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Abstract. Human–carnivore conflict (HCC) represents one of the greatest threats to rural livelihoods
and the persistence of large carnivores. The application of aversive conditioning, the association of
unpleasant stimuli with the occurrence of unwanted behaviors, to mitigate HCC has achieved mixed
results within and across species, making a better understanding of the factors driving intervention success
critical to inform management practices. We explored the degree to which the chasing of African lions
(Panthera leo) out of no tolerance zones conditions lion behavior to reduce their rate of return into commu-
nity lands or rate of repeated livestock killing, providing evidence-based understanding of program out-
comes. We used data from 15 global positioning system (GPS)-collared lions adjacent to Hwange National
Park, Zimbabwe, with each lion receiving 0–17 conditioning treatments, and analyzed the data using recur-
rent event survival analysis and logistic regression. Chases were most successful (i.e., lion pushed out of
the no tolerance zone by sunrise of the following day) in the dry season (i.e., when wild prey were more
predictable), in areas closer to the park, and for individuals from smaller and more stable prides (i.e., had
not lost a pride male within six months). Adult females and subadult males were more likely than adult
males to reenter community lands, and subadult males were most likely to repeatedly depredate livestock.
While livestock depredation has decreased since program initiation, the individuals in this study were
overall not less likely to enter community lands or depredate livestock in response to chases when chases
were considered isolated events. Rather, it was the consistency of deterrence events that proved most
important in reducing livestock depredations, likely because of a stronger reinforcement between the
undesired behavior and the negative stimulus. However, lions that had previously habitually killed live-
stock had greater depredation rates even after several conditioning treatments. Aversive conditioning
holds promise in the management of carnivores that depredate livestock, but intervention must be consis-
tent, ideally early in the development of problem behaviors, to maximize intervention effectiveness. Meth-
ods that separate wildlife from people (i.e., fencing, livestock enclosure fortification), in combination with
aversive conditioning, may be needed to provide a sustainable, long-term solution.
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INTRODUCTION

An overarching goal of conservation biology is
to preserve and restore the world’s biodiversity.
However, intractable challenges arise for species
that pose serious risk to people’s livelihoods, in
particular for large carnivores and herbivores in
impoverished rural areas (Osborn and Parker
2003, Dickman et al. 2011). Livestock depreda-
tion is the largest source of conflict between car-
nivores and people globally (van Eeden et al.
2018b), causing substantial financial losses (Dick-
man et al. 2011) and tangible threats to human
safety (L€oe and R€oskaft 2004, Packer et al. 2005).
Over the last 200 yr, habitat loss and fragmenta-
tion, combined with changing land uses, have
elevated human–wildlife conflict and led to sub-
stantial population declines and range contrac-
tions for most species of large carnivore,
rendering many species at risk of extinction (Rip-
ple et al. 2014). Given burgeoning human popu-
lations (Bongaarts 2009) and expanding
agricultural frontiers (Green 2005), human–carni-
vore conflict is likely to intensify in the future,
particularly at the edges of protected areas that
serve as strongholds for large carnivore popula-
tions (Wittemyer et al. 2008). The existing net-
work of protected areas alone is insufficient to
ensure the long-term persistence of wide-ranging
carnivores (Di Minin et al. 2016), and interna-
tional pressure is mounting to find non-lethal
solutions for mitigating human–carnivore con-
flict in the working landscapes between pro-
tected areas.

Non-lethal options to mitigate human–carni-
vore conflict are limited largely to physical sepa-
ration (e.g., fences, enclosures) or deterrents
(Shivik et al. 2003). Aversive conditioning in wild-
life management is an active mode of deterrent
that delivers a punishment (e.g., chasing by dogs
or humans, painful stimuli such as capsicum
powder and rubber bullets; Shivik 2006) to tar-
geted individuals in response to an unwanted
behavior, such as entering a campground or
approaching livestock. The goal of aversive condi-
tioning is the association of the punishment with
the undesired behavior, and ultimately a cessation
of the undesired behavior (Pavlov 1927).

Applications of aversive conditioning in con-
flict situations have met with varying degrees of
success for free-ranging omnivores (Rauer et al.

2003, Beckmann et al. 2004, Mazur 2010), carni-
vores (Andelt et al. 1999, Schultz et al. 2005,
Hawley et al. 2009), and ungulates (Kloppers
et al. 2005, VerCauteren et al. 2005, Found and
St. Clair 2018). Failures in these applications have
been attributed in part to the challenges of imple-
mentation, such as the deterrent being insignifi-
cant to the animal in terms of fitness cost, or
having insufficient reinforcement between the
behavior and the punishment, that ultimately
lead to habituation, or extinction of the neopho-
bic effect (Shivik et al. 2003, Shivik 2006, Blum-
stein 2016). Other suggested drivers of mixed
outcomes included variation among individuals
in terms of their degree of previous positive rein-
forcement of undesired behaviors (Rauer et al.
2003, Beckmann et al. 2004, Mazur 2010), social
status (Rauer et al. 2003, Schultz et al. 2005), per-
sonality (Found and St. Clair 2018), or ecological
context (e.g., availability of suitable alternatives
to the undesired behavior; Blumstein 2016). Two
key limitations in gaining proper inference on
the effectiveness of aversive conditioning for mit-
igating conflict include (1) low sample sizes, in
terms of the number of offending animals, the
number of conditioning trials per individual, and
replication (Rauer et al. 2003, Beckmann et al.
2004, van Eeden et al. 2018b), and (2) lack of
robust experimental design, including the pres-
ence of controls and ability to separate treatment
effects (Andelt et al. 1999, Schultz et al. 2005,
Hawley et al. 2009, van Eeden et al. 2018b).
African lions pose a particularly challenging

framework for conservation, as they are valued
at a global scale but often considered nuisance
animals at a local scale (Dickman et al. 2011).
However, given a high degree of conflict with
people, combined with major efforts to reduce
retaliatory killing of lions (Hazzah et al. 2014),
the species also provides unprecedented oppor-
tunities for gaining deeper insights into the fac-
tors influencing the success of aversive
conditioning programs. Increasingly, satellite col-
lars are deployed to track movements of lions in
real time, providing an opportunity to intervene
before a livestock depredation occurs. One such
application, the Long Shields Community Guar-
dians Program (LSCGP) around Hwange
National Park, Zimbabwe, uses trained local peo-
ple to intercept collared lions when they come
within ~2 km of a household and to initiate a
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chase to push the offending lion out of commu-
nity lands. These chases often occur on foot, and
are supplemented by blowing horns and making
other loud noises. Whereas reductions in retalia-
tory killing are an important aspect of program
success, long-term public support for such a pro-
gram will likely require reductions in lion visita-
tions to community lands and resulting
reductions in actual livestock depredations—out-
comes that will depend upon how efficiently and
effectively aversive conditioning might overcome
recalcitrant behaviors, habituation, and recidi-
vism by lions.

Using data from collared lions at the periphery
of Hwange National Park, in combination with
records of lion interventions and livestock depre-
dations in surrounding community lands, we
investigated lion- and chase-specific factors influ-
encing immediate and longer-term behavioral
changes by individual lions following aversive
conditioning. Advantages of this study system
include monitoring of both male and female
lions, as well as subadults and adults (with repli-
cates for each), and having monitored individu-
als for 3.5–21 months (�x = 12.5 months), during
which individuals experienced 0–17 interven-
tions given 1–73 incursions into community
lands. Previous research found that livestock
depredation rates have decreased following pro-
gram implementation in June 2012, from
122 � 29 depredation events annually from 2010
to 2011 to 40 � 14 events from 2013 to 2015
(Appendix S5; adapted from Loveridge 2015),
and that some individual lions in this region
shifted their seasonal ranges away from commu-
nity lands, although others remained entrenched
and became more furtive in their movements
(Petracca 2018). Herein, we explore the role of
direct experience with aversive conditioning as a
potential driver of those large-scale patterns and
of active interventions with recalcitrant lions as a
means of potentially reducing livestock depreda-
tion rates. Given that the quantification of inter-
vention effectiveness is largely lacking among
techniques to reduce livestock depredation (van
Eeden et al. 2018a, b), our aim is to not only help
refine program effectiveness in this system, but
also to gain transferable insights to other species
and systems by quantifying the effects of aver-
sive conditioning on the spatial and behavioral
ecology of individuals.

MATERIALS AND METHODS

Study area
The study area (6500 km2) spans Hwange

National Park (hereafter “the Park”; 19°0’ S,
27°3’ E) and surrounding protected areas and
community lands (Fig. 1). The Park covers
14,600 km2 of semiarid savanna in northwestern
Zimbabwe, with altitude varying from 800 to
1100 m (Loveridge et al. 2009). Mean annual rain-
fall is 600 mm and highly variable (inter-annual
CVof 30%), with water artificially supplied at var-
ious locations in the dry season (Loveridge et al.
2016). There are presently two community areas
bordering the national park that partially over-
lapped our study area: Tsholotsho and Mabale
Communal Lands, with 1946 households
included within our study area. Livelihoods
depend on subsistence agro-pastoral farming
practices, focusing on livestock husbandry and
the growing of maize, sorghum, millet, and
legumes (Kuiper et al. 2015).
Most people within our study are Ndebele,

with 99% of people within Tsholotsho speaking
Ndebele as a first language, while people in
Mabale spoke a mix of Ndebele (48%), Nambya
(32%), and other regional African languages (20%;
Loveridge et al. 2017a). Traditionally, nineteenth-
century Ndebele people would have hunted and
killed lions as the Maasai do today (Hazzah et al.
2014), though such practices stopped with the
advent of the Zimbabwean protected areas sys-
tem. While Problem Animal Control is now the
responsibility of the Zimbabwe Parks andWildlife
Management Authority, illegal retaliatory killing
still occurs in the villages via wire snares and
homemade gin traps. The more traditional Nde-
bele villages still build traditional log stockades to
protect livestock at night (thought the use of the
stockades is inconsistent), while the more recently
settled communities to the north of the Park often
have very poor livestock enclosures. Livestock
herding by children is becoming more uncommon
due to an increase in schooling.

Lion and depredation monitoring
Lions were immobilized for handling by quali-

fied field staff using standard protocols for the
species (Fahlman et al. 2005) and fitted with glo-
bal positioning system (GPS) collars equipped
with either ultra-high frequency (UHF) or
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satellite remote downloads (Televilt Positioning,
Lindesberg, Sweden; Sirtrack, Hawkes Bay, New
Zealand; Africa Wildlife Tracking, Pretoria,
South Africa). See Appendix S1 for more infor-
mation on animal handling and ethical care.

From a total of 98 lions collared within the Park
and greater study system, 15 (three adult females,
six adult males, and six subadult males at study
onset; adult is ≥4 yr of age) met the criteria for
inclusion in our study, which were (1) being
members of unique prides/coalitions (2) having
home ranges that did not exclusively fall within
the Park (i.e., overlapped community lands to
some degree), and (3) having GPS data when the
Community Guardians were actively chasing

lions (i.e., within the period from January 2013–
March 2016). The collaring of only one individual
per pride/coalition was desirable for both logisti-
cal (e.g., greater geographic coverage) and statis-
tical (e.g., independence of inference) reasons,
and should be considered in the application of
our methodology to other social species for which
it is common to collar more than one member of
a social group (e.g., wolves). Positional data were
collected on these animals from January 2013 to
March 2016 (�x = 377 � 170 SD collar-days per
individual) using one or more fix schedules: (1)
bi-hourly (81.33% of data, 12 individuals), (2)
hourly (11.52% of data, four individuals), (3)
hourly at night (18:00–7:00) with 2–4 additional

Fig. 1. Location of Exclusion Zone outside Hwange National Park, Zimbabwe. A chase by the Community
Guardians would be initiated if a lion had GPS coordinates within this zone. The Exclusion Zone extends 2 km
into (A) the Sikumi Forestry Area in Mabale Communal Lands but otherwise conforms to the boundary of (B)
the Village Resettlement Area in conservancy lands and (C) Tsholotsho Communal Lands.
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fixes in day hours (3.86% of data, three individu-
als), and (4) every four hours (3.29% of data, one
individual). We created regular trajectories of
original GPS locations (Dt = 2 h) using adehabi-
tatLT in Program R (Calenge 2006).

As of June 2012, there were 10 Community
Guardians operating in Tsholotsho and Mabale
Communal Lands. The Guardians (eight men,
two women) were hired based on nominations
by the traditional chieftainship. They were
tasked with monitoring lions each day from sun-
rise (6:00 h) to sunset (18:00 h), and chasing
GPS-collared lions as soon as lion individuals
entered the Exclusion Zone (Fig. 1). Their goal
was to push lions out of the Exclusion Zone and
in the direction of the Park. The Exclusion Zone
included community lands and extended 2 km
into Sikumi Forest, which serves as a buffer
between community lands and the Park in
Mabale, and also included an area of resettled
villages in conservancy lands east of Mabale. See
Appendix S2 for more information on the Com-
munity Guardians’ field protocol.

Evaluating program success
We divided criteria for evaluating program

success into short-term lion responses (e.g., suc-
cess of individual chase events) vs. longer-term
lion behaviors (e.g., return times and depreda-
tion propensity). Over the short term, we defined
the success of a chase event as the target lion
moving out of the Exclusion Zone by sunrise
(07:00) on the day following the intervention.
Lions are generally more active in darkness
(Schaller 1972) and may be reluctant to move
substantially during daylight when active hazing
of the animal would occur, likely due to both
higher temperatures (Schaller 1972) and higher
risk of persecution by humans in daytime hours
(Oriol-Cotterill et al. 2015). If the animal
remained within the Exclusion Zone at sunrise,
we considered the previous day’s chase to have
failed and designated a new chase event if the
Guardians continued a chase the following
morning. To identify the determinants of a suc-
cessful chase, we fit mixed-effects logistic regres-
sion models using the R package lme4 (Bates
et al. 2015), specifying individual lion as a ran-
dom intercept.

Longer-term indicators of program success
were considered to be diminished propensities

for reentering the Exclusion Zone or committing
livestock depredation. For these analyses, we
used a recurrent event, gap time survival frame-
work (Kleinbaum and Klein 2011), specifying the
event as an Exclusion Zone reentry in the first
case or as a livestock depredation recurrence in
the second case.
Candidate Cox proportional hazards models

were fit using the R package survival (Therneau
2015), with the data clustered by individual lion
and stratified by the Exclusion Zone entry num-
ber for that individual or depredation number,
depending on the analysis. Study onset was set
as 13 January 2013, the start of that year’s collar-
ing period. Gap times were calculated in days,
after censoring consecutive days spent within the
Exclusion Zone; thus, if a lion entered the Exclu-
sion Zone on Day 1, stayed for Days 1–5, left on
Day 6, and reentered on Day 7, that time differ-
ence would be 7–6 = 1. Data were right-censored
when there was no subsequent event (either
Exclusion Zone reentry or depredation recur-
rence) at the end of the collaring period (i.e.,
Event = 0 for those gap times).
We organized candidate covariates for both

analyses into categories related to the interven-
tion process itself: early intervention, positive vs.
negative reinforcement, and factors associated
with social or environmental resistance (Table 1;
also see Appendix S3). We had a priori hypothe-
ses to justify the inclusion of each covariate (see
Appendix S3), considered the covariate effects to
be additive within and across covariate cate-
gories, and used backward model selection to
retain informative covariates as described below.
For each of our three analyses—chase success,

rate of reentry, and depredation recurrence—we
started with a global model that included uncor-
related sets of candidate covariates (covariate
pairs having r < 0.6; Hebblewhite et al. 2014)
and then used a stepwise approach to model
selection using Akaike information criterion cor-
rected for small sample size (AICc) to rank candi-
date models (Burnham and Anderson 2002); not
all covariates were used across all analyses (see
Appendix S3). In each case, we removed vari-
ables one at a time to determine each covariate’s
influence on AICc and evaluate its importance
relative to our a priori hypotheses. We stopped
covariate removal when the exclusion of covari-
ates led to model DAICc values >2.0, meaning
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that each remaining covariate had substantial
explanatory value. For the time-to-event models,
we only included those models that met the pro-
portional hazards assumption as determined by
scaled Schoenfeld residuals (Kleinbaum and
Klein 2011). Ultimately, the strength of support
for a given candidate model was determined
using AICc values, in which models with
DAICc < 2 units difference from the highest
ranked model were considered to have greatest
support. All covariates in these top models are
presented for their explanatory value. However,
due to the uncertainty in some covariate relation-
ships, we used the most parsimonious top model
to describe effect sizes and to create our figures
in order to highlight only the covariate effects
with consistent, unequivocal support.

RESULTS

Determinants of chase success
A total of 72 chases of 12 different lions

(�x = 6 � 5 SD chases per individual) recorded
by the Community Guardians between 13

January 2013 and 16 March 2016 were included
in our analyses. The three lions that were not
chased had low frequency of entry to the Exclu-
sion Zone (1.67 � 1.15 times per individual) and
entered the Exclusion Zone at night. Of the 72
chases, 56% (n = 40) were successful (animal
moved out of Exclusion Zone by 07:00 next
morning), whereas 44% (n = 32) failed. Success-
ful chases were split almost evenly between lions
leaving the Exclusion Zone by 18:00 of the chase
day (corresponding to the end of Community
Guardian patrols; n = 22, 55%) or leaving some-
time before 07:00 of the following morning
(n = 18, 45%). There was evidence of habituation
after the 10th chase, with Chases 1–5, 6–10, and
11–17 having success rates of 61.54% (n = 39),
60.00% (n = 20), and 30.77% (n = 13), respec-
tively.
Probability of chase success was positively

associated with closer proximity of chase initia-
tion to the Hwange National Park boundary (i.e.,
a lesser distance to chase the lion), smaller pride
size, pride stability, and the dry season (a time
when wild prey are more predictable and

Table 1. Covariates hypothesized to influence chase success and rates of repeated Exclusion Zone reentry or live-
stock depredations by GPS-collared lions outside Hwange National Park, Zimbabwe.

Early intervention
Positive

reinforcement Negative reinforcement Social resistance
Environmental

resistance

Animal is known
livestock killer (1/0)

Home range size Chase event in response to
previous Exclusion Zone
reentry (1/0)T�1

Demographic class Wet season (1/0)
(in this season, wild
prey are more
dispersed)

Depredation number
at which
intervention began

Cumulative number
of depredation
events

Chase event in response to
previous livestock
depredation (1/0)T�1

Loss of pride male
in the past six
months (1/0)

Temperature at chase
onset (◦C)

Cumulative number
of livestock killed

Level of reinforcement
against Exclusion Zone
reentry

AgeClass 9 Male
Loss

Hot weather (1/0)

Depredation
occurrence in last
72 h (1/0)

Level of reinforcement
against depredation
recurrence

Subadult (1/0) Distance to Hwange
NP at chase
initiation

Depredation
occurrence on
previous Exclusion
Zone reentry
(1/0)T�1

Cumulative days being
chased

Pride size

Number of hours
spent in Exclusion
Zone prior to chase
onset

Proportion of home range
that falls within Exclusion
Zone (Relative Risk
Familiarity)

Single lion (1/0)

Cub presence (1/0)

Notes: Covariates denoted by superscript “T�1” are relevant to the previous entry or depredation (time T�1); all others
apply to the current entry or depredation (time T). See Appendix S3 for more information on each covariate and associated a
priori hypotheses.

 ❖ www.esajournals.org 6 December 2019 ❖ Volume 10(12) ❖ Article e02967

PETRACCA ET AL.



livestock are not herded close to the Park bound-
ary; Davidson et al. 2013, Kuiper et al. 2015;
Fig. 2; Tables 2, 3; Appendix S4). The 95% CIs of
these coefficients did not overlap 0, indicating

confidence in the direction of these effects
(Table 3). As distance from the Park boundary
decreased from 25 to 5 km to 500 m, the proba-
bility of chase success increased from 0.18 (95%
CI = 0.04–0.37) to 0.60 (0.42–0.81) to 0.96 (0.84–
1.00; Fig. 2). Chase success was markedly higher
for coalitions of 1–2 individuals (�x = 0.90, com-
bined 95% CI = 0.67–1.00) compared to prides of
8–10 individuals (�x = 0.16, combined 95%
CI = 0.09–0.56; Fig. 2). Lastly, chase success was
greater in times of pride stability (0.88; 95%
CI = 0.69–0.98) vs. instability (0.56; CI = 0.32–
0.81), and in the dry season (0.91; CI = 0.74–
0.99), a time when wild prey are more pre-
dictable compared to the wet season (0.48;
CI = 0.24–0.72; Fig. 2). There was some evidence
that greater relative risk familiarity (i.e., the pro-
portion of an individual’s home range that over-
laps the Exclusion Zone) was associated with
greater chase success, but this relationship was
statistically uncertain (i.e., the 95% CI over-
lapped 0; Appendix S4).

Determinants of time to Exclusion Zone reentry
There were 361 entries into the Exclusion Zone

detected by GPS collar locations from 15 individ-
ual lions during this study. Thirteen lions entered
the Exclusion Zone repeatedly (�x = 26 � 24 SD
reentries/lion), while two individuals (both adult
males, aged 6.5 and 7.5 yr) did not reenter the
Exclusion Zone after their first entry. Following
an Exclusion Zone departure (with or without
intervention), the median time to return to the
Exclusion Zone was 3 d (SD = 23), and reenter-
ing lions spent a median duration of 10 h
(SD = 48 h) inside the Exclusion Zone. Of 337
reentries, only 10.4% (n = 35) were followed by a
chase event within the subsequent 48 h, and
31.4% of these (n = 11) required 2–6 d of consec-
utive chases, underscoring the need for repeated
intervention in more difficult cases. For the reen-
tries not followed by a chase event (n = 302),
nearly half (46.4%) occurred at night (from 18:00
to 6:00), when the Community Guardians were
not on patrol.
While there was statistical uncertainty in the

top models predicting rate of Exclusion Zone
reentry, the only variable with unequivocal statis-
tical support was demographic class (Table 4). In
particular, adult females had a risk of Exclusion
Zone entry that was 2.21 times that of adult

Fig. 2. Probability of chase success by the Long
Shields Community Guardians at the periphery of
Hwange National Park, Zimbabwe, where chase suc-
cess is defined as pushing the target lion out of the
Exclusion Zone by sunrise (07:00) of the day following
chase initiation. Top explanatory variables were (A)
distance of chase initiation from the boundary of
Hwange National Park, (B) pride size (number of
adults and subadults in the pride), (C) pride instability
(whether or not a pride male had died in the last six
months), and (D) season.
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males (95% CI = 1.71–2.87), and subadult males
had a risk that was 1.57 times higher than that of
adult males (1.19–2.07; Fig. 3, Table 5). There is
some evidence that risk of Exclusion Zone entry
was higher given a chase intervention on the pre-
vious Exclusion Zone reentry, less consistent
reinforcement of deterring this behavior, pride
instability, and greater relative risk familiarity,
but given the overlap of the 95% CIs with 1, more
data are needed to clarify these relationships
(Appendix S4).

Determinants of time to next livestock
depredation

Over the study period, there were 233 reported
livestock depredation events attributable to lions
around Hwange National Park, leading to the
loss of 318 animals (182 cattle, 87 goats, 43

donkeys, five sheep, one dog). Of the 12 lions
that were chased, three lions (one subadult male,
two young adults aged 4 and 5) did not depre-
date livestock after program initiation, while the
remaining nine lions were either chronic live-
stock predators (n = 6), with an average of
14 � 7 SD depredation events/individual, or
killed livestock only once (n = 3). These nine
lions were responsible for over half of the
reported depredations (50.21%; n = 117 events),
of which 23.08% were followed by a chase event
in the subsequent 48-hour period. In total, our
collared lions depredated 173 animals (83 cattle,
68 goats, 22 donkeys) over the 3-yr study period.
The median time between recurrent depreda-
tions by a given individual was 8 d (SD = 28).
The best predictors of rate of livestock depre-

dation recurrence were subadult status, cumula-
tive number of livestock killed, reinforcement of
deterring entries to the Exclusion Zone, and
familiarity with community lands (Table 6). In
particular, the risk of a repeated livestock depre-
dation was 2 9 higher for subadults (95% CI
1.44–2.78) vs. adults (Table 7; Fig. 4). Moreover,
the risk of livestock depredation increased by
15.0% [4.4–26.7%] with each additional animal
killed at time t (Table 7). Importantly, for every
1% increase in the percentage of Exclusion Zone
reentries associated with a chase, the risk of live-
stock depredation decreased by 12.3% [2.5–
21.1%] (Table 7). Lastly, for each 1% increase in
overlap of the animal’s home range with the
Exclusion Zone, the risk of livestock depredation
decreased by 3.9% [1.8–6.1%] (Table 7); these
results indicate that one cannot judge the proba-
bility of a lion becoming a problem simply by its
range overlap with community lands, nor does it

Table 2. Model selection table for two top candidate models (i.e., models within 2 DAICc from the top model)
explaining probability of success of chases (“success” is defined as pushing the target lion out of the Exclusion
Zone by sunrise (07:00) of the day following chase initiation) by the Community Guardians outside Hwange
National Park, Zimbabwe, using a logistic regression framework.

Regression model K DAICc wi

RelativeRiskFamiliarity + PrideInstability + PrideSize + Wet + DistPark 7 0 0.3
PrideInstability + PrideSize + Wet + DistPark 6 0.62 0.22

Notes: For each model, we identify the predictors (Regression model), number of parameters (K), delta AICc (DAICc), and
AICc weights (wi), with the highlighted model the chosen top model due to being the least parameterized model within 2 DAICc
from the top model. Included variables were the proportion of an individual’s home range that overlapped the Exclusion Zone
(RelativeRiskFamiliarity), if a male lion had died within the last six months (PrideInstability), the number of adults and suba-
dults in the pride (PrideSize), if it was the wet season (Wet), and distance from the national park boundary at which the chase
was initiated (DistPark). Please see Appendix S4 for table with all candidate models.

Table 3. Top model explaining probability of success
of chases (“success” is defined as pushing the target
lion out of the Exclusion Zone by sunrise (07:00) of
the day following chase initiation) by the Commu-
nity Guardians outside Hwange National Park, Zim-
babwe, using a logistic regression framework.

Variable b 95% CI Odds ratio (eb)

(Intercept) 15.36 7.01, 29.38
PrideInstability �1.79 �3.68, �0.32 0.17
PrideSize �0.52 �1.14, �0.14 0.59
Wet �2.41 �4.67, �0.73 0.09
DistPark �1.18 �2.37, �0.48 0.31

Notes: Included variables were if an adult male lion had
died within the last six months (PrideInstability), the number
of adults and subadults in the pride (PrideSize), if it was the
wet season (Wet), and distance from the national park bound-
ary at which the chase was initiated (DistPark). We present
the estimated coefficients, 95% confidence intervals, and odds
ratios.
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mean that lions cannot/should not occupy com-
munity lands at all. There was some evidence
that being chased earlier in a sequence of depre-
dations by a target individual reduced that lion’s
future rate of depredation and that being chased
after a previous depredation incident did the
opposite; however, given the overlap of the 95%
CIs with 1, these relationships are statistically
uncertain (Appendix S4).

DISCUSSION

A challenge of aversive conditioning programs
is attempting to engender a long-lasting shift in
animal behavior by increasing the cost associated

with a given behavior, especially when the
behavior leads to a valuable food resource such
as livestock, in an otherwise resource-limited
environment. Outside Hwange National Park,
Zimbabwe, overall rates of livestock depredation
have decreased since initiation of the LSCGP
(Appendix S5; adapted from Loveridge 2015),
and some lions have exhibited large-scale shifts
in space use to avoid community lands (Petracca
2018). Of the 12 lions that were chased in this
study, three (1/4) failed to depredate any live-
stock over the course of the study. For the
remaining nine animals, we did not find that
individual chases by the Guardians (i.e., chases
considered as isolated events) reduced their rate
of reentry into community lands or rate of future
livestock depredations. Rather, it was the consis-
tent application of chase interventions (i.e.,
higher proportion of entries intercepted by the
Guardians) that proved most important in reduc-
ing depredation rates and was weakly associated
with reduced rates of Exclusion Zone reentry,

Fig. 3. Probability of Exclusion Zone reentry by
lions at the periphery of Hwange National Park, Zim-
babwe, based on demographic class (subadult male,
adult female, adult male). Survival models used a
recurrent event, gap time framework.

Table 5. Top model explaining rate of lion reentry to
the Exclusion Zone outside Hwange National Park,
Zimbabwe, using a recurrent event survival model
with a gap time framework.

Variable Hazard ratio (HR) 95% CI of HR

Class: AF 2.214 1.711–2.865
Class: SM 1.570 1.191–2.068

Notes: The included variable was demographic class (adult
male, adult female, subadult male). We present the estimated
hazard ratios and hazard ratio 95% confidence intervals.

Table 4. Model selection table for seven top candidate models (i.e., models within 2 DAICc from the top model)
explaining rate of lion reentry to the Exclusion Zone outside Hwange National Park, Zimbabwe, using a recur-
rent event survival model with a gap time framework.

Survival model K DAICc wi

ChasedPrevEntry + NonEntryReinforcement + Class + PrideInstability 5 0 0.15
NonEntryReinforcement + Class + PrideInstability 4 0.03 0.15
NonEntryReinforcement + Class 3 0.36 0.13
Class 2 0.80 0.1
ChasedPrevEntry + NonEntryReinforcement + Class 4 0.89 0.1
PrideInstability + Class 3 1.28 0.08
ChasedPrevEntry + RRFamiliarity + NonEntryReinforcement + Class 5 1.71 0.06

Notes: For each model, we identify the predictors (Survival model), number of parameters (K), delta AICc (DAICc), and AICc
weights (wi), with the highlighted model the chosen top model due to being the least parameterized model within 2 DAICc from
the top model. Included variables were if the previous reentry was associated with a chase event (ChasedPrevEntry), the per-
centage of Exclusion Zone reentries that was followed by a chase event (NonEntryReinforcement), demographic class (i.e., adult
male, adult female, subadult male; Class), if an adult male lion had died within the last six months (PrideInstability), and the
proportion of an individual’s home range that overlapped the Exclusion Zone (RelativeRiskFamiliarity, here “RRFamiliar-
ity”). Please see Appendix S4 for table with all candidate models.
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suggesting that consistent exposure to stimuli is
essential for an intervention to be successful
(Rauer et al. 2003, VerCauteren et al. 2005). Of
note is that only about 10% of known lion entries
into the Exclusion Zone resulted in a chase, leav-
ing opportunity for greater reinforcement
between the undesired behavior and the negative
stimulus. In our study, the positive reinforcement
of a successful livestock depredation by a lion
seemed to outweigh the cost of being chased,
resulting in longer, multi-day chase sequences by
the Guardians, evidence of habituation, and ulti-
mately to an increased depredation propensity.
The potential gains of a high-quality resource
have led to increased risk tolerance in other spe-
cies (Gaynor et al. 2019).

Our observations of recalcitrant individuals
are in line with the idea of the problem animal,
in which some animals are prone to repeated
livestock depredations, while others do not
engage in this behavior, or do so rarely (Stander
1990, Linnell et al. 1999). Interestingly, individu-
als with greater familiarity of community lands
(indexed by the proportion of an individual’s

home range that intersected the Exclusion Zone)
had a lower propensity for Exclusion Zone reen-
try and livestock depredation, indicating that we
cannot identify potential problem animals sim-
ply based on the geography of their ranges. A
possible explanation for our findings is that
familiarity with a high-risk environment assisted
in its safe navigation (Brown 2001). However,
problem lions, once identified, became increas-
ingly problematic, given the positive association
between cumulative number of animals killed
and heightened risk to next depredation. The dif-
ficulty of deterring nuisance behaviors in indi-
viduals that have a long history of positive
associations with said behaviors is well estab-
lished, with those individuals developing fixed
nuisance behaviors (Linnell et al. 1999, Rauer
et al. 2003, Beckmann et al. 2004, Mazur 2010).
In our study, lions that were repeat livestock kill-
ers had killed an average of ~29 animals
(max = 56), evidence of the positive feedback
loop that may occur when a reward ensues from
problematic behaviors. Despite the high rates of
livestock killing by a few individuals, overall
depredation rates outside the Park are consid-
ered intermediate compared to areas in sub-
Saharan Africa with higher livestock losses (e.g.,
Maasailand, Kenya; Western et al. 2019).
Social context played an important role in both

the short- and long-term effectiveness of aversive
conditioning in this study. Subadult male lions
tend to be bolder in their use of risky landscapes
(Elliot et al. 2014, Loveridge et al. 2017b), a trend
reported in other carnivore species (Bunnefeld

Table 6. Model selection table for three top candidate
models (i.e., models within 2 DAICc from the top
model) explaining rate of livestock depredation by
lions outside Hwange National Park, Zimbabwe,
using recurrent event survival models with a gap
time framework.

Survival model K DAICc wi

ChasedPrevDep + InterventionTiming +
RRFamiliarity + TotalAnimalsKilled +
NonEntryReinforcement + Subadult

6 0 0.24

ChasedPrevDep + RRFamiliarity +
TotalAnimalsKilled +
NonEntryReinforcement + Subadult

5 0.16 0.22

RRFamiliarity + TotalAnimalsKilled +
NonEntryReinforcement + Subadult

4 1.59 0.11

Notes: For each model, we identify the predictors (Survival
model), number of parameters (K), delta AICc (DAICc), and
AICc weights (wi), with the highlighted model the chosen top
model due to being the least parameterized model within 2
DAICc from the top model. Included variables were if the pre-
vious reentry was associated with a livestock depredation
(ChasedPrevDep), the depredation number of a given animal
at which that animal first experienced a chase (Intervention
Timing), the proportion of an individual’s home range that
overlapped the Exclusion Zone (RelativeRiskFamiliarity, here
“RRFamiliarity”), the total number of animals killed by that
individual (TotalAnimalsKilled), the percentage of Exclusion
Zone reentries that was followed by a chase event
(NonEntryReinforcement), and if the lion was a subadult
(Subadult). Please see Appendix S4 for table with all candi-
date models.

Table 7. Top model explaining rate of livestock depre-
dation by lions outside Hwange National Park, Zim-
babwe, using a recurrent event survival model with
a gap time framework.

Variable Hazard ratio (HR) 95% CI of HR

RelativeRiskFamiliarity 0.961 0.939–0.983
TotalAnimalsKilled 1.150 1.044–1.267
NonEntryReinforcement 0.877 0.790–0.975
Subadult 2.002 1.443–2.777

Notes: The included variables were the proportion of an
individual’s home range that overlapped the Exclusion Zone
(RelativeRiskFamiliarity), the total number of animals killed
by that individual (TotalAnimalsKilled), the percentage of
Exclusion Zone reentries that was followed by a chase event
(NonEntryReinforcement), and if the lion was a subadult
(Subadult). We present the hazard ratios and hazard ratio
95% confidence intervals.
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et al. 2006, Nellemann et al. 2007). In our study,
subadult males were the demographic class most
likely to commit depredations but also the most
likely to respond favorably to aversive condition-
ing (as subadults were likely those in smaller
prides, i.e., coalitions of 1–2 lions). The three
chased individuals that failed to depredate

livestock were either subadult (n = 1) or young
adult (n = 2; age = 4 and 5 yr), highlighting the
amenability of younger individuals to behavioral
conditioning (see also Petracca 2018). Another
important social driver of reentries into the Exclu-
sion Zone and reductions in chase success was
pride instability, the loss of a pride male over the

Fig. 4. Probability of livestock depredation recurrence given top multivariate survival models for lions at the
periphery of Hwange National Park, Zimbabwe. Survival models used a recurrent event gap time framework.
The top multivariate model incorporated (A) reinforcement consistency (the percentage of Exclusion Zone reen-
tries followed by a chase), (B) cumulative number of animals killed by a given individual at the time of the depre-
dation, and (C) relative risk familiarity (the proportion of an individual's home range that intersected the
Exclusion Zone). For each plot, the nontarget variables were held at their mean (reinforcement consis-
tency = 8.93%, total animals killed = 16.74, relative risk familiarity = 25.95%).
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previous six months (in this study area, 88% of
male mortality was anthropogenic and domi-
nated by trophy hunting; Loveridge et al. 2017b).
Loss of a pride male is a cause of social upheaval,
leading to competition among neighboring males
for pride ownership (Loveridge et al. 2007),
potential eviction of subadult males and females
that are not yet at sexual maturity (Hanby and
Bygott 1987), and, commonly, infanticide of the
pride’s cubs (Loveridge et al. 2007). Our results
indicate that during periods of social upheaval,
largely caused by the removal of pride males due
to trophy hunting (Loveridge et al. 2017b), subor-
dinate individuals may be increasingly displaced
into community lands (where adult males are less
likely to occur) and less likely to leave even when
chased (mean of 88% and 56% chase success in
times of pride stability and instability, respec-
tively). In turn, this displacement of subordinate
individuals into community lands likely led to
the elevated livestock depredation rates observed
in subadults. Given a greater propensity to
become problem animals, as well as to display
positive behavioral shifts following conditioning,
we suggest that younger lions should be a prior-
ity for Community Guardian interventions. In
general, early intervention in an animal’s history
of unwanted behaviors is desirable (Rauer et al.
2003), as it prevents the learning of positive asso-
ciations with such behaviors.

CONCLUSIONS

Aversive conditioning programs have promise
in the mitigation of human–wildlife conflict, with
our results suggesting that it is intervention con-
sistency that will have greatest impact on reduc-
ing occurrence of problematic behaviors in
carnivores. In the case of the LSCGP, our findings
show that even a 1% increase in pairing an
unwanted behavior (in this case, a livestock
depredation) with a negative stimulus (a chase)
can reduce livestock depredations by 12% (95%
CI 3–21%), underscoring that even small
improvements in effort can have substantive
impacts. In savanna ecosystems, greater effort
may be required in the wet season, a period asso-
ciated with less chase success in this case because
(1) carnivores are more dependent on livestock
in the wet season, as the hunting of wild prey is
more difficult due to more dispersed water

sources (Loveridge et al. 2017a), and (2) livestock
are often herded closer to park boundaries in the
wet season (Kuiper et al. 2015). Attention must
also be paid to problematic behaviors occurring
at night, when chase interventions are unsafe but
when most livestock depredations occur (and, in
our case, when nearly half of missed Exclusion
Zone reentries occurred; Loveridge et al. 2017a).
An aversive conditioning program is labor-inten-
sive and demands long-term, consistent effort to
lower risk of unwanted behaviors, much less to
eliminate said behaviors. Thus, supplements
and/or alternatives to aversive conditioning (e.g.,
livestock enclosure fortification, Kissui et al.
2019; and fence construction, Packer et al. 2013;
but see also Creel et al. 2013) may be worthy of
consideration from a financial and logistical
standpoint to further reduce conflict between
people and carnivores.
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