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A B S T R A C T

Large carnivores can exert strong influence on local ecosystems, making them important targets for biodiversity
conservation. An important question for conserving large carnivores outside of protected areas is the role of
human activity in influencing the behavior of these predators. We used high-resolution animal location tracking
and statistical modeling to examine the behavior of seven leopards (Panthera pardus) occupying an area that
includes a research center and livestock ranch in central Kenya. Our analyses reveal changes in habitat selection
around the times of sunrise and sunset, corresponding with changes in human activity at our site. Activity
patterns were also variable within and among the leopards in our sample. To explore sources of this variability,
we used regression modeling to estimate the relative influence of changing spatial and environmental conditions
for leopard ranging behavior. Despite the tendency to be active during the day, we found that leopards strongly
avoided areas where they were likely to encounter people during the daytime and showed variable selection for
these same areas at night. The use of anthropogenic habitats was also associated with periods of greater ranging
activity. We discuss the implications of these results for conservation efforts that attempt to balance the demands
of livestock ranching alongside carnivore conservation.

1. Introduction

Large mammalian carnivores are ecologically important because
they can regulate primary consumers, thereby having an indirect po-
sitive effect on plant biomass and maintaining ecosystem functions
(Ford et al., 2014; Ripple et al., 2014). But many populations of large
carnivores occur outside of protected areas where they are threatened
by declining availability of wild prey, habitat loss, and lethal retaliation
from humans over attacks on domesticated animals (Woodroffe et al.,
2005; Ripple et al., 2014). As a result, developing strategies to promote
the coexistence of people and predators outside of protected areas has
been an important goal in carnivore conservation (Treves and Karanth,
2003; Lute et al., 2018).

In East Africa, addressing this issue is especially critical because the
region contains some of the greatest diversity of large carnivores in the
world. However, many of these species are also threatened, as a result
of habitat loss and other conflicts with humans associated with

agricultural and urban developments (Ogutu et al., 2011; Ripple et al.,
2014). Livestock production is one of the primary land uses in the re-
gion's arid and semi-arid savanna grasslands, and with global demand
for livestock production projected to increase into the future, under-
standing the impact of these changing land use systems for the behavior
and ecology of large carnivores is therefore an important question for
conservation planning in these increasingly human-dominated land-
scapes (Ripple et al., 2014).

Advancements in animal tracking technology have now made it
possible to gain unprecedented behavioral insights from cryptic carni-
vore species, leading to renewed interest into the ecological con-
sequences of anthropogenic disturbances that alter predator behavior
(Kuijper et al., 2016; Smith et al., 2015). Because carnivores can have
disproportionate influence in trophic webs, the effects of human ac-
tivity and landscape change on carnivore behavior can have cascading
consequences for the local ecosystem, even if disturbances are non-le-
thal (Hebblewhite et al., 2005; Oriol-Cotterill et al., 2015b; Kuijper
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et al., 2016). Many animals react to non-lethal anthropogenic dis-
turbances by altering their habitat preferences, engaging in evasive
movements, increasing their levels of vigilance at the expense of fora-
ging, and decreasing the amount of time spent in productive habitats
(Frid and Dill, 2002). Moreover, in many cases anthropogenic influence
extends far beyond wild animals' immediate surroundings. Pedestrian
and vehicle traffic may cause animals to flee or increase their levels of
vigilance even at distances over 0.5 km away (Andersen et al., 1996;
Andersen and Aars, 2007). Extensive networks of roads, trails, or other
landscape features associated with human movement can also alter how
animals assess and use their habitats (Benitez-López et al., 2010), and
impact the structure of the local animal community in ways similar to
lethal activities (Griffiths and van Schaik, 1993).

Behavioral insights from animal tracking data could help to clarify
the impact of livestock ranching and other forms of human activity for
carnivores in East Africa. In Laikipia, Kenya, protected areas for the
region's diverse and abundant wildlife are almost entirely privately
owned, and, in many cases, attempt to remain profitable through a
combination of livestock ranching and wildlife tourism (Georgiadis,
2011). This land use strategy creates incentives for property owners and
local communities to treat wildlife as valuable resources and adopt
policies favorable to their conservation, such as not constructing fences
that impede their movements, stocking sustainable densities of live-
stock to avoid overgrazing, and banning the use of lethal control against
carnivores (Georgiadis, 2011).

The livestock husbandry practices used by the region's pastoralists
can also modify the environment in ways beneficial for wild and do-
mestic animals. Glades are the sites of abandoned pastoralist settle-
ments where livestock were corralled overnight in fenced structures
called bomas. Wild herbivores and livestock use these treeless sites
because the short, rich grasses provide high quality foods that serve as
important resources in nutrient-poor savannas (Augustine et al., 2011)
and the greater visibility within glades offers protection from predators
(Ford et al., 2014; Riginos, 2015). The intensive use of glades by wild
herbivores maintains these key resources for decades or more, where
they function as important drivers of the seasonal and spatial dis-
tribution of mammalian herbivores (Veblen, 2012). As a result, mixed-
use conservancies in Laikipia support a rich abundance and diversity of
wild animals, including populations of large carnivores, comparable to
those found in areas designated only for tourism (Kinnaird and O’Brien,
2012).

Conservancies and similar land use systems that try to promote li-
vestock ranching alongside wildlife conservation therefore appear
promising for preserving biodiversity outside of formal protected areas.
Implementing these land use strategies is particularly important in
Kenya where an estimated 65% of wildlife occurs outside of protected
areas (Western et al., 2009; Ogutu et al., 2011). An important un-
answered question for mixed-use conservancies, however, is how the
persistent disturbances associated with ranching operations shape the
activity patterns and spatial ecology of large carnivores.

We sought to answer this question by studying the movement be-
havior and activity of seven leopards (Panthera pardus pardus) occu-
pying a conservancy and livestock ranch in central Kenya. We use high-
resolution animal tracking and fine-scale environmental data to ex-
amine how temporal and spatial patterns of habitat use and activity
might be shaped by anthropogenic disturbance cues by documenting
patterns of leopard movement behavior and habitat selection over the
diel period. We find that leopards tended to avoid anthropogenic ha-
bitats at all hours of the day, but that patterns of avoidance were
strongest during the daytime. We next used exploratory statistical
modeling to examine how activity allocation between the day and night
was influenced by variation in habitat use and temporally varying en-
vironmental factors. Differences in habitat use were generally poor
predictors of leopard ranging activity, except for the use of anthro-
pogenic habitats, which were associated with periods of greater
movement activity. However, our modeling found that variation in

leopard movement activity was not well explained by diel period.
Instead, variation in activity allocation across the day and night was
more strongly influenced by the lunar phase.

2. Materials and methods

2.1. Data collection

The data presented here were collected at the Mpala Research
Centre (MRC), a 211 km2 privately-owned wildlife conservancy and
livestock ranch located in Laikipia region of central Kenya (0.29 N,
36.90 E; Fig. 1). MRC is located in a high elevation (1800m a.s.l.) semi-
arid savanna ecosystem dominated by thorny Vachellia (Acacia) species
(especially V. brevispica and V. etbaica) and grasses from the genera
Cynodon, Pennisetum, Digitaria, and Sporobolus. Riparian areas along the
Ewaso Nyiro River are characterized by fever trees (V. xanthophloea)
and are an important water source for wildlife and livestock. The site
receives approximately 600mm of rain per year with monthly pre-
cipitation following a weakly trimodal seasonal pattern (Young et al.,
1995). The site contains a largely intact mammal community.

The activities and living accommodations of livestock ranchers,
staff, and researchers are heavily intermixed, and involve movements
on foot and by motor vehicle through the landscape. As a result, con-
trasting predictions for different types of activities could not be made.
However, the combined presence of researchers, students, ranch em-
ployees, and livestock make MRC comparable to conditions leopards
and other animals experience on conservancies in Laikipia. MRC hosts
Kenyan and international scientific researchers as well as under-
graduate student groups. Livestock graze vegetation throughout the
property and the livestock husbandry practices used at MRC closely
resemble those traditionally used by the Laikipiak and Maasai pastor-
alists that inhabited the region prior to European colonization (Young
et al., 1995) and which are still practiced on community rangelands
(Woodroffe et al., 2005). These include following livestock on foot
during the daytime and corralling them in bomas at night to deter thefts
and attacks by carnivores.

A field team captured four female and three male leopards using
foot-snare trapping methods as described in Frank et al. (2003). Leo-
pards were trapped, and in three instances re-trapped, over two field
seasons spanning a total of 14months. During the first season, leopards
were fitted with collars that recorded GPS locations at synchronous 15-
min intervals each day starting at midnight. During the second season,
we deployed SMART collars (Williams et al., 2014) that sampled lo-
cations every 5min. To make inferences across the diel period, we sub-
sampled the locations collected during the second season to the same
15-min time intervals as the data collected during the first season. In-
formation on the dates and duration of individual leopard movement
paths can be found in Appendix A.

We used a base station (e-obs GmbH, Gruenwald, Germany) and a
nine-element Yagi antenna (YAGI-869A: Low Power Radio Solutions,
Witney, United Kingdom) or an omni-directional marine antenna (cxl
900-3LW: Procom, Frederikssund, Denmark), to download GPS data
remotely when within UHF range of each collar throughout the first
season. During the second season, GPS data were downloaded each day
using Iridium satellite uplink or a handheld UHF base station. Each
leopard was tracked for an average of 3.8 months (range:
1.7–7.8months) before equipment failure or because the collar's life-
span ended.

2.2. Temporal movement activity, space use, and habitat selection

To characterize movement behavior from GPS tracks, we calculated
the linear displacement and change in heading between successive
leopard relocations during each 15-min time window. A multilevel
bootstrap procedure was then used to estimate the average distance
moved and movement directionality by leopards during each time
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window. Multilevel bootstrapping allows for the sampling distribution
to have a nested structure that more accurately represents the ob-
servation process that produced the data. The primary benefit of this
approach is that the mean and uncertainty of the bootstrap distribution
is less affected by unequal sampling across individuals in the data set.
We used circular statistics (Pewsey et al., 2013) to measure the direc-
tionality in movement during each time window by calculating the
mean vector length of the turn angle distribution. The mean vector
length (ρ) is a measure of dispersion of turn angles around the mean
where ρ=0 indicates no directionality (i.e., all directions are equally
probable) and ρ=1(complete directionality). In animal tracking stu-
dies, a distribution of turn angles with high dispersion around the
average direction of travel is usually indicative of short, wandering
movements, such as an animal in an exploratory movement state. Cir-
cular distributions with little or no directionality, especially coinciding
with short observed movement distances, are likely to be the approxi-
mately random location observation error about a stationary animal.
Statistics were calculated using 500 bootstrap sampling iterations for
each 15-min time interval.

A categorical habitat map of our study area was created to in-
vestigate the use and selection of habitats by leopards (Fig. 2, Appendix
D). Vegetation classes were categorized using a high-resolution
(0.6×0.6 m) land cover classification layer (methods in Ford et al.,
2014) covering approximately 60% of the spatial extent of leopard
movements. The land cover data were then used to derive the propor-
tional coverage of tree canopy, grasses, and bare ground in 30×30m
grid cells. We matched these values with surface reflectance data from
Landsat 8 satellite images (bands 2–5), and used these observations to
train a support vector machine model to predict vegetation land cover
classes outside the extent of the original data set (Appendix B). The
study site contains dozens of glades, many of which predate the

establishment of the property by several decades (Young et al., 1995).
These and other fine-scale landscape features were manually digitized
on the basis of topography or anthropogenic disturbance (Table 1).

To investigate how leopards alter their space use and habitat se-
lection over the diel period, we adopted the methods developed by
Byrne et al. (2014) to explore temporal patterns of animal habitat use
over fine temporal scales. Here, it is used to measure how leopards alter
their use of available habitats during the 15min observation window
between scheduled GPS location fixes. The dynamic Brownian bridge
movement model (Kranstauber et al., 2012) was used to estimate uti-
lization distributions (UD) of leopard space use for each time step. The
proportional use of habitat h∈ 1,..,H during each time step was next
estimated from the step UDs by summing the probability mass over the
grid cells g belonging to each habitat category:

∑ ∑= =
∈

guse UD( ) and 1 use .h
g h h

H

h

For each 15min time window occurring throughout the day, we
then calculated habitat selection ratio statistics (SR) by dividing the
average percentage of time an individual leopard used a given habitat
by the percent availability of that habitat in the individual's 95%
movement-based kernel density home range (i.e., design III in Manly
et al., 2002):

=
∑

SR
use

availabilityh
n h

h

1

where n is the number of observed time steps for which a utilization
distribution was generated. We then used the same multilevel bootstrap
procedure as above to estimate the mean selection ratio and 95%
confidence interval for the selection ratio statistic during every time
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Fig. 1. Location of the field site (■) in the Laikipia region of Kenya (shaded).
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window. Selection ratio statistics greater than one suggest that an an-
imal uses a given habitat type more than expected given its availability.
Conversely, selection ratios less than one suggest animals are avoiding a
habitat, using it less than expected.

2.3. Regression models

In addition to understanding temporal variation in habitat selection,
we also wanted to clarify the environmental factors affecting allocation
of movement activity between the day and night, and whether or not
there is evidence that activity allocation is affected by anthropogenic
disturbances at our study site. Leopards are known to be active at any
time of the day depending on such factors as the activity patterns of
their prey and competitors (Martins and Harris, 2013; Carter et al.,

2015; du Preez et al., 2015), the availability of canopy cover for con-
cealment and thermoregulation (Bothma, 1998), and human activity
(Athreya et al., 2014). To investigate the relative influence of these and
other factors on leopard ranging decisions, we first measured the dis-
tance moved by each leopard during day and night time periods, and
then fit a set of multilevel regression models containing different
combinations of individual, spatial, and temporally varying predictors
that we hypothesize will influence the allocation of movement activity
across the day and night.

We divided observation periods between continuous night and day
movement tracks demarcated by the time the sun reaches an elevation
of 0° on the horizon. The equatorial position of our study site means
that there was little variation in the duration of night and day over the
annual cycle, and the times of sunrise and sunset were approximately
06:00 and 18:00 respectively. The distance moved during each time
period was calculated by summing the linear distances between suc-
cessive pairs of location coordinates. The total distance moved y during
time period t served as the dependent variable in the regression ana-
lysis. The observed ranging distances had a heavy-tailed distribution so
we log-transformed these values and modeled them as a normally dis-
tributed random variable.

∼log y Normal μ σ( ) ( , )t t

A linear model was then used to estimate the change in the average
distance moved μ as a function of our model covariates.

= + + +− −μ α βX γ log y γ log y( ) ( ).t i t t1 1 2 2

where αi is the random-effect intercept for each individual, β is a vector
of slope coefficients, and X is a matrix of independent variables. In
order to control for temporal autocorrelation in movement activity and
to investigate periodicity in movement behavior, we also included
lagged response covariates (γ) in the set of model predictors (Fieberg
et al., 2012).

First, we wanted to understand if variation in movement activity
could be explained by variation in the amount of time leopards spent
among different habitats at our site. To do this, we calculated the total
amount of time leopards occupied a habitat during each observation
period. Total habitat use was derived by summing together 15-min time
step estimates of habitat use described in Section 2.2. Next, to de-
termine how changing local environmental conditions influence leo-
pard activity, we included the total rainfall and mean temperature over
of the observation period derived from an automated weather station at
our study site. Finally, to examine the influence of the lunar cycle on
leopard nocturnal activity, we used the “oce” package for R to calculate
the fractional phase p ∈ [0,1] of the moon during each observation
period. In order to include this phasic variable in a linear regression,
these values were then transformed using sin(2πp) and cos(2πp) func-
tions before including them as terms in the linear model (Pewsey et al.,
2013).

0.5 1.5 3
kilometers

Open

Grass

Woody Cover

River
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Glade

Glade Edge
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Lugga

Fig. 2. Categorical habitat map of our study area. The dashed line shows the
95% utilization distribution kernel of leopard movements over the course of the
tracking period. In total, ten habitats were classified on the basis of vegetation,
topographic, or anthropogenic features. Descriptions of the habitat classes can
be found in Table 1.

Table 1
Description of the habitats defined at our study site. Each 30×30 grid cell is
categorized on the basis of vegetation, anthropogenic, and topographic char-
acteristics.

Habitat Description

Open Majority bare ground
Grass Majority grass cover
Woody Cover > 30% woody canopy cover
River Riverine habitat < approx. 80m of river edge
Roads Area < approx. 30m of the unpaved road system
Human Houses, buildings, and fenced spaces
Glade Long-term disturbance; see Materials and methods
Glade Edge The < 150m band surrounding glades
Lugga Water drainage channels and surrounding area
Escarpment Rugged hilly terrain
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All models were written in the Stan language for Bayesian statistics
(Carpenter et al., 2017). Each model was updated for 3000 iterations,
discarding the first 2000 iterations as the warm-up, and sampling every
tenth position of the Markov chain (i.e., the thin rate). We ran three
chains and used diagnostic plots to assess problems with convergence of
parameter estimates. The relative fit of the set of candidate models was
assessed using the widely applicable information criterion (WAIC).

To avoid bias in movement distance calculations resulting from
missed location observations, only those time periods with>90% lo-
cation fix success rates were included in the regression analysis.
Furthermore, because we use lagged response covariates to control for
temporal autocorrelation, we eliminated from our data set those time
periods with missing observations from either of the two preceding time
periods. Using these criteria resulted in 455 nighttime (mean: 65 paths/
leopard, range: 11–182) and 404 daytime (mean: 57.7 paths/leopard,
range: 4–175) movement paths across n=7 leopards. All analyses were
carried out using R v3.4 (R Core Team, 2017).

3. Results

3.1. Diel movement behavior and habitat selection

Leopard movement activity was variable over the diel period,
(Fig. 3). Averaging across all individuals, the linear displacements be-
tween location fixes were greatest in the minutes following sunrise
(mean06:30± 1.96×SD =94±43m/15min) and sunset (mean19:00±
1.96×SD =132±40m/15min), and were generally low throughout
the day, with the minimum movement rate occurring around mid-day

(mean12:45± 1.96×SD=38±13m/15min). In addition to the rate of
movement, there was some variation in directional persistence over the
course of a day. Directional persistence was also greatest just after
sunset (ρ12:45± 1.96 ×SD=0.34±0.12), concurrent with the ob-
served increase in movement speed. Interestingly, with the exception of
a single individual, this increase in directional persistence does not
occur in the minutes following sunrise (ρ06:30± 1.96 ×SD=0.087±
0.076), where there is a similar concerted increase in average move-
ment speed. Instead, the bootstrap analysis reveals a second, smaller
change in movement directionality in the hours before sunrise
(ρ04:15± 1.96 ×SD=0.18± 0.11).

The bootstrap analysis of selection ratios over the diel period also
shows that the changes in movement patterns detected around sunrise
and sunset also coincided with marked shifts in habitat preferences
(Fig. 4). We found consistent between-individual selection patterns for
habitats classified on the basis of vegetation characteristics. Areas
lacking in overstory cover were avoided by leopards during the day and
night, although avoidance was stronger for areas without vegetation
cover (“Open”) than those dominated primarily by grasses (“Grass”).
Instead, the leopards in our sample strongly preferred areas that pro-
vided concealment. The “Woody Cover”, “Luggas”, and “Escarpment”
habitats are each characterized by tree cover and rugged topography.
Leopards spent a disproportionate amount of their time in these habitat
types, and this preference was most pronounced during the daylight
hours.

Landscape disturbances associated with the research and ranching
operations at our study site were also avoided by leopards. Roads and
other areas where encounters with people are likely to occur were

Table 2
Summary of the environmental covariates used to model ranging distance over the diel period. Models are ranked in ascending order by their WAIC scores (lower
values indicate greater support). To investigate the impact of human activity on leopard movement behavior, we included in the “Spatial×Diel” and
“Anthro×Diel” models an interaction term between the amount of time spent in a given habitat and the diel period. These interactions are indicated with a “d” in
the above table.

Covariates Anthro×Diel Additive+ Spatial×Diel No Temporal Additive No Anthro

Spatial Open x x x,d x x x
Grass x x x,d x x x
Woody Cover x x x,d x x x
River x x x,d x x x
Escarpment x x x,d x x x
Lugga x x x,d x x x

Anthropogenic Roads x,d x x,d x x
Human x,d x x,d x x
Glade x,d x x,d x x
Glade Edge x,d x x,d x x

Temporal Lunar Phasea x,d x,d x,d x x,d
Diel Periodb x x x x x
Mean Temperature x x x x x
Rainfall (mm) x x x x x

Individual Sex x x x x x
WAIC 1869.7 1870.1 1871.7 1873.6 1873.7 1894.0

a Sine and cosine transformations of the fractional lunar phase.
b Binary variable with a level for day and night.
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rise and sunset at our study site. (For interpretation
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reader is referred to the web version of this article.)
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regularly avoided from sunrise to shortly before sunset. In contrast to
the stark patterns of avoidance observed during the day, we detected
greater individual variation in the use of these landscape features at
night, particularly the use of fenced areas and buildings. These areas
were disproportionately utilized by some of the leopards in our sample
and avoided outright by others, resulting in the greater uncertainty of
the selection ratio statistic during nighttime hours. Selection for areas
disturbed by roads exhibited this same trend, although leopards showed
mild aversion rather than a preference for these areas at night. Glades

were avoided at all times of day much in the same way that leopards
avoided other areas devoid of canopy cover. However this avoidance
did not mean that glades were unimportant for the spatial ecology of
leopards at our site. We found a moderate preference for the band of
regenerating vegetation surrounding during the night, but especially so
in the minutes around sunrise and sunset. Otherwise leopards showed a
mild aversion to glade edges during the daytime.
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Fig. 4. Temporal patterns of habitat selection by habitat category. Trend lines and shading display the mean selection ratio and 95% confidence interval at each
regularly scheduled 15-min time interval. Vertical lines are the approximate times of sunrise and sunset. Ratios< 1 indicate avoidance while ratios> 1 indicate
preference.

E.K. Van Cleave et al. Biological Conservation 226 (2018) 224–237

229



3.2. Regression models of leopard ranging behavior

We first fit a model containing a complete additive set of our pre-
dictor variables (“Additive”) and examined the magnitude of the esti-
mated covariate effect sizes. We noted that the effect of lunar phase on
leopard ranging activity was strong relative to other predictors and that
this effect applied to both day and nighttime ranging activity. We
therefore fit an additional model with an interaction term between the
lunar phase and diel period (“ Additive+”) in order to determine if the
influence of lunar phase depended on the diel period. Adding this in-
teraction term lowered the WAIC score (ΔWAIC = −3.6) and was in-
cluded in later models.

The habitats at our study site are defined on the basis of vegetation
cover, topography, and anthropogenic impact. The physical character-
istics of the substrate and vegetation cover directly influence animal
movement behavior, and therefore observed movement rate, by re-
quiring individuals to alter their gait and travel route (Shepard et al.,
2013). In contrast, those habitats defined on the basis of anthropogenic
influence are relatively scarce on the landscape and whose influence on
leopard ranging patterns may be likely to be the result of behavioral
responses to disturbance cues. Therefore we fit two regression models
in order to examine the relative influence of anthropogenic landscape
features on observed ranging patterns. The “No Anthro” model removes
anthropogenic spatial covariates, representing a case where leopard
movement activity is unaffected by the amount of time spent in habitat
types defined on the basis of human influence, regardless of the time of
day. The “Anthro×Diel” model includes interaction terms between the
anthropogenic spatial covariates such that the specified relationship
between time spent in these habitats and leopard movement activity
depends on the time of day. Despite the greater model complexity,
adding these interaction terms to the set of model predictors improved
the fit relative to the “Additive” model (ΔWAIC=−4.0), but removing
them entirely substantially increased the WAIC score (ΔWAIC=20.3).

Our multilevel bootstrap analysis revealed numerous changes in
habitat selection and features of movement behavior coinciding with
sunrise and sunset. These correlated changes in activity and space use

led us to fit an additional model where the influence of habitat structure
varied depending on the time of day that it was used (“ Spatial×Diel”).
Including these terms marginally worsened the fit when compared to
the model containing only additive predictors (ΔWAIC=1.9).

While we can be certain much of the observed variation in ranging
patterns can be accounted for by spatial covariates that directly influ-
ence the manner by which leopards move across the landscape, the
relative importance of temporally varying environmental factors is less
obvious. We examined the influence of these variables by fitting a
model where we removed the subset of temporal predictors (“No
Temporal”). Removing these covariates marginally reduced model
performance (ΔWAIC=0.2).

The posterior distribution from the best-fit regression model was
used to make inferences about the relative effect sizes of the set of linear
predictor variables on leopard ranging distances (Fig. 5; Appendix C).
There was considerable variation in the distance traveled by leopards
over each 12 h time period, though much of the variation in ranging
distances occurred within rather than among individuals (Table 3).
While individuals showed variability in their ranging patterns, the re-
sults of our regression model indicate that much of the observed var-
iation in ranging distances is not easily explained by simple individual
differences. The intraclass correlation coefficient (ICC) reports the
proportion of the total variance in the model explained by the between-
individual variation captured by the random effect parameters. In our
model the ICC was 0.26 (95% highest posterior density interval; HPDI
[0.10, 0.41]), indicating that little of the unstructured variability in
ranging distances, after accounting for fixed effects, could be attributed
to individual-level variation.

The sex of the leopards was a poor predictor of ranging behavior
during each 12 h time period. Female leopards had a tendency to move
shorter distances than males although this effect had a wide posterior
distribution that overlapped extensively with zero
(βSex=−0.03[−0.19, 0.14]). A more consistent individual-level factor
that explained ranging patterns was the periodicity in ranging patterns
detected by the lagged-response covariates. The distances moved over
the preceding 24 h were strong and consistent predictors of future

Glade Glade Edge Escarpment Lugga Distancet 1 Distancet 2

Open Grass Cover River Roads Human

Sex (F) Temperature Rainfall Night sin(Lunar Phase) cos(Lunar Phase)

−0.25 0 0.25 −0.25 0 0.25 −0.25 0 0.25 −0.25 0 0.25 −0.25 0 0.25 −0.25 0 0.25

Fig. 5. Posterior distributions of the model slope coefficients from the best fit regression model (Anthro×Diel) for predicting leopard ranging distances. Units on the
horizontal axes are standard deviations. Prior to model estimation, predictor variables were centered to a mean of zero and scaled to unit variance to assist
comparisons of coefficient effect sizes. Sex was the only individual level fixed effect and is shown in green, covariates for temporal predictors are purple (interactions
are light purple), and spatial covariates are blue (interactions are light blue). The lagged response covariates are shown in gray. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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ranging activity, and including these lagged-response terms in the
model proved to be important for accounting for the variation in ran-
ging distances explained by autocorrelation in movement activity. The
estimates from these coefficients reveal that the distance moved by
leopards during the 12–24 h window prior had a greater predicted ef-
fect on future ranging behavior (γt−2= 0.11[0.06, 0.16]) than did the
distance moved during the 12 hours just before (γt−1= 0.09[0.04,
0.15]).

There was a tendency for leopards to move greater distances at night,
although this effect had high uncertainty (βNight=0.07[−0.6, 0.21]).
Instead, total movement activity over a 24 h period and the relative al-
location of activity between the day and night were more strongly as-
sociated with the lunar cycle (βsin(LunarPhase)=−0.08[−0.17, 0.01];
βcos(LunarPhase)= 0.11[0.02, 0.20]). Importantly, our model selection
procedures and the posterior distribution of model covariates also show
that the effect of lunar phase was different for day and nighttime
movement activity (βsin(LunarPhase)×Night=0.6[−0.05, 0.19];
βcos(LunarPhase)×Night=−0.17[−0.32, −0.06]). Overall, total daily ran-
ging activity was greatest towards the end of the lunar cycle, just prior to
the new moon (Fig. 6). During these periods, leopards tended to allocate
a greater proportion of their ranging activity to the daytime while si-
multaneously reducing nighttime movement activity. Leopards were
least active just before the full moon, and altered their activity patterns
by reducing daytime ranging activity and moving slightly more at night.

Environmental variability from changing temperature and rainfall
during each movement period also had modest effects on leopard ran-
ging behavior. After controlling for diel period, our model predicted
that leopards would travel greater distances with rising average tem-
peratures (βTemp. = 0.11[0.06, 0.16]) and greater amounts of total
rainfall (βRain=0.04[0.00, 0.09]) during each movement period.

Generally, variation in ranging distances was not associated with

changes in the use of naturally occurring habitat types. Notably, how-
ever, greater ranging activity was associated with greater use of roads
(βRoads=0.08[0.01, 0.14]), buildings (βHuman=0.13[0.01, 0.23]), and
glades (βGlade=0.04[−0.01, 0.09]). The association between glade use
and increased movement was also stronger for nighttime ranging ac-
tivity than during the day (βGlade×Night=0.10[0.02, 0.19]). Interaction
terms of diel period and use of roads (βRoads×Night=0.02[−0.07,
0.10]), buildings (βHumans×Night=−0.03[−0.14, 0.09]), and glade
edge (βGladeEdge×Night=0.01[−0.07, 0.10]) habitats did not show this
same effect, but including these additional terms marginally improved
the fit of the model.

4. Discussion

Our study combined exploratory statistical modeling, animal loca-
tion tracking, and quantitative computational methods from the field of
movement ecology to uncover the environmental and behavioral im-
petus of leopard movement activity in a human-dominated landscape.
We found changes in leopard movement speed and directional persis-
tence around the times of sunrise and sunset. Changing light regimes
were also associated with shifts in habitat preferences. During the
daytime, leopards increased their use of areas that provide conceal-
ment, avoided areas devoid of cover, and generally avoided anthro-
pogenic landscape modifications. At night, use of anthropogenic habi-
tats became more variable with some leopards in our sample exhibiting
a moderate to strong preference for roads and the areas surrounding
dwellings and other structures.

These insights were then used in a regression model comparison
framework to examine the relative influence of space use and tempo-
rally varying environmental variables in shaping leopard movement
activity over the diel period. In particular, we were interested in testing
if allocation of movement activity between night and day was influ-
enced by anthropogenic landscape modifications at MRC, and whether
or not the influence of anthropogenic habitats depended also on the diel
period, which corresponds with human activity at our study site. The
results of our model rankings and interpretation of model covariates
support this conclusion. Use of anthropogenic habitats, but not natu-
rally occurring ones, was associated with longer ranging forays, and the
strength of this association was influenced by the time of day these
habitats were used. The allocation of movement activity between the
day and night was also influenced by the lunar phase, which had in-
dependent effects for night and daytime ranging activity. During darker
phases of the moon, leopards moved greater distances overall, but
tended to allocate a greater portion of their ranging activity to the
daytime. When the moon was at its brightest in the night sky, leopards
tended to reduce their overall ranging distances while allocating a
greater proportion of their movement activity to the nighttime.

4.1. Environmental influence on leopard activity patterns

Leopards' widespread geographical distribution, behavioral flex-
ibility, and varied diet has led them to be labeled habitat generalists,
but vegetation and terrain features that provide concealment are known

Table 3
Summary of individual ranging distances included in the regression analysis. All measures are in units of kilometers. The coefficient of variation (CV) is 100× (SD/
Mean) and has no units.

Leopard ID Sex Mean (day) Mean (night) Range (day) Range (night) CV (day) CV (night)

CH F 4.23 3.51 0.83–8.99 0.82–6.94 48.5 42.6
EW F 2.37 1.74 0.19–6.93 0.16–8.42 58.2 72.6
HA F 2.61 2.86 0.50–6.37 0.41–5.05 68.8 59.9
KO F 2.53 3.92 0.39–7.76 0.25–12.70 58.1 55.9
LM F 1.91 1.44 0.29–5.68 0.15–2.77 71.9 70.5
MZ F 2.76 8.90 0.82–7.74 3.61–14.53 69.7 50.2
TA F 3.04 2.60 0.41–7.89 0.30–7.05 58.2 57.1

−20%

0%

+20%

New Moon Full Moon New Moon

Lunar Phase

Day Night

Change in Movement Distance

Fig. 6. Predicted changes in night (blue) and day (gray) ranging distances over
the lunar cycle (mean and 95% highest posterior density interval). The dashed
line shows the average net change in total (24 h) movement distance. Estimates
are derived from the posterior probability distribution of the “Anthro×Diel”
regression model (see Table 2).
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to be important fine-scale resources that can act as important de-
terminants of leopard space use, particularly in arid landscapes with
patchy distribution of forest cover (Bothma, 1998; du Preez et al.,
2015). As ambush predators, leopards' success in hunting is primarily
determined by their ability to stalk prey undetected and attack from a
nearby concealed position (Sunquist and Sunquist, 1989). Leopards
may also exploit the concealment offered by terrain and vegetation
features to cache recent kills in order to prevent theft by scavengers or
competitors (Ford et al., 2014; du Preez et al., 2015). Furthermore,
species adapted for stealth should be expected to employ these same
traits in order to avoid detection in response to threats (Caro, 2005). It
seems plausible, although it remains to be demonstrated in this species,
that greater use of habitats providing concealment indicates leopards
are using these areas to avoid predation by other large carnivores such
as hyenas, lions, or other leopards, which are an important source of
mortality for adult leopards and their cubs (Balme et al., 2013). These
and other benefits provided by concealment likely explain the strong
preference for low-visibility habitats at our site, particularly during the
daytime when they are more likely to be detected by prey or compe-
titors (Sunquist and Sunquist, 1989; Bothma, 1998).

The importance of concealment may also underlie the strong effect
of lunar phase on leopard ranging behavior. Moonlight is known to be
an important factor shaping rates of interactions in predator-prey sys-
tems. For example, avoidance of moonlight was important in shaping
the trade-off among predation risk, foraging efficiency, and energetic
state in gerbils (Gerbillus andersoni allenbyi; Kotler et al., 2010). During
brighter lunar phases, gerbils increased rates of vigilance and sooner
abandoned experimental food patches compared to darker nights. Fol-
lowing the full moon, however, as the period of threat grew longer,
gerbils had to reduce antipredator effort in order to compensate for
their lower energetic state (Kotler et al., 2010). If greater levels of
moonlight increase perception of environmental risk, then similar dy-
namics could explain why our regression model predicts that the
average overall ranging distances would be lowest at the onset of a
pulse of risk, just prior to the full moon, and greatest immediately
following it.

Variation in hunting success driven by shifting environmental con-
ditions could also explain the effect of lunar phase on predicted ranging
distances. One study tracking the movements of leopards in South
Africa found that they were primarily nocturnal and had greater
hunting success during darker phases of the lunar cycle, although they
reportedly hunted diurnal species, which might be particularly vul-
nerable to predation on darker nights (Martins and Harris, 2013). In
that study, poorer hunting success was also associated with longer
ranging distances as leopards needed to travel further in order to locate
prey. Lions in Tanzania were also more successful at capturing prey
during darker lunar phases (Packer et al., 2011). However, we found
that travel distances were generally shorter during brighter phases of
the lunar cycle, suggesting perhaps that hunting success would be
greater on moonlit rather than darker nights. This pattern of hunting
success is similar to cycles of predation risk for snowshoe hares (Lepus
americanus) by Canada lynx (Lynx canadensis; Griffin et al., 2005).
Snowshoe hares experienced higher predation rates on nights sur-
rounding the full moon than during other phases of the lunar cycle. In
that study, moonlight was thought to allow lynx to locate and track
their prey more effectively under snowy winter conditions (Griffin
et al., 2005).

Using more advanced techniques to document behavioral responses
of wild animals could help clarify how lunar phase might shape the
trade-off between foraging rate (hunting success and movement effi-
ciency) and environmental risk. Accelerometer-based behavioral mon-
itoring and other biologging instruments are now more commonly used
to estimate detailed activity budgets of wild animals, allowing for ac-
curate reconstructions of time and energy allocation for cryptic and
wide-ranging species (Brown et al., 2013; Wilmers et al., 2017). Such
devices can be used to directly test if leopard foraging effort and

hunting success varies over the lunar cycle by identifying signatures of
predation events (Wilmers et al., 2017). The behavioral inferences
generated from these approaches could be used to test whether leopards
alter their behavior in response to proposed threats in ways consistent
with predictions from behavioral ecology (Brown and Kotler, 2004).
Following from the risk allocation hypothesis, if leopards avoid
moonlight because of greater environmental risk, we should expect that
the strength of their individual behavioral responses will be greatest
during the second quarter lunar phase. During this period, individuals
should be most risk averse, and respond to the onset of threat by re-
ducing energy expenditure, changing activity patterns, and altering
space use in order to reduce exposure to risky areas. Reductions in
energetic state resulting from avoidance should then cause leopards to
increase their foraging effort relative to other activities (e.g., rest) in
order to avoid starvation. At these times, we predict that leopards will
be less risk averse and therefore more likely to visit exposed or dis-
turbed habitats that would otherwise be avoided.

4.2. Implications for conservation in mixed-use landscapes

The geographic ranges of leopard subspecies are in decline, and
much of the remaining extant range occurs outside of protected areas
(Jacobson et al., 2016). Although recent studies have shown that leo-
pard populations are capable of persisting in human-dominated land-
scapes (Athreya et al., 2013), conflicts with humans remain a challenge
for conserving this species in mixed-use landscapes (Inskip and
Zimmermann, 2009; Athreya et al., 2014). While lethal predator con-
trol and other direct negative interactions with leopards are reportedly
rare on pro-wildlife ranches on the Laikipia plateau (Romañach et al.,
2007), and are not practiced at MRC, the results of our exploratory
analyses and regression modeling suggest that anthropogenic landscape
modifications and human activity remain important drivers of leopard
space use.

Despite the tendency for leopards to be active at all times of the day,
they avoided roads and other areas where encounters with people
during the daytime. Elsewhere, leopards have been reported to exhibit
similar behavioral responses when inhabiting areas disturbed by human
activity. Leopards in the Kaeng Krachan National Park, Thailand
showed significantly less diurnal activity in areas near human traffic,
and roads inside of the park were barriers for leopard movements
during the day (Ngoprasert et al., 2007). Carter et al. (2015) compared
the activity patterns of leopards in a protected area to those adjacent
forests where resource extraction by local people was common. Leo-
pards outside the park showed greater temporal displacement to human
activity than did leopards inside the park where human disturbance was
confined to select trails. We also detected avoidance of the riverine
habitat during the day time, despite our impression that this habitat
contained a relatively high density of potential prey species. The river
at our site runs parallel to a heavily-used road and the river itself is an
important source of water for wild animals and livestock. Similar
avoidance patterns have been documented in spotted hyenas (Crocuta
crocuta) on a wildlife reserve in Kenya (Boydston et al., 2003). Hyenas
responded to short-term influxes of livestock grazing by avoiding re-
cently grazed areas despite their greater density of wild and domestic
prey (Boydston et al., 2003). As in other instances, these activities may
present a barrier to leopard movements.

The diel cycle of human activity on conservancies and similar land
uses might also contribute to conflicts with humans as leopards were
most likely to be active around roads and buildings around sunrise and
sunset, overlapping with periods of human activity. Studies from pumas
(Puma concolor) occupying recreation areas have reported similar
findings, showing that individuals often adjusted to the daily influx of
visitors by avoiding trails and other impacted areas during the daytime;
however, this also created the opportunity for conflict as the pumas
were also most active around trails and buildings in the evening, when
there was a low expectation of encounters (Morrison et al., 2014;
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Sweanor et al., 2008). In Laikipia, attitudes of subsistence livestock
herders towards carnivores are strongly influenced by the dangers
posed by predators to human safety and livelihoods (Romañach et al.,
2007). Direct encounters with predators and other signs of their pre-
sence on community rangelands can increase negative attitudes to-
wards predators, thwarting tolerance for wildlife conservation and
leading to lethal control in anticipation of depredation events
(Romañach et al., 2007, 2011). Furthermore, the results of our re-
gression modeling showed that use of anthropogenic habitats, but not
naturally occurring ones, were strongly associated with periods of
greater ranging activity. This might indicate that use of these habitats is
associated with more conspicuous movement states, driven by under-
lying environmental factors that influence the trade-off between risk
from humans and foraging efficiency (Oriol-Cotterill et al., 2015a;
Valeix et al., 2012). Given the importance of direct and indirect inter-
actions in shaping human perceptions of predators, future research
should focus on uncovering the ecological and behavioral correlates of
individual leopard movement decisions in human-dominated land-
scapes.

This study is among the first to examine in detail leopards' use of
glades, which are the legacy of the pastoral practices endemic to the
region. Many of these practices, including corralling livestock at night
in bomas, are still used on conservancies and community rangelands in
Kenya to protect livestock from theft and attacks by carnivores (Ogada
et al., 2003). In recent years, development and social change in for-
merly rural areas has led to community rangelands being divided into
smaller, family-owned units that reduce herders' mobility, and lead to
an increased density of glades on the landscape. At the same time, in-
tensification of agricultural production has also seen many open
grasslands converted to commercial ranching operations that forgo
these husbandry practices that can beneficially modify ecosystems
(Ogutu et al., 2011; Vuorio et al., 2014). Given the cultural origins of
glades, and their importance to the ecology of East African savanna-
woodlands, understanding the role of leopards and other carnivores in
the dynamics of these unique landscape features remains an important
direction of research for conservation efforts in this region.

As expected, leopards avoided entering glades at all times of the
day, likely either because these open habitats are used by prey as high-
visibility refuges (Ford et al., 2014; Riginos, 2015) or are occasionally
used by herders to graze livestock during the daytime. Nonetheless, the
leopards in our sample used glade edge habitat, more often at night and
around the times of sunrise and sunset. This pattern may reflect the use

and activity patterns of leopard prey species that use these landscape
features (Augustine, 2004). These results also suggest that the influence
of glades for the distribution of leopards might be better understood at
broader spatial scales. The leopards in our study ranged over a rela-
tively small area with a well-enforced conservation management
strategy. Further studies might compare the population densities of
leopards to the presence or absence of glades across different land use
systems in Laikipia in order to clarify the relative influence of glades on
leopard movement decisions in this matrix of varying land use systems.

Given the importance of wild herbivores in maintaining glades, and
the threat of predation in driving intensive use of these high visibility
refuges, resource selection studies could also consider other qualities of
glades when assessing their importance in driving the spatial distribu-
tion of ungulates and their predators. For example, the edges of ad-
jacent glades have greater tree cover density for concealment than do
isolated glades, but they also contain a lower abundance of unique grass
and ungulate species (Porensky, 2011). Other factors such as aridity,
the amount of time since a boma was abandoned, and seasonal varia-
tion in rainfall can affect the nutrient quality of glades relative to the
background landscape (Augustine, 2003, 2004). Considerations of these
and other factors in shaping the use of glades by leopards and other
carnivores could further illuminate the role of predators in the dy-
namics of these nutrient hotspots.
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Appendix A

Fig. A1. Timing and duration of individual leopard movement tracks.
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Appendix B

Fig. B1. Optimization surface for the support vector machine model (SVM) that was used to predict vegetation cover land classes for the habitat map. The model uses
two parameters, “cost” and “gamma”, to generate the best fit model. Grid approximation was used to find the optimum parameter values (labeled) based on a
goodness-of-fit statistic.

Table B1
A confusion matrix showing the predictive accuracy of the support vector machine model. A balanced data set
with 1000 reference observations from each habitat class (columns) was used here to assess model performance.
This table was created using the “caret” packages for R.

Open Grass Cover

Sensitivity 0.83 0.61 0.81
Specificity 0.91 0.83 0.89
Pos pred value 0.82 0.64 0.78
Neg pred value 0.91 0.81 0.90
Precision 0.82 0.64 0.78
Recall 0.83 0.61 0.81
F1 0.83 0.63 0.80
Prevalence 0.33 0.33 0.33
Detection rate 0.28 0.20 0.27
Detection prevalence 0.34 0.32 0.35
Balanced accuracy 0.87 0.72 0.85
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Fig. B2. R code for fitting the support vector machine model and calculating the confusion matrix.

Appendix C

Table C1
Summary of the "Anthro×Diel" model posterior. The R statistic reported here was used to assess convergence of the Markov chains. αi are individual
random effect parameters, and α is the model intercept.

Mean 2.5% 25% 50% 75% 97.5% R

Distancet−1 0.09 0.04 0.07 0.09 0.11 0.15 0.99
Distancet−2 0.11 0.06 0.09 0.11 0.13 0.16 1.00
SexF −0.03 −0.19 −0.09 −0.03 0.03 0.14 1.00
Night 0.07 −0.06 0.02 0.08 0.12 0.21 0.99
Temperature 0.11 0.06 0.09 0.11 0.13 0.16 1.00
Rainfall 0.04 0.00 0.03 0.05 0.06 0.09 1.01
sin(Lunar Phase) −0.08 −0.17 −0.12 −0.08 −0.05 0.01 1.01
cos(Lunar Phase) 0.11 0.02 0.08 0.11 0.14 0.20 0.99
sin(Lunar Phase)×Night 0.06 −0.05 0.02 0.06 0.11 0.19 0.99
cos(Lunar Phase)×Night −0.17 −0.32 −0.22 −0.17 −0.13 −0.06 1.00
Open 0.06 0.00 0.04 0.06 0.08 0.12 1.00
Grass 0.03 −0.07 −0.00 0.03 0.07 0.13 0.99
Cover −0.03 −0.12 −0.06 −0.03 0.01 0.07 1.00
River −0.00 −0.07 −0.03 −0.00 0.02 0.07 0.99
Roads 0.08 0.01 0.06 0.09 0.11 0.14 0.99
Humans 0.13 0.01 0.09 0.12 0.17 0.23 1.00
Glades 0.04 −0.01 0.02 0.04 0.06 0.09 0.99
Glade Edge −0.04 −0.12 −0.06 −0.04 −0.00 0.05 1.01
Escarpment −0.03 −0.14 −0.06 −0.03 0.01 0.09 1.00
Luggas −0.02 −0.08 −0.04 −0.01 0.01 0.04 1.00

(continued on next page)
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Table C1 (continued)

Mean 2.5% 25% 50% 75% 97.5% R

Roads×Night 0.02 −0.07 −0.01 0.02 0.04 0.10 1.00
Humans×Night −0.03 −0.14 −0.07 −0.03 0.02 0.09 1.00
Glades×Night 0.10 0.02 0.07 0.09 0.12 0.19 1.00
Glade Edge×Night 0.01 −0.07 −0.02 0.01 0.05 0.10 0.99
σ 0.70 0.67 0.69 0.70 0.72 0.73 1.00
α1 7.97 7.77 7.89 7.97 8.04 8.17 1.00
α2 7.67 7.39 7.58 7.68 7.76 7.99 1.00
α3 7.77 7.67 7.74 7.77 7.80 7.86 0.99
α4 7.47 7.38 7.44 7.47 7.51 7.59 1.00
α5 7.45 7.14 7.36 7.45 7.56 7.71 1.01
α6 7.71 7.39 7.61 7.71 7.82 8.01 1.00
α7 7.60 7.39 7.53 7.59 7.67 7.81 1.00
α 7.64 7.48 7.59 7.63 7.69 7.78 1.00
σα 0.25 0.11 0.17 0.23 0.31 0.52 1.00

Fig. C1. Posterior predictive checks for the best-fit regression model. Predicted ranging distances from the model posterior distribution (yrep; n= 100) are compared
against observed ranging distances (y). Values are on the log scale.

Appendix D. Supplementary data

Supplementary data associated with this article can be found in the online version at https://doi.org/10.1016/j.biocon.2018.08.003. These data
include the Google map of the most important areas described in this article.
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