,
grazers (zebra) and two browsers/mixed-feeders (Grant’s gazelle, giraffe) showed high
probabilities of local colonization and extinction in the CCA and the Buffer, suggesting
these species moved in and out of these two land types through time (i.e. migrated).
Zebra, Grants gazelle, and giraffe also had a high probability of extinction in the grazing
area and permanent settlement area, a pattern that indicated only occasional usage of
these land types. We observed a similar pattern of occasional use of these two land use
types for spotted hyena. In contrast, lions, two grazers (wildebeest and warthog), and two
mixed feeders (impala, porcupine) had low probabilities of colonization and extinction
across all land uses, indicating they were either there and stayed there (an option we
consider likely based on high occupancy for these species west of the river, in general),
or were always absent (an option likely on the east side of the river, except for
wildebeest). For domestic groups, local colonization esimates were lowest and extinction
rates at their highest in the CCA compared to the other 3 land uses, agreeing with the
community’s temporary use of the CCA only during times of extended drought.
Temporal Partitioning
As expected, all domestic groups, including people, livestock, and other domestic
animals, were highly diurnal ( ̂ day > ̂ night) and lions and spotted hyenas were highly
nocturnal (Lions: t= -2.91, P<0.033, Spotted hyenas: t= -11.80, P<0.001) (Fig 3.5 and
Table 3.2). Native herbivores showed a mixed response; zebra were slightly more active
at night than day (t= -1.90, p=0.116), while wildebeest, grants gazelle, warthog, and
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impala (mixed-feeder) showed similar activity patterns between day and night (pnight ≈
pday). Three of four browser/mixed-feeder species (porcupine, hare, and giraffe) were
potentially more active at night (porcupine: t= -16.23, p<0.001, hare: t= -13.62, p<0.001,
giraffe: t= -1.98, p=0.104). This pattern suggests a high degree of nocturnality in lions,
spotted hyenas, zebra, giraffe, hare, porcupine; a pattern that could also increase the
chance of encounter between large carnivores, zebra, and other potential prey species
during the night. In particular, high rates of nocturnal activity observed in zebra and
giraffe distinguished them from the other grazers and mixed feeders, which were equally
active day and night.
We examined post-hoc how daytime and nighttime wildlife activity patterns
might change in response to human land use. We compared two interactive effects on
estimates of lion, spotted hyena, and native herbivore detection probabilities: day/night x
land use (2 levels: E/W of the river) and day/night x distance to active human settlement.
We compared support for the two models by summing AIC weights, and found greater
support for the day/night x east/west model. This indicated temporal activity patterns
may be influenced by general, landscape-level human land uses. For example, spotted
hyena and zebra exhibited higher nocturnal activity levels on the west side of the river
where human disturbance levels were lower compared to the east side of the river (Fig.
3.6). This post-hoc test provided additional support to our expectation that some species
altered their behavior to minimize exposure to potential human persecution (temporal
avoidance). We observed low activity patterns for domestic groups during the night and
high during the day (result not shown) on both sides of the river, a finding that validated
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this approach; we expected little change in diurnal/nocturnal patterns of people and
livestock regardless of land use.
Discussion
Lions, spotted hyenas, native herbivores, people, and livestock co-occur across an
unfenced and heterogeneous landscape in the southern Rift Valley of Kenya. In general,
our research provided support for hypotheses that spatial and temporal partitioning in this
system could allow native herbivores to access important foraging and water resources
even when co-occurring with people and livestock. In addition, this set of local land uses
allows lions and spotted hyenas to overlap spatially and temporally with many of their
common prey species. However, our analyses also indicate lions and spotted hyenas
likely respond differently to human land use, with potentially important implications for
prey selection and local conflict management.
Spatial Patterns in Response to Environmental Conditions
Results from model selection and the generic model showed clearly the
importance of water availability and the dry season on species distributions. In
particular, lions and spotted hyenas showed similar patterns to several of their most
common prey species (Hayward 2006, Hayward and Kerley 2005). Though we do not
have local diet data for spotted hyenas, behavioral follows of radio-collared lions (n=6)
indicated that zebra, grants gazelle, impala, and warthog comprise ~80% of their diet
(Creel et al., in review). Thus, it was not surprising to see lions responding similarly to
their preferred ungulate prey in our study area.
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We observed slightly different behavioral patterns among the large-bodied, native
herbivore species in response to distance to water and days into dry season, which may
provide additional insights into predator-prey dynamics. We observed moderate declines
in lion, spotted hyena, and impala occupancies as distance to water increased and the dry
season progressed, while zebra, wildebeest, and Grant’s gazelle declined at much higher
rates during these time periods (Fig 3.3). Prior research indicates that impala are
potentially well-suited to endure dry seasons because they can switch from grazing to
browsing, without the need to migrate long distance (Estes 1967, Klein and Fairall 1986).
Thus, a relatively small decline in observed impala occupancy agrees with documented
behavior for impala, that they often make fine-scale foraging adjustments rather than
moving long distances. In contrast, zebra, wildebeest, and Grant’s gazelle populations
often consist of migratory and non-migratory individuals (Augustine 2010, Fryxell and
Sinclair 1988, Sinclair 1985). Thus, our observed decrease in occupancies for these three
species supports the notion that they temporally migrated outside of our focal study area
during the dry season. This pattern agrees with an independent assessment of five native
ungulate densities in the area using line transects and distance sampling, which indicated
very low zebra, wildebeest, and Grant’s gazelle densities during the dry seasons,
particularly during the 2009 drought (Schuette et al., in review). However, despite a
decreased occurrence of these three species during the dry season, potential prey animals,
including impala and resident zebra, wildebeest, and impala, were likely still available
(Hopcraft et al. 2005, Spong 2002). We suspect these conditions helped sustain the local
lion population during the dry season because lions were locally dense (0.136
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individuals/km2), but responsible for only a small portion of livestock predation incidents
(10%) (Schuette et al., in review).
Spatial Patterns in Response to Anthropogenic Pressures
Distance to human settlements and/or human land use influenced the behavioral
ecology of lions, spotted hyenas, and all native herbivore species to varying degrees. We
found that anthropogenic pressures were slightly more influential on native herbivore
spatial patterns through time than environmental factors alone. However, the direction
and magnitude of these responses differed among species. For several grazing and
browsers/mixed-feeders (zebra, grants gazelle, giraffe), we observed higher occupancy
patterns in areas further from human settlements. This pattern indicates that these three
species might be actively avoiding human settlements to reduce potential competition
with Maasai livestock for forage and water resources, or to avoid Maasai herders and
domestic dogs, which typically accompany livestock herds. These explanations agree
with our field experiences, in which we frequently observed grazing native herbivores
becoming vigilant in response to distant cowbells, and then moving away from
approaching livestock herds.
Alternatively, spatial partitioning between species sensitive to human disturbance
(zebra and Grant’s gazelle) and livestock could also be explained through facilitation.
According to the grazing succession hypothesis, zebra may graze down dense, coarse
grasses and expose highly palatable grasses to other grazing species, such as wildebeest
(Gwynne and Bell 1968). Odadi et al (2011) recently expanded on this concept to
suggest that zebras may facilitate cows during the wet season by grazing tall, dead
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grasses, a behavior they suggest may increase cow access to high quality grasses. For
this reason, it is reasonable to expect that spatial partitioning among native species,
livestock, and people may indirectly promote coexistence. The potential for facilitation is
supported further by our observations that livestock, wildebeest, and warthog (all obligate
grazers) often overlapped spatially. Though we do not present data to explicitly test this
hypothesis, we encourage future researchers to gather relevant data to examine how
competition and facilitation may help structure native ungulate-livestock communities.
Lions and spotted hyenas exhibited different responses to native prey distributions
and human land use, which provides important insight into their behavioral ecology
outside GPAs. In particular, our study allowed us to examine how lions and spotted
hyenas seek access to prey while coping with exposure to people and livestock on this
mixed-use landscape. Lions and spotted hyenas overlapped spatially with four of their
most common prey (zebra, grants gazelle, impala, and warthog) in relation to both
environmental conditions. However, lions and spotted hyenas overlapped spatially with
different sets of native herbivore species in response to anthropogenic conditions. For
example, we found weak evidence that lions avoided human settlements (from the
generic model), a pattern we also observed in zebra and Grant’s gazelle. In contrast,
spotted hyenas appeared to be attracted to human settlements (based on their bestsupported model), similar to warthog, wildebeest, and porcupine. As a result, though
lions and spotted hyenas showed spatial overlap in response to environmental conditions
like many of their common prey, they overlapped with different sets of species in
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response to human land use, which may potentially influence their prey selection on this
landscape.
Locally, the Olkiramatian and Shompole Maasai community and their domestic
animals alter their use of the landscape seasonally, which we were able to examine more
closely with our generic model. We determined that changes in occupancy ( ̂, ̂) were
best explained by land use in our generic model. This result indicates that across wildlife
and domestic species, changes in occupancy are driven primarily by seasonal utilization
of each land use category (CCA, buffer, grazing area, and permanent settlement area).
High grazer colonization and extinction rates ( ̂, ̂) in the CCA and buffer, and high
extinction rates for domestic groups in these land uses, verify the importance of the CCA
as a wildlife refuge for native grazers and its availability for livestock grazing during
extreme drought conditions. Conversely, low grazer colonization rates (but moderate
extinction rates) in the grazing area and permanent settlement area indicate these humandominated regions are occasionally used either for foraging or seasonal migration. The
observed ebb-and-flow of people, livestock, native herbivores, and apex carnivores
across all land uses provides a compelling setting for more detailed investigations of
predator-prey-human dynamics.
Temporal Partitioning
Lions and spotted hyenas were active primarily during the nighttime hours when
people are in their homes and livestock are corralled. This was not unusual behavior for
lions or spotted hyenas, which are active primarily during the nighttime hours. We
expected native herbivores would also be more active at night, a behavioral strategy that
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we hypothesized may provide them a temporal release from people and livestock at night.
However, across all native ungulate species, only zebra exhibited higher activity patterns
during the night compared to daytime hours. Higher nighttime zebra activity could be the
result of their non-ruminant physiology, which requires them to consume greater forage
quantities than similarly sized ruminants (Illius and Gordon 1992, Janis 1976).
Regardless of the causal mechanism, zebra activity patterns overlapped with lions and
spotted hyenas more than any other native herbivore species, which may increase their
probability of encountering one another (Creel and Creel 2002, Scheel 1993).
Interestingly, lions killed zebra more often (> 40% of observed lion kills) than any other
locally available prey, suggesting that overlaps in temporal activity patterns may be an
important factor in prey selection.
In our post-hoc analysis, we observed higher detection probabilities for spotted
hyenas and zebra on the west side of the Ewaso Nyiro River compared to the east side of
the river, where people and livestock were more common (Fig. 3.6). This analysis
provided a clearer understanding of how spotted hyenas respond locally to people and
livestock. As discussed earlier, spotted hyenas (but not lions), occurred at moderate
levels in the grazing area. In addition, radio-tracking data from three spotted hyenas
(Schuette, unpublished data), indicated that at least one spotted hyena clan with ≥ 10
individuals maintained a den in the grazing area during our study. Though we do not
have detailed behavioral data from radio-collared individuals to compare spotted hyena
activity patterns in the grazing area relative to the CCA and buffer areas, camera survey
data allowed us to examine this relationship. We observed higher detection probabilities
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for spotted hyenas west of the river compared to the east side of the river, which may
indicate that spotted hyenas may adjust their behavior by becoming more cryptic when
exposed to higher levels of human activity and livestock use (Boydston et al. 2003,
Kolowski 2008). We acknowledge, however, that higher detection probabilities for
spotted hyenas and zebra may also be explained by differences in their density on the
west and east side of the river (Royle and Dorazio 2008). If this is true, higher densities
on the west side of the river would still provide important insight into the effects of
human land use strategies on spotted hyenas and zebra across this mixed-use landscape.
However, we do not think this was the case in this study because our assumption that
individuals would be detected more often when they were more active was supported by
the number of detections of Maasai men and women in our raw data. While the human
population sex ratio is roughly 50:50, men were detected roughly twice as often as
women (Table 3.1), reflecting their higher levels of activity in areas outside of human
settlements. Thus, we consider detection probability to be a useful proxy to examine
temporal activity patterns.
Dynamics of the Maasai People and Their Livestock
Although human and livestock behavior were not a central focus of our research,
our assessment of the generic model revealed interesting patterns of how traditional,
semi-nomadic Maasai people move across the landscape with their livestock herds, and
the effects of these movements on wildlife populations. Our analysis of domestic group
sensitivity to the dry season and distance to water indicated occupancies increased as the
dry season progressed and distance to water increased. This result appears to contradict
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the need for Maasai to take their livestock to drink daily (or frequently) regardless of
where they are living, and also runs contrary to our expectation that Maasai would prefer
to move to dry season refuges rather than congregate in the affected dry area. We
suggest these apparent contradictions actually confirm what we know about this highly
mobile Maasai community, or more accurately, about this regional (southern Kenya and
northern Tanzania) Maasai community. First, the Maasai have additional means of
acquiring water for their livestock and their families beyond what we examined in our
research. A nearby factory installed numerous water access points along a freshwater
pipeline fed by a spring in the Rift Valley highlands. These manmade waterholes are
scattered across the eastern portion of our study area, providing year-round water
availability to people and livestock on the east side of the river. These waterholes are
also located > 5 km from any natural permanent water, near two permanent villages and
the general area where more people live year-round. The greater availability of manmade
water sources therefore likely masked the response of domestic groups to our evaluation
of permanent water, which accounted only for natural water sources. A similar effect of
dry season is possible because at least a portion of the community typically remains in
settlements close to manmade waterholes year-round to allow uninterrupted attendance at
local primary and secondary schools. We suspect these waterholes had a minimal effect
on wildlife occupancy because of low overall wildlife occurrence on the east side of the
river where human activities are greater, and the terrain is more arid, rocky, and less
vegetated. Although not appealing to wildlife, people prefer to live in this arid eastern
region because of lower rates of mosquito and tick-borne livestock diseases (J. Kamanga,
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personal communication). In addition, an increase in occupancy for people and livestock
as the dry season progressed may be related to an influx of seasonal, temporary Maasai
immigrants from across southern Kenya or Tanzania. We regularly observed Maasai
people from other regions passing through or settling temporarily in the study area,
distinguishable from Olkiramatian and Shompole Maasai by the color-scheme of their
shukas (sarong). This is a common strategy to cope with regional drought conditions;
transient groups are allowed to move temporarily into Olkiramatian and Shompole when
their home area has suffered severe drought conditions with the understanding that
Olkiramatian and Shompole Maasai may seek a return on this favor in the future. In this
way, an influx of people from surrounding areas into Olkiramatian and Shompole may
have occurred as the dry season progressed.
The variable response of Maasai children, women, and men to distance to human
settlements reflects the different responsibilities of each age-sex classes in traditional
Maasai society. We recorded Maasai boys and girls in our data as ‘children’, but boys
and girls assume different responsibilities in Maasai society. Although children of both
sexes attend school, more boys than girls attend school. We regularly observed groups of
children walking to and from school (in school uniforms) at our cameras, particularly
boys. When not in school or on temporary break from school, boys are often out with the
livestock herds, while girls more often remain with adult women in the settlement or help
collect firewood and water (Butt et al. 2009). These different responsibilities are likely
reflected by our estimated large SE’s for children, but not adult men and women. Maasai
men (which we defined as ≥16 years old) tend the livestock, but they are also the most
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mobile group, often walking great distances to attend community meetings, livestock
markets, and to scout the landscape for suitable grazing lands, and thus are only
minimally associated with active human settlements. Low occupancy estimates at
increasing distances from human settlements for donkeys and cows reaffirms the idea that
the location of active human settlements are a good indication of where livestock are
currently grazing. In contrast, sheep and goats, which are well-suited to browsing and are
more durable during dry season conditions, are often grazed separately from cows, and
are perhaps less closely associated with location of active human settlements.
Conclusion
Camera surveys coupled with multi-season, single species occupancy models can
provide a powerful tool to unravel the complexities of a predator-prey-human system.
We found that unrestricted access to permanent water, local drought refuges (Shompole
swamp, woodlands near permanent springs), and distant drought refuges (Tanzanian
highlands) have contributed to two apex carnivores and a diverse native herbivore
community continuing to coexist with Maasai people and livestock across this mixed-use
landscape. Overall, our analyses revealed spatial and temporal overlaps in several
species that provided important insight into predator-prey dynamics outside of GPAs,
interactions between livestock and native herbivores, and spatial and temporal patterns of
two apex predators that are prone to killing livestock. Understanding these interactions is
essential to develop long-term conservation and management plans that extend beyond
GPAs.
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If human settlements should increase locally, or the local Maasai community
alters their current land use strategies in ways that restrict access to permanent water and
dry season refuges, we expect negative effects to reverberate quickly across this
carnivore and native herbivore community. Several ecologically important but sensitive
native herbivores (zebra, Grants gazelle, impala, and giraffe) may become rare or
disperse out of the area, a process that would reduce prey availability for spotted hyenas
and lions, and likely escalate the rate of local conflict.
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Table 3.1. Total number of detections (of 9,701 possible) and estimated detection
probability (from each species’ top model) across 228 sub-locations.
Apex Carnivores &
Native Herbivores

Detections

̂

Sp hyena

112

0.07

Lion

34

0.06

Giraffe

167

0.08

Grants gazelle

181

0.06

Hare

677

0.18

Impala

71

0.06

Porcupine

43

0.02

Warthog

36

0.02

Wildebeest

48

0.02

Zebra
People & Livestock

251

0.08

Adult Female

527

0.15

Adult Male

1003

0.19

Children

1126

0.22

Cow

295

0.11

Sheep/Goat

926

0.19

Donkey

229

0.09

Dog

454

0.11
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Table 3.2. Day - night comparisons of estimated detection probabilities for two apex
predators, people/domestic animals, grazers, and browsers/mixed-feeders. Significant
differences were found at the p <0.05 level. *indicates marginal significance.
Apex Carnivores
Sp hyena
Lion
Dom.Groups
Ad Female
Ad Male
Children
Dom. Dog
Donkey
Sheep/goat
Cow
Grazers
Zebra
Wildebeest
Gr. Gazelle
Mixed feeders
Hare
Porcupine
Giraffe
Warthog
Impala

t
-11.80
-2.91

df
5
5

p-value
< 0.001
0.033

3.15
3.71
3.67
2.74
4.85
4.09
24.94

5
5
5
5
5
5
5

0.025
0.014
0.014
0.041
0.005
0.009
< 0.001

-1.90
1.06
0.29

5
5
5

0.116 *
0.339
0.785

-13.62
-16.23
-1.98
1.37
-0.89

5
5
5
5
5

< 0.001
< 0.001
0.104 *
0.228
0.412
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Fig. 3.1a. Map of South Rift study area. Four different land uses are outlined: CCA
(Community Conservation Area, also used as a drought refuge), Buffer (dry season
settlements and grazing), Graze (wet season grazing and no settlements), Perm
(permanent settlements and grazing used primarily during the wet season but with some
permanent settlements). Our sampling design included 57 grids each containing 4 sublocations (dark circles). Human settlements (triangles) were active seasonally (i.e. all
possible settlements are pictured, but only a portion were actually occupied by people and
livestock each season). A permanent river bisects the Buffer and Graze zones and a
seasonal stream roughly separates the CCA and Buffer. Gray regions to the west
represent dense bush and woodland, gray regions to the east represent rocky terrain, and
the dark gray patch (bottom center) represents the Shompole swamp.
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Fig. 3.1b. View of sampling effort per grid. One sub-location in a grid was surveyed each
month (darkened circle) on 7 consecutive secondary sampling occasions (3 nights, 4
days). Thus, it took us 4 months to survey all 4 sub-locations in a grid. We considered
each 4-month interval our primary sampling period (cycle). Sub-locations are considered
‘closed’ during each cycle, but ‘open’ between cycles (local colonization and extinction).
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Fig. 3.2. Probability of occurrence ( ̂ ) ± SE from the top model (i.e. highest overall
model weight) for spotted hyenas (Sp), lions (Li) and wild herbivores (Wr=warthog,
Im=impala, Ze=zebra, Gr=Grants gazelle, Wi=wildebeest, Po=porcupine, Ha=hare,
Gi=giraffe) in relation to a) distance to human settlement (0-10km), b) distance to water
(0-8km), c) days into the dry season (0-150), d) land use (4 levels: buffer, CCA, graze,
permanent settlement), e) land use (2 levels: east/west of the river), f) substrate (mix, silty
soil, rock). SE’s were not plotted for species with low overall detections.
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a)

b)

c)

Fig. 3.3. Index of sensitivity to 2 environmental and 1 anthropogenic variables
determined by the generic model. The figures represent the relationship (estimate ± SE)
of each domestic group and wildlife species to a) days into dry season, b) distance from
permanent water, and c) distance to human settlements. Index values = 0 (gray hash)
indicate no response by a domestic group or species in response to the variable. Positive
values suggest a positive relationship to the variable and negative values indicate a
negative relationship. Ch=children, Fe=adult women, Ma=adult men, Dg=domestic dog,
Dk=donkey, Cw=cow, Sh=sheep/goat, Li=lion, Sp=spotted hyena, Gr=grants gazelle,
Wi=wildebeest, Ze=zebra, Ha=African hare, Im=impala, Po=porcupine.
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a)

b)

c)

d)

e)

g)

f)

h)

Fig. 3.4. Probability of local colonization (Col) (a-d) and extinction (Ext) (e-h) ± SE
across land use types from the generic model. Land use types are arranged from west to
east: CA, Buffer, Graze, Perm. Gray dashed line indicates average colonization and
extinction rates across domestic groups and wildlife species.
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a)

b)

Fig. 3.5. Mean detection probability ̂ and 95% CI for people, livestock, domestic
animals, native herbivores, lions, and spotted hyenas during the day (6am – 6pm) and at
night (6pm – 6am). a) ‘Diurnal’ represents species/groups with higher estimated detection
probabilities during the day than at night ( ̂ day > ̂ night). b) ‘Nocturnal’ represents species
showing the opposite pattern (pnight > pday). Species codes are the same as in Fig 3.2.
a)

b)

Fig. 3.6. Estimated detection probability and 95% CI from a) day x east/west and b) night
x east/west for large carnivores and native herbivores. We considered this test post-hoc
to examine further temporal behavioral adjustments by wildlife species in relation to
human land use. The gray-hashed line represents the average detection probability for all
wildlife species and domestic groups under this model. Throughout the year, there is
generally a higher level of human activity (people, livestock) on the east side of the river
than the west side.
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Abstract
African ungulate populations have declined inside and outside of governmentprotected areas due to land subdivision, competition with livestock, conversion of pasture
to farmland, and drought. However, some pastoralist communities maintain
communally-owned, unfenced landscapes on which they graze livestock on a seasonally
rotating basis. This land use strategy has supported pastoralists, livestock, and a diverse
native ungulate community for thousands of years, and may provide important insight
into spatial and temporal patterns that promote coexistence. In the South Rift Valley of
Kenya, we conducted day and night ground counts of livestock (cattle, sheep/goats) and
native ungulates (zebra, wildebeest, Grant’s gazelle, impala, giraffe) over three years,
which included a severe drought. We used distance sampling to estimate their densities
in relation to environmental covariates, including habitat type and human land use.
Although livestock densities were high, native ungulate densities were comparable to
many government-protected areas. Zebra were most abundant (10.0 ± 3.3
individuals/km2), followed by Grant’s gazelle (7.4 ± 1.8), wildebeest (5.2 ± 1.9), impala
(4.3 ± 1.8), and giraffe (1.3 ± 0.6). We observed differences in domestic and native
ungulate habitat use, which supports a hypothesis of spatial partitioning across this
heterogeneous landscape. Zebra and impala densities were low in areas used heavily by
people and livestock, indicating potential spatial displacement. Obligate grazer (zebra,
wildebeest, cattle) densities declined during the drought, while mixed-feeder/browser
(sheep/goats, Grant’s gazelle, impala) densities remained relatively constant. Only
wildebeest failed to rebound to pre-drought levels the following year. Though local
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pastoralists corral their livestock at night, native ungulate spatial patterns were similar
day and night except for impala. Our data suggest spatial and temporal partitioning of
unfenced rangeland promotes coexistence of abundant livestock and native ungulates,
though wildebeest appear vulnerable. We conclude that spatial and temporal variation in
human land use promotes coexistence with native ungulates.
Keywords: distance sampling, zebra, wildebeest, impala, gazelle, giraffe, drought,
pastoralist, livestock
Introduction
Wildlife conservation and management in Africa has relied heavily on national
parks and other government protected areas (GPAs) for decades. Recent evidence,
however, indicates many large mammal populations, particularly native ungulates, have
declined at similar rates inside and outside GPAs (Craigie et al. 2010, Ogutu et al. 2011,
Western et al. 2009). This realization has caused conservation policy to extend its scope
beyond GPAs to incorporate a matrix of protected lands and other areas with sustainable
human land uses (Ogutu et al. 2011, S. Thirgood et al. 2004, Western, Russell, and
Cuthill 2009). Well-conceived policies for conservation of ungulates in mixed-use
landscapes might limit or reverse declines in ecologically important and diverse ungulate
communities.
Inside GPAs, decades of research have revealed the limiting effects of top-down
and bottom-up pressures on African ungulate populations (Sinclair and Arcese 1995). In
the Serengeti-Mara ecosystem of Tanzania and Kenya, migratory wildebeest
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(Connochaetes taurinus) and zebra (Equus quagga) move long distances following the
rains from wet to dry season (Maddock 1979). For these obligate grazers, long-distance
dispersal is costly, and the additive effects of unpredictable low rainfall and frequent
drought can increase their vulnerability to population decline (Boone et al. 2006, Mduma
et al. 1999, Ogutu et al. 2008). Resident mixed-feeders and browsers, such as Grant’s
gazelle (Nanger granti), impala (Aepyceros melampus), Maasai giraffe (Giraffa
camelopardalis tippelskirchi), and non-migratory zebra and wildebeest, follow a different
foraging strategy, in which they alter their habitat use at a finer scale to compensate for
seasonal changes in resource availability (Sinclair 1995). Mixed-feeders and browsers
are perhaps less susceptible to stochastic environmental processes, but they may also be
exposed to a high risk of predation from resident lions, spotted hyenas, and other large
carnivores (Sinclair 1995). That is, migration might allow escape from predation
independent of mechanisms related to resources. Although these basic ecological
processes are clearly important for most ungulate populations, human actions can have
strong effects even within GPA boundaries (Brashares et al. 2001). Additionally, the
majority of ungulates in some nations are found outside of GPAs (Western et al. 2009),
so it is important that we also consider the potential limiting effects of livestock and
human land use on native ungulate populations.
Along GPA boundaries and extending outward, habitat fragmentation, human
sedentarization, conversion of rangeland to farmland, and competition with livestock can
limit migratory and non-migratory ungulate populations (Homewood et al. 2001, Ogutu
et al. 2011, Ottichilo et al. 2001, Western, R. Groom, et al. 2009). For instance, the
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migratory wildebeest population of Tarangire National Park and the non-migratory
wildebeest population adjacent to the Maasai Mara National Reserve have both declined
as agricultural production has expanded in the last 20 years (Bolger et al. 2008). Along
the western border of the Serengeti ecosystem, ungulate populations have declined as
human land use changes from pastoralism to farming and poaching increases (Campbell
and Borner 1995). Across rangelands where farming has not yet transformed land use
practices, government policies have urged communal landowners to subdivide and fence
their rangelands for private use (Homewood et al. 2009, Western, R. Groom, et al. 2009).
These policies have altered grazing practices from a system based on seasonal rotational
grazing to permanent grazing, a practice that has reduced ecosystem resilience and
caused wildlife declines (Western et al. 2009). These land use changes have also
disrupted traditional pastoralist practices by restricting access to water and dry season
grazing refuges (Homewood et al. 2009). The detrimental ecological impact of these
land use changes were revealed during a severe drought in 2009 that affected much of
Kenya’s rangelands. Near Amboseli National Park, 2/3 of the total ungulate population
died during the 2009 drought (Western et al. 2009), and pastoralists throughout the
country lost a large portion of their livestock (Western 2009).
Despite widespread changes in land use across East African rangelands, many
pastoralist landscapes remain unfenced, farming is small-scale or absent, and livestock
and native ungulates still co-occur at high densities. For example, the landscape to the
east of Serengeti National Park, which includes Loliondo Game Controlled Area,
supports stable and abundant ungulate populations alongside Maasai pastoralists
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(Campbell and Borner 1995). Though competition for forage and water resources is
common when livestock and wildlife co-occur (Bonnington et al. 2007, Dunham et al.
2003, Groom and Harris 2010, de Leeuw et al. 2001, Ogutu et al. 2008), spatial
heterogeneity in habitat selection across species may promote coexistence (Sitters et al.
2009). Livestock may also facilitate native grazers, or vice versa, by removing
unpalatable vegetation and stimulating new growth (Odadi et al. 2011, Ogutu et al. 2008).
Temporal partitioning may also be important for coexistence. For example, most East
African pastoralists graze their livestock from sunrise to sunset and corral them at night.
This strategy allows pastoralists to minimize the risk of predation from nocturnal
carnivores and also creates temporal variation in the use of grazing areas by livestock.
Thus, the potential for interference competition between livestock and native ungulates is
reduced because native ungulates experience a release from direct interactions for 12
nighttime hours out of each 24 hours, when livestock are not present. It is therefore
reasonable to hypothesize that semi-nomadic pastoralists, livestock, and native ungulates,
which have co-occurred for at least 2,000 years (Marshall 1990), have adapted spatial and
temporal patterns that promote coexistence. Landscapes that still retain these interactions
allow us to explore potential conservation strategies that include traditional economies
that promote coexistence.
To understand these issues requires accurate and representative estimates of
domestic and native ungulate densities and distributions. In most ecosystems, managers
have relied heavily on aerial surveys to monitor ungulate populations (East 1999).
Though aerial surveys are well-suited to some conditions, aerial counts underestimate
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true abundances (Caughley 1974), particularly for smaller-bodied species, even when
estimated correction factors are used (East 1999). Ground counts coupled with distance
sampling (Buckland 2001) can account for imperfect detection of animals at increasing
distances from the observation point or transect line. Modern distance sampling methods
also correct for variation in detectability among species and across habitat types, and thus
can provide reliable information for monitoring African ungulate populations and
communities (Augustine 2010, Ogutu et al. 2006).
In the Rift Valley ecosystem straddling the Kenya-Tanzania border, an intact
native ungulate community (except black rhinoceros) co-occurs with the semi-nomadic
Maasai people and their livestock. Though the region contains a locally managed
community conservation area, this portion of the Rift Valley is far from any GPA (>100
km). From 2008-2010, we examined spatial and temporal variation in the distribution of
livestock and native ungulate populations using ground counts and distance sampling, to
test what factors influence distributions, and thus determine how livestock and wildlife
partition the landscape. The duration of our study opportunistically included a period
before, during, and after a 2009 drought, which was possibly the most severe in over 50
years (J. Kamanga, personal communication). We tested several hypotheses regarding
spatial and temporal dynamics of livestock and native ungulates, which included the
following: (1) At broad spatial scales, native ungulates and livestock should differ in their
use of space, primarily because of large-scale variation in local land-use practices. (2) At
a smaller spatial scale, the use of specific habitats should overlap for native and domestic
ungulates, particularly for obligate grazers (zebra, wildebeest, and cattle) that rely on
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open grassland habitat. (3) We predicted that native ungulate distributions should change
at night, when livestock are corralled and constraints due to interference competition are
reduced. (4) Changes in the local densities of domestic and native ungulates pre- and
post-drought should vary by foraging strategy. We predicted that domestic grazers
(cattle) and native grazers (wildebeest, zebra) would decline in density in response to
reduced grass availability during the drought, through a combination of mortality and/or
broad-scale movements out of the study area, while mixed-feeders and browsers would
show smaller changes in density, perhaps through changes in local habitat use. (5) If
reductions in density during the drought were driven primarily by mortality, populations
would rebound relatively slowly; if reductions in local density were driven by temporary
emigration, populations could rebound more quickly.
Methods
Study Area
We conducted research in Olkiramatian and Shompole Maasai Group Ranches in
the southern Rift Valley of Kenya (~ 1,000 km2). This portion of the Rift Valley
landscape is open and unfenced, though the Rift Valley wall forms a geographic barrier
to the west. Olkiramatian and Shompole Group Ranches are situated >100 km from any
GPA. The semi-nomadic, pastoralist Maasai people live at low-densities (~10people/
km2) in small, family settlements (typically < 15 men, women, and children, per
settlement). The area receives low annual rainfall (400-600 mm/year) that falls almost
exclusively during the long (Mar-May) and short (Nov-Dec) rainy seasons (Warinda
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2001), although the region received below average rainfall (327 mm) during the 2009
drought. The permanent Ewaso Nyiro River bisects the study area, flowing into the
Shompole swamp, which provides a refuge for ungulates during extended dry seasons.
Olkiramatian and Shompole Group Ranches are partitioned into four land uses,
delineated into eastern and westerns areas by the Ewaso Nyiro River. The west side of
the river includes a Community Conservation Area (CCA) set aside for ecotourism as its
primary use. The CCA doubles as a daytime livestock grazing area (with no settlements)
during severe drought such as 2009. Along the western edge of the Ewaso Nyiro is a
buffer zone, where the Maasai community settles and grazes their livestock temporarily
during the dry season (~Sep-Mar). The east side of the river includes a grazing zone, set
aside as a wet season grazing area (~Mar-Sep) with no human settlements. Adjacent to
the grazing zone is an area of semi-permanent settlements where some Maasai live yearround and graze livestock during the wet season. The semi-permanent settlement zone
supports higher year-round settlements and livestock grazing than the other three land use
types, and includes two small (< 250 people) permanent villages.
Sampling Design
We surveyed 16 transects (8 east and 8 west of the river) every 6 weeks on 21
occasions from May 2008 to December 2010. For each occasion, transects were
surveyed during the day (0700 h – midday) and then again at night (1900 h – midnight),
usually within one 24-hour period. Transects were spaced at 4 km intervals to minimize
the chance of double-counting individual animals. Transect were oriented in an east-west
direction, typically with their origin as near to the river as possible (in some places, dense
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vegetation near the river and in other wet areas obstructed the transect) and varied in
length from 1.1 km to 7.8 km. The cumulative length of all transects was 69.2 km and
the total size of our surveyed area was 350 km2.
Transects were binned into 1 of 3 habitat types that varied in vegetation structure
and density. These included: (a) bushed grassland (open): grasslands with occasional
low-density scrub and small patches (< 50 m diameter) of Acacia woodland, (b) bushed
woodland-grassland (intermediate density): bushlands and Acacia woodlands with
occasional, small patches of open grassland, and (3) bushed woodland (closed): bushland
and woodland with no open grasslands. Transects were binned into 2 land use types:
west, which includes the CCA and buffer zone (less human/livestock use year-round) and
east, which includes the grazing and semi-permanent settlement zones (more
human/livestock use year-round).
We surveyed transects by vehicle with an observation team composed of three
people. The observation team included a driver, who drove a 4WD truck at 10 km/hour,
navigating the marked transect with the help of a GPS. Two observers sat on top of the
truck and scanned for animals. At night, each observer scanned with a 12-volt, 1 million
candlepower spotlight. When any animal was detected, the driver stopped the vehicle
and recorded the GPS location (UTM N and UTM E). The observers used laser
rangefinding binoculars (Leica Optics, Solms, Germany) to count the total number of
animals per group, the distance to the group (m), and the azimuth (0 to 359o), which was
used to calculate the perpendicular distance of the animal group from the transect
(Buckland 2001). We focus here on the five most abundant large native ungulates [zebra
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(Equus quagga), Grant’s gazelle (Nanger granti), wildebeest (Connochaetes taurinus),
impala (Aepyceros melampus), Maasai giraffe (Giraffa camelopardalis tippelskirchi)]
and livestock (cattle, sheep/goats).
Data Analysis
To avoid pseudreplication, we considered each animal group (rather than
individuals) the sampling unit (Buckland 2001). We truncated data at 500 m for largebodied native ungulates (zebra, wildebeest, giraffe) and livestock (cattle, sheep/goats),
and at 400 m for smaller-bodied native ungulates (Grant’s gazelle and impala) to limit
any potential detection biases in favor of large animal groups at greater distances
(Buckland 2001). After truncation, we inspected the data graphically and found no
correlation between detection distance and herd size.
We analyzed 21 sampling occasions (6, 9, and 6 occasions respectively in 2008,
2009, 2010) using the distance sampling function in the unmarked package in R statistical
software (Chandler 2012, Fiske and Chandler 2011, Fiske et al. 2011, R Development
Core Team 2010). The unmarked package uses the multinomial model developed by
Royle et al (2004), which allows explicit modeling of variables that affect spatial
variation in density, after controlling for variation in the probability of detection (Fiske
and Chandler 2011, Fiske et al. 2011). We developed an a priori set of candidate models
with either land use (2 levels) or habitat (3 levels) as the covariate on the density and
detection parameters. For each model, we considered 3 functional forms for detection
functions, including the hazard rate, half-normal, and uniform. Our total model set
included 15 candidate models, which we compared using ΔAIC and AIC weights. We
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selected the best supported model for each species and occasion (lowest AIC, highest
AIC weight), and used goodness of fit tests (Chandler 2012), and visual inspections of the
data to verify fit of the best-supported model. This modeling approach allowed us to
examine spatial patterns of native ungulate and livestock densities across land use and
habitat, day and night, across 21 sampling occasions.
Results
Mean Densities and Diurnal Patterns
The estimated cumulative density for the five focal native ungulates (zebra,
wildebeest, Grant’s gazelle, impala, and giraffe) averaged across day and night was 28.16
± 9.24 individuals/km2. Averaging day and night counts across all occasions, zebra were
the most abundant native ungulate (10.0 ± 3.27 individuals/km2), followed by Grant’s
gazelle (7.40 ± 1.82), wildebeest (5.22 ± 1.85), impala (4.26 ± 1.76), and giraffe (1.28 ±
0.55). Total Maasai livestock densities were nearly three times higher than native
ungulates (74.90 ± 22.68), and sheep/goat density was nearly four times higher (59.12 ±
17.02) than cattle (15.78 ± 5.66).
Estimated native ungulate densities were similar during the night (30.83 ± 11.31
individuals/km2) and day (25.48 ± 7.17), as expected for a method that accounts for
variation in detection. Estimated impala densities were substantially lower during the
day (day: 3.17 ± 1.31, night: 5.35 ± 2.21), while other native ungulate densities were
similar day and night (zebra, day: 8.76 ± 2.27, night: 11.24 ± 4.27; Grant’s gazelle, day:
7.03 ± 1.63, night: 7.77 ± 2.01; wildebeest, day: 5.21 ± 1.52, night: 5.23 ± 2.19; giraffe,
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day: 1.32 ± 0.46, night: 1.25 ± 0.64) (Fig 4.1A). Maasai cattle and sheep/goats were
observed only during daytime hours because they are corralled after sunset (Fig 4.1B).
Effects of Land Use on Distributions
Zebra and impala attained higher densities on the west side of the river than on
the east (Fig 4.2A & 4.2B). Though this pattern was similar day and night, nighttime
impala density estimates were higher than daytime estimates. In contrast, wildebeest and
Grant’s gazelle density estimates were similar on the west and east side of the river and
showed no changes from day to night. Giraffe densities were similar on the west and east
during the day. At night, giraffe showed a slightly higher density on the west than east,
but this comparison is based on only 1 out of 21 sampling occasions when we had
sufficient nighttime observations of giraffes to allow model convergence (recall that
giraffes are the least abundant species on the study site).
The spatial distribution of livestock generally showed a pattern opposite to that of
native ungulates (Fig.4.2C). Though the Maasai grazed their cattle and sheep/goats in the
CCA and Buffer (west of the river) during the dry season, the majority of livestock
occurred on the east side of the river.
Effects of Habitat Type on Distributions
The obligate grazers (zebra, wildebeest) and a mixed feeder (Grant’s gazelle)
were observed at high densities in the open grasslands, followed by the bushed-woodland
grasslands (intermediate density), and the bushed-woodlands (closed habitat) (Fig. 4.3A
& 4.3B). A similar pattern was seen day and night. Impala densities were similar across
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the three habitats during the day, but impala were virtually absent from the open
grasslands at night. Giraffe densities were similar across habitats during the day. At
night, giraffe density was high in the open grassland, but again, this result is limited to
only one sampling occasion. Sheep and goats occurred at high densities in densely
vegetated habitats, a pattern of habitat selection opposite to the obligate native grazers
(zebra, wildebeest) and a mixed feeder (Grant’s gazelle) (Fig. 4.3C). Despite being
obligate grazers, cattle densities were high in the intermediate and closed habitats and
low in the open grasslands, which is markedly dissimilar to the distribution of native
obligate grazers.
Responses to Drought
Grant’s gazelle and impala densities (both mixed feeders) were similar before,
during, and after the 2009 drought. Sheep and goat (mixed feeders) densities also
changed little during this time frame (Fig. 4.4). This pattern supports the hypothesis that
mixed-feeders are more drought-resistant than pure grazers (Estes 1967, Klein and Fairall
1986), in both domesticated and wild species. There is some evidence that giraffe (a pure
browser) increased in density during and after the drought, which we did not expect. The
obligate grazers, including zebra, wildebeest, and Maasai cattle, declined during the 2009
drought. Maasai herders moved their cattle to dry season refuges in the Shompole
swamp and then moved into northern Tanzania as forage was exhausted. We believe that
migratory zebra and wildebeest followed a similar pattern and moved to drought refuges
outside of our focal study area, though drought-killed animals were also easily detected.
Zebra and Maasai cattle densities rebounded to roughly pre-drought densities in the year
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after the drought subsided, but wildebeest density remained low. Wildebeest were the
only ungulate that remained below pre-drought density (~44% decline) in the year after
the drought ended.
Opportunistically, we recorded 47 non-predated ungulate carcasses in 2009 and <
5 non-predated carcasses in 2008 and 2010, despite a similar number of field research
days in each year. This pattern suggests that some of the observed changes in density
were due to increased mortality, in addition to emigration. Of the carcasses we located in
2009, the majority were wildebeest (45.7%), followed by zebra (37.0%), Grant’s gazelle
(6.5%), cattle (4.3%), giraffe, buffalo, and eland (2.2%). We did not locate any carcasses
of sheep/goats or impala. These differences among species reinforce the inferences
above.
Discussion
Overall, the Olkiramatian and Shompole Maasai Group Ranches support an
abundant community of both native ungulates and livestock. Despite a cumulative
livestock density (74.9 ± 22.7 individuals km2) nearly three times higher than the
combined native ungulate density (28.2 ± 9.2 individuals km2), native ungulate densities
are higher than in many well-known GPAs in Africa (Table 4.1). Estimated giraffe and
Grant’s gazelle densities are higher than all previously recorded estimates from GPAs of
which we are aware (East 1999). Zebra density in our study area is second only to the
Maasai Mara National Reserve (Ogutu et al. 2011), a world-renowned wildlife viewing
area. Though our density estimates come from a smaller geographic area than most
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GPAs, high native ungulate densities alongside livestock demonstrate the conservation
potential of open, mixed-use rangelands in East Africa, which cover approximately 88%
of Kenya’s terrestrial land area (Bekure et al. 1991). Though prior evidence indicates
competitive displacement of native ungulates by livestock on African rangelands (de
Leeuw et al. 2001, Prins 1992, Du Toit and Cumming 1999), our results support the
hypothesis that native ungulates can co-occur with moderate to high densities of livestock
if provided an open and heterogeneous landscape in which livestock are corralled at night
(Ogutu et al. 2008, 2010, Sitters et al. 2009).
Our research indicates spatial partitioning among livestock and native ungulates
across habitats and human land uses is an important component of coexistence. Native
obligate grazers, including zebra and wildebeest, were most abundant in open grasslands.
In contrast, Maasai cattle were rare in open grasslands, and more common in the
intermediate and closed habitats. Though Maasai cattle are undoubtedly grazing in these
densely vegetated areas, our results suggest that Maasai may in general prefer to keep
their cattle in intermediate to dense habitats at a broad-scale, but seek out small grass
patches within these habitats for grazing. This pattern may allow Maasai herders to
simultaneously tend cattle alongside browsing sheep and goats and provide shade cover
for themselves and their livestock during the hottest parts of the day.
Zebra, wildebeest, and cattle also showed different responses to human land use.
Zebra were more abundant on the west side of the river in the CCA and buffer zones,
cattle were more abundant on the east, and wildebeest were equally abundant on the west
and east side of the river. Relating these results to the patterns of habitat selection
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discussed above, the spatial distributions of all three obligate grazers were unique in their
combination of habitat and land use patterns. This suggests that zebra and wildebeest
perhaps make behavioral adjustments in response to livestock (and each other) to seek
out adequate forage and limit the effects of competition (Dublin et al. 1990, Gwynne and
Bell 1968, Sinclair and Norton-Griffiths 1982). An independent survey of livestock and
ungulate distributions using camera trapping in the same study area reached a similar
conclusion. Schuette and Creel (in review) found that zebra avoided areas heavily used
by people and livestock while wildebeest were either attracted or unaffected.
For mixed-feeders, spatial partitioning by habitat and land use was variable.
Sheep and goat densities declined from closed to open habitats as expected for their
foraging habits. However, Grant’s gazelle showed a weak preference for open habitats
that was more similar to native obligate grazers than sheep and goats. Overall, the spatial
distribution of Grant’s gazelle aligns with their classification as habitat and foraging
generalists (Estes 1967). This notion is further supported by our finding that Grant’s
gazelle densities were similar on the east and west side of the river, both near and far
from livestock. Spatial distributions of impala were quite different. During the day,
impala appeared to be habitat and foraging generalists. However, during the night,
impala were absent from open grasslands and common in habitats of intermediate
density. It is possible that impala altered their habitat use at night because they were
released from competitive effects of livestock. However, we do not think this is the most
likely explanation because impala densities were quite low on the east side of the river.
Instead, impala densities were high in the CCA and buffer zones where livestock are rare,
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but lion and spotted hyena are more common (Schuette and Creel, in review). As a
result, we suspect that the CCA and buffer zones provided suitable habitat for impala
away from livestock, but that these preferences may come at a cost of increased exposure
to predation pressures (Creel and Winnie 2005, Creel et al. 2005). A supplementary
investigation of predator-prey dynamics supports this hypothesis. Creel et al (in review)
observed low direct per-capita predation risk for impala, but they exhibited high vigilance
rates (an anti-predator response) in exchange for lower foraging rates. Therefore, an
observed shift in impala habitat use during the night may be an anti-predator response
rather than an anti-competitor response.
Although our study only found impala altering their spatial distributions from day
to night, we believe that managers and conservation biologists should consider the
potential for diurnal shifts in habitat selection in future work. If we had only conducted
daytime counts, we would have underestimated impala densities, which could lead to
erroneous management plans. Second, native ungulates may experience a release from
interference competition when livestock are corralled at night, promoting stable
coexistence. Though several studies have shown that livestock competitively displaced
native ungulates from water sources or preferred habitats during the day (de Leeuw et al.
2001, Prins 1992, Du Toit and Cumming 1999), it is quite possible that some native
ungulates simply avoid livestock during the day but gain access to important forage and
water resources during the night.
During the course of our study, our surveys unexpectedly captured the year
before, during, and after one of East Africa’s most severe droughts. The impact of the

119
drought was felt across much of the country, and local livestock and wildlife declines
across the highly subdivided Amboseli ecosystem in southern Kenya were severe
(Western 2009, Western et al. 2009). This drought-induced die-off in Amboseli lead to
increased carnivore conflict and unprecedented management actions (Greenwire 2010,
Wadhams 2010). Fortunately for local residents in Olkiramatian and Shompole, the
impact of the drought was less severe. The 2009 drought brought substantial hardship to
Olkiramatian and Shompole residents, but their continued mobility limited reductions in
livestock and wildlife populations. When the rains failed, local Maasai families first
moved to their locally-protected drought refuges, including the CCA, the Shompole
swamp, and Olkiramatian woodlands. As the drought persisted, local residents
abandoned their typical wet to dry season movements, and moved further afield into
northern Tanzania and across the open rangelands of the southern Rift Valley, far beyond
our focal study area. Results from our transect data supports this pattern. Though we had
sufficient data to estimate cattle density in 2008 and 2010, we observed only a few cattle
herds during each sampling occasion in 2009, and thus, we were unable to estimate their
density for the drought year. We also observed a decline in zebra and wildebeest, but to a
lesser degree than in cattle. We suspect this was a result of differences between
migratory and non-migratory populations of wildebeest and zebra, which either
emigrated to drought refuges outside of our study area (migratory), shifted to local
drought refuges (resident), or perished.
Supplemental ungulate carcass data provide additional insight into differences
among native and domestic species in response to the drought. First, wildebeest
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mortality was locally high. Whether these deaths represented migratory individuals that
failed to emigrate or residents that succumbed to local conditions is uncertain. However,
high wildebeest mortality in 2009 helps explain their low density in 2010, and supports
prior studies suggesting that migratory wildebeest are particularly vulnerable to drought
(Bolger et al. 2008, Boone et al. 2006, Mduma et al. 1999). Second, though zebra are
generally considered less vulnerable to drought than wildebeest (Mduma et al. 1999),
they were locally one of the most affected native species (Georgiadis et al. 2003).
Despite wildebeest density remaining low in 2010, zebra and cattle densities returned to
pre-drought levels in 2010 likely through immigration and cattle restocking.
Olkiramatian and Shompole Group Ranches received 688 mm of rain from December
2009 to May 2010, which stimulated abundant fresh vegetation capable of supporting
high cattle and zebra densities again. Research should continue over the long-term to
determine if the local wildebeest population will recover through time. Third, Grant’s
gazelle and impala incurred only small changes in density during the drought, supporting
the hypothesis that mixed-feeders are capable of enduring drought conditions, possibly by
switching from a grazing to browsing foraging strategy (Estes 1967, Klein and Fairall
1986). Fourth, it appears that only a small proportion of Maasai cattle actually died
within the boundaries of Olkiramatian and Shompole. Though some local families lost
50-70% of their cattle herds (J. Kamanga, personal communication), most of these losses
likely occurred in transit as they sought out additional drought refuges beyond their home
lands. Lastly, sheep and goat densities were consistent from 2008 to 2010, a pattern in
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agreement with local perceptions that they are more durable and resistant to drought than
cattle.
In conclusion, habitat heterogeneity and a system of seasonal human land uses
promote co-occurrence of dense livestock and native ungulate populations on this
landscape. These features allow for species-specific patterns of spatial and temporal
variation that reduce the potential for competitive displacement. Land use strategies
based on mobility across an unfenced landscape provide ecological resilience to a region
prone to frequent drought and may decrease the potential for human-wildlife conflict.
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Table 4.1. A comparison of local ungulate densities relative to other well-studied
protected area populations and neighboring pastoralist lands (NP=National Park,
GR=Group Ranch, NR=National Reserve, CA=Conservation Area). WB=wildebeest,
ZE=zebra, GR=Grant’s gazelle, IM=impala, GI=giraffe, CT=cattle, SH=sheep/goats.
Native Ungulates

Livestock

Size
(km²)

WB

ZE

GR

IM

GI

CT

SH

Survey
Method

Source

350

5.2

10.0

7.4

4.3

1.3

15.8

59.1

ground

this study

Tarangire NP
(Tanzania)

2,600

3.6

0.6

0.5

0.3

aerial

East 1999

Serengeti ecosystem
(Tanzania)

27,000

60.6

1.2

3.5

0.4

aerial

Campbell &
Borner 1995

Serengeti, Loliondo
GR (Tanzania)

1,695

1.7

3.2

0.6

aerial

Campbell &
Borner 1995

Maasai Mara NR
(Kenya)

1,530

41.6

10.4

0.8

2.8

0.2

15.8

5.8

aerial

Ogutu et al 2011

Maasai Mara NR,
GRs (Kenya)

4,870

6.9

4.9

1.4

4.9

0.2

38.6

86.6

aerial

Ogutu et al 2011

Selous Game Reserve
(Tanzania)

43,626

1.0

0.5

0.3

aerial

East 1999

Ngorongoro CA
(Tanzania)

1,729

34.5

0.4

0.3

aerial

Campbell &
Borner 1995

0.9

ground

East 1999

27.5

0.7

aerial

East 1999

1.3

20.3

0.3

ground

Augustine 2010

1.5

5.5

0.3

aerial

Owen-Smith et
al 2005

0.8

0.1

aerial

East 1999

Study Area
South Rift Valley
(Kenya)

9.1

3.2

4.1

Nairobi NP
(Kenya)
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2.4

Lake Nakuru NP
(Kenya)

139

2.4

Laikipia ranch
(Kenya)

82

Kruger NP
(South Africa)

20,000

Amboseli NP
(Kenya)

392

0.6

3.8

7.1
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Fig. 4.1. Native (A) and domestic (B) ungulate densities (± 1SE) during the day (7 ammidday) and at night (7pm –midnight).

Fig. 4.2. Native ungulate densities (± 1SE) during the night (A) and day (B) compared to
livestock (C) densities in areas used more extensively by people and livestock year-round
(east) and areas set aside for a Community Conservation Area and dry season grazing
(west).
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Fig. 4.3. Native ungulate densities (± 1SE) during the night (A) and day (B) compared to
livestock (C) densities within each of 3 habitat types. All habitats were represented in
both land use types.

Fig. 4.4. Native (A) and domestic (B) ungulate densities (± 1SE) in the year before,
during, and after the 2009 drought.
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Abstract
The geographic range and population size of the African lion (Panthera leo) have
decreased by ~75 % in recent decades. Though government-protected areas (GPAs)
typically support high lion densities, mixed-use landscapes may also serve an important
role in long-term conservation and management. Little quantitative data exist to describe
lion distributions and the factors that affect distributions outside GPAs. In particular, lion
conservation outside GPAs requires an understanding of the ways lions and humans
jointly use the landscape. In the southern Rift Valley of Kenya, we studied a lion
population in an unfenced rangeland occupied by the Maasai people and their livestock.
Here, the Maasai shift their settlements and grazing areas seasonally east to west across a
permanent river, a practice we hypothesized might promote co-existence with lions. We
placed radio-collars on lions (4 F, 2 M) and uniquely identified all individuals in resident
prides/coalitions to determine lion density in an uninhabited Conservation Area and
seasonally-inhabited buffer zone west of the river (240 km2). We determined patterns of
lion space use and tested for changes in response to seasonal movements of people. The
local lion density was 0.136 individuals/km2 (excluding individuals < 1 year), comparable
to many GPAs. Lion groups were found in closer proximity to settlements and further
from the permanent river when people were settled on the west side of the river. Conflict
remained low during this time, likely because lions increased their use of the
Conservation Area and dense cover, which provided refuge from anthropogenic
pressures. Average prey density in areas used by lion groups was not detectably altered
by human movements, which may also promote coexistence. Despite locally high
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livestock densities, a land use system based on temporary settlements and grazing areas
allowed lions to co-occur with people and livestock at a density comparable to many
GPAs.
Keywords: African lion, Panthera leo, human-carnivore interactions, carnivore
conservation, conflict, community conservation areas
Introduction
In the past century, carnivore populations have experienced drastic, global
reductions due to increasing human population densities, habitat loss and fragmentation,
reduced prey availability, and elevated rates of conflict (Gittleman et al. 2001). These
declines are most apparent in large species, which require expansive landscapes with
abundant prey, and are prone to killing livestock (Woodroffe 2000). As a result, large
carnivores are often the first to disappear from landscapes (Brown 1986), which can have
many cascading effects on ecosystem function (Crooks and Soulé 1999, Estes et al.
2011).
In Africa, several apex carnivore species, including the African wild dog (Lycaon
pictus), cheetah (Acinonyx jubatus), and lion (Panthera leo) have declined markedly in
their geographic range and population sizes. The geographic range of lions is now 22%
of their historic range (Bauer et al. 2008). Many regional lion populations have been
locally extirpated and others are increasingly isolated within national parks and other
government-protected areas (GPAs), which are not immune to anthropogenic pressures
(Woodroffe and Ginsberg 1998). As a result, the continent-wide lion estimate is now less
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than 25,000 individuals, compared to more than 100,000 individuals only 40 years ago
(Bauer and Van Der Merwe 2004). Continent-wide geographic and numeric declines of
~75% in roughly 10 generations are cause for serious, immediate conservation concern.
In East Africa, extant lion populations have been exposed to a rapidly changing
human landscape. For thousands of years, many East African rangelands were inhabited
by low-density, nomadic pastoralist communities who moved with their herds seasonally,
following the rains to secure forage for their livestock (Marshall 1990). Recent
government land policies and rapid population growth have discouraged pastoralism and
encouraged more permanent human settlements, land privatization, and crop production
(Homewood et al. 2009). These land use changes have converted, fragmented, and
restricted access to important habitats for lions, including dense cover and riparian areas,
which are important for stalking predators such as lions (Mosser et al. 2009, Spong
2002). In addition, many agro-pastoralist landscapes may contain livestock densities and
grazing intensities that can competitively displace native ungulate species (Groom and
Harris 2010, de Leeuw et al. 2001). This process has contributed to large ongoing
decreases in ungulate densities across Africa (Craigie et al. 2010, Western et al. 2009),
and thus, reduced prey availability for lions. The detrimental impacts of land use change
and decreased prey availability are well-documented in areas where human-carnivore
conflict rates are high (Hazzah et al. 2009, Okello 2005, Patterson et al. 2004).
In Kenya, lions are thought to have decreased from approximately 2,750
individuals to 2,000 in just 10 years, a decline of nearly 30% (Kenya’s National Large
Carnivore Task Force 2008). Many of the remaining lion populations lie within
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pastoralist rangelands in southern Kenya (Kenya’s National Large Carnivore Task Force
2008), including the Maasai Mara National Reserve, where lion densities are perhaps the
highest in all of Africa (Ogutu and Dublin 2002). Even in this lion hotspot,
anthropogenic mortality is common along the reserve boundary, where human-wildlife
tension is high as crop production (wheat, in particular) is becoming increasingly
pervasive (Ogutu et al. 2005). Thus, lion populations residing inside GPAs may serve as
ecological sources, and neighboring community lands as ecological sinks, in regions
experiencing widespread human disturbance (Becker et al., in review).
Unprotected arid rangelands in Kenya may still support 65% of the country’s lion
population (Chardonnet 2002). The southern Rift Valley of Kenya retains conditions that
have the potential to support a viable lion population outside of any central-government
protection. Locally, Maasai people continue to practice a semi-nomadic lifestyle, moving
seasonally with their livestock. In this area, livestock and native ungulates exhibit spatial
and temporal niche partitioning that may promote coexistence (Schuette et al., in review).
Despite relatively abundant livestock, native ungulate densities are comparable to those
of many GPAs (Schuette et al., in review). Apex predators, including lion, occur in the
region with relatively little reported conflict (Kenya Wildlife Service, personal
communication). Thus, intact pastoral ecosystems with a combination of a mobile, lowdensity human population, a heterogeneous landscape, and abundant prey may harbor
conditions suitable for lions outside of GPAs.
From 2008 –2011, we studied the lion population on Olkiramatian and Shompole
Maasai Group Ranches in the southern Rift Valley of Kenya with two objectives. First,
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we radio-collared ≥ 1 individual from every pride and male coalition to estimate absolute
densities by counting recognized individuals. Second, we documented responses in
patterns of lion space use to seasonal movements of the Olkiramatian and Shompole
community. During the wet season, this Maasai community resides and grazes their
livestock primarily on the east side of a permanent river that runs north to the south
through the study area. During the dry season, they shift their settlements and grazing to
the west side of the river, which includes a settlement/grazing (“buffer”) area and a
community conservation area (CA), which doubles as an uninhabited livestock grazing
refuge during periods of prolonged drought. Lastly, we collected conflict reports in
collaboration with local Maasai natural resource assessors to document the extent of
human-carnivore conflict in the area.
We tested several hypotheses regarding potential lion responses to people
inhabiting areas west of the river during the dry season. First, we predicted lions would
maintain a threshold distance from occupied human settlements, to avoid direct contact
and consequent persecution. We expected lions to increase their use of the CA and dense
habitats (which provide refuge and protective cover) compared to times when people only
inhabited areas east of the river, a pattern that would result in low rates of conflict. We
predicted this spatial shift would limit lion access to dense habitats along the permanent
river and decrease their access to prey.
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Methods
Study Area
This study was conducted in the southern Rift Valley of Kenya on the
Olkiramatian and Shompole Maasai Group Ranches (~ 1,000 km2) from January 2008 –
February 2011. This semi-arid rangeland consists primarily of open and closed bushlands
and Acacia woodlands, and patches of open grassland. The area receives low annual
rainfall (400-600 mm/year), primarily from March – May and November – December
(Warinda 2001). Rainfall was well below average (327 mm) in 2009. The permanent
Ewaso Nyiro River bisects the study area, flowing from north to south into the Shompole
swamp and further along into Lake Natron in northern Tanzania (Fig. 5.1).
A relatively low density Maasai community (~10 people/km2) inhabits
Olkiramatian and Shompole. This community subsists primarily on their livestock,
which occur at moderate to high densities (sheep/goats: 59.1 ± 17.0 individuals/km2 ,
cattle: 15.8 ± 5.7 individuals/km2) (Schuette et al., in review). Despite increasing land
subdivision and farmland production on surrounding rangelands (Homewood et al. 2009),
this region is unfenced in all directions. With the exception of the Rift Valley escarpment
directly to the east, Olkiramatian and Shompole are part of a contiguous trans-boundary
arid rangeland ecosystem encompassing > 8,000 km2 that extends across southern Kenya
and northern Tanzania. Locally, the Olkiramatian and Shompole landscape is partitioned
into four land uses, including (from west to east) (1) a community conservation area
(CA) that doubles as a dry season grazing refuge, (2) a buffer area that is occupied
seasonally by Maasai and grazed by livestock during the dry season, (3) a grazing area
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that is seasonally grazed in the wet season with no settlements, and a (4) permanent
settlement area where people and livestock occur more consistently throughout the year
(Fig. 5.1).
The site holds diverse large herbivore and carnivore communities (Schuette et al.,
in review). Despite local livestock densities being nearly three times higher than the
combined local density of the five most common native ungulate species (74.9 ± 22.7
domestic animals/km2, 28.2 ± 9.2 native ungulates/km2), native herbivore densities are
comparable to many GPA populations [zebra (Equus quagga): 10.0 ± 3.3
individuals/km2, Grant’s gazelle (Nanger granti): 7.4 ± 1.8 individuals/km2, wildebeest
(Connochaetes taurinus): 5.2 ± 1.9 individuals/km2, impala (Aepyceros melampus): 4.3 ±
1.8 individuals/km2, Maasai giraffe (Giraffa camelopardalis tippelskirchi): 1.3 ± 0.6
individuals/km2] (Schuette et al., in review). The site holds 21 carnivore species,
including all apex predators: lion (Panthera leo), spotted hyena (Crocuta crocuta),
leopard (Panthera pardus), cheetah (Acinonyx jubatus), and African wild dog (Lycaon
pictus) (Schuette et al., in review).
Sampling Design
We used radiotelemetry to monitor lions within the Olkiramatian and Shompole
Group Ranches to estimate local lion population density and space use patterns. We
fixed Telonics (Mesa, AZ, USA) MOD-400 transmitters and butyl belting VHF collars to
1-2 adult female lions (n=4) in each resident pride and 1 collar per resident male coalition
(n=2). An additional two male coalitions occurred in the area but were not collared
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because they were too shy to approach. All lions were immobilized using a
medetomidine/ketamine combination and reversed with atipamezole (West et al. 2007).
We followed radio-collared groups in a 4WD vehicle using a VHF-antenna
(Telonics) and handheld receiver (Communications Specialists, Orange, CA, USA). Lion
follows were conducted primarily during the night and early morning hours (1800 h –
0859 h) to document group size and composition and space use patterns in periods when
lions were most active. All lions in each pride and coalition were uniquely identified by
photographing unique whisker patterns, ear notches, and facial scars (Pennycuick and
Rudnai 1970). We used red-filtered spotlights and dimmed headlights and followed at a
distance to minimize disturbance to lions or potential prey animals, usually ≥ 100 meters.
We attempted to locate and follow each radio-collared group at least once per week.
During each group follow, we recorded a GPS location at 5 to 10 minute intervals when
lions were actively moving, every 15 minutes when stationary, at every transition from
stationary to active, and when specific behaviors (not discussed here) occurred. We
periodically located radio-collared groups during the daytime hours (0900 h – 1759 h) to
document daytime resting locations. All daytime locations were spaced a minimum of 24
hours apart to ensure we collected only one daytime location per group per day. On each
occasion, we recorded one location per group, so that the group is the unit of analysis (not
the individual).
At each GPS fix, we recorded the habitat type, classified as open (open grassland
or low-density bushland/woodland) or closed (high density bushland/woodland and
riparian areas) and weather conditions. We used geographic information system software
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(ArcGIS 9.2) to categorize each lion location as either in the CA or buffer area. We also
determined the distance (m) between each lion location and the permanent river, and the
distance to the nearest occupied human settlement. Lastly, we determined local prey
density (combined zebra, Grant’s gazelle, wildebeest, impala, giraffe) by relating each
lion location to ungulate counts using systematic line transects and distance sampling
(Schuette et al., in review).
A team of eight local Maasai Resource Assessors collected carnivore conflict
reports from Olkiramatian and Shompole Group Ranches. Resource Assessors were
employed by a locally-managed non-profit organization (the South Rift Association of
Landowners) to conduct livelihood and ecological surveys. As part of their surveys,
Resource Assessors accumulated incidents of human-carnivore conflict, which we
present as an index of human-carnivore interactions in the area.
Statistical Analysis
We quantified lion density as an absolute count of all uniquely identified
individuals in all resident lion groups in our focal study area (240 km2). Our focal lion
study area consisted primarily of the CA and the buffer area, though resident groups were
known to temporarily cross the permanent river. Anecdotal reports indicated that other
lions also occurred east of the permanent river, but three years of extensive camera
trapping, radio-tracking, and animal counts along line transects (Schuette et al., in review)
suggest lion density was low in that portion of the study area. We restricted our analysis
to lion groups for which we had data on movements when people lived on the east and
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west side of the river (4 groups). Thus, our pooled analysis focuses on the local lion
population rather than individual prides or coalitions.
Our basic statistical method was to test for changes in the attributes of lion
locations in a comparison of periods with people settled east or west of the permanent
river. For each test, we used either a generalized linear mixed model (GLMM) or a
linear mixed effects model with a random intercept (Zuur et al. 2009). Mixed effects
models were chosen because the attributes of locations for a particular group on a given
evening (i.e. group follow) exhibited obvious positive spatial autocorrelation. In other
words, for example, the habitat used by lion group A at 1:30 AM is often similar to the
habitat used 20 minutes later. Instead of using an approach that considered every
location an independent observation (potentially pseudoreplicating) or discarding all
locations except 1 per group follow (potentially discarding valid information), we
explicitly incorporated autocorrelation in the model structure.
We tested for responses of 5 dependent variables (attributes of lion locations) that
we hypothesized might shift in relation to human settlement (i.e. people living east or
west of the river was the independent variable for all analyses). We used GLMMs with a
binomially distributed response variable to examine (1) the proportion of lion locations in
closed vs. open habitats and (2) the proportion of lion locations in the CA. Using linear
mixed effects models, with a random effect on the intercept to account for autocorrelation
among fixes within an observation period, we examined (3) the average distance between
a lion group and the permanent river (4) the average distance of lion groups to the nearest
active human settlement (which was mapped monthly), and (5) the average nighttime
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prey density for lion locations. For the test of effects on prey densities, we used only the
subset of lion locations (55%) for which we could allocate an accurate local prey density
estimate from recent distance sampling on a nearby (≤ 2km) line-transect (Schuette et al.,
in review).
Prior to analysis, we examined potential correlations among our 5 dependent
variables. The three continuous dependent variables were weakly correlated (r-values
ranged from -0.18 to 0.05) and the two categorical dependent variables were
independent (χ2 = 33.8, p < 0.001). We also compared the mean value for each
continuous dependent variable within levels of the two categorical dependent variables.
Five of six comparisons indicated that the two variables were associated (p < 0.03 in 5
comparisons), except that prey density was similar in the Conservation Area and buffer
area (t854 = 0.5, p = 0.633). Thus, lion movements that alter the land use that they occupy
are also likely to cause changes in distance to water or distance to occupied human
settlements. For all analyses, we used a Bonferroni adjustment for multiple comparisons
to reduce the potential for Type I error (Ott and Longnecker 2001). Thus, we examined
attributes of lion locations in relation to settlements east or west of the river at a level of α
= 0.01.
Results
Density
We uniquely identified 34 lions (22 M, 12 F, excluding cubs and individuals < 1
year) in an area of 240 km2, providing a density of 0.136 individuals/km2 . Though this
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density pertains to a relatively small area, it is comparable to or higher than many lion
populations in well-known GPAs (Table 5.1). The 34 observed lions were found within
4 resident prides composed of 3 – 9 females (mean = 5.5, sd = 3.0), and 4 male coalitions
of 1-2 individuals. One pride contained 3 sub-adult males. With the exception of a
coalition of 3 males that moved into the area in 2010 from an unknown source
population, all male coalitions were clearly associated with 1-2 prides at the conclusion
of our study.
Space Use Patterns
Across the 4 focal groups that met criteria for inclusion in our analyses (see
Methods), we obtained a total of 1,107 unique nighttime GPS locations across 233 lion
group follows. In addition, we documented 59 unique daytime resting locations.
Results from GLMMs (land use, habitat) and linear mixed models (distance to
water, distance to settlements, prey density) indicated that the attributes of lion locations
nested within a group follow were almost perfectly autocorrelated, and thus, each follow
was considered the sampling unit (e.g. df = 231). Recording multiple locations within a
group follow did not provide any additional explanatory power in this analysis.
The probability of lions being in the CA was far higher when people were settled
on the west side of the river (0.89, 95% CI = 0.70 - 0.96) compared to periods with
people on the east side of the river (0.17, 95% CI = 0.08 - 0.32, t207 = 5.92, p < 0.001)
(Fig. 5.1 & 5.2a). This result supports the hypothesis that lions utilized the CA to avoid
close interaction with occupied human settlements. The probability of lions occurring in
closed habitats (i.e. dense cover) increased when people were on the west side of the river
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(0.85, 95% CI = 0.72 – 0.93) compared to periods with people on the east side of the river
(0.59, 95% CI = 0.46 – 0.72, t231 = 3.28, p = 0.001) (Fig. 5.2b).
The mean distance of lions from the permanent river increased from 1735.7 ±
132.9 m when people were living on the east side of the river to 2998.7 ± 190.9 m when
people lived on the west (t231 = 6.62, p < 0.001) (Fig. 5.3c). This shift is related to
increased lion use of the CA when people inhabited the west side of the river because the
CA is farther from the permanent river (Fig. 5.1). Although lions moved away from
people, they did not fully compensate for shifts in human settlement. Lions were found
at an average distance of 4779.0 ± 151.8 m from occupied settlements when people lived
on the east side of the river. This distance decreased to 3046.7 m ± 218.1 m when people
moved to the west side of the river (t231 = -7.94, p < 0.001) (Fig. 5.2d). Lastly, lions used
areas with similar prey density when people were on the east and west side of the river
(t132 = 1.21, p = 0.230). The average prey density when people were on the east was 29.5
± 1.6 prey animals/km2 and 32.9 ± 2.7 prey animals/km2 when people were on the west
(Fig. 5.2e).
Lion preference for the CA when people were settled on the west side of the
river was similar for night locations and daytime resting locations (χ2 = 0.65, p = 0.420)
(Fig. 5.3). This result indicates that lions took refuge in the CA both day and night when
people inhabited the west side of the river, even though people were active only during
the day.
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Carnivore Conflict
Spotted hyenas were the most common livestock predator (54%, n=38 of 71
total incidents), followed by leopard (28%, n=20), lion (10%, n=7), cheetah (4%, n=3),
and wild dog (4%, n=3). Despite these issues, local carnivore tolerance was high, and to
our knowledge, no large carnivores were killed locally during the course of this study.
Discussion
The Olkiramatian and Shompole Group Ranches support a lion density of 0.136
individuals/km2, comparable to GPAs such as Serengeti National Park (Table 5.1). This
is an unexpected result given that the local Maasai community and their livestock are a
dominant component of this landscape (Schuette et al., in review). Despite a general
pattern of conflict and consequent reduction or elimination of lions in many areas
(Hazzah et al. 2009, Ogutu et al. 2005, Patterson et al. 2004), lions co-exist with people
and livestock on this site with relatively low rates of conflict. Across Olkiramatian and
Shompole Group Ranches, the Maasai people, their livestock, and wildlife move
seasonally across a set of areas with different land uses. This set of land uses
distinguishes the Olkiramatian and Shompole lion population from lion populations in
GPAs. The coexistence of livestock with relatively high densities of ungulate prey is
probably an important promoter of lion persistence in Olkiramatian – Shompole, relative
to most other human-occupied areas (Ogutu et al. 2005).
To develop policies that maintain lion populations in such areas, it is important
to understand the processes that promote co-occurrence of people and apex predators.
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The Olkiramatian and Shompole lion population increased their use of the CA and closed
habitats (i.e. dense cover) when people moved to the west side of the river. These
patterns were consistent for lion locations during the night and during the day. This
suggests that lions were shifting their movement patterns at a seasonal rather than diurnal
level, reducing the potential for encountering people and livestock when they lived on
the west side of the river. In situations where such seasonal adjustments are not possible
(for example, if the CA or dense habitat refuges had not been present) higher levels of
conflict would probably be more likely.
The increased use of closed habitats in response to humans follows a pattern
that has been observed in other apex predators. For example, a spotted hyena clan
increased their use of dense shrublands when livestock densities increased along the
border of the Maasai Mara National Reserve (Boydston et al. 2003, Kolowski and
Holekamp 2009). Increased use of dense cover by lions supports anecdotal inferences
from other carnivore studies in human-modified landscapes (Funston, personal
communication), which have suggested that lions exposed to anthropogenic pressures are
extremely cryptic and nocturnal compared to GPA populations. In comparison to
populations in GPAs, lions on this study site are extremely difficult to locate or observe
without radiotelemetry, although the population density is high and observation
conditions are good.
The average distance between lions and active human settlements declined 36%
when people moved to the west side of the river. Despite a clear shift in their distribution
(Fig. 5.1), lions lived in substantially closer proximity to people when people settled west
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of the river. It is possible that lions could not move far enough to maintain constant
separation from people without experiencing offsetting costs (e.g. increased distance to
water, reduced prey density). It is also possible lions simply did not range near people
when people were settled on the east because prey availability was lower there compared
to the west side of the river. Thus, lions had little incentive to move to the east of the
river. Regardless of the reason, people and lions came into closer contact when humans
settled on the west of the river, which had the potential to increase encounters and
conflicts. However, no increase in human-carnivore conflict was reported and no lions
were killed due to conflict. Mobility across an open landscape allowed lions to shift their
activity into the CA and densely vegetated areas to avoid people and livestock.
The average distance of lions to the permanent river nearly doubled (1.7x) when
people moved to the west side of the river (at least in part due to increased use of the CA,
which is relatively far from the river). Though riparian areas and river convergences are
important features for stalking predators (Mosser et al. 2009, Spong 2002), lions still had
access to small springs flowing down from the Rift Valley escarpment into the CA that
sustained dense woodlands. These woodlands represent an important dry season foraging
refuge for non-migratory populations of zebra, wildebeest, and impala, and also support
local populations of Cape buffalo and lesser kudu. These dry season foraging refuges
potentially attracted the lion population during the dry season (Spong 2002). It is
therefore possible that dry season prey availability was at least partially responsible for
lions shifting into the CA and dense habitats, rather than retreat from human settlements.
Regardless of the causal mechanisms, we observed similar prey densities at lion locations
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when people inhabited the east and west sides of the river. Movement to areas that
maintain both adequate separation from people and adequate access to prey (Hopcraft et
al. 2005) is probably an important process that allows lions to coexist with people and
livestock.
Though our focal study area was relatively small (240 km2), the Olkiramatian
and Shompole area is linked with a larger landscape (> 8,000 km2) that includes stretches
of northern Tanzania and southern Kenya. To date, however, very little quantitative data
exist for this region. It is therefore difficult to speculate whether the Olkiramatian and
Shompole lion population is representative of the entire region, or whether we observed a
locally high density population across a landscape with low overall lion densities. Future
research should investigate to what extent this population is representative of the area and
to what extent it is linked to other lion populations (Packer et al. 1991, Pusey and Packer
1987).
Conclusion
Semi-arid rangelands face increasing threats from land use policies that promote
land subdivision and farming. These land use changes have coincided with significant
ungulate and carnivore declines across East Africa. By combining free movement across
a heterogeneous landscape, high densities of ungulate prey, and access to an uninhabited
Conservation Area, the Olkiramatian and Shompole Group Ranches allow a high density
of lions to coexist with livestock. In this system, lions make clear spatial responses to
seasonal variation in human settlement patterns. The responses of lions allow them to
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avoid interaction with humans and livestock while maintaining access to prey. While it is
not certain that the attributes of this system could be used to conserve lions on a larger
scale, our results identify properties that promote coexistence of people and lions outside
of strictly protected areas. These results can be used to identify other areas with promise
for long-term lion conservation, or to develop land use policies that reduce conflict and
promote lion conservation in other areas. In particular, we suggest that seasonal shifts in
livestock grazing areas combined with relatively small, uninhabited community
conservation areas may allow lions to persist over larger regions in which the
conservation areas are embedded.
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Table 5.1. Lion population density estimates in Olkiramatian and Shompole Group
Ranches relative to Government Protected Areas in Kenya and important lion populations
elsewhere in Africa.
Location
Ngorongoro Conservation Area
(Tanzania)
Maasai Mara National Reserve
(Kenya)
Selous Game Reserve
(Tanzania)
Serengeti National Park
(Tanzania)
Olkiramatian/Shompole Group
Ranches
(Kenya)
Kruger National Park
(South Africa)
Koyiaki Group Ranch
(Kenya)
Tsavo National Park
(Kenya)
Hwange National Park
(Zimbabwe)

Study area
(km²)

Lion density
(individuals/km²)

Reference(s)

250

0.21 - 0.40

(Hanby and Bygott 1995,
Packer et al. 2011)

1,530

0.176 - 0.352

(Ogutu and Dublin 2002)

1,000

0.13 - 0.16

2,700

0.110 - 0.180

240

0.136

(Schuette et al, this study)

4,280

0.100

(Mills and Gorman 1997)

1,120

0.046

(Ogutu et al. 2005)

690

0.040

(Patterson et al. 2004)

5,884

0.027

(Loveridge et al. 2007)

(Creel and Creel 1997,
Spong 2002)
(Mosser et al. 2009,
Packer et al. 2011)
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Fig. 5.1. Lion locations (black circles) relative to human settlements (white triangles).
The figure at left shows lion locations when people were primarily settled east of the
permanent river. The figure at right shows lions locations when people were settled west
of the permanent Ewaso Nyiro River. Dark shading represents a gradient of dense
vegetation from open (light color) to closed (dark). The Ewaso Nyiro is the only
permanent river: all other watercourses were seasonally dry.
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Fig. 5.2. Changes in the attributes of lion locations in a comparison of periods with
people settled east or west of the permanent river. The probability of lion occurrence
(use) and 95% CI in (a) the Conservation Area and (b) dense cover when people were
settled east or west of the permanent river. The average distance and 95% CI in meters to
c) the permanent river and d) the nearest occupied human settlement when people were
settled east or west of the permanent river. e) The average prey density for lion locations
and 95% CI when people were settled east or west of the permanent river.

Fig. 5.3. The proportion of lion daytime resting locations and nighttime locations that
occurred in the Conservation Area when the Maasai community was settled east or west
of the permanent river.
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CHAPTER SIX
CONCLUSIONS
General Conclusions
Overall, my research documented the factors affecting the distribution and
abundance of carnivores and their ungulate prey across a mixed-use rangeland in the
southern Rift Valley of Kenya. Until recently, relatively few studies have collected
quantitative data to examine interactions among people, livestock, carnivores, and their
ungulate prey outside of government-protected areas. I anticipate that the patterns we
observed in Olkiramatian and Shompole will contribute to regional management and
conservation programs that are focused on stopping further carnivore and ungulate
declines and alleviating tensions between rural communities and conflict species.
In Chapter Two, I presented data from camera surveys and opportunistic
sightings that indicated all native apex carnivores use the Olkiramatian and Shompole
landscape, including lions, spotted hyenas, leopards, cheetahs, and African wild dogs.
This is an important result because apex carnivores are often the first species to disappear
from heavily disturbed landscapes (Brown 1986). Thus, it appears that the Olkiramatian
and Shompole community is locally tolerant of these carnivores and the ecosystem is
capable of supporting these species. For this reason alone, Olkiramatian and Shompole
Group Ranches have distinguished themselves from many other rangelands in Kenya,
where apex carnivores have been locally extirpated or face an uncertain future.
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Though the occurrence of apex carnivores is a management and conservation
achievement, it is essential that policy-makers do not overlook other member species in
the carnivore community, whose distributions and densities may be affected through
inter-specific competition (Caro and Stoner 2003, Creel et al. 2001, Palomares and Caro
1999, Ritchie and Johnson 2009). It is therefore important that we closely monitor how
environmental conditions and anthropogenic pressures might affect dominant carnivores,
but also examine the potential cascading effects that these changes have on
mesocarnivores and ecosystem processes (Crooks and Soulé 1999, Ritchie and Johnson
2009, Soulé et al. 1988. In my research, we addressed this question through camera
surveys and occupancy modeling. We observed a high diversity of carnivores (21
species) locally, but found little evidence to support the mesocarnivore release hypothesis
(Crooks and Soulé 1999). Though our research was focused on a relatively small scale,
high local carnivore diversity and few signals of competitive displacement are suggestive
of a heterogeneous landscape that has allowed individual species the ability to carve out
an ecological niche.
In Chapters Three, Four, and Five, I focused my attention on the factors
affecting the two locally dominant carnivores (the African lion and spotted hyena) and
their ungulate prey. First, I documented distributions of lions, spotted hyenas, and eight
common prey species using camera surveys and occupancy modeling. This analysis
revealed the importance of permanent water, days into the dry season, and the proximity
of human settlements to both apex carnivores and native prey species. We observed
patterns that supported the notion that portions of the zebra and wildebeest population
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may migrate seasonally, while most browsers/mixed-feeder distributions do not change
as drastically across seasons (Sinclair and Arcese 1995). We also found that seasonal
changes in human land use had the greatest impact on changes in ungulate distributions.
Though the precise causal mechanism for shifts in species distributions is uncertain, it is
important to note that native ungulate prey availability changed seasonally due to some
combination of human land use and forage availability, which could affect lions and
spotted hyenas. Despite these changes, however, we found that non-migratory grazers
and browsers/mixed-feeders were locally available to resident lion and spotted hyena
groups throughout the year.
Second, there is growing concern that livestock are competitively displacing
native ungulates across many rangelands (Bonnington et al. 2007, Dunham et al. 2003,
Groom and Harris 2010, de Leeuw et al. 2001, Ogutu et al. 2008), which could have
cascading effects on apex carnivores. Through occupancy modeling, animal counts along
transects, and behavioral follows of radio-collared lions, we found evidence to support
the hypothesis that human land use, and seasonal changes in human land use, can affect
spatial and temporal activity patterns in apex carnivores and native herbivores. However,
these anthropogenic effects do not appear to adversely impact local native herbivore
populations. Despite relatively high livestock densities, we documented native ungulate
densities comparable to many government-protected areas. Thus, local human land use
practices, which are based on mobility and seasonal changes in human settlement and
livestock grazing, have allowed livestock to co-occur with (as opposed to displace)
abundant native ungulates. In turn, locally abundant ungulate populations are available

160
year-round to resident large carnivore groups. These conditions have likely contributed
to the locally high density of resident lions and relatively low rates of conflict with
Maasai pastoralists.
My research described some of the factors affecting distribution and abundance
of carnivores and their ungulate prey across the Olkiramatian and Shompole landscape.
However, there are other factors, particularly in relation to predator-prey dynamics that
may influence predator and prey populations. For instance, I have not presented here
data on lion predation and behavioral observations of ungulate herds, which were aimed
at documenting patterns of prey encounters, hunts, and kills, and potential changes in
ungulate behavior in response to the risk of predation (e.g. vigilance, herd size, habitat
selection, foraging patterns, distance to protective cover) (Christianson and Creel 2008,
2010, Creel and Christianson 2008, Creel and Winnie 2005, Creel et al. 2007, 2008,
Liley and Creel 2008). Creel et al. (in review) analyzed a portion of this data, and
described the combined impact of direct predation and the impact of predation risk on
ungulate foraging efficiency. In the near future, we will explore these datasets further to
examine how predators may limit prey through direct predation and the costs of
antipredator responses (i.e. risk effects). We also aim to understand the potential impact
of predator-prey dynamics on other important management and conservation issues,
including disease dynamics, wildfire, plant invasions, and nutrient cycling (Estes et al.
2011).
In conclusion, maintaining unfenced mixed-use landscapes, such as
Olkiramatian and Shompole Group Ranches, could help reduce our strict dependence on
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government-protected areas to sustain threatened and ecologically important species. To
date, Olkiramatian and Shompole Group Ranches have been relatively unaffected by
central government policies that urge land use change. However, this community does
face pressures from the central government and other institutions, which promote land
subdivision and privatization of communal rangelands to increase crop production and
access to private property (Homewood et al. 2009). In areas where these changes have
taken effect, such as near Amboseli National Park, there have been unintended negative
consequences to some rural economies, and native ungulate and carnivore populations
have declined (Greenwire 2010, Wadhams 2010, Western 2009). Though these land use
policies have not yet permeated the Olkiramatian and Shompole landscape, it is important
that Olkiramatian and Shompole residents acknowledge the potential consequences of
any land use changes on their local economy and the ecological integrity of this important
landscape.
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