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A B S T R A C T

The growing global demand for cocoa is leading to large-scale land-use changes and habitat loss in biodiversity
rich areas such as the tropical lowland forests of Africa. Low productivity and climate change are projected to
affect cocoa production in major parts of West Africa, where most of the world’s cocoa is produced. Such effects
are expected to drive expansion into Central Africa where governments are looking towards commodity crop
production, including cocoa, to support economic development objectives. For example, Cameroon is the fifth
largest cocoa producer in the world and aims to triple its cocoa production volume by 2030. A tripling in yields is
unlikely, especially within that timeframe, meaning this will only be possible through expansion. In conflict with
this trajectory is new legislation in the UK and the EU, banning the import of commodities linked to defores-
tation. Cocoa is the fastest expanding export crop in Sub-Saharan Africa, but little is known about potential
expansion areas in the Congo Basin and how this will impact biodiversity. In this study, we attempt to address
this gap by answering two questions: (i) Where are available suitable areas to grow cocoa in the Congo Basin? (ii)
Where are the likely impacts of cocoa expansion on biodiversity? We followed a spatial exclusionary approach to
identify available areas for cocoa cultivation within areas with moderate to high climatic suitability for cocoa.
This was achieved by identifying and excluding land-use and land cover types that are unsuitable for cocoa
expansion under different assumptions. We then identified areas of high risk within the available area for cocoa
as those with high cocoa suitability and high biodiversity significance (i.e., rarity-weighted species richness) and
high accessibility. The study highlights the Congo Basin’s central belt as an area where biodiversity would be put
at high risk from cocoa expansion. Even with an effective no deforestation policy, biodiversity loss remains a
concern in agricultural areas like western Cameroon and the northeastern and eastern edges of the Democratic
Republic of the Congo. This research provides valuable insights that can be used to guide the development of
strategies that mitigate the adverse effects of cocoa expansion on biodiversity.

1. Introduction

1.1. The Congo Basin and deforestation

The Congo Basin (Cameroon, Gabon, Republic of Congo, Democratic
Republic of the Congo (DRC), Central African Republic, and Equatorial
Guinea) hosts 1.8 million ha of primary forest, making it the largest
tropical forest in the world after the Amazon (Mayaux and Malingreau,
2000). It hosts 70 percent of Africa’s forests and a large diversity of flora

and fauna, with many endemics. DRC has vast tracts of peatland that are
estimated to store as much carbon as all the tropical forests in the Congo
Basin (Dalimier et al., 2022; Dargie et al., 2017). The Congo Basin forests
are also economically important, as more than 75 million people depend
on them for their livelihoods (Bele et al., 2015; Megevand, 2013;
Tegegne et al., 2016).

Historically, deforestation in the region has been relatively low
(Megevand, 2013). However, the area is under increasing pressure from
a variety of sources, of which forest clearing for agriculture is the
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primary threat (Norris et al., 2010). Ernst et al. (2013) estimated that the
annual rate of net deforestation in the Congo Basin increased from
0.09 % to 0.17 % between 1990 and 2005. Vancutsem et al. (2021)
found that 30–40 % of tropical moist forests in the region were degraded
in 2019. Most forest clearing in the Congo Basin is done by smallholder
farmers, both for subsistence and commercial crop farming (Molinario
et al., 2020; Tyukavina et al., 2018). Large scale clearing for
agro-industrial plantations was rare until relatively recently (Feintrenie,
2014; Ordway et al., 2017).

Globally, there is increasing concern about the role of cocoa and
other widely traded commodities in driving deforestation. This is re-
flected in a suite of commitments to end deforestation in agricultural
supply chains by governments and the private sector from 2015 onwards
(Carodenuto, 2019), including within the cocoa sector. Public-private
initiatives such as the Cocoa Forest Initiatives (CFI) in Ghana and Côte
d’Ivoire and Roadmap to Deforestation Free Cocoa in Cameroon aim to
support the prevention of further deforestation and the restoration of
degraded forests, while supporting increased cocoa production in
alignment with national REDD+ strategies and other relevant national
policies and strategies. The recently adopted EU regulation on
deforestation-free supply chains aims to minimise the import of products
associated with deforestation or forest degradation, including cocoa
(European Union, 2023). By prohibiting the import of commodities
associated with any deforestation after 31 December 2020, this legis-
lation goes beyond more recent UK (UK Public General Acts, 2021) and
US bills (United States Congress, 2021), which only ban commodities
associated with illegal deforestation in the producer country.

1.2. Current state and potential future of cocoa cultivation in the Congo
Basin

Global demand for cocoa is expected to increase, especially from Asia
(Li and Mo, 2016) which is anticipated to become an important driver of
deforestation in cocoa producing regions such as the Congo Basin
(Clough et al., 2009; De Beule et al., 2014). Cocoa has expanded more
rapidly than other export crops in sub-Saharan Africa since the 1980s
(Ordway et al., 2017). This expansion could lead to an estimated loss of
up to 40,000 ha of forests in this decade (De Beule et al., 2014). In
Cameroon, the third largest cocoa producer in Africa (ICCO, 2017) and
fifth in the world, cocoa production more than doubled between 2002
and 2017, reaching 295,000 tonnes (FAO,2020). This increase was
mainly due to the expansion of harvested area, which also doubled in the
same period (FAO, 2020). Average cocoa yields increased only slightly
and remain low with current averages around 400 kg/ha (Saj et al.,
2017; Wessel and Quist-Wessel, 2015). Furthermore, Cameroon aims to
triple national production volumes by 2030 (Lescuyer and Bassanaga,
2021; MINEPAT., 2020). It is unlikely yields will triple by 2030, which
means meeting this objective may lead to increased pressure on natural
lands such as forests. In Cameroon, cocoa is traditionally grown mainly
in the central-southern region. However, it is increasingly expanding
into the forest-savanna transition zone. DRC produces only small
amounts of cocoa, mainly in North Kivu, though production was higher
during the colonial era and mainly located in the western part of the
country, where it is expected to expand in the future (De Beule et al.,
2014). With its fertile soils, DRC is considered to have high potential for
future cocoa expansion, but the implications for biodiversity are
understudied.

Climate change is expected to reduce the suitability of land for cocoa
production in parts of West Africa, where most of the world’s cocoa is
produced (Schroth et al., 2016). Declining yields in West Africa (due to
management and climate factors) are expected to lead to a shift in
production area into the forested and savanna areas of Cameroon and
further east to other Congo Basin countries, where suitability will likely
remain high or increase (De Beule et al., 2014; Läderach et al., 2013).
This will compound existing trends of commodity crop expansion in the
Congo Basin (Ordway et al., 2017).

1.3. (Potential) impacts of cocoa growing on biodiversity in the Congo
Basin

Cocoa-driven deforestation is characterised by a boom and crisis
cycle, historically associated with migration of people seeking land and
labour (Ruf and Schroth, 2004). After about 30 years, impoverished
soils, pest and disease pressures make it economically more advanta-
geous to plant on cleared forest land rather than rejuvenating existing
plantations (Gockowski and Sonwa, 2011; Ruf et al., 2015). As cocoa
plantations are established under the often progressively thinned can-
opy of degraded or intact forest, this results in a loss of forest tree species
as well as habitat for other organisms (De Beenhouwer et al., 2013;
Maney et al., 2022; Tondoh et al., 2015).

Given projected increased global demand, regional policy objectives
to boost production and uncertainty about the future climatic suitability
of cocoa production in West Africa, cocoa production is likely to expand
in the Congo Basin. Against this background, and considering the global
biodiversity importance of the region, we aimed to address the following
two questions: (i) Where are the available suitable areas to grow cocoa
in the Congo Basin? (ii) Where are the areas where biodiversity is at risk
due to potential cocoa expansion? We explore these questions in two
cases. In the first case, cocoa expansion is constrained by existing bio-
physical and (assumed) legal barriers. In the second case, in addition to
these biophysical and legal barriers, all forest areas are excluded to
reflect the requirements of the EU regulation on imported deforestation.

2. Material and methods

In this study, we defined ‘available area for cocoa’ as the land area
that is potentially available for cocoa cultivation after excluding areas
where cocoa cannot be cultivated due to physical or legal barriers (see
Table 2). We defined ‘available suitable area for cocoa’ as the potentially
available area for cocoa that has the suitable climatic conditions for
cocoa cultivation. This includes areas where cocoa is currently grown,
though we cannot separate these out as maps of areas of cocoa culti-
vation are not available for the region.

To map the available suitable area for cocoa cultivation, we used an
exclusionary approach, where we identified and excluded land use types
where we assume cocoa cannot expand (Table 2, Fig. 1). We assumed
that physical and/or legal barriers preclude these areas from being
converted to cocoa and that no cocoa is currently grown there. These
layers were then erased from a cocoa climatic suitability layer, which is
a modelled global distribution of climatic suitability for cocoa
cultivation.

2.1. Climatic suitability for cocoa production

We modelled the global distribution of suitable climates for cocoa
production under current climate conditions. A database of cocoa
occurrence locations, a random sample to characterise the general
environment and interpolated climate data from WorldClim 2.0 (Fick
and Hijmans, 2017) were used to train the Random Forest (RF) classi-
fication algorithm. RF are machine learning classifiers that are formed
by ensembles of classification trees (Breiman, 2001). The trained clas-
sifier was applied to the climate layers and provided a probability for
whether a pixel cell was similar to the climate at known cocoa locations
on a scale from zero to one. Below, we detail the steps we followed in
modelling the climatic suitability for cocoa production.

We assembled a global dataset of cocoa occurrences with the
objective to include all major climatic regions where cocoa is produced.
Data was collected from stakeholders such as private sector actors,
research institutions, certification programmes in West Africa, Asia, and
South and Central America. We also used data from previous publica-
tions on the climate change impacts in West Africa (Läderach et al.,
2013; Schroth et al., 2016), GBIF (Global Biodiversity Information Fa-
cility) (Global Biodiversity Information Facility (GBIF, 2015)) and
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centroids of census units of Peru in which relevant cocoa quantities were
reported (Instituto Nacional De Estadistica E Informatica, 2013). The
resulting raw database included 96,181 cocoa occurrence locations from
60 countries. We reduced this initial dataset to unique occurrence pixels
at 10 Arcmin (about 20 km at the equator) because this has been shown
to eliminate bias from highly clustered occurrences (Boria et al., 2014).
We further excluded unfeasible locations which had average minimum
temperature<10 ◦C and locations that require irrigation because annual
total precipitation was <900 mm/year. The final database included 3,
103 cocoa occurrence locations across 52 countries.

For climate conditions (1950–2000), we used the WorldClim dataset
(Version 2.1) at 10 arc-minute resolution (Fick and Hijmans, 2017).
WorldClim provides data on monthly precipitation, mean monthly
minimum and maximum temperatures, and 19 bioclimatic variables
derived from this data. To the commonly used set of 19 bioclimatic
variables, we added variables that directly relate to cocoa cultivation.
We added as variables the number of consecutive months with less than
100 mm of precipitation, the number of consecutive arid months (pre-
cipitation lower than potential evapotranspiration (PET)), the total
water deficit during this period, growing season average temperatures
and mean dry season maximum temperatures. Potential evapotranspi-
ration is considered a good proxy of vapour pressure (Allen et al., 1998)
which may have direct effects on the cocoa tree (Mielke et al., 2005). We
estimated potential evapotranspiration following the modified Har-
greaves approach as recommended by the FAO (Allen et al., 1998). This
resulted in 33 bioclimatic variables. To reduce multicollinearity, we
removed variables from the climate data with absolute pair-wise Pear-
son correlation coefficients greater than 0.8 (Dormann et al., 2013). The
final set of bioclimatic variables for suitability modelling included 12
variables (Table 1).

We used the RF (Breiman, 2001) classifier in two distinct applica-
tions: (1) We initially used it to produce a dissimilarity measure to group
occurrence locations into agro-climatic clusters with similar climate
characteristics in an unsupervised variation. (2) We used the RF classi-
fier to classify climate data of current conditions into the resulting
agro-climatic zones. We used the randomForest package (Liaw and
Wiener, 2002) in the statistical software R (R. Core Team, 2021) that
implements the RF approach. First, to reduce climatic bias in the
occurrence sample, we clustered the occurrences in distinct
agro-climatic zones for cocoa. We used the RF classifier in unsupervised
mode (Shi and Horvath, 2006) to calculate dissimilarities based on the

bioclimatic variables at cocoa locations and determined the number of
clusters based on visual inspection of a cluster dendrogram. Second, to
train the RF classifier to recognize suitable climates, we extracted the
values of the 12 selected climate variables using the geolocation data of
the cocoa occurrences. From each agro-climatic zone, an equally sized
sample was drawn. In addition, a random background sample set of
points, not known to produce cocoa, was created to characterise the
general environment at a sampling ratio of 1:1 background to occur-
rence locations. Each RF classifier was configured to create 100 decision
trees, and to be replicated 25 times (‘forests’). In each repeat, a different
subset from the occurrence sample was drawn at the size equalling half
the number of cases in the smallest subgroup. Such reduction of
ecological sampling bias has been shown to improve the capacity of
niche based approaches to correctly predict species distributions (Varela
et al., 2014). From this subset, we used 80 % for training, and 20 % for
evaluation. The suitability distribution was validated using the multi-
class area under receiver operating characteristic curve (AUC) (Hand
and Till, 2001) as implemented in the R package “pROC” (Robin et al.,
2011).

2.2. Available suitable area for cocoa production

In our analysis, we only considered areas with climatic suitability
greater than 0.25 (i.e., moderate to high climatic suitability). The
rationale behind using a cutoff value above 0.25 was to exclude areas

Fig. 1. Layers used to produce the available suitable area for cocoa expansion (data sources for layers in Table 2).

Table 1
The bioclimatic variables used for the cocoa suitability modelling.

Bioclimatic variable Description

BIO 1 Annual Mean Temperature
BIO 4 Temperature Seasonality (standard deviation *100)
BIO 7 Temperature Annual Range (BIO5-BIO6)
BIO 15 Precipitation Seasonality (Coefficient of Variation)
BIO 16 Precipitation of Wettest Quarter
BIO 18 Precipitation of Warmest Quarter
BIO 19 Precipitation of Coldest Quarter
BIO 20 Number of Consecutive Months < 100 mm precipitation
BIO 22 Sum of water deficit during dry season
BIO 26 PET seasonality (Coefficient of Variation)
BIO 30 PET of wettest quarter
BIO 33 PET of coldest quarter
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where cocoa is most likely not suitable to grow. All existing cocoa sites
from our dataset in the Congo Basin were in areas greater than 0.4
suitability value and <0.1 % of existing cocoa sites globally from our
dataset had <0.25 suitability values. The alignment of this threshold of
0.25 with the global cocoa suitability patterns supports its validity in
identifying suitable regions within the Congo Basin. Some of these
suitable areas likely already have cocoa indicating that there could be
potential for further intensification in these areas. Intensification is
defined here as an increase in yields in existing cocoa farms. This could
occur by increasing cocoa yields inno or low shade systems or by
increasing cocoa productivity in shaded agroforestry systems.

Two cases were then analysed at 1 km resolution (see Table 2 for the
list of data layers that were excluded in each case). In the first case, all
assumed physical barriers and areas allocated to other land uses (pro-
tected areas, concessions, etc) were excluded. We assume that in forest
areas that are already allocated to other agricultural or other land uses,
such as tree plantation, oil palm, mining or logging concessions, the
likelihood of conversion to cocoa is smaller than in non-allocated

forests. Whether these areas are really precluded from cocoa growing
may vary on the ground and needs to be confirmed. In the second case,
in addition to the layers excluded in case one, forest layers (open and
closed forests > 15 % tree canopy cover) were also excluded to reflect
the requirements of the EU regulation on imported deforestation. Under
the EU regulation, forest is defined as “land spanning at least 0.5 ha, with
trees higher than 5 m and a canopy cover of at least 10 %. Specifically
excluded are agricultural plantations and land that is predominantly under
agricultural or urban land use” (https://www.iisd.org/articles/policy-ana
lysis/deforestation-overview-eu-british-proposals).

All layers were clipped to the study area, converted to raster and then
resampled to 1 km resolution. Finally, the layers were erased from the
base cocoa suitability layer using raster calculator on ArcGIS Pro 2.8.
This generated the available suitable area for cocoa expansion/
intensification.

2.3. Accessibility of area potentially available and suitable for cocoa

In sub-Saharan Africa, shorter travel time to the nearest large city is
associated with higher crop production (Dorosh et al., 2012). Therefore,
areas of high cocoa suitability and high accessibility to the nearest large
city are likely the first areas where cocoa expansion and intensification
will take place.

To determine high accessibility, we used a global accessibility layer
(Weiss et al., 2018) that measures the travel time to the nearest major
city in 2015 with a population of at least 50,000. The raster values were
inverted to make higher values indicate a higher accessibility (i.e., less
time needed to travel to the nearest large city). We then produced
bivariate maps in RStudio v2021.09.0 (R Core Team, 2021) using the
accessibility layer and the cocoa suitability layers that we generated in
the previous step.

2.4. Areas of potential risks to biodiversity

We identified areas combining high cocoa suitability, high biodi-
versity significance and high accessibility as priority areas in terms of
potential biodiversity risk. To represent areas of importance for biodi-
versity, we used a metric called rarity weighted richness (RWR), which
we refer to as biodiversity significance.

We prepared this map following the approach of Sassen et al. (2022)
and area of habitat (AOH) following Jung et al. (2020). We used range
data from the IUCN Red List (IUCN, 2019) for all mammals, amphibians
and birds and refined these based on species-specific altitudinal limits
and habitat preferences. For each species, these preferences were
applied to elevation (Danielson and Gesch, 2011) and habitat (Jung
et al., 2020) datasets, to select only areas of suitable elevation and
habitat within 1 km pixels. A proportional approach was used for the
habitat within each pixel, hence habitats that are under 1 km resolution
were included. This resulted in AOH maps (Brooks et al., 2019) for each
species. For each AOH map, we weighted pixels by the area of habitat in
that pixel divided by the total global area of habitat for that species.
These maps were summed together to create a single rarity-weighted
richness map for the Congo Basin. We used Google Earth Engine (Gor-
elick et al., 2017) for all AOH refinement and the creation of the final
RWR map, using a combination of the Python API and the JavaScript
Code Editor.

Finally, we combined this biodiversity significance layer with the
cocoa suitability and availability layers generated in the previous steps
into single multi-dimensional red-green-blue (RGB) plots for both the
considered cases.

3. Results

3.1. Available suitable area for cocoa production

By extrapolation of the trained RF classifier on climate layers, we

Table 2
Spatial layers that were used to produce the available suitable area for cocoa
expansion. *Forests were excluded only from case 2 (i.e., the policy enacted
case).

Layer Data source Reason for
exclusion

Case
1

Case
2

Slope (>20◦) (Yamazaki et al.,
2017)

Physical barrier
(>20◦ was chosen
as the suitable slope
for cocoa
production due to
low suitability in
the range of
10◦− 30◦ and
unsuitability above
30◦ (Hanson et al.,
1998))

X X

Peatlands (palm-
dominated
swamp and
hardwood
swamp with
likelihood
probability
>=0.5)

(Dargie et al.,
2017)

Physical barrier X X

Waterbodies Copernicus 2019
landcover data (
Buchhorn et al.,
2020)

Physical barrier X X

Herbaceous
wetlands

Copernicus 2019
landcover data (
Buchhorn et al.,
2020)

Physical barrier X X

Urban areas Copernicus 2019
landcover data (
Buchhorn et al.,
2020)

Physical barrier X X

Road density
(major road,
minor road and
tracks)

(Theobald et al.,
2020)

Physical barrier X X

Mining areas (Maus et al.,
2020)

Legal barrier X X

Oil palm
plantations

(Descals et al.,
2021)

Legal barrier X X

Plantations (Harris et al.,
2019) Global
Forest Watch tree
plantations

Legal barrier X X

Protected areas (UNEP-WCMC &
IUCN, 2021)

Legal barrier X X

Forests* (open and
closed forests >
15 % tree
canopy cover)

Copernicus 2019
landcover data (
Buchhorn et al.,
2020)

Legal barrier X
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obtained a map of suitability for cocoa production. This suitability score
was based on the number of trees across all forests that cast a vote for a
cocoa climate zone. Thus, the score can be interpreted as a measure of
similarity of the climate at a grid cell to climate at known cocoa
occurrence locations. The average AUC over all classifiers (.96) showed
a good capacity of the classifier to differentiate the suitable agro-
climatic zones for cocoa.

All countries in the Congo Basin have areas that are suitable but
unavailable for cocoa growing (Fig. 2.A). Northern parts of Cameroon
and the Central African Republic, southern parts of DRC, southern
Congo, and southern Gabon, are hardly or not climatically suitable for
cocoa, regardless of legal or biophysical barriers. In contrast, southern
parts of Cameroon, most of Equatorial Guinea (including parts of central
and northern Bioko islands), northern parts of Gabon and part of central
and eastern DRC were found to be highly climatically suitable for cocoa.

When forest layers (open and closed forests) are excluded from the
analysis (Fig. 2.B), much of the suitable available area found in Fig. 2.A
disappears, such as the southern parts of Cameroon, most of Equatorial
Guinea, parts of Gabon and most of central and eastern DRC. Similarly,
only small parts of central Cameroon and eastern DRC were found to
have highly suitable areas available for cocoa outside forests.

3.2. Accessibility of area potentially available and suitable for cocoa

Areas with high cocoa suitability and high accessibility are likely to
be the places where cocoa is already grown and intensification could
take place, or where expansion would happen first. These include cen-
tral and southwest Cameroon, most regions in Equatorial Guinea
(including parts of central and northern Bioko islands), western edge of
Central African Republic, small areas in north-western Gabon, north-
eastern and eastern edges of DRC and parts of southwest Congo (Fig. 3.
A). These areas are both highly suitable for cocoa and easily accessible
from a major city.

When forest areas are removed, scattered areas that are suitable,
available and easily accessible remain, along with a slightly larger area
in southwest DRC (black areas in Fig. 3.B). These southwestern areas
predominantly consist of herbaceous vegetation.

3.3. Areas of potential risks to biodiversity

Areas of high cocoa suitability and high biodiversity significance
represent a high potential risk for biodiversity. The highest potential risk
areas in this regard are south and west Cameroon, most of Equatorial
Guinea, parts of north and northwest Gabon, parts of north and north-
west Congo and large areas in north and central DRC (Fig. 4.A). Some of
the areas that are potentially at risk due to a combination of high cocoa
suitability and high biodiversity significance are also highly accessible
(light yellow/white pixels in Fig. 4.A1 and 4.A2). Such areas include
southwestern and southern Cameroon, which are major cocoa-
producing regions (Supplementary Figure A.1), as well as western,
northeastern and central Equatorial Guinea, and northeastern and
eastern edges of DRC (Fig. 4.A). Eastern DRC provinces Ituri, and North
and South Kivu are also areas with Ebola risk as well as armed conflict
(Supplementary Figure A.2).

When forest areas are removed, areas of high potential risk for
biodiversity due to high suitability for cocoa growth include parts of
west Cameroon, small, scattered parts of southeast Gabon and central
Congo, northeast and eastern edges of DRC and parts of northwest DRC,
and small scattered parts of southwest Central African Republic and
Equatorial Guinea (Fig. 4.B). However, when considering both high
suitability and accessibility, the areas that could be most at risk from
biodiversity loss outside forests are mainly in west Cameroon (Fig. 4.B1)
and northeastern and eastern edges of DRC (Fig. 4.B2), though there are
other biodiversity risk areas outside of forests scattered across the
region.

High biodiversity risk areas (with high biodiversity significance,

cocoa suitability and accessibility) consist mostly of herbaceous vege-
tation (in the savanna-forest transition zone of western Cameroon,
Fig. 4.B1), and temporary cropland areas (in northeastern and eastern
edges of DRC, Fig. 4.B2).

4. Discussion

In this study, we used global open-source data to identify areas
where cocoa cultivation could potentially expand or intensify in the
Congo Basin based on suitability and land availability criteria. We then
mapped potential biodiversity risk areas within these regions based on
biodiversity importance and accessibility. This approach can be readily
replicated for other commodities for which limited spatial data are
available. It can also be conducted across different spatial scales.

4.1. Implications of findings

We identified areas where biodiversity is at risk due to potential
cocoa expansion, primarily in central regions of the Congo Basin (a
largely continuous/connected patch extending from western and
southern Cameroon to northeastern and eastern DRC). There are several
important protected areas surrounding these regions that host a large
diversity of endemic and threatened species. Among these are Came-
roon’s Nki national park, DRC’s Okapi Wildlife Reserve, Maiko National
Park and the transboundary Virunga National Park (Figure A.2). These
areas are also highly accessible, leading to pressure from agricultural
expansion, including cocoa, that then combines with bushmeat hunting
and illegal logging around the fringes of the parks (Laurance et al., 2014;
Wilkie et al., 2000).

Some of these areas align with findings by de Beule et al. (2014), who
estimated potential cocoa expansion and deforestation areas based on
field visits and literature review. Examples include: i) Mambasa area –
which mostly consists of Ituri forest and is close to Okapi Wildlife
Reserve (up to 18,000 ha of deforestation), ii) Mbandaka area in the
Equatorial province with water access routes through the Congo River
(up to 12,000 ha of deforestation) iii) Beni area near Virunga national
park (up to 8,250 ha of deforestation) (De Beule et al., 2014). To address
these pressures, there are some initiatives that seek to support both local
livelihoods and forest conservation, including by promoting cocoa as an
alternative economic activity to bushmeat hunting and logging. For
example, around the Okapi Wildlife reserve, the Sustainable Trade
Initiative IDH works with the Wildlife Conservation Society (WCS) and
private sector partners to support sustainable cocoa production around
the reserve (CBI, 2023).

The suitable areas that remain after removing forest classes were
mostly herbaceous vegetation. In Cameroon, cocoa production is pro-
moted in the savanna transition zone to increase carbon sequestration
and avoid deforestation (Government of Cameroon, 2021; Jagoret et al.,
2012; Nijmeijer et al., 2019). This poses unclear implications for
biodiversity and local people. Many existing cocoa-growing areas in the
region were likely considered forests in the land cover dataset that we
used due to the prevalence of shaded agroforestry systems. Diverse
shaded cocoa has been shown to host significant biodiversity (Maney
et al., 2022). In such instances, the main risk is not one from expansion,
but from production systems being intensified through simplification
leading to tree cover loss, i.e., moving towards low shade or mono-
culture systems. This is especially likely to happen in areas with better
market access. For example, Sonwa et al. (2007) found that around
Cameroon’s capital city Yaoundé, agroforests were less diverse than in
less urbanised sub-regions. They also contained a higher relative density
of (exotic) food producing trees. In countries with much smaller
cocoa-growing areas within still highly forested landscapes, expansion
into primary forests is likely a greater risk.

Nearness to urban areas poses a risk factor for intensification and
expansion of cocoa cultivation. Conversely, highly accessible areas
(close to roads and large settlements) are likely to have lower
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Fig. 2. A. Area available and suitability for cocoa (case 1). B. Area available and suitability for cocoa with forest areas removed (case 2). White areas represent
biophysical or legal barriers to cocoa growing while the colour gradient represents climatic suitability.
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Fig. 3. A. Accessibility and cocoa suitability (case 1). B. Accessibility and cocoa suitability with forest areas removed (case 2). Accessibility is represented by travel
time to the nearest major city. Black areas are both highly accessible and suitable for growing cocoa.
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Fig. 4. RGB plots showing accessibility, biodiversity significance and cocoa suitability (case 1). Case 2 shows the same with forest areas removed. The colours on the
plots are presented in a 3-dimensional cube representing metrics in each axis: cocoa suitability (red), biodiversity significance (green), and accessibility (blue). The 3-
D cube is shown in two views, to allow visualization of a broader range of colours. In the front view (top cube), each face shows the highest value of one metric and
variable values of the other two. Lighter combinations of colours indicate higher combined values of the three metrics. White indicates areas with the highest values
of all three metrics. In the back view (bottom cube), each face shows the lowest value of one metric and variable values of the other two. Black indicates areas with
the lowest values of all three metrics. Note that black also represents barriers to growing cocoa (refer to Figs. 2 or 3 for the delineation of the biophysical and legal
barriers to growing cocoa). Pure colours (red, green, blue) indicate a high value in one metric and low values in the others, while mixed colours (i.e., yellow,
magenta, cyan) indicate high values in two metrics. Yellow (combination of red and green) indicates areas with high biodiversity significance and cocoa suitability.
Similarly, cyan (combination of green and blue) indicates high biodiversity significance and accessibility, and magenta (combination of red and blue) shows areas
with high cocoa suitability and accessibility.
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biodiversity values due to existing forest degradation. Such areas might,
therefore, be considered to have opportunities for sustainable agricul-
tural development. According to Cordero-Sancho and Bergen (2018), in
the forest areas of Cameroon and the Republic of Congo, 76 percent of
the clearings were located within 1 km distance from either a road or a
river. Such considerations should be included in local planning.
Including spatial data on forest condition in combination with accessi-
bility could help in identifying areas combining potentially lower risk
and higher opportunity for biodiversity and people.

Policies to halt imported deforestation pose a risk to national econ-
omies in forested countries where agricultural export commodities are a
major part of economic development trajectories (e.g., (Eba’a Atyi et al.,
2022)). They also pose a risk to local livelihoods, particularly where
smallholder farmers mainly produce commodities like cocoa. These
socio-economic impacts need further understanding. Challenges include
the lack of consensus on forest and deforestation definitions and moni-
toring methods (Eba’a Atyi et al., 2022). Cameroon, for example, dis-
tinguishes the permanent and the non-permanent forest domain. The
latter in principle being available for economic development like com-
modity agriculture. Development of such areas would be considered
deforestation as per the new EU law on imported deforestation. Yet,
without alternative income sources from maintaining such areas as
forests (e.g., payments for carbon sequestration), such countries may
have few alternatives to achieve their development objectives. More-
over, some types of land use change may be less detrimental to (local)
biodiversity than others, and well managed perennial commodity pro-
duction systems could outweigh some more destructive economic ac-
tivity options such as open cast mining or industrial plantations that
transform whole landscapes into monocultures (Maney et al., 2022;
Niether et al., 2020).

Even if the Congo Basin countries implemented a zero-deforestation
policy across all forested areas, western Cameroon and northeastern and
eastern edges of DRC could still be at risk of biodiversity loss due to the
conversion of other land use types (like herbaceous vegetation in the
savanna-forest transition zone) to cocoa. Similarly, existing agricultural
systems in these areas could be at risk of losing tree cover under pres-
sures to increase food and commodity production. These include, for
example, areas surrounding Beni and running adjacent to Virunga Na-
tional Park. While large-scale cocoa expansion in eastern DRC is unlikely
as long as armed conflict and the risk of Ebola outbreaks persist, the
potential for such expansion in these areas in the future cannot be dis-
missed. Unplanned cocoa expansion has a high risk of increasing the rate
of deforestation and biodiversity loss in the primary forests and other
ecosystems of the Congo Basin. This would be detrimental to the flora
and fauna of the region while simultaneously worsening the impacts of
climate change, reducing soil fertility, and spreading diseases.

This study is not intended to guide implementation of areas where
cocoa cultivation should take place, e.g., in areas of high suitability, high
accessibility and low biodiversity significance, as the resolution of the
data does not allow us to make such decisions on a local scale. Yet, it
allows the broad prioritisation of such areas for further targeted
assessment using similar criteria at the local level. Finer scale assess-
ments and field studies should be conducted to inform any on-ground
planning and development of commodity cropping. Furthermore,
localised planning should include social impact assessments to under-
stand the implications of cocoa expansion and identify the potential
problems and benefits for local communities. These assessments should
focus on the needs, dependencies and vulnerabilities of women in the
areas where cocoa expansion is being considered, since in some contexts
women are known to face inequalities and disadvantages in cocoa
farming compared to men (Danso-Abbeam et al., 2020; Friedman et al.,
2019).

Finally, yields are generally only about half the potential in the re-
gion, with much variation (Lescuyer et al., 2020). Supporting farmers to
achieve higher yields in both simple and complex cocoa cropping sys-
tems would be beneficial (Wessel and Quist-Wessel, 2015). The choice of

production systems should be informed by local level objectives, with
for example simpler, more intensive systems near urban areas or where
market access is good but away from important biodiversity areas
(protected or not). Conversely, more diverse systems (e.g., agroforestry)
can be promoted near areas of high biodiversity and carbon values or
where market access is limited and farmers are better off with a more
diversified system.

4.2. Spatial approach to identify crop expansion and biodiversity risk

Below, we highlight some caveats and limitations with our approach.
There is limited occurrence data on cocoa plantations in the Congo Basin
and, since cocoa is mostly grown under tree canopy cover in the region,
it is challenging to accurately detect plantations using remote sensing
methods. This lack of continuous long-term data on the spatial extent of
cocoa cultivation makes it difficult to estimate potential areas of
expansion as this is likely to occur from areas where cocoa is already
grown.

To explore remaining areas suitable and available for cocoa outside
forests, we excluded forest classes with canopy cover greater than 15 %
(Copernicus 2019 landcover data (Buchhorn et al., 2020)), whereas EU
legislation on imported deforestation uses a 10 % threshold. This means
some of our remaining areas would be considered forest under the latter
definition. Therefore, we acknowledge that the forest dataset we used
does not align fully with the “forest” definition by the new EU legisla-
tion. Removing forests > 15 % forest cover also removes known cocoa
production areas in the region (e.g., in central, southeastern and
southwestern Cameroon), illustrating the difficulty of distinguishing
cocoa agroforestry systems from forest. This raises potential issues for
monitoring the role of cocoa production in deforestation depending on
the forest definition and whether this definition can be accurately
mapped.

The assumed biophysical barriers to cocoa cultivation include wet-
lands, peatlands and slope above 20 %. In reality, these aspects may
affect suitability for cocoa on a continuous scale (e.g., for slope) as is the
case for climatic suitability. However, data on the relationship between
cocoa productivity and these aspects is limited. For slope, there are some
data available for Papua New Guinea (Singh et al., 2021), but not for any
of the Congo Basin countries.

Our climate suitability model used a species distribution modelling
approach to assess the similarity of climate in the study area with
climate at global cocoa locations. This was necessary because little is
known about the cocoa-climate relationship in the Congo Basin itself.
Model parameters were carefully selected to avoid overfitting, although
uncertainty remains about whether the full range of potential climate
conditions was adequately reflected. Furthermore, interpolated climate
data were used for the climate model. It is known that such climate data
may have errors, especially in regions with low density of historic
climate observations (Fick and Hijmans, 2017).

While we endeavoured to use the best available spatial datasets, our
approach faces data-related challenges including inadequate ground
data (e.g., locations of cocoa plantations), varying spatial scales and
resolutions of data layers, and data availability across different time
periods. As expected for analysis at this spatial scale, the biodiversity
data are representative of species groups with available information and
the underlying AOH maps contain unknown omission and commission
errors.

Finally, in this exploratory study, we focused on a limited set of
assumed physical and legal barriers that could prevent cocoa from
growing in certain areas. Future studies could consider more layers such
as soil types, land tenure and socio-economic contexts in the region.
While such datasets may not exist in sufficiently high quality for the
entire Congo Basin, they may be available for smaller areas.
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5. Conclusions

Our analysis identified areas, mostly in the central belt of the Congo
Basin, where cocoa expansion could accelerate biodiversity loss. We find
that some highly biodiverse areas that are both highly suitable for cocoa
and highly accessible are found near important protected areas. This
poses a potential risk but also presents a local economic opportunity for
sustainable land use. There are non-forested areas that are suitable for
cocoa that could be considered for development under a no-
deforestation policy, though this may still impact important (non-for-
est) biodiversity values. Much existing shaded cocoa is detected as forest
in current land cover datasets. In such areas, the maintenance of shaded
systems should be promoted and can contribute to maintaining at least
some of the values and functions of forest, including carbon sequestra-
tion and significant biodiversity values.

We present a spatial approach to identify possible areas of future
cocoa expansion or intensification and the consequent biodiversity risk
areas, including those that are outside of forests, using global openly
accessible data sources. The approach in this study can be replicated for
other commodities and regions with inadequate national level data.
Further studies can incorporate additional data layers as needed and
relevant, to consider different constraints and opportunities. The find-
ings can help policymakers and practitioners in the agricultural sector
identify areas potentially most at risk of biodiversity loss from cocoa
expansion at the national level and balance trade-offs with other values,
such as carbon sequestration, other ecosystem services, and local and
national economic development objectives.
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Afforestation of savannah with cocoa agroforestry systems: a small-farmer
innovation in central Cameroon. Agrofor. Syst. 86, 493–504.

Jung, M., Dahal, P.R., Butchart, S.H.M., Donald, P.F., De Lamo, X., Lesiv, M., Kapos, V.,
Rondinini, C., Visconti, P., 2020. A global map of terrestrial habitat types. 7:1, 7 Sci.
Data 2020 (1), 1–8. https://doi.org/10.1038/s41597-020-00599-8.
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