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ARTICLE INFO ABSTRACT

Keywords: Shade-grown cocoa has been suggested as a more carbon and biodiversity friendly land use around protected
Cocoa forests compared with slash-and-burn farmland, and may be particularly suitable for achieving livelihood,
Crop raiding biodiversity and forest protection goals of REDD + projects. However, loss of cocoa to wildlife perceived to come

Conservation from forest protected areas can result in lower profits for local people, reduced livelihood benefits from de-

Primate . . . . . . .

Devel ¢ velopment projects and negative perceptions of conservation leading to reduced conservation impacts. We
evelopmen . .

REDDE collected and analysed data on cocoa pod numbers and damage by animals over 2 months of the cocoa growing

season, coinciding with peak harvesting season, from 39 plots at 3 forest edge communities around Gola
Rainforest National Park, Sierra Leone. We estimate that 20% of pods across the cocoa plantations studied were
damaged by wildlife, though there was high spatial variation. Of damaged pods where the animal group re-
sponsible could be identified, 87.2% of the damage was by monkeys, 11.1% by rats or squirrels and 1.7% by
chimpanzees. Binomial mixed modelling of the proportion of pods damaged by wildlife indicated that this was
higher closer to settlements and where pod density was lower. This indicates that the species causing the most
damage in this system are disturbance-tolerant generalists which are not dependent on the protected forest, that
mitigation measures should be concentrated where damage is highest, particularly close to settlements, and that
increasing cocoa yield in these communities could offset damage by wildlife and therefore still be a viable option
for, for example, REDD + projects, even where crop raiding is common.

1. Introduction

Cocoa (Theobroma cacao) is one of the main cash crops in the tro-
pical forest zone, with the primary producing countries being Ivory
Coast, Ghana, Indonesia, Nigeria, Cameroon and Brazil (FAO, 2016).
Global demand and production of cocoa have been increasing steadily
over recent years (Gilbert, 2016). It is a perennial crop, with shade
growth a requirement for many strains. Although cocoa production it-
self may represent a deforestation threat where virgin forest is cleared
to plant cocoa trees (Ruf et al., 2015; Ordway et al., 2017), the forest-
like structure of cocoa plantations and the income potential of the crop
has led cocoa production to be proposed as an alternative land use to
slash-and-burn farming, potentially leading to lower deforestation, less
carbon loss to the atmosphere, less damage to forest biodiversity and
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provision of connective habitat for wildlife between forest patches
(Asare et al., 2014; Jezeer et al., 2017).

Because the forest-like structure of shade cocoa supports arboreal
wildlife, this inevitably includes species capable of using cocoa as a
food source. This can result in financial loss to the farmer, which may
motivate him or her to adopt alternative, more profitable land uses,
depending on local circumstances and market conditions, potentially
reducing the effectiveness of cocoa as a development and conservation
tool. Where crop raiding of this type is common, it can lead to negative
perceptions of forest wildlife and forest conservation and retaliatory
killing of wildlife (Meijaard et al., 2011; Nyirenda et al., 2015). Even if
the species causing the damage mainly reside in the agricultural matrix
rather than inside the high forest, forest wildlife might still be blamed
(Kerr, 2013). Several studies also indicate that farmers perceive a
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greater magnitude of damage to crops caused by wildlife than is actu-
ally the case (e.g. Riley, 2007; Arlet and Molleman, 2010). It is there-
fore important to try and make an accurate assessment of the damage
caused at a site to determine the magnitude of the problem, the actual
rather than perceived taxa involved (so that mitigation can be correctly
targeted), and any temporal and spatial patterns in the damage that
might help in finding mitigation techniques to minimise damage. Cur-
rent mitigation techniques for cocoa focus on time and labour-intensive
guarding by humans, with no robust studies yet carried out on the ef-
fectiveness of such methods for cocoa, though Wiafe and Sam (2014)
found chilli-grease fences to be partly effective in deterring elephants
from cocoa plantations.

Whilst crop raiding is a major source of human-wildlife conflict in
many agricultural systems across the tropics, with a wide range of
mammalian taxa shown to be responsible (Bhat et al., 1981; Riley,
2007; Dakwa et al., 2016), the taxa causing greatest damage, the pro-
portion of production lost and the environmental factors that meditate
losses are poorly known. A number of factors are likely to affect crop
and therefore economic loss to the farmer. These include field or
plantation structure; distance to human settlement (both Songhurst and
Coulson, 2014); and proximity to natural habitat such as protected
forest areas which can act as a source of raider species. Additionally, the
type of adjacent habitat may affect the ease of access to the crop and the
availability of alternative food sources for wildlife, which may in turn
affect raiding frequency (e.g. Hockings and Humle, 2009; Marchal and
Hill, 2009; Addo-Boadu, 2010; Riley et al., 2013), with generalists re-
sponding more positively to degraded habitat than forest specialists
(e.g. Devictor et al., 2008; Gibson et al., 2011). As many of these factors
can be manipulated through changes in agricultural and landscape
management or improved landuse planning for agricultural expansion,
better understanding of such factors helps identify how losses to wild-
life might be reduced, in order both to improve livelihoods of highly
impoverished communities and to reduce pressure on and conflict with
forest wildlife. Of particular interest is the impact of total yield on the
level of damage by wildlife since interventions to increase yield are a
major aspect of development work. Increased yield could attract crop
raiders, exacerbating the problem, or, conversely, might compensate for
crop loss by wildlife.

Despite the increasing importance of cocoa to the West African
economy, which is responsible for 70% of the world’s production
(Wessel and Quist-Wessel, 2015), the large land area given over to the
crop, and the fact that crop damage is the most prevalent form of
human-wildlife conflict facing Africa (Barua et al., 2013), there have
been few studies attempting to quantify damage to cocoa by African
wildlife (but see Adomako, 2007; Arlet and Molleman, 2007). Given the
recent emphasis on cocoa as an environmentally-friendly alternative
land use (Asare et al., 2014), there is a pressing need for studies which
will help to address concerns over wildlife damage by communities
reliant on the income generated by cocoa farming.

Greater understanding of how crop-raiding affects social and con-
servation outcomes is highly relevant for the application of Reducing
Emissions from Deforestation and forest Degradation (REDD+) pro-
grams, one pathway by which diverse outcomes might be met and in
which cocoa may play a part. Shade cocoa is one strategy used to
contribute towards the sale of carbon credits under a REDD + strategy
by avoiding carbon loss to other agriculture in the “leakage belt” im-
mediately surrounding the forest, but must result in an improvement in
the livelihoods of the forest edge communities (FECs) and ensure that
any impacts on biodiversity are minimised (UN-REDD, 2010; CBD,
2011). Such a livelihood improvement cannot be realised if actual or
perceived cocoa losses to crop raiding are too high to make cocoa
economically viable, and therefore greater understanding of the factors
that influence cocoa raiding within REDD+ projects is needed so that
their impact, if any, may be reduced.

Here, we present a survey of wildlife damage of cocoa around Gola
Rainforest National Park (GRNP), in eastern Sierra Leone, which is the
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subject of the first REDD + project in West Africa and where a cocoa
development project is under way, aiming to improve cocoa yield
through education and plantation management assistance. One of the
major concerns within the FECs is crop raiding, particularly of cocoa,
which presents a potential barrier to the success of the REDD + project
through community fears that investment in increasing cocoa yield may
not provide the expected returns due to crop loss to wildlife. In 2015,
15 patches of cocoa in three FECs in the leakage belt were visited three
times each in October and November when cocoa pods are ripe or
nearly ripe and therefore at most risk of damage by wildlife. We
counted healthy and damaged pods to obtain an estimate of the
minimum loss of cocoa to wildlife, and assessed what habitat, man-
agement and landscape factors may influence the extent of damage by
the different taxa to aid recommendations on the extent of the problem
and mitigation measures that may reduce the impact of crop raiding by
wildlife.

2. Materials and methods
2.1. Study site

GRNP, consisting of lowland moist evergreen high forest, lies in the
East of Sierra Leone on the border with Liberia, between 7°18” and
7°51’N and 10°37” and 11°21'W (Fig. 1a). The Upper Guinea forest of
West Africa is a global biodiversity hotspot with high endemism (Myers
et al., 2000), and the study site incorporates the largest patch of such
forest in Sierra Leone. It is the subject of a REDD + project, which in-
cludes a 4 km leakage belt beyond the boundary of the park, where any
deforestation above the REDD + baseline will be considered leakage.
This incorporates land lying in seven chiefdoms managed by 122 FECs.
This community landscape consists of patches of community forest,
slash-and-burn farmland (active farmland and fallow rotation) mainly
for staple crops such as rice and cassava, various plantations such as oil
palm, coffee and cocoa and permanent settlements supporting around
25,000 people. This study was carried out in cocoa plantations in two
chiefdoms, Malema and Nomo, the first chiefdoms to receive cocoa
development assistance as part of a livelihood improvement project for
REDD +. In Malema chiefdom work was carried out at one FEC, Madina
Malema, and in Nomo chiefdom in two FECs, Madina Nomo and Faama
Nomo (Fig. 1b and c).

2.2. Study design

Perimeters of patches of active and abandoned cocoa were mapped
using a Garmin GPSMap62s with identities and boundaries of adjacent
habitat recorded. Active cocoa patches, where the plantations had been
managed within the previous year, were selected in Nomo chiefdom to
include as wide a range as possible of patch size and distance to GRNP.
The cocoa patch in Madina Malema was selected as the largest patch of
cocoa mapped. Patches ranged from 0.02ha to 37.94ha and from
0.79 km to 4.22 km from the GRNP boundary. In addition, three patches
of cocoa and abandoned cocoa were surveyed at Madina Malema on
direction of farmers as examples of plantations where there was a
problem with chimpanzee crop raiding, but since these were selected by
a different method, and as we knew our initial selection already con-
tained plantations known to be raided by chimpanzees, the results from
these were not included in the main dataset in order to avoid bias. In
one plantation in Faama Nomo, one extra quadrat was placed where
there was recent evidence of chimpanzee cocoa damage but this was
also not included in the main dataset.

A 50m X 50 m grid was superimposed on the land around the three
communities with intersections corresponding to the 100 m and 50 m
intervals of the X and Y UTM coordinates. In the selected active cocoa
patches, 10m X 10 m quadrats were placed at the intersections of the
grid where these fell inside the patch of cocoa. If the patch contained
more than seven grid intersections, random numbers were used to
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Fig. 1. Location of Gola Rainforest National Park in Sierra Leone (a), cocoa patches around Gola Rainforest National Park (inset) in Madina Malema (b) and Madina
and Faama, Nomo (c) with all quadrat locations, including those used in the model.

select between five and seven quadrat locations. At one large patch in
Madina Malema, 20 quadrat locations were selected randomly in order
to cover the patch adequately (Fig. 1b).

2.3. Field data collection

The field team consisted of one trained scribe, two trained data
collectors and one farmer with local knowledge of the cocoa grown in
the community. The four corners of each quadrat were marked using
stakes. Cocoa trees of 2.5m in height or above were recorded if more
than half of the area of the main stem at ground level was within the
quadrat. Cocoa trees were marked with individually numbered alumi-
nium tags.

The number of trees over 14m tall within 25m of the centre of
quadrat were counted and ground vegetation cover < 3 m high within
the quadrat was estimated and recorded as either < 1%, 1-5%, 5-25%,
25-50%, 50-75% or 75-100%.

Quadrats were visited three times between 07/10/2015 and 25/11/
2015 with a mean interval of 18 days between visits, ranging from 11 to
24 days. Pods on each marked tree were counted within three length
classes (not including the stem: 5-10 cm, 10-15 ¢cm, > 15 c¢m, estimated
with regular calibration checks, pods < 5cm were too small to be
counted accurately from the ground), by colour (brown (rotten), green
(immature), yellow (mature), red (mature for some strains), green/
yellow (turning mature)) and extent of rot (1-50%, 51-99%, 100%).
Damage to pods on trees was noted and described: “small hole” if less
than 20% of one side of the pod was missing, “large hole” if more than
20%, half pod if over 50% of the whole pod was missing. We took any
damage to a pod by wildlife to mean 100% loss of that pod to the farmer
as animals would eat or remove all or most of the contents and rot
would subsequently be accelerated by the exposure to the atmosphere.
A local farmer estimated the age of the damage and identified the an-
imal taxa from signs on the pod. These signs included tooth marks,
which vary in size, shape and frequency between taxa, the size and
shape of pod fragments present, with chimpanzees biting pods and
cracking pods with their hands, monkeys gnawing holes of various sizes
leaving larger gnawed fragments and rodents gnawing pods and seeds
leaving small fragments, and the presence of whole seeds dropped on
the ground, indicating monkey or gnawed seeds on the ground or inside
pods, indicating rodents. The damage was photographed for verifica-
tion by PD, who is experienced in identifying crop damage to taxa.
Damage was identified as caused by monkeys, chimpanzees or
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squirrels/rodents. The height in the tree of damaged pods was esti-
mated to the nearest half metre. Where there were discrepancies in the
identification of taxa damaging pods between the farmers in the field
and PD, 12.7% of damage cases, the photo identifications were used.
The ground within the quadrat was searched for evidence of animal
signs and damaged cocoa pods. Damaged pods were described as above,
with the additional damage classifications of “pod fragments” and
“whole seed” and photos taken of all damaged pods during the first visit
and newly-damaged pods during subsequent visits.

2.4. Data analysis

Age estimations and photos of recently damaged pods were com-
pared between visits for each quadrat to identify pods which had been
damaged since the first visit. These were used to calculate the total
unique damage for visits 2 and 3. To avoid double-counting, recent pod
damage recorded on the ground was only added to recent damage from
the tree counts in a particular visit if there were no recently damaged
pods on the trees within that quadrat that fragments or seeds could
have come from. Pod damage signs on the ground within one week in
estimated age of other pod damage signs that could have been from the
same pod were counted as one pod only in the totals.

A baseline of the number of pods predicted to have been harvestable
for profit over the period of the study, given no damage by wildlife, no
loss to disease, invertebrate pests, fruit abortion or theft by humans, all
losses which could potentially be mitigated for (Bos et al., 2007; Bailey
and Meinhardt, 2016), was calculated. This was total number of healthy
pods (< 50% rot, in keeping with local harvesting practices) counted in
visit 1, plus pods damaged by wildlife estimated to have been damaged
up to and including three weeks previously, as without wildlife damage
these pods were harvestable. Age estimations older than three weeks
were unreliable, as they could include damaged and diseased pods left
unharvested during previous growing seasons. In addition, pods that
would have grown to countable length (> 5cm in length) since visit
were added to the estimated baseline by assuming 20 days to grow from
0 to 5cm and 30 days to grow from 5 to 10cm, based on expert
knowledge of local growing conditions. Assuming equal density of
5-10 cm and 0-5cm, then 2/3 (to account for the differential growth
time between 0-5cm and 5-10cm) the total of healthy and recently
damaged 5-10cm pods gives the estimated number of 0-5cm pods
present in visit 1, divided by 20 to get the number of pods that would
grow to countable size each day. The total predicted number of pods
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growing to a countable size was thus:
a=({(2xb)/3)/20) xc

where:
a = number of pods growing from 0 to 5 to 5-10 cm
b = number of healthy and recently damaged 5-10 cm pods in visit 1
¢ = number of days between visit 1 and visit 3

The baseline of harvestable pods in the absence of crop-damage was
thus:

Potential harvest =d + e + a

where:

d = number of healthy pods over 5cm in length visit 1

e = number of pods damaged by wildlife within 3 weeks visit 1

a = no. pods predicted to grow from below to above 5 cm between
visit 1 and 3

The proportion of pods lost per quadrat was thus:

Prop_damage = (f + g + h) / Potential harvest

Where:

f = recently damaged pods on tree visit 1 + unique recently da-
maged pods on ground visit 1

g = recently damaged pods on tree visit 2 + unique recently da-
maged pods on ground visit 2

h = recently damaged pods on tree visit 3 + unique recently da-
maged pods on ground visit 3

Mixed models with a binomial distribution were fitted using Ime4
(Bates et al., 2015) in R 3.4.0 (R Core Team, 2017). Proportion of pods
lost to animal raiders in each quadrat was fitted as a response to the
following fixed explanatory variables: In(cocoa patch area); In(distance
to GRNP); In(distance to nearest settlement); mean number of trees with
height > 14 m within 25 m of the centre of the quadrat; proportion of
ground vegetation cover (taking the midpoint of each cover category),
within the quadrat; proportion of the perimeter of the cocoa patch
which bordered on woody habitat (community forest or abandoned
plantation); estimated total number of pods. Distance to GRNP and
proportion of the cocoa patch’s perimeter which bordered woody ha-
bitat provide a measure of proximity of habitats which might act as a
source of cocoa crop raiding mammals, whilst number of tall trees
provide a measure of the plantation’s accessibility to arboreal mam-
mals. Ground cover acts a proxy for “good” plantation management,
with well-managed plantations having their ground cover removed,
potentially reducing accessibility to ground predators. Distance to set-
tlement provides a measure of human disturbance, which might reduce
raiding, although, conversely, settlements could act as a source of
“pest” species which also consume cocoa pods. A number of interven-
tions to increase cocoa yield around GRNP have been implemented,
potentially attracting crop-raiding wildlife, hence the relevance of the
total number of pods as a potential covariate. As the total number of
pods was calculated including pods on the ground, which might have
fallen from trees outside the quadrat or been carried in by raiding an-
imals, quadrats with a potential harvest of < 6 were excluded, as their
small sample size would render them vulnerable to bias caused by pods
occurring on the ground that had originated outside the quadrat.

As quadrats within cocoa patches are not independent, cocoa patch
identity was fitted as a random effect. Initial modelling indicated that
the data were slightly over-dispersed for the global model. We therefore
fitted an observation-level random effect of cocoa patch in order to
increase the accuracy of parameter estimates (Harrison, 2014). To
further reduce multicollinearity and ensure that they were on a
common scale, all explanatory variables were standardised (Schielzeth,
2010). Models were fitted using the Laplace approximation and the
“bobyga” optimizer to enable model convergence (Bates et al., 2015).

Given that all model selection methods have the potential to result
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in inaccurate inference (Burnham and Anderson, 2002; Cade, 2015) and
the number of explanatory variables in this case was small, which re-
duces the penalty of increased variance associated with parameter es-
timates (Bolker et al., 2009), the global model was used for inference.
However, exploratory backwards selection to find the minimum ade-
quate model resulted in the same qualitative inference.

The data were checked for over-dispersion relative to the binomial
model and residuals from the global model plotted against fitted values
and explanatory variables to check for patterns following (Zuur et al.,
2009), with no patterns or outliers detected. Interpretation of p values
in mixed models should be conservative due to uncertainties arising
from testing on the boundary and the interpretation of degrees of
freedom (Bolker et al., 2009): an explanatory variable was therefore
considered significant at p < 0.01 rather than at p < 0.05.

3. Results
3.1. Quadrat data

In total 70 quadrats were surveyed in 15 patches of actively man-
aged cocoa. Of these, nine quadrats and two cocoa patches were re-
moved from the main dataset since they were surveyed post-hoc in
areas where chimpanzee damage was known to occur. Once quadrats
with a baseline < 6 were removed, this left 39 quadrats in 11 cocoa
patches in the modelling dataset.

A summary of baselines, total recorded damage and at all quadrats
used in the model is shown in Table 1 and cocoa patch areas and dis-
tances in Table 2. For quadrats in the model, the baseline number of
harvestable pods predicted over the course of the study ranged from 6
to 105 (mean 29.3, SD * 26.9) and proportion damage from zero to
0.90 by quadrat, indicating high variation in the proportion of pods
damaged. The mean proportion loss, weighted by cocoa patch area, was
0.204 (SD =+ 0.159) for the 2 months covered by this study. This re-
presents an estimated 562 pods (SD = 278) damaged of an estimated
baseline of 3075 pods (SD *+ 1345) ha~!, or an estimated economic
loss to the farmer of US$25.68 ha™! compared to potential pod value of
US$140.43 based on local 2016 prices of 30 pods = US$1.37 (Neevel,
B. pers comm). Based on 55 questionnaires carried out for REDD+ in
2017 a rough estimate of annual income for FEC households with some
cocoa farming activity is US$340 with the average area of cocoa under
management 1.2 ha (Horvath, B. pers comm). The losses recorded here
therefore represent approximately 9% of total annual income lost from
cocoa damage by wildlife during this 2 month period with potential
further losses during the rest of the growing and harvesting season.

For fewer than 1% of recently damaged pods, the species group
causing the damage could not be identified. Of 235 identifiable damage
incidents 87.2% were caused by monkeys, 11.1% by rodents (rats and
squirrels) and 1.7% by chimpanzees.

3.2. Modelling results

Both distance to settlement and total number of pods were nega-
tively related to proportionate loss, which decreased with increasing
distance to settlement and increasing yield (Table 2; Fig. 2). The ne-
gative impact of proximity to settlement (Fig. 2a) is particularly marked
closer than 0.4 km to a village, with an estimate of a proportionate loss
of 0.55 at 0.2km, 0.38 at 0.4km and 0.26 at 0.8 km. The more linear
trend line in Fig. 2b suggests that increasing yield across the whole
range of yields covered in the study will result in lower proportionate
loss to wildlife. Indeed, from the trend line at a baseline of 10 pods it is
estimated that around 4 pods would be lost, at a baseline of 100 pods it
is estimated that around 7 pods would be lost rather than 40 were the
proportion loss to remain constant, a potential saving of 33 pods in a
0.1 ha area. Whether increasing yield to mitigate loss is cost effective
for farmers clearly depends on the input and labour costs of that in-
crease.
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Table 1
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Cocoa patches used in model: area, distance to GRNP and distance to settlement. Cocoa quadrats used in model: baseline harvestable pods without wildlife damage

(rounded), total confirmed wildlife damage and proportion damage.

Chiefdom  Village Cocoa patch ~ Patch area (ha)  Distance GRNP (m)  Distance settlement (m) Quadrat  Cocoa baseline  Total damage  Proportion damage
Malema Madina 1 37.94 2821 1603 1 9 2 0.22
2 105 12 0.11
3 11 3 0.27
4 23 2 0.09
5 10 3 0.29
6 20 7 0.34
7 12 2 0.16
8 27 7 0.26
9 33 9 0.27
10 111 13 0.12
11 21 9 0.42
Nomo Madina 2 2.58 1389 573 12 81 1 0.01
13 70 3 0.04
14 37 5 0.13
15 49 1 0.02
16 6 5 0.83
3 0.02 1058 884 17 77 0 0.00
4 3.30 824 1139 18 6 3 0.49
5 1.35 2118 363 19 15 10 0.67
20 13 7 0.54
21 29 17 0.58
22 15 8 0.53
23 10 3 0.30
6 1.52 2334 410 24 12 11 0.90
25 33 15 0.45
26 64 16 0.25
27 16 7 0.43
28 13 11 0.84
7 0.56 2105 218 29 16 9 0.56
8 0.50 1942 154 30 6 5 0.83
9 0.11 1610 463 31 26 7 0.26
Faama 10 4.98 2737 1511 32 17 0 0.00
33 16 1 0.06
34 39 5 0.13
35 9 4 0.44
11 1.47 3924 507 36 6 2 0.33
37 35 5 0.14
38 15 3 0.20
39 27 5 0.19

Table 2 this is a genuine difficulty which might prove a barrier to growing

Parameter estimates and SEs (in parentheses) from the global model of pro-
portion of cocoa pods lost to crop raiding, derived from a binomial GLMM with
logit link. P values are derived from z values. Parameter estimates significant at
p > 0.01 are shown in bold.

Variable Parameter estimate

Intercept

In(cocoa patch area)

In(distance to GRNP)

In(distance to settlement)

number of trees of height > 14m
ground vegetation cover
proportion of woody habitat edge
total number of pods

—1.029363 (0.198273)
0.287110 (0.276799)
—0.003354 (0.260132)
—0.721711 (0.229622)
0.061006 (0.252199)
—0.179455 (0.177618)
—0.140679 (0.239367)
—0.694849 (0.159930)

4. Discussion

The proportionate damage of 0.204 is high compared to other es-
timates of proportion of cocoa damaged in plantations (e.g. Bhat et al.,
1981; Arlet and Molleman, 2007; Riley, 2007; Harich et al., 2013), is
mostly caused by monkeys and there is a clear trend for decreasing
proportionate damage with distance to settlement and increasing yield.
Distance to GRNP appeared to have little effect on proportionate da-
mage, suggesting that either raiding species are not primarily forest-
dependent, or that the leakage belt itself is sufficiently forested to
support significant populations of such species. The high rate of crop
raiding at our study site indicates that the communities’ concerns that
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profitable cocoa are justified. However, our results can inform ways to
mitigate against loss, such as planting further from settlements, tar-
geting high impact areas and increasing cocoa yield. This could help
alleviate community members’ concerns about, and improve the impact
of schemes such as REDD + and eco-certification that aim to combine
both development and conservation in wildlife-rich areas. The high
variability within the data indicates that targeting efforts at those sites
and areas where the highest damage is observed, might be an efficient
use of resources.

The damage was relatively high, with significant economic con-
sequences for farmers, but the total damage may still be an under-
estimate since some species, particularly chimpanzees, are known to
remove cocoa pods then process and consume them elsewhere. Such
removal could be recorded through the ground damage data, but not if
damaged pods were removed entirely and consumed outside the plan-
tation. Conversely, however, animals might also inflate ground damage
estimates by bringing pods remains from outside the quadrat into it.
Whilst further inaccuracies in the damage data might also occur due to
the difficulties in matching tree and ground damage, we have at-
tempted to mitigate for this through photo comparisons and con-
servative rules regarding the likelihood of ground damage being from
the same damaged pods as recorded tree damage. Additionally, al-
though our survey season covered the period where the vast majority of
cocoa pods were ripe and ready for harvest and therefore most vul-
nerable to damage by wildlife, the cocoa harvest season in Sierra Leone
extends outside this time and therefore some damage will have
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Fig. 2. The relationship between distance to nearest settlement (a) or estimated
total number of pods (b) and proportion of cocoa pods raided, derived from the
binomial GLMM in Table 2, with 95% confidence limits. Circles represent the
actual values for each quadrat (n = 39). Other explanatory variables fitted in
the model were held to their mean value.

inevitably been missed. Squirrels are thought to also consume unripe
pods, so some pre-harvest damage between May and July might have
been missed due to difficulties in estimating the age of damaged pods in
the hot and humid climate where vegetation rots extremely quickly.
There are, therefore, several practical challenges to accurately quanti-
fying cocoa crop raiding damage, and accurate methods to quantify
damage are going to be an important concern if cocoa is going to be
widely implemented for REDD + projects. This study represents one of
the few attempts to quantify wildlife damage and the factors that might
modify it to this increasingly important cash crop, and these data are
invaluable in providing an estimate of the extent of the problem around
a protected forest, identifying what factors might mitigate it, and
guiding future effort to understand how to alleviate the conflict. As the
practical limitations of small numbers of plantations from which to
collect data and a single field season may limit how far our results can
be generalised, we emphasise the urgent need for such work to be re-
peated elsewhere.

More damage close to settlements suggests that the taxa damaging
the pods are attracted to villages, contradictory to the pattern found in
some crop-raiding studies (e.g. Songhurst and Coulson, 2014). Identi-
fication data indicates that monkeys cause the most damage at this time
of year and the prevalence of damage close to villages suggests that
these may not be species that are highly dependent on the forest.
Species regularly observed close to villages include Campbell’s monkey,
lesser spot-nosed monkey Cercopithecus petaurista and sooty mangabey,
all common across the agricultural matrix as well as within the forest
interior, with more forest-specialist species such as the Endangered
western red colobus Procolobus badius and Vulnerable Diana monkey
Cercopithecus diana being more restricted to the GRNP and other large
forest blocks. This suggests that the pristine forest of the GRNP itself
does not necessarily provide a source of the most destructive crop-
raiding wildlife, reflecting the fact found in previous studies that
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relationship to distance from protected areas is highly site-specific,
finding more raiding closer to protected areas (Naughton-Treves, 1998;
Linkie et al., 2007) or finding no relationship (Gillingham and Lee,
2003; Arlet and Molleman, 2007). The authors (Hulme, M. pers. obs.)
note that Campbell’s monkeys, in particular, tend to forage across the
landscape during the day and return to roosting sites close to villages at
night, potentially leaving plantations close to villages more liable to
raiding. This could be due to the deterrent effect of human presence on
animal predators, whilst Islamic beliefs, coupled with the scarcity of
firearms in Sierra Leone due to local post-conflict gun laws, means
monkeys themselves are not often hunted by people outside the forest.
In addition, the presence of plantain, mango and other fruit in and
around villages might attract crop raiding taxa. Further research would
need to be carried out to investigate the causes of this relationship, the
foraging patterns of potential crop raiders, the distribution of fruiting
trees and what the impact of potential future cultural and legal changes
may have on primate-human interactions. Site-specific differences,
which probably reflect variation between sites in the species carrying
out the raiding, emphasise the need to understand crop raiding on a
site-by-site basis, particularly around protected areas where the con-
servation consequences of endangered wildlife being wrongly blamed
for crop raiding could be profound. We note that the greatest distance
to the National Park was 4 km, which may have been too close to detect
an effect on larger, wide-ranging species which might still depend on
pristine forest, although this variation in distance is large compared to
that over which the effect of distance to forest has previously been
recorded (e.g. Linkie et al., 2007). The results indicate that, whilst
moving existing plantations might not be an option, any new or re-
habilitated plantations should avoid the immediate area within 200 m
of a settlement if crop-raiding is considered a significant issue, whereas
proximity to GRNP may be less important, although additional work
would help confirm this

The trend for lower proportionate damage with a higher potential
harvest suggests that as pod load and, presumably, profit for the farmer
increases, the overall loss relative to income decreases. The absolute
number of pods lost does not change with increased pod density rather
than more wildlife being attracted to the higher density of food avail-
able in well-managed plantations. This also suggests that an effective
mitigation technique could simply be to improve yield through im-
proved plantation management even without additional mitigation
specifically to reduce crop raiding, although this is likely to vary de-
pending on the site and the taxa involved. The results here suggest that
an improvement in yield from 1000 to 10,000 pods ha™! would be
associated with a relatively minor increase of only 30 raided pods. This
leaves potential income gains of US$241 ha ™%, not accounting for other
forms of crop loss, such as disease, invertebrate pest damage, fruit
abortion or theft, or for increases in costs related to improved man-
agement. However, within a framework such as REDD +, many of these
costs would be offset by assistance and income from the REDD + pro-
gram itself and related efforts to reduce non-crop-raiding losses, such as
to disease, could also increase yield to offset losses to crop-raiding. One
result of increased resources and income could also be the freeing up of
time and labour to perform more frequent harvesting trips to planta-
tions, leaving ripe pods vulnerable to wildlife on the trees for a shorter
period of time and further reducing losses to crop raiding.

There are several potential reasons that could explain the finding of
lower rates of damage in sites with higher potential yields. These in-
clude: an insufficient density of potentially crop-raiding wildlife in the
landscape to cause significantly greater damage to higher-yielding
plantations; deterrence of wildlife by higher levels of disturbance at
well managed sites (though the higher proportionate loss close to set-
tlements would contradict this); and well managed plantations pre-
senting a greater physical barrier to arboreal crop raiding wildlife due
to higher levels of vegetation clearing, cocoa tree pruning and shade
tree management (although the data presented here gives no evidence
of an effect of habitat structure). Continued monitoring would be
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required in order to ensure increased cocoa yields do not, with time,
attract higher densities of crop-raiding wildlife to the larger potential
food source, although our single-season data suggests that this is not
currently the case in higher yielding plantations. The study site re-
presents a fine-grained mosaic of small-scale forest, plantations, farm-
land and settlements within which the arboreal wildlife which might
feed on cocoa moves relatively freely and the scope for erecting phy-
sical barriers such as fences or nets of sufficient size and strength to
exclude arboreal primates and rodents (e.g. Campbell-Smith et al.,
2012) would require excessive cost in terms of materials, labour and
maintenance. This result could mean that the great effort required to
construct such barriers or to perform time-consuming, ineffective and
labour-intensive guarding duties (Arlet and Molleman, 2007; Hockings
and Humle, 2009) to the degree that might reduce crop raiding damage
might better be spent on plantation management that will improve
yield and increase profit to a level that will overcome the losses still
experienced by wildlife damage. This would also potentially reduce the
conflict between development and conservation and reduce hunting or
“retaliatory killing”, both legal and illegal, of crop raiding and sus-
pected crop raiding species, as well as reducing habitat alteration out-
side of the plantations to deter wildlife. Hunting is widespread in and
around our study site (Jones et al., 2017). There may, however, be a
conservation trade-off if well managed plantations are not as attractive
as connective habitat for wildlife moving between forest blocks (Asare
et al.,, 2014), which could potentially limit distribution, resource
availability and genetic flow, and thus reduce the population. If this is
the case then efforts should be made to retain sufficient forest-like
habitat in the landscape such as community forest, old unmanaged
plantations and old fallow farmland. We also note that, even at sites
where damage is low relative to perceptions and to loss of yield for
other reasons, such as disease, any damage is likely to be viewed as
negative and this represents a challenge that must be faced by managers
and conservationists where cocoa is being promoted for livelihood and
environmental reasons.

5. Conclusions

Whilst cocoa crop raiding is a complex and, at times, seemingly
intractable problem for farmers, plantation managers, and conserva-
tionists, detailed studies such as this can provide information that can
help to overcome some of the challenges presented by loss of yield and
income and the resultant negative perceptions of wildlife and forest,
which may otherwise hinder the effective implementation of the
carbon, biodiversity and livelihood aims of projects such as REDD +.
This study suggests that the species responsible, at least around GRNP,
are not forest specialists of the greatest conservation concern, which, if
effectively communicated, could also go some way to improving farmer
attitudes to the conservation of forests harbouring non-raiding species.
We also found that improving cocoa yield, rather than exacerbating the
problem by attracting a higher rate of crop raiding, can more than
balance out the losses incurred whilst increasing profits for farmers and
livelihoods for forest edge communities. These results suggest ways in
which the conflict resulting from cocoa crop raiding, even where
overall damage is high, can be effectively tackled where the promotion
of cocoa is an active policy for development and conservation purposes.
Given the role of tropical forests in climate change resilience, the low
income of many forest edge communities across the tropical forest zone
and the importance of such areas for biodiversity, overcoming the
challenge of crop raiding is an issue of global importance.
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