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Abstract Non-lethal mitigation of crop use by elephants
Loxodonta africana is an increasingly important part of pro-
tected area management across Africa and Asia. Recently,
beehive fences have been suggested as a potential mitigation
strategy. We tested the effectiveness of this method in a
farming community adjacent to Udzungwa Mountains
National Park in southern Tanzania. Over a .-year period
(–) a beehive fence was introduced and subse-
quently extended along the Park boundary. The probability
that one or more farms experienced crop loss from ele-
phants on a given day was reduced in the presence of the
fence and was reduced further as the fence was extended.
The number of hives occupied by bees along the fence was
the best predictor of elephants’ visits to farms. Farms closest
to the fence experienced a greater likelihood of damage, par-
ticularly during the initial period when the fence was short-
er. The number of farms affected by elephants declined
when the fence was extended. There was a higher probability
of damage on farms that were closer to the Park boundary
and further from a road. Our mixed results suggest that the
shape, length and location of fences need to be carefully
planned because changes in a farm’s long-term susceptibil-
ity to elephant damage vary between individual farms;
fences need to be long enough to be effective and ensure
that decreasing crop loss frequency is not outweighed by
an increasing number of farms damaged per visit.
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Introduction

Negative interactions between elephants Loxodonta
africana and people are a major concern for wildlife

management and rural development initiatives across Africa
(Osborn & Parker, ; Sitati et al., ; King et al.,
). There are different kinds of such negative interactions
(Nelson et al., ; Sitati et al., ), with one of the most
prevalent being agricultural crop-use by elephants (Sitati
et al., ; Graham et al., ). Crop exploitation often oc-
curs in areas where agricultural activities take place close to
protected areas (Shemwetta & Kidegesho, ; Nelson
et al., ; Osborn & Parker, ; Sitati & Walpole,
; Hedges &Gunaryadi, ), or where former elephant
corridors are interrupted by human settlements, agricultur-
al fields, and plantations (Nelson et al., ; Jones et al.,
; Gunn et al., ). The results include economic losses
for farmers (Hoare, ; Hedges & Gunaryadi, ; King
et al., ; Jadhav & Barua, ), and loss of human
(Hedges & Gunaryadi, ; Jadhav & Barua, ) and ele-
phant (Hedges & Gunaryadi, ) lives. These outcomes
have socio-political implications (King et al., ; Jadhav
& Barua, ) that influence conservation decisions and so-
lutions, e.g. elimination of so-called problem elephants by
wildlife agencies (Stephenson, ). However, problem
animal control has proven largely ineffective as a long-term
solution to negative interactions between people and ele-
phants, as individual animals can be one-off or occasional
rather than habitual crop users (Stephenson, ; Chiyo
et al., ; Smit et al., ).

Mixed conservation strategies that combinemanagement
(e.g. deterrence of elephants from crops and human settle-
ments, crop insurance schemes) with income-enhancing ac-
tivities (e.g. honey production, pollination services, and
small-scale nature tourism) have been proposed (Osborn
& Parker, ; King et al., ) to deal with these econom-
ic, socio-political and conservation conflicts. Projects imple-
mented by international organizations can fail because of
the low overall benefits accrued from crop protection and
the return investment needed from the organizations driv-
ing the crop-damage mitigation efforts (Osborn & Parker,
). Therefore, local self-help groups and farmer-led
projects that yield economic and social benefits are often
favourable and longer-lasting (Omondi et al., ).

Beehive fencing is a novel method for mitigating the fre-
quency and intensity of human–elephant contact and has
been effective in northern Kenya (King et al., , ).
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There is evidence that such fences significantly reduce crop
losses from elephants, whilst also providing an income
stream for farmers who harvest and sell honey and other
bee products. Elephants avoid disturbed African honeybees
Apis mellifera scutellata, which they probably encounter
regularly in the wild (King et al., ). Elephants move
away from bee sounds, make alarm calls to warn family
members of potential threats posed by bees, and keep a
safe distance of .  m from beehives (King et al., ).
Based on these findings, the efficacy of a fence with hives
placed m apart as an elephant deterrent has been tested
(King et al., ). Farms in Kenya were either semi-encircled
with a ,m beehive fence combined with thorn bush bar-
riers or encircled with a thorn bush barrier only. Of  visits
to farms by elephants, only one involved an elephant breach-
ing the beehive fence, whereas the thorn barriers were broken
 times. Following successful farm foraging events, elephants
returned more often to farms encircled with thorn bushes
than to farms with a beehive fence (King et al., ). The
most recent study of beehive fences, where real hives were al-
ternated with two-dimensional dummy hives to reduce costs,
showed them to be effective in deterring elephants % of the
time (King et al., ).

As well as mitigating negative elephant–human interac-
tions, beehive fences can also contribute to sustainable devel-
opment by providing alternative revenue streams, which can
reduce the impact of crop damage and the necessity for lethal
control methods (King et al., ). Furthermore, because
Kenyan top-bar hives are easy to construct and maintain,
farmers may prefer to invest in beehive fences (King et al.,
) rather than in other mitigation methods such as
chilli-oil fences, which require higher maintenance and pro-
vide little or no additional financial benefits (Osborn &
Parker, ; Graham & Ochieng, ; Chelliah et al.,
). Electric fences have also been evaluated as a deterrent
(Osborn & Parker, ; Adjewodah et al., ; Kioko et al.,
; King et al., ), but they are often impractical in re-
mote, rural areas and their installation andmaintenance costs
can be prohibitive (Osborn & Parker, ; King et al., ).

Here we evaluate the effectiveness of a beehive fence in re-
ducing crop-use by elephants in a remote forest site in south-
ern Tanzania. Rather than fencing that semi-encircled the
farms, we investigated the effect of a single linear fence con-
structed at a location frequently used by elephants. Our study
site was located along the eastern boundary of the Udzungwa
Mountains National Park, where there is no buffer zone be-
tween the forest and adjacent farms (Nowak et al., ;
Kabepele, ; Smit et al., ). In this area former elephant
corridors have been blocked by human settlements in recent
years (Jones et al., ), resulting in increased crop use by
elephants (Jones & Nowak, pers. obs.; Nowak et al., ).
We present and analyse elephant crop foraging data over a
.-year period (–) that spanned phases with no
fence, a short and a long fence. We examined the effects of

fence presence and length on elephant visit frequency and
on the number of farms damaged during these visits.

Methods

Study site

The study area encompassed two villages, Mang’ula A and
Mang’ula B. These villages are located at the base of the east-
facing escarpment of the Udzungwa Mountains National
Park, in the Kilombero Valley, south-central Tanzania
(Bowkett et al., ; Kabepele, ; Fig. ). In  the ele-
phant population of the UdzungwaMountains was estimated
at c. –, (Southern Tanzania Elephant Program, un-
publ. data). Resident elephants in the Park are found up to
the highest peaks (,m) where they forage on bamboo
and find refuge from human threats (Kabepele, ; Jones
& Nowak, ). Along the eastern side of the Park, lowland
rainforest and miombo woodland extend to the Park bound-
ary, and there is no buffer zone between the forest edge and
the adjacent farms. The wet season is November–May and
there is a drier and colder period during June–October
(Lovett et al., ). Annual precipitation is ,–,mm;
mean monthly rainfall is mm in the dry season and
mm in the wet season (Harchut et al., ).

There are c.  farms of .– ha associated with the two
villages. Water is plentiful year-round, with several rivers
flowing off the forested mountains and some of the farmers
using irrigation. The farmers grow c.  types of crops, and
most of them mix crops in the available space (mixed inter-
cropping; Sullivan, ). Farms contain similar combina-
tions of crops, including spinach, okra and tomatoes, but in
varying amounts. Almost all farms are affected by elephants
eating or trampling crops, and crop loss mitigation methods,
including fire, noise and covering crops with elephant dung,
were used sporadically before and during the study period. A
chilli-oil fence was deployed in  but abandoned in 

because it was difficult to maintain and offered no additional
benefits to farmers. Forty-eight crop-using elephants were
identified at the site during – (Smit et al., ), all
of them males, with c. two-thirds occasional crop users that
were detected only once and the others repeat crop users de-
tected multiple times during this period. Other species also
cause crop losses, including bush pigs Potamochoerus larva-
tus, yellow baboons Papio cynocephalus cynocephalus, several
other monkey species (e.g. Sykes’ monkeys Cercopithecus
mitis), crested porcupines Hystrix cristata, birds, insects and
rodents (Kabepele, ), but these losses were on a smaller
scale compared to the damage caused by elephants.

Beehive fences

Elephant-caused crop damage was observed during three
consecutive time periods. Firstly, we observed damage
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from August –November  ( months) when no
beehive fence was present (the ‘absent fence’ stage). A bee-
hive fence with a length of initially m and with  hives
(‘short fence’) was constructed in November , using a
Beehive Fence Construction Manual developed in Kenya
(King, ). Kenyan top-bar beehives were hung m
apart on strong fencing wire between wooden poles and
were subsequently colonized by wild bees. The individual
hives were connected with wire, so an elephant trying to
pass between them would cause them to swing and incite
bees to fly out in defence. Each hive had a roof to protect
it from rain and sun. The cost of constructing the fence
was TZS , (USD .) per m (Table ).

The fence was erected in the south-western corner of the
study area, near the elephants’ preferred routes into farms
(Fig. ) and where elephant visits occurred most frequently
(Kabepele, ). It was placed c. m outside the Park and
followed its boundary. Damage to crops was monitored
until March  ( months). The fence was then extended
to the north by m, also c. moutside of the Park bound-
ary, adding  hives (‘long fence’; Fig. ), and damage was
monitored until January  ( months). The fence was
constructed collaboratively by a local group of farmers
(Njokomoni Farmers Group) and members of the Southern
Tanzania Elephant Program. The farmers maintain the fence
and, having received beekeeping training, harvest honey and
wax from the beehives. The number of hives occupied by bees
was monitored monthly following the contruction of the
fence. Elephant crossings of the fence were monitored 

days per week from December  onwards, with data col-
lected on the location of fence crossings and whether these
occurred between occupied or unoccupied hives.

Measuring elephant visits to farms

Only farms that were visited by elephants at least once dur-
ing the data collection period were included in our analysis
( farms). A visit is defined as a -hour period during
which at least one farm was affected by elephants. To detect
crop damage we walked along the forest-farm interface 

days per week, looking for fresh elephant signs (e.g. dung,
footprints or feeding debris). Farmers also reported crop
damage to us by telephone text message and received a
phone voucher worth TZS  (USD .) in return. Any
reported crop damage was confirmed by two local research
assistants with detailed knowledge of the area, farming prac-
tices, crops grown and the signs of elephant visits and dam-
age. Days without reported damage or detected signs of
elephant visits were recorded as non-visit days.

The perimeter of each affected farm was measured using
a Global Positioning System (GPS) device and farm surface

FIG. 1 Study area with the two
focal villages Mang’ula A and
Mang’ula B along the eastern
boundary of Udzungwa
Mountains National Park. All
 farms included in our
analysis are shown, as is the
main road, elephant routes,
and the short and long beehive
fences. Map data are from
Google imagery ().

TABLE 1 Beehive fence construction costs, expressed per beehive.
The length occupied by a beehive and poles is m, and each
beehive is connected to m of wire.

Item TSH1 USD2

Beehive (Kenyan Top Bar) 68,750 32.02
Metal wire (12 m) 7800 3.02
Wooden poles (2.1 m) 14,000 6.52
Cement (5 kg) 1,500 0.70
Paint (1.8 l) 550 0.26
Total 92,600 42.52

Cost of items in Morogoro region, Tanzania in mid .
Exhange rate of USD $ = TSH , (average exchange rate for mid ).
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area was calculated using MapSource v. .. (Garmin,
Olathe, USA).

Data analysis

Our statistical analysis involved four parts. Firstly, we
investigated the factors determining the probability of an
elephant visit occurring on a given day. Secondly, we ex-
plored the number of farms damaged when a visit occurred.
We then investigated whether the daily probability of fence
breakage by elephants varied with the season. Finally, we ex-
amined how different aspects of a farm (e.g. its size and lo-
cation) influenced its likelihood of being damaged during a
visit.

We investigated the changes in the daily probability of
visitation by elephants by fitting a logistic regression model,
considering the state of the beehive fence (absent, short or
long) and the number of occupied hives.We also considered
a linear time-dependent term to account for any long-term
trends and we incorporated a sinusoidal term with annual
period to capture any seasonal effects. Model selection
and the Akaike Information Criterion (AIC) were used to
assess if visit probability was best described by a long-term
smooth trend, the presence of the fence, or the number of
occupied hives, and whether visits were also influenced by
the time of year. Models were selected if their AIC value
was within  of the minimum AIC value calculated across
all models considered and if no simpler nested model had
a lower AIC value (Richards, ).

The effect of the fence on the number of farms damaged
during a visit was investigated using a general linear mixed-
effects model. The date of the visit was included as a random
effect and the number of farms damaged during a visit was
assumed to exhibit a binomial distribution. As at least one
farm was damaged during any visit, we fit the binomial
model to the number of additional farms damaged on the
same day. For example, if n.  is how many of the 

farms were damaged during a visit, then we looked for evi-
dence that the state of the fence helped us predict the obser-
vation that (n− ) of the other  farms were also damaged
on the same day. A likelihood ratio test was used to deter-
mine if the number of farms damaged during a visit was
related to the presence and length of the beehive fence.

We used a likelihood ratio test to look for evidence that
the daily probability of fence breakage varied with season.
Seasonality was incorporated by adding a sinusoidal term
to a logistic model. The data strongly suggested that the
probability of breakage was not independent across days.
We incorporated this non-independence into our model
by adding a predictor variable indicating whether or not
breakage was observed the previous day.

A general linear mixed-effects model was also used to
identify aspects of a farm that influenced its likelihood of

being damaged during a visit. We considered farm area
and the distances from the farm to the Park, to the beehive
fence, and to the nearest road, as possible predictors of sus-
ceptibility to damage. These covariates were z-transformed
to help with fitting. A random farm effect was included to
account for any unmeasured farm-dependent covariates
that might have also influenced a farm’s likelihood of
being damaged. AIC was again used to select the most par-
simonious models. All statistical analyses were performed in
R v. .. (R Development Core Team, ), and general lin-
ear mixed-effects models were fit using the R package lme.

Results

Elephant crop foraging frequency declined over the course
of the study (Fig. ). The daily probabilities of crop foraging
in the absence of the beehive fence, when the fence was
short, and when it was long, were ., . and ., respect-
ively. The number of occupied hives increased over time, al-
though hive uptake was slow when the fence line was
extended (Fig. ). Of the  hives used during construction
of the short fence, – were occupied at any one time.
Occupancy was – when the fence was extended. The
daily probability of a visit by elephants was best explained
by hive occupancy (Table ); however, because of the posi-
tive correlations between time, fence state and hive

FIG. 2 (a) The number of hives occupied by bees when the hive
fence was short and long. (b) The number of farms damaged
during an elephant visit over time separated according to three
fencing conditions: the beehive fence is absent, the presence of a
short beehive fence, and the presence of a long beehive fence.
Days when a visit was not observed (i.e. zero farms were
damaged) are not presented, for clarity. See Figs  and  for the
placement of the short and long fences.
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occupancy, all three variables predicted the data nearly
equally well. There was no strong evidence of a seasonal ef-
fect on farm visitation by elephants (Table ).

The number of farms damaged during a visit differed for
the three fence states (likelihood ratio test, G = .,
P = .). The mean number of farms damaged per visit
when the fence was absent, short and long were ., .,
and ., respectively; only the absent–short comparison
was significantly different (P, .). A farm’s susceptibility
to damage during a visit was by far best explained by its dis-
tance from the beehive fence when the fence was present;
farms located closer to the fence were more likely to be da-
maged (Table , Fig. ). However, after having accounted for
distance from the beehive fence, there was further evidence
that farms further from the Park and farms closer to a road
were less likely to be damaged (Table , Fig. ). A farm’s sus-
ceptibility to damage was not related to its size (Table ).

Between December  and January , elephants
crossed through the fence  times and walked around the
fence seven times (N =  visits) either on their way into
farms or returning to the forest. In  of the  cases (%)
of fence breaching, the hives on either side of the breakage
point were not occupied by bees, in  (%) cases only
one hive was occupied and in  cases (%), both hives
were occupied. In  of the  cases (%) of elephants cross-
ing the fence, thewire connecting the hives wasmissing when
elephants walked through, and in  cases (%) elephants
passed through gaps in the fence where hives had temporarily
been removed by farmers for maintenance.We found no evi-
dence that the probability of fence breakage varied seasonally
(likelihood ratio test, G = ., P = .).

Discussion

We found evidence that the erection of a beehive fence, and
its subsequent extension, reduced the frequency at which
farms were damaged by elephants at this forest site in south-
ern Tanzania. However, the overall effectiveness of the

beehive fence was mixed because the number of farms da-
maged during an elephant visit increased in the presence
of the fence. In addition, we found evidence that farms lo-
cated nearer the fence were more likely to be damaged when
elephants entered the site.

Our observations suggest that elephants had preferred
access routes to the farms from the National Park, which
were probably least-cost paths that avoided the steep slopes
and challenging terrain that characterize the Udzungwa
Mountains. Elephants continued using these routes in the
south-west part of the study area throughout the three stages
of fencing (Smit et al., ), and elephant crop use was not
transferred to other nearby villages following the fencing at
our site (Southern Tanzania Elephant Program, unpubl,
data). This meant that farms located near these routes (i.e.
the south-west section of the study area) had elevated rates
of damage independent of the presence of hives compared
to farms further away from elephant access routes (Fig. ).
This pattern is consistent with observations in Kenya
where elephants mainly entered those farms that they
reached first upon leaving a protected area (King et al.,
). A further explanation of increased damage near the
fence line during a successful visit (Table ) could be that
elephants trample crops while they walk along the inner
side of the fence until they encounter a gap or the end of
the fence. This pattern is also consistent with findings
from the study in Kenya where elephants were observed
walking along the fence line until its end, seeking a pathway
out of the farmland (King et al., , ).

Because African honeybees are aggressive it was not
practical to place fences close to where farmers were work-
ing, especially given the small size of the farms at this site.
The fence was therefore erected as a linear barrier running
along the Park boundary, which meant that elephants could
walk along and around it, and enter farmland where the
fence ended. If there were gaps in the fence, either because
hives had been knocked over by elephants or because wire
between hives was missing, then these could also be used
by elephants to enter fields until farmers repaired these

TABLE 2 Akaike Information Criterion (AIC) analysis examining temporal trends in the daily probability that elephants Loxodonta africana
visit farms. Three pairs of logistic models were fit to the daily data on the presence/absence of a visit by elephants. We considered a smooth
long-term trend (T), the presence of a beehive fence (F), and the number of hives occupied by bees (H). These models were paired with a
seasonal effect (S). FS describes the effect of adding the short beehive fence, FL is the effect of extending the short fence to a long fence, f is
fractional time of year when raids are most likely, K is the number of estimated parameters, LL is the maximum log-likelihood and * in-
dicates that the model is selected using the suggested rules outlined in Richards ().

Model β0 βS f βT βFS βFL βH K LL AIC AIC Selected

T −1.04 0 0 −0.22 0 0 0 2 −809.5 1622.9 4.4 *
T + S −1.05 0.20 0.71 −0.22 0 0 0 4 −807.1 1622.1 3.6 *
F −1.21 0 0 0 −0.57 −0.31 0 3 −808.8 1623.6 5.0 *
F + S −1.24 0.16 0.72 0 −0.54 −0.32 0 5 −807.2 1624.5 5.9
H −1.24 0 0 0 0 0 −0.04 2 −807.3 1618.6 0 *
H + S −1.26 0.15 0.77 0 0 0 −0.04 4 −805.9 1619.7 1.1
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gaps. Diligence of fence maintenance is therefore likely to be
an important factor in fence success and we are monitoring
whether beehive fence effectiveness increases when effi-
ciency of closing gaps in the fence is improved.

The effectiveness of a beehive fence is further affected by
the elephant bulls’ tendency to forage on crops between
dusk and dawn (Smit et al., ), when honeybees were
less active at our site. Theremay be other site-specific factors
to consider, including pollinator diversity, pesticide use, and
the amount of wild flowers and nectar available, which in
turn affect the number of occupied beehives. Nevertheless,
our results show that the fence was effective even though no
more than % of hives in the fence were occupied during
the study period despite efforts to entice bees to occupy

hives, such as placing wax inside the hives, planting flowers
beneath them, and building thatch roofs above hives to
shield them from rain and direct sun. Although none of
the  hives in the extended portion of the long fence
were occupied until September , the frequency of ele-
phant visits decreased further in the period with the long
fence. This suggests that empty hives still deter elephants,
consistent with findings by King et al. (, ), but the
effectiveness of empty hives may depend on their proximity
to occupied hives and on the elephants having previously
had negative interactions with bees from occupied hives.
We found that elephants crossed between two empty hives
in two-thirds of fence breaches, but only % of elephant
crossings occurred between occupied hives. Although this

FIG. 3 Changes in the ranking of farm susceptibility to damage during an elephant visit for the three phases of the study: no beehive
fence, short beehive fence, and long beehive fence.

TABLE 3 Akaike Information Criterion (AIC) analysis examining farm traits that influence susceptibility to damage during a visit by ele-
phants. Fits for  binomial regression models with a random farm effect are presented. Up to four predictor variables without interaction
effects were considered: farm size (S), distance to National Park (P), distance to beehive fence (F) and distance to nearest road (R). Predictor
variables were z-transformed so the regression coefficients (βx) describe relative effect sizes. σ is the standard deviation of the random effect
term. K is the number of estimated parameters, LL is the maximum log-likelihood and * indicates that the model is selected using the
suggested rules outlined in Richards ().

Model β0 βS βP βF βR σ K LL AIC AIC Selected

Null −4.09 0 0 0 0 1.18 2 −891.5 1787.1 50.7
S −4.09 0.13 0 0 0 1.17 3 −890.9 1787.8 51.4
P −4.08 0 −0.39 0 0 1.11 3 −885.6 1777.1 40.7
F −4.08 0 0 −0.43 0 1.08 3 −865.6 1737.3 0.9 *
R −4.09 0 0 0 0.15 1.17 3 −890.7 1787.4 51.0
S + P −4.08 0.08 −0.38 0 0 1.10 4 −885.3 1778.6 42.1
S + F −4.08 0.12 0 −0.43 0 1.07 4 −865.0 1738.0 1.5
S + R −4.09 0.12 0 0 0.14 1.17 4 −890.2 1788.3 51.9
P + F −4.08 0 −0.17 −0.40 0 1.07 4 −864.4 1736.9 0.5 *
P + R −4.08 0 −0.41 0 0.20 1.09 4 −884.0 1776.1 39.7
F + R −4.08 0 0 −0.42 0.15 1.07 4 −864.7 1737.4 1.0
S + P + F −4.08 0.10 −0.16 −0.40 0 1.06 5 −864.0 1737.9 1.5
S + P + R −4.08 0.07 −0.40 0 0.19 1.09 5 −883.8 1777.6 41.2
S + F + R −4.08 0.11 0 −0.42 0.14 1.06 5 −864.1 1738.2 1.8
P + F + R −4.08 0 −0.19 −0.39 0.17 1.06 5 −863.2 1736.4 0 *
S + P + F + R −4.08 0.09 −0.18 −0.40 0.17 1.05 6 −862.8 1737.6 1.2
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is partly affected by the number of hives occupied at any
time, it provides evidence that elephants avoid the sound
and/or smell of bees.

Our results demonstrate that beehives can be used to
deter elephants but do not completely eliminate their use
of crops. We also found evidence that elephants show
aversion to roads during farm visits, suggesting that local
anthropogenic alterations to the environment can have sig-
nificant effects on the spatial patterns of human–elephant
interactions (Blake et al., ). The placement of hives
therefore requires care, as the positioning could uninten-
tionally increase negative interactions. Our results suggest
that in some cases a minimum effective fence length may
be required to ensure that its effect of decreasing elephant
visit frequency outweighs the effect of increasing the num-
ber of farms damaged during a visit.

Despite the mixed effectiveness of the beehive fences,
elephant mortality from problem animal control and retali-
atory killing declined to zero during this mitigation period,
whereas previously – elephants had been killed per year.
Farmer-led mitigation appears to have helped increase local
people’s tolerance of elephant crop-use and changed the
narrative from subjugated farmers waiting for the govern-
ment to subsidize wildlife-related crop losses to empowered
farmers taking on mitigation efforts themselves. Attitudes
towards crop-using wildlife and community-led efforts to
alleviate the problem shape the dynamics of human–wildlife
interactions as much as the actual effectiveness of crop loss
mitigation efforts. In the future, as the beehive method is
adopted by other villages in the region, we plan to measure
farmers’ perceptions of elephants and associated crop losses
before and after mitigation.
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