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Preface

This book, “Shifting Frontiers of Theobroma cacao — Opportunities and Challenges
for Production”, presents a comprehensive perspective that acknowledges the interac-
tions of changing environmental conditions (climate, soil, and agroecological), cocoa
production, and sustainability.

The book is short, clear, readable, and accessible, and covers a broad range of topics
to quicken the pace of understanding and knowledge (scholarship) among agrocli-
matologists, social and natural scientists, policymakers, and activists concerned with
burning issues of changing environment conditions and their current and future
implications for cocoa production and sustainability.

The chapters are organized into four sections: “Climate Change as a Threat to Growing

Area Suitability for Cocoa’, “ICT Role in Advancing Climate Change Adaptation and
Climate Mitigation”, “Climate Change, Crop Protection and the Environment”, and
“Cocoa Cultivation: Role in Peace Building” The chapters inform, stimulate, and provoke
thought as well as actions and partnerships relevant to addressing challenges and con-
straints to cocoa production in the era of a changing climate. It provides insights into the
need for cocoa actors within the cocoa sector to strengthen climate mitigation and resil-
ience building and to come to grips with the realities, magnitude, and inevitable persis-
tence of climate challenge to cocoa production and sustainability. The authors synthesize
and deploy current scholarship on climate change and its implications and ramifications
for the crop Theobroma in ways to promote and activate intelligent thought, collective
actions, and partnerships for cocoa production sustainability. The book is invaluable to
scientists, researchers, agriculturists (cocoa farmers), and students, as it illuminates the

challenges presented by climate change for cocoa production and sustainability.

As the editors of this book volume, we would like to express my profound thankful-
ness and gratitude to all the authors, reviewers, and staff at IntechOpen. We all are
grateful and appreciative of their work and ideas.

Samuel Ohikhena Agele
The Federal University of Technology,
Akure, Nigeria

Olufemi Samuel Ibiremo, Ph.D.
Cocoa Research Institute of Nigeria,
Ibadan, Nigeria
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Chapter1

Perspective Chapter: Microclimate,
Plant Stress and Extension of
Cacao Frontiers to Marginal
Agroecologies of the Rainforest
Tropics

Samuel Ohikhena Agele, Olufemi Samuel Ibiremo
and Oladitan Titilayo

Abstract

Cacao (Theobroma cacao L.) is an important cash crop of the rainforest tropics
where it is a major foreign exchange earner, industrial raw material, livelihood,
and offer ecosystem services. The rainforest of the tropics is noted for high pro-
ductivity potential for cacao, however, and its development prospects is beset with
numerous challenges among which is the threat of climate change which is setting
new ecological boundaries. The new regimes of climate are expected to affect the area
suitable for agriculture, thus, crop species are bound to grow in areas where they were
not previously grown and areas that were hitherto not suitable for their production.
Nevertheless, the shifting environment conditions and associated marginal grow-
ing environment conditions (weather: (increasing warming and drought) and soil)
may offer opportunities for extending crop frontiers beyond its current ecological
boundaries. It is therefore necessary to develop strategies for alleviating constraints
imposed by changing environmental conditions thus setting the agenda for climate
smart adaptable and sustainable production systems. In addition, efforts to unlock the
potentials of the new environmental boundaries for crops will benefit from knowl-
edge, technologies and innovations and climate mitigation.

Keywords: Theobroma, cultivation, marginal, agroecology, mitigation resilience,
climate stress

1. Introduction

The global environment change (GEC) including climate change has resulted in
major shifts of crop growing environments (agroecologies, weather, soil) and thus
changes in the suitability of agroecologies for crops especially fruit tree species (cocoa,
citrus, oil palm). Climate change has been projected to cause shifts in the present
day growing conditions and set new environment boundaries and habitat range for
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crops and livestock, and such would crop yields and crop growing area suitability.

In particular, increases in temperatures and declining rainfall had led to large parts
of sub-Saharan The shifting climate in Sub-Saharan Africa has produced changes in
rainfall pattern, temperature, season length and abiotic stress and shifts in suitability
of crop growing areas especially for fruit tree species (cacao, oil palm, citrus, coffee
etc.) along ecological transect of wet to dry forests. There is however, increasing need
to extend production and thus, frontier of fruit tree cultivation to meet rising global
demand along other benefits (food security, livelihood, ecosystem services). The
new climatic regimes within agroecologies of Saharan Africa (SSA) will affect water
resources, agriculture, food and nutrition security, livelihoods and economic growth.

Cacao (Theobroma cacao) is an important cash crop in Africa, Central and South
America and Asia with an estimated annual production of 4.92 million tons [1]. In
these regions, cacao is a major foreign exchange earner, and important as industrial
raw material, livelihood, and ecosystem services provision. Based on its global impor-
tance, is the need for increased yields and expansion of cultivation to meet rising
global demand for cacao beans.

In West Africa, the rainforest belt constitutes the cocoa growing regions where
annual rainfall is high (ranging between 1500 and 2000 mm in a bi-modal distribu-
tion pattern, and wet-dry season transitions. The dry season is a terminal drought
situation for crops especially for plantation (permanent) crops which undergo
moderate to severe hydrothermal stresses [2-4].

Rainfall is most important determinant of the success of farming operation within
the rainfed farming system where crops are seldom irrigated despite the climate stress
of the seasonal wet and dry transitions.

In the West African cocoa producing regions, climate variability and extreme
weather events constitute the greatest production constraint to crop productivity [5-7].
Climatic variability has produced significant reductions in cocoa yields and deteriora-
tion in bean quality [5, 6]. Agrometeorological studies would contribute to improved
understanding of the effects of climate factors on plant environment. The understand-
ing will help to improve farming practices, but also to assess certain risks to the cocoa
tree due to irregular rainfall, extreme temperatures and humidity, and low insolation.

In the West Africa, farmers often grow crops in mixed stands (intercropping and
agroforestry practices) which subject them to varying intensities of shading. Reports
form cacao-based agroforestry system of tropical rainforest belt have shown that over
100 species covering 30 families of shade trees are found in cacao agroforests. Timber
and fruit tree species are widely used by farmers to provide shade for transplanted
cacao seedlings on the field [8, 9]. The heterogenous shading regime sin cacao agro-
forests are constituted by shade tree species; timber and fruit trees forming structur-
ally complex closed canopy multi-strata system (under-growths, middle and upper
storey species) which retain attributes of natural rainforest ecosystem. The agrofor-
estry system retain the positive attributes of natural forest climax. The co-occurring
species crops/trees therefore grow under variable shade intensities (20 to 70%
reduction in incoming radiation) and some pockets of unshaded area (full sunlight).
Thus, the variable shading scenarios in natural cacao based agroforestry systems of
the humid tropics can be constituted by: A: 30:70 timber trees and fruit tree species
in mixture - PAR interception ranging from 70 to 20%, B: 50:50 timber trees and fruit
tree species in mixture - PAR interception ranging from 70 to 20%, and C: open field
(full sun) cacao where light regimes is greater than 70% PAR interception [10].

Shade is known to buffer the effects of stress factors (high irradiance, tempera-
tures and atmospheric deficits (low humidity) of the dry season on tropical perennial
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fruit tree species in plantations and lower incidence of shoot/branch die-back and tree
mortality [11].

However, despite shade provision for transplanted cacao seedlings, high mortality
percentages are recorded between first and second dry season. Such seedling death
is attributable to high hydrothermal stresses of the terminal drought condition of the
dry season [9].

The high seedling mortality constitutes constraints to establishment of seedlings in
cocoa rehabilitation efforts following dry season drought. Other factors including low soil
fertility, pests (termites and capsids) and poor access to improved planting materials [12].

The naturally occurring shading regimes and variable light intensities are known
to expose cacao to modified microclimate, and altered availability and balance of
resource use to crops (enhanced competition). Cacao-based agroforestry system
ameliorated weather conditions, improved ecological benefits and ecosystem health,
the resultant enhance carbon sequestration will reduce global warming.

Cacao-based agroforestry ecosystem contributes to terrestrial carbon budget via
carbon storage in soil and crops, as well as microclimate amelioration, improved
ecological benefits and ecosystem health. These services exert feedback on terrestrial
climate. Reports indicate that the high potentials of net gains in C sequestration from
cacao-based agroforestry system is a promising CO, mitigation strategy [11].

2. The global economic and social impact of cocoa

The cocoa industry has made enormous contribution to global socio-economies.
Global cocoa production and expansion of the chocolate industry had retail value
of USD 100 billion in 2021, this is expected to grow further until 2027 [13]. Other
reports projected expansion growth of about USD 69.1 billion by 2030 [14, 15].
However, over 79% total annual cocoa bean production is processed into cocoa butter,
chocolate, or other products outside the main producing centres especially in the Sub-
Saharan Africa for example, Europe followed by Asia and Oceania [13]. Cocoa is vital
for Nigeria’s economy. More than 70% of cocoa farmers are smallholders with average
farm size less than 1.5 ha, yield increases are mostly due to expansion of cocoa land
area Cocoa yields are principally affected by soil and climatic variables [10, 16, 17].
There has been declining cocoa export from the mid-1980s to till date.

3. Agricultural ecology of the rainforest of Nigeria

The rainforest zone of Nigeria is characterized by annual rainfall of over 1500 mm dis-
tributed in a bimodal pattern of seven to 8 months duration (the growing season), and 3
to 4 months of dry season (typically from late November to march) characterized by low
humidity, temperatures over 32°C and clear skies. Rainfall is characterized by unpredict-
able onset and cessation dates, variable lengths of growing seasons, increasing intensities
and duration of terminal drought situations and elevated soil and air temperatures.

Seasonality of sowing implies that crop production is rainfed and linked to
seasonally available soil water (rainfed agriculture). The four to 6 months of dry
weather results in soil water deficits and high soil and air temperatures [8, 10]. In fruit
trees, unfavorable e soil and weather conditions of the short and long dry seasons
are known to affect flowering and pod production with negative consequences on
bean size. In fruiting trees, water deficits result in lower yields and an increase in the
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level of mirid (capsid) damage and tree mortality. Since cacao is seldom irrigated,
trees undergo severe water stress during the dry season, leading to branch die-back,
and for pod-bearing trees, hydrothermal stresses affect pod filling and bean size.
Additionally, the wet-dry seasonal transitions cause seasonal leaf shedding at the
onset of dry season and leaflessness until beginning of rain. Under the episodes of
drought of the dry season, tree crops including cacao, may be subjected to water
stress-induced hydraulic failure and cavitation events in the soil-canopy continuum.
Thus, fruit trees would have to adjust water relations and water use and other physi-
ological functions for optimum productivity.

4. Climate change and extreme weather events and the changing cocoa
production landscapes in West Africa

The scenarios of climate change especially, temperature and rainfall patterns for
West Africa including Nigeria have been variously modeled using process-based
methods of the General Circulation Models (GCM) and Simple Climate Models
(SCM) [18, 19]. The studies have indicated projected decline in mean annual rainfall
by —3.1, —12.1 and —20.2% in year 2020, 2050, and 2080, respectively.

Cocoa is sensitive to changes in climate conditions for example, sunshine hour,
temperature, rainfall, soil conditions and their effects on evapotranspiration.
Drought affect growth and yield of cocoa, and the pattern of cropping of cocoa is
related to rainfall distribution. Under the projected climate change from 2020 to
2080, cocoa yields may decrease significant below its current yield levels.

It is reported that climate change had produced shifts in the geographical distribu-
tion of host and pathogen/pests, altered crop yields and crop loses, stages and rates of
development of cocoa pests and pathogens while modifications in host resistance and
physiology of host-pathogen/pests interaction may change. Extreme climate induces
drought and tree mortality events worldwide, and further increases in tree mortality
events are predicted under future climate. Tree mortality enhanced by drought is also
noticeable even in moist and wet tropical forests [20, 21]. Climate change is expected
to exacerbate mortality events in tropical forest species especially the fruit tree
species. Within ecosystems, plant species respond to drought and high temperature
stresses of the wet-dry season transitions, environmental (climate) changes will affect
ecosystem and plant distribution.

Climate projections using Global Climate Models and change scenarios (SSP-
RCP2.5, 4.5 and 8.5), have identified important shifts and shrinkage of suitable areas
for tropical crops [19, 22]. The change projections have indicated significant areas
of West Africa are likely to experience unfavorable climatic conditions by 2050 [19].
Other reports have affirmed the shifting agroecological landscapes for cocoa in Ghana,
Cote D’Ivoire [22]. These reports indicate the need for adaptation planning to ensure
sustainability of crop production under current and future climate scenarios [23].

The projections of climate scenarios are relevant for assessing vulnerabilities and
impacts of climate change on agriculture, also useful for identifying adaptation strat-
egies capable of sustaining crop production under future climates. Such projections
have been made using CORDEX RCP 4.5 and 8.5 in some cocoa producing regions of
West Africa [24]. Results showed that critical temperatures thresholds (33°C) would
be exceeded which will result in decline in cocoa performance.

There has been declines in quantity and quality of land and accelerated nutrient
depletion within the cacao growing agroecology of West Africa particularly Nigeria.
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The ecological transect of wet/moist to dry forests of the humid tropics is charac-
terized by increasing frequencies and intensities of droughts and dry spells, water
resource scarcity, high temperatures, soil and atmospheric aridity, land degradation
(soil erosion and fertility depletion), insect pests and disease pressures. The changing
climate and agroecological conditions (vegetation and soil) constitute constraints to
sustainable cocoa production in the West African rainforest belt.

5. Climate and soil requirements for cocoa

Cocoa is essentially a plant of the tropical rainforest, it grows well within about
20° north and south of the equator. The equatorial environment with high tempera-
tures and heavy rainfall (between 1500 and 3500 mm) and nitrogen-rich soil is best
agroecology for cocoa.

Recommended weather conditions for cocoa especially temperatures: maximum
temperatures of 30-32°C and 18-21°C and absolute minimum of 10°C. Light use
efficiency relates to temperature because temperatures below 24°C is reported to
decreasing radiation use efficiencies especially for photosynthesis rate at light satura-
tion [25]. Cocoa plant has low light saturation point (LSP) of 400 p E m~2stand
low maximum photosynthetic rate (7 mg dm™" h™) at light saturation. It is reported
that crop photosynthesis rate decreases if the photosynthetic apparatus is exposed to
light intensities exceeding 60% of full sunlight (1800 p mol m™s™), and prolonged
exposure to high light intensities damages the photosynthetic apparatus of leaves [25].
Low light intensities however suppress flower and pod production in cocoa. Opeke [8]
and Wood and Lass [26] reported that cocoa optimum growth occur under rainfall
of 1250-3000 mm per annum (preferably between 1500 and 2000 mm), dry season
not longer than 3 months, maximum temperature between 30 and 32°C, minimum of
18-21°C, and no strong winds. Reports from studies under controlled-environment
facility (growth chamber) have showed that cocoa performed well under high humid-
ity (80-95% RH) and about 27°C [25].

Cocoa does well on deep soil of loamy sand texture, friable clays, red or reddish-
brown in color and soil pH greater than 6.0 [26, 27]. Cocoa can be successfully grown
on heavy clay soil, yellow to red overlying a deposit of hydrated iron oxides. Reports
from other studies from analyses of soils from the different countries tended to fall
into Alfisols and Ultisols classification [26, 27]. Commonly used terminologies such as
“ideal cocoa soils,” “ideal cocoa climate” and “marginal cocoa climate” to describe the
suitability of agroecologies for its production.

In Nigeria, cocoa cultivation is restricted to south western and eastern parts of the
country where the annual rainfall is above 1200 mm. Thus, cocoa production activi-
ties are concentrated along rainforest zone of southern Nigeria across in Ondo, Cross
River, Ekiti, Osun, Oyo, and Ogun States where the environmental conditions are
most suitable. The major cocoa producing areas lie between Latitude 5° 32" to 7° 47'N
and between Longitude 3° 55’ to 8° 42'E (Figure 1). The most important varieties of
cocoa are Theobroma cacao (officially named in 1753 by the Swedish scientist Carl von
Linné) and Criollo, Forastero and Trinitario (with numerous hybrids for each strain).

Soils of the south western Nigeria have developed form metamorphic rocks of the
basement complex, majority of these soils are of Pre-Cambrian age [27]. The soils are
mainly classified as Typic Kanhaplustalf and Typic Haplustalf. The soils of the south
eastern Nigeria are derived from basalt under humid tropical forest vegetation and are
predominantly classified as Typic Tropohumult (Figure 2) [28].
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Figure 1.
Bimodal rainfall peaks of the rainforest zone of Nigeria: Rainfed and irrigation based cropping opportunities.
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Figure 2.
Cocoa producing states in Nigeria.

6. Climate and agro-ecological conditions

Climate factors play a primary role in determining the ecology of a region [29, 30].
Ecological conditions have profound impacts on the types and scales of agricultural
activities [30, 31]. The vegetation zones of Nigeria, are determined by the prevailing
climatic conditions, the zones differ in amount and distribution of rainfall, humidity,
temperature, atmospheric pressure. The zones are different in annual rainfall and
temperature, and predominant species composition (Figure 3). These zones have
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Vegetation zones of Nigeria.

varying annual rainfall, temperature, atmospheric pressure, and predominant vegeta-
tion (dominant species).

Agro-Ecological Zonation (FAO-AEZ) identifies the land's suitability for crop
farming and helps understanding of impacts of climate change on agriculture.
Agroecological zonation has been used as a tool for identifying agricultural activities
under current climate conditions and for predicting future area suitability for crops
(FAO (1978, FAO/IIASA (2012) classified Africa into Agro-Ecological Zones (AEZs)
based on temperature, precipitation, and soil moisture conditions. Agroceological
zonation provides clear picture of land potentials of land resources for use through
matching of production system requirements with the land characteristics within
the agroecology. The most vulnerable crop producing zones to climate change can
be delineated using the concept of AEZs [29, 32]. Modeling results have affirmed
shifts in the AEZs under different climate change scenarios [33] and analysis of AEZ
had established that climate change affects African landscapes and agroecologies.
Results of such analyses for West Africa establish that that the moist (humid) and dry
savanna are more vulnerable to climate change while the humid forest or sub-humid
AEZs will become more productive in the future [33].

Image analysis using spot-vegetation sensors have showed changes in the composi-
tion and extent of different vegetation zones across Nigeria. Reports have confirmed
the encroachment of the savanna into the forest belt of southern part of the country.
The expansion of non-forest areas, fragmentation and shrinkage of forested ecosystems
have ecological and socio-economic consequences [22]. Unsustainable anthropogenic
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activities such as lumbering, open cast mining, and agriculture have accelerated the
degradation of vegetation, soil quality, biodiversity loss, ecosystem services and climate
change. The changes in the suitability of agroecologies and crop growing under the
present and the future climate using model projections have affirmed differences in
suitability ranges from moderate to marginal suitability and the very unsuitable.

7. Climate and agroecological suitability for cocoa

Land suitability classification relates to comparison of requirements of land-use
types with properties of land units. Land suitability assessment is a valuable tool for
rational soil use planning and sustainable land management.

Agroecological suitability is a measure of the ability of an agroecology to support
intended uses (agricultural activities involving production of arable (annual) and
permanent (plantation) crops.

Suitability is indicated separately for each land-use type, showing whether the
land is suitable or not suitable. Classification of current crop suitability refers to land
suitability for a defined use in its present condition, without major improvements.
Crop suitability describes appropriateness of an area of land based on the growing
threshold of a crop in relation to climatic conditions (minimum and mean monthly
temperature and total monthly rainfall) [19, 34]. Crop suitability is also relate to the
spatial appropriateness and distribution of land area based on the growing climatic
suitability threshold of a crop over time period [35].

Multiple global circulation models (IPSL-CM5A-LR, BCC-CSM 1.1 and MIROC-
ESM-CHEM) have been used to simulate changes in crop growing area suitability
across the agroecological zones of West Africa future climate change scenarios (RCP
2.6, 4.5, and 8.5) [19, 36]. Areas with increasing and decreasing land suitability were
predicted to increase with time, the changes were greater for RCP 4.5 while RCP 8.5
gave the worst prediction indicating higher risk of crop cultivation in the future [36].

Climate departure defines a shift in the climate pattern of a region outside the
range of historical variability and such description may be based on local temperature
exceeding historical high. Mora et al. [37] described climate departure as the year in
which the average temperature of the coldest year after 2005 was warmer than the
historic hottest year at a given location. Climate departure manifests as deviation from
the historical mean and/or variance of the local climate of an area or region induced
by global warming. The authors suggested that West Africa will experience a climate
departure based on temperature rise will occur about two decades (2029) earlier than
the global mean temperature (2047). The study established the likelihood of changes
in large-scale crop and growing area suitability across West African agroecologies.

The concept of crop-climate departure (CCD) is useful for evaluating future
changes in crop suitability over historical and future time periods. Crop-climate
departure has been used to evaluate future changes in the crop suitability and plant-
ing month for crop species in some west African agroecologies [19]. The authors used
using Global climate model simulations downscaled by the CORDEX regional climate
model (RCA4) to drive the crop suitability model [36]. Results showed a reduction
(negative linear correlation) and expansion (positive linear correlation) in area and
crop suitability for the guinea and southern sahel zones of West Africa. The study
recommended options for short and long-term adaptation and planning for future
changes in the crop suitability and planting windows for improving food security and
livelihood in West Africa savanna agroecologies.
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Crop distribution over agroecologies is predicted using species distribution models
(SDMs). Species distribution models are built on genetic algorithm for setting rule for
production (GARP) and CLIMEX, and maximum -entropy (MaxEnt) [38-40]. Among
the species distribution models, MaxEnt is the most widely used model in recent
years [41, 42]. Predictions of impacts of climate (current and future scenarios) on
area (agroecology) suitability for crops using Global Circulation Models and adapted
MAXENT model. MaxEnt has shown outstanding predictive performance compare
with other modeling methods [43, 44]. The simulation of present and potential area
suitability or crops in agroecologies and under future climate (2030s, 2050s and 2080s)
using MaxEnt model has indicated variabilities in current regional and global agri-
cultural crop area suitability from medium to high suitability in addition to potential
undeveloped suitable areas [36]. The predictions also affirmed shifts in the current
distribution of crop growing area especially under future climates (2050 and beyond).
Especially for West Africa, the studies showed that some current agroecologies of West
Africa will be suitable for crops while some others will become unsuitable.

In the rainforest of West Africa, (the cocoa growing belt of the region), predic-
tions have affirmed that yearly and monthly rainfall will decrease slightly by 2050
(aside the coastal areas) and yearly in addition to increases in monthly minimum and
maximum temperatures by 2030 with continue increases up till 2050 [19, 36]. In gen-
eral, West African climate will become less seasonal due to within the year variations,
increases in temperature in specific districts by about 1.2°C by 2030 and 2.1°C by
2050 and less seasonal precipitation with decreases in number of dry months (from
4 to 3 months). This trend may imply changes in the suitability and distribution of
growing areas within the current cocoa-growing areas in some parts of West Africa
(Ghana, Céte d’Ivoire and Nigeria) by 2050 due to temperature increases.

The changing landscapes (agroecologies) and may require changes in agricultural
practices as adaptation to new environmental conditions that will prevail while the
climatic suitability for growing crops in some parts of West Africa rainforest belt.

The development of site-specific adaptation strategies will reduce the vulnerability of
smallholder farmers to climate change challenges. The imports of progressive changes
in climate and the suitability of crop growing area in particular, with the current areas
becoming unsuitable for certain crops may require farmers to shift to alternative crops.

The suitability or otherwise of cocoa growing areas in the rainforest of Nigeria under
present and the two future climate models (HadGEM2 and CNRM-CMS5 under RCP 4.5
and 8.5) is presented in Figure 4. The results showed that compare with present day cli-
mate and growing area for cocoa, the unsuitable areas will increase under both scenario
predictions and higher magnitude of change for CNRM-CMS5 RCP 4.5 and 8.5. greater
decline in area suitability is projected for RCP 4.5 for both HadGEM2 and CNRM-CMS5.

8. Climate change and distribution range for species

Climate change acts as a major cause of species extinction by impacting the
distribution and abundance of species. Species may either keep their current range
or respond to changing environmental conditions with range expansions, contrac-
tions or shifts [45, 46], which may ultimately contribute towards shrinkage in the
forest cover and crucial biodiversity loss [47]. The non-significant changes in habitat
suitability for species under climate change scenarios may indicate higher climate
resilience. Climate warming can provoke species attrition (changes in species rich-
ness) in various ecologies, this may cause increases in colonization of new suitable
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Figure 4.
Fruit tree species (including cacao) land aveas of the vainforest zone of Nigeria under the present and future
climate models.

areas (expansion range for species) or retractions from unsuitable sites with harsher
environmental conditions. Such phenomenon may lead to local and even global spe-
cies extinction events [46, 48].

9. Environmental factors driving crop growing area suitability

Environmental factors (weather and soil) drive changes in area suitability for
crops in agroecologies (AZEs). Climate suitability relates to levels of climate vari-
ables which determine growing areas having the potential for successful cultivation
and growth of certain crop (s) [45, 46]. Such bioclimatic variables include monthly
temperature and rainfall, seasonality (annual range in temperature and precipitation)
and extreme or limiting weather factors such as temperature of the warmest month,
and rainfall of the wettest and driest months useful for generate biologically mean-
ingful indicators for ecological niche modeling.

Temperature increases had been reported as a major driver of shifts in area suit-
ability for crops under current and future climate. Reports identified temperature of
the warmest month as the main driving factor. Temperature explains about 30% of the
negative change in area suitability (under 2.4°C increases in temperature of the warmest
month by 2050). Temperature seasonality has been identified as the main driving factor
for negative change in suitability. The contribution of different bioclimatic variables to
changes in crop growing area suitability between current and future climate scenarios,
had shown decreasing and increasing trends for crop suitability in agroecologies.

10. Changes in global climate

Global warming denotes the unusually rapid increase in Earth’s average surface
temperature over the past century primarily due to the greenhouse [49]. Over
both the last 140 years and 100 years, estimates have shown that global aver-
age surface temperature has increased by 0.6 + 0.2°C that is by approximately
0.5-1.0°F (0.3-0.6°C) over the last century [50]. Trends in global average surface
temperature between 1993 and 2022 in degrees Fahrenheit per decade confirmed
that most of the planet is warming (Figure 4). Only a few locations, mostly in
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Global average surface temperature: https://www.climate.gov/media/15022. The average yearly surface
temperatures from 1880 to 2022. The cooler-than-average years are depicted in blue bars and warmer-than-
average years are shown in ved bays. (Source: NOAA Climate.gov graph, based on data from the National Centers
for environmental information,).

Southern Hemisphere and oceans have cooled over this time period [51]. Trends
of increased warming since 1981, has been twice as fast at 0.32°F (0.18°C) per
decade [52]. The earth’s temperature has risen by an average of 0.14° Fahrenheit
(0.08°C) per decade since 1880, or about 2°F in total. The 10 warmest years in the
historical record have all occurred since 2010. Over the twentieth-century average
of 13.9 and 1.06°C warmer than the pre-industrial period (1880-1900), the year
2022 had warmer surface temperature (0.86°C/1.55°F) (Figure 4). Each month

of 2022 ranked among the ten warmest for that month (Global Climate Report
from NOAA National Centres for Environmental Information, [51]). The “cool-
est” month was November, which was 1.35°F (0.75°C) warmer than global average
(Figure 5).

11. The changing climate: the case of Africa

Based on the reports of [50] and Zougmoré et al. [53], over the coming decades,
warming from climate change is expected across almost all the Earth’s surface
while global mean rainfall will increase. In particular, climate change constitutes
increasingly serious threat for Africa, a region that has been described as among
the most vulnerable continents to the challenges of climate change. Africa is
warming faster than the rest of the world on average, records showed that surface
temperatures have generally increased over Africa since the late nineteenth century
to the early twenty first century by about 1°C, (Figures 6 and 7). Based on climate
projections, many African countries and regions, this will severely compromise
agricultural production and food security [50, 54]. Omotosho et al. [55] reported
that in West Africa, seasonal cycle of rainfall is driven by the south-north move-
ment of the Inter-Tropical Convergence Zone (ITCZ). The ITCZ is characterized
by the confluence between moist south-westerly monsoon winds and the dry
north-easterly.
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12. Rainfall and temperature anomalies of the rainforest zone of Nigeria
(1980-2020)

The time series (year: 1980-2020) of a normalized annual departure of rainfall
and temperatures standardized mean rainfall anomaly, ) for the rainforest agro-
ecological zone of Nigeria. moderate fluctuation in temperature and rainfall are
represented by anomaly values of +5 while -58 denote drought years, and above
+0.5 as likelihood of flood events (Figure 7a). The normalized annual departure of
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Figure 7.

Changes in global and sub-Sahavan Africa (1900 to 2020). a. Rainfall anomaly trends (1980—2020) for rainforest
zone of Nigeria. b. Maximum temperature anomaly trends (1980-2020). ¢. Minimum temperature anomaly
trends (1980—2020).
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temperatures (maximum and minimum temperatures) is illustrated in Figures 7 and
7b. The results confirmed elevated temperatures characterized by high maxima and
minima values which mean high probability of exceeding crop-specific high tempera-
ture thresholds. Temperature warming may elicit adjustment of plant physiological
functions and water use. Such plasticity is important to acclimation to environmental
stresses especially in plant species useful in the revegetation of degraded urban lands.
The observed trends confirm changes in climate over Nigeria (for rainfall, maximum
and minimum temperatures) for years 1980-2020).

13. Environmental factors driving growing area suitability

Bioclimatic variables are derivable from WorldClim database, from monthly tem-
perature and rainfall values. These Bioclimatic variables are biologically relevant and are
often used in ecological niche modeling. Environmental factors (weather and soil) driv-
ing change in area suitability for cocoa in the West Africa rainforest belt are exemplified
by changes in mean annual temperature and rainfall), seasonality (annual range in
temperature and precipitation) and extreme or limiting weather such as temperature of
the warmest month, and rainfall of the wettest and driest months. The contribution of
bioclimatic variables to the predicted shift in growing area suitability for cocoa between
current and 2050 climate scenarios had showed decreasing suitability of weather, soil
and vegetation (agroecologies) for cocoa in the tropical rainforest belts of West Africa.
Temperature increases had been reported as a major driver of shifts in area suitability for
crops especially the changes in suitability between current and future climate especially,
the temperature of the warmest month as the main driving factor (it explains about 30%
for negative change in area suitability [24]. Climate change will also increase the pres-
sure on forest areas and on other important habitats for fauna and flora [24].

Projections for future climate change suggest a warmer and drier climate in
the West African rainforest belt. Information and knowledge improvements with
respect to effects of these changes on cocoa production and area suitability in the
West African rainforest biome. Simulations using models for the suitability of cocoa’s
geographical distribution using ensemble of correlative models and projections of two
future climate scenarios (RCPs 4.5 and 8.5) by 2050 had been conducted. The models
generated information on climate and soil suitability for cocoa. The current and
future suitability model had indicated how cocoa production may respond to climate
change, and had suggested that reduction in precipitation and increases in tempera-
ture may result in reduction in the suitability of the West African rainforest belt
cocoa production. The areas suitable for cocoa plantation will decrease by about 37.05
and 73.15% (area suitability for intensification and expansion) under RCP 4.5 and
8.5, respectively, compared with the current climate. Model results also suggest that
reduction in precipitation and increase in temperature which may produce a reduc-
tion in agroecological suitability for cocoa production in the West African rainforest.

14. Conclusions

Global environment change including climate change has produced marginal
environments (agroecologies, weather, soil) and thus major shifts in the suitability
of agroecologies for crop production. Thus, climate change has created new envi-
ronmental boundaries occasioned by changes in rainfall patterns and temperature
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regimes, seasonal shifts and habitat range for crops. Such changes are expected to
affect the area suitable for agriculture, crop species are bound to grow in areas where
they were not previously grown and areas that were hitherto not suitable for their
production. Climate change may bring about decreases in area suitability for agricul-
ture, and decreases in length of growing seasons and crop yield potentials.

The changing environment conditions are projected to limit cocoa produc-
tion while the expansion of its production has placed increasing pressure on forest
resources in particular along the ecological transect of wet to dry forests. Increase in
mean annual temperature up to 2°C will cause considerable decrease in suitability of
the rainforest belt of West Africa for cocoa production.

Results of agroecological zoning quantification, show a promise for the extension
of suitable areas for the intensification and expansion of cocoa cultivation under
future climate. However there will remain, some tracts of land with high levels of
soil and climate suitability in the rainforest for cocoa production. Although, tropical
crop species are naturally adapted to warmer climates and are developing increasing
resilience to climate-related stresses.

Increases in temperatures and declines in rainfall will lead to large parts of sub-
Saharan Africa becoming unsuitable for crops. This situation may necessitate a transi-
tion to more heat and drought resistant crops to ensure food and nutrition security
in the sub-region. The new climatic regimes set by global climate change will affect
water resources, agriculture, food and nutrition security, livelihoods and economic
growth. In future climates, 2050 and beyond, high percentage loss in the suitability
of the West African rainforest for crop production is envisaged. There is however,
increasing need to extend production and thus, frontier of fruit tree cultivation to
meet rising global demand along other benefits (food security, livelihood, ecosystem
services). Sustainable management practices would be required for enhanced produc-
tivity and climate mitigation in the era of shifting cacao agroecology and landscapes.
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Aerosol Geoengineering on Cocoa
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Abstract

Cocoa is an important cash crop that contributes to the economy of Nigeria via
job creation and foreign exchange earnings. However, escalating global warming
trends threatens Cocoa cultivation and have resulted in a decline and heightened
variability in Cocoa production in Nigeria, with potential for further exacerbation
in the future. A potential way to reduce the warming is through climate intervention
(CI) techniques, including Stratospheric Aerosol Injection (SAI), which involves the
injection of sulphur into the stratosphere to reflect a small percentage of incoming
solar radiation and lower earth’s temperature. To gauge GHG and SAI impact on
Cocoa suitability in Nigeria, we used Geoengineering Large Ensemble Simulations
(GLENS) dataset as input into Ecocrop model for historical (2011-2030) and future
periods (2070-2089). Our results show GHG impact will increase mean and mini-
mum temperatures (up to 3°C) and total monthly rainfall (up to 15 mm) by the end
of century in the southwest and north-east area of Nigeria while rainfall decrease of
similar magnitude in the other parts of the country. With SAI intervention, rainfall
may decrease by about 10-20 mm over the country and reduce mean and minimum
temperature by 2°C. Suitable land for Cocoa cultivation in Nigeria may decrease by 24
and 18% under GHG and SAI, respectively, while unsuitable may increase by 14 and
24% by the end of century. Our study has implications for the economies based on
Cocoa production in Nigeria.

Keywords: cacao, Nigeria, Ecocrop, crop suitability, stratospheric aerosol injection

1. Introduction

Cocoa (Theobroma cacao) holds immense economic significance in Nigeria,
contributing significantly to the social and economic well-being of the country. With
a history spanning centuries, Cocoa has played a pivotal role in shaping Nigeria’s
economy and fostering rural livelihoods before the discovery of crude oil [1, 2].
Nigeria has achieved significant milestones in Cocoa production, ranked as one of
the top four Cocoa-producing nations globally [2, 3], with Cocoa production largely
concentrated in the southern regions of the country [1]. The crop has become a
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cornerstone of Nigeria’s agricultural sector, providing a livelihood for millions of
smallholder farmers and supporting numerous downstream industries, such as
Cocoa processing and chocolate production [4-6]. The foreign exchange earnings
from Cocoa exports have also significantly contributed to Nigeria’s overall revenue
and balanced trade [1]. The Cocoa industry’s growth and achievements have made it
an essential component of Nigeria’s socio-economic fabric. Moreover, its Pan-Africa
significance as a tropical African plant cultivated for its oil and bold foliage places
indispensable economic and livelihood significance on Cocoa amongst the people
engaged in its cultivation [7-10]. However, climate change poses a severe threat

to Cocoa cultivation, impacting its suitability and potentially hampering Cocoa-
dependent economies.

The potential impact of climate change or global warming on Cocoa production
and suitability in Nigeria is a pressing concern that has garnered extensive research
attention. A number of studies (e.g., [11]) have underscored the alarming implica-
tions of rising temperatures and changing weather patterns on Cocoa yields. Global
warming’s adverse effects on Nigeria’s Cocoa industry are evident, as projected
decreases in Cocoa yield pose substantial economic risks for Cocoa farmers [12, 13].
Furthermore, Nwachukwu et al. [14] emphasise the vulnerability of Cocoa productiv-
ity to climate change-induced shifts in temperature and rainfall. These changes, com-
bined with limited adaptation measures, could potentially exacerbate the negative
effects on Cocoa suitability. Agbongiarhuoyi et al. [7] delve into the perceived effects
of climate change, highlighting the concerns of Cocoa farmers about the impact on
various aspects of Cocoa cultivation. In light of these findings, adaptation strategies
become paramount. Jamal et al. [15] stress the importance of climate adaptation
efforts, particularly for small-scale farmers who are disproportionately affected.
These studies collectively underscore the significant potential impact of climate
change on Cocoa production and suitability in Nigeria, urging the implementation of
effective strategies to mitigate its adverse effects.

Solar Radiation Management (SRM) has been identified as a potential technique
for climate mitigation efforts [16-18] aimed at reducing CO, emissions to limit
the increasing global temperature. One of the SRM prominent approaches is the
Stratospheric Aerosol Injection (SAI) which involves the release of gaseous aerosol
precursors such as sulphur dioxide (SO,) into the stratosphere to form aerosols that
reflect into space a small amount of incoming solar radiation with the aim to reduce
temperature at the earth’s surface [18, 19]. Although this strategy may decrease
global temperature, studies have revealed that it could have a negative impact on
rainfall notably in most parts of Africa [20-24]. For example, findings have shown
that the impact of SRM will help increase crop yield via the reduction in tempera-
ture and heat stress, whilst its resultant effects in rainfall deficit may lead to a
reduction in suitable areas for crop cultivation and yield in other regions [16, 20].
Xia et al. [20] also revealed that SRM poses a threat to food security notably in
areas like Nigeria, where agricultural productivity is dependent on monsoon rain-
fall [20, 25]. However, despite this research, there is still a dearth of information on
how the SAG will affect Cocoa suitability and yield in Nigeria and the present study
is in that direction.

This chapter explores the potential impact of SAI to counteract the adverse
effects of climate change on Cocoa cultivation suitability in Nigeria. Section 2
describes the data and methodology on the paper, the results are presented and
discussed in Sections 3 and 4, respectively, whilst the summary and conclusions are
in Section 5.

22



Potential Impact of Stratospheric Aevosol Geoengineering on Cocoa Suitability in Nigeria
DOI: http://dx.doi.org/10.5772/intechopen.113773

2. Data and methods
2.1 Study domain

Our study domain for this research is Nigeria, the most populous African nation
and one of the four largest producers of Cocoa in the world (Figure 1). It has rainfed
agriculture as its mainstay economy and means of livelihood. We define Nigeria
domain from latitude 4-14°N and longitude 2.4-15°E with agroecological zones of
Nigeria designated as Guinea, savanna and Sahel zones (Figure 1). The region is
characterized by a strong north-to-south temperature and precipitation gradient [26]
and the West African Monsoon Systems (WAMs) are the main rainfall-producing
system in Nigeria [27]. The Nigeria climate is in the humid southern area, with rainfall
amount up to 3000 mm/year and semi-arid in the north with rainfall amounting to
about 450 mm/year [26]. The south experiences a bimodal rainfall regime between
March-July and September-November whilst the Northern region experiences uni-
modal rainfall regime from May-October and agricultural production is highly depen-
dent on rainfall [26]. Different crops are cultivated in different parts of Nigeria and
contribute significantly to the economy of the country [26, 28]. Major crops grown
in Nigeria include Maize, Yam, Cowpea, Cassava, Rice, Groundnut, Cocoa, Oil palm
[29]. Cocoa is reported to be the most important cash crop in West Africa, particularly
due to its substantial contribution to the country’s GDP via export and foreign earn-
ings [1, 30]. Hence, the need for this present study is to provide information on how
climate geoengineering will affect Cocoa cultivation and suitability in Nigeria.

2.2 Data
2.2.1 GLENS datasets

For the study, we analysed the National Centre for Atmospheric Research
Community Earth System Model (CESM1) simulation for the Stratospheric Aerosol
Geoengineering Large Ensemble Project (GLENS) dataset [31]. The GLENS experi-
ment uses the Whole Atmosphere Community Climate Model (WACCM) as its
atmospheric component (WACCM,; [32]) with a horizontal resolution of 0.9° latitude
x 1.25° longitude and 70 vertical levels from the surface up to 140 km [31]. The experi-
ment includes a multi-member ensemble simulation of future climate and we used two
GLENS experiments, the control and the feedback, both experiments were forced with
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Figure 1.
Mayp of Nigeria showing (a)agroecological zones designated as Guinea, savanna and Sahel zones and Cocoa
producing states in Nigeria (source: [1]).
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high-end future greenhouse gas scenario (RCP8.5). However, for the feedback experi-
ment, sulphur dioxide (SO,) was injected into the stratosphere simultaneously at four
different locations, along longitude 180°E and latitudes 15°S, 15°N at 25 km and 30°S
and 30°N at 22.8 km over a grid point and between 5 and 7 km above the tropopause
to keep near-surface global temperature at the 2020 value under the RCP8.5 emissions
scenario [19, 31]. The control experiment has two datasets: the baseline (2010-2030)
and the RCP8.5 simulation dataset (2010-2097), whilst the feedback experiment
period is from 2010 to 2097. The control experiment baseline datasets and feedback
datasets have 20 ensemble members with simulation over the period 2010-2030 and
three members extended to the end of century, 2010-2097. Hence, for consistency, we
used simulations from the three ensemble members that extend to the end of century.
We analysed 20-year periods in each simulation dataset. Firstly, for the control
baseline simulation dataset (hereafter Hist), we used 2011-2030 period to understand
the spatial distribution and characteristics of Cocoa suitability distribution during
the present-day climate. This period was chosen based on the previous findings by
Tilmes et al. [31] and Simpson et al. [24] which defined this timeframe as a target for
SAI to keep the surface temperature at 2020 levels under RCP8.5 scenario until the
end of century. The control RCP8.5 simulation (hereafter, GHG) dataset was used to
evaluate the spatial characteristics of Cocoa suitability under RCP8.5 scenario for the
period 2070-2089, whilst the feedback simulation dataset (hereafter, SAI) was used
to understand the spatial characteristics of Cocoa suitability over West Africa under
RCP8.5 scenario with SAI interventions for the period 2070-2089. We also evaluate the
global model capability to represent the current period by comparing the control base-
line simulation to CRU-WFDEI suitability output. We quantify the impact of climate
change on Cocoa suitability under RCP8.5 scenario by GHG minus HIST. Meanwhile
the SAI minus HIST shows the impact of RCP8.5 and SAI on future crop suitability
over West Africa and SAI minus GHG shows the SAI intervention of future suitability
of Cocoa in the regions. As with previous studies e.g., [22, 23, 33], we used monthly
datasets of mean and minimum monthly temperatures and total monthly rainfall.

2.3 Methods
2.3.1 Bias corvection

All the GLENS datasets were bias corrected using the Climate Research Unit
(CRU) observation-based reference dataset at a horizontal resolution of 0.5° for the
period 1980-2009 [34]. A standard quantile-quantile bias-correction approach was
employed to correct the two climate variables, temperature (minimum and mean)
and rainfall required for our study period 2011-2030 for the historical/baseline period
and 2070-2089 for RCP8.5 and SAI simulations [35]. The resultant bias corrected
variables were used as input into Ecocrop model for our crop suitability experiments
over Nigeria. This step is highly important because climate model simulation often
deviates from the observed climatological data. Hence, the need for bias correction
before the data is used for climate change impact assessments, such as hydrological
modelling and agricultural impact studies [36].

2.3.2 Crop suitability modelling using Ecocrop

The impact of SAI on Cocoa suitability in Nigeria was investigated using
the Ecocrop suitability model. Crop suitability was calculated as described in
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Ramirez-Villegas et al. [37] based on the crop growth suitability threshold from Food
and Agriculture Organisation, FAO-Ecocrop database (Table 1) [37, 38]. The model
evaluates the relative suitability of crops in response to a range of climates including
rainfall, temperature, and the growing season for optimal crop growth and operates
at a monthly scale with the capacity to analyse crop suitability across different geo-
graphical location [37, 39, 40]. Ecocrop works based on the environmental ranges of a
crop coupled with numerical assessment of the environmental condition to determine
the potential suitable climatic condition for a crop. The suitability rating can be linked
to the agricultural yield which is partly dependent on the strength of the climate
signal [37, 41]. We used Ecocrop to produce a monthly suitability index for Cocoa and
demonstrate the impact of SAI on its suitability in Nigeria. Crop suitability thresholds
are based on a FAO-hosted dataset which acts as a baseline from which to quantify
departures in each scenario, under future climate simulation with natural forcing
(GHG) and SAI at RCP8.5 using the GLENS ensemble simulation datasets.

2.3.3 Sensitivity to climatic variables, rainfall and temperature

We also independently test the influence of fluctuations and trends in rainfall and
temperature on Cocoa suitability. For example, to test the influence of rainfall, we use
total monthly rainfall values over the study period for both the historical (2011-2030)
and future periods (2070-2089) but keep temperature constant. The constant
temperature is from the long-term mean monthly temperature so that the monthly
temperature (both minimum and mean temperatures) for January to December
each year over the study period with or without SAI is the same. This experiment is
called “rain-vary”. To test the influence of temperature, a similar approach was used,
with the exception that total monthly precipitation values were held constant over
the study period, whilst monthly temperatures, both minimum and average, varied
from year to year. This experiment is called “temp-vary”. When all the three variables
(rainfall, mean and minimum temperature) vary simultaneously, the experiment is
called “all-vary”™

2.3.4 Statistical analysis

The robustness of the projected impact of GHG and SAI on Cocoa suitability and
planting season crops over Nigeria was assessed based on the condition that all three
simulations agree on the sign of change. Previous studies [23, 39, 40, 42-45] have all
used the methods to test and indicate the robustness of climate change signals. We
also examined the fractional percentage of suitability for the three experiments over
Nigeria by aggregating the different suitability index value at each grid point for the
study period.

Crop Growing Climate variables
name  period (Days)

Temperature Rainfall
Cacao 180-365 Tmin  Topmin Topmax Tmax Rmin Ropmin Ropmax  Rmax
10 21 32 38 900 1200 3000 7600

Table 1.
Cacao growth threshold as generated by the FAO-Ecocrop model.
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3. Results and discussion
3.1 Impact of global warming and SAI on mean climate variables in Nigeria

Figure 2 shows the spatial distribution of the total monthly rainfall and tempera-
ture variables, minimum and mean temperatures over Nigeria. For example, CESM1
model shows rainfall gradient from south to north in rainfall distribution, as rainfall
amount decreases as you move northward over Nigeria. Our simulation shows that the
south coast in the Guinea zone of Nigeria receives the highest total monthly rainfall
amount, 240 mm/year, whilst the lowest total monthly rainfall amount, 80 mm/year,
is to the north. For temperature, our result shows the spatial distribution of both mean
and minimum temperatures over Nigeria with about 20°C and 25°C, respectively.

The impact of climate change, GHG (RCP8.5) relative to baseline period (2011-2030)
varies for both rainfall and temperature in Nigeria (Figure 2, column 2). Whilst GHG
shows a similar pattern of projected increase in mean and minimum temperature over
Nigeria, there is a variation in the projected change in rainfall over the region. For
example, an increase of 1°C minimum temperature is expected over the country except
in Abuja, the north-central part, where a decrease of temperature of 1°C is projected.
In contrast, a projected increase up to 2-3°C warming in mean temperature is expected
over the country due to GHG. The projected increase in mean temperature is expected
to be about 3°C around the south-east and northern Sahel, whilst a 2°C is expected in
other parts of the country. For rainfall, with reference to the historical period, a pro-
jected increase in total monthly rainfall up to 25 mm (about 1.25 mm/month) by the
end of century relative to the historical over the south-western part of Nigeria and up
to 10 mm (0.5 mm/month) and 5 mm (0.25 mm/month) in the north-east and north-
west Sahel zone of the country, were observed, respectively. On the other hand, GHG
may lead to decrease in 10-15 mm in the south-east and central part of the country.
These findings are in line with Pinto et al. [22] and Abiodun et al. [23].

The deployment of SAI shows a reverse pattern in total monthly rainfall and
temperature variables in comparison to the baseline period and impact of RCP8.5 GHG
over Nigeria (Figure 2, column 4). For example, the impact of SAI technique relative to
historical period may lead to a decrease of about 1-2°C over Nigeria as it induces a cool-
ing due to reduction in mean and minimum temperature. This implies that the deploy-
ment of SAI showed a reduction in climate warming over Nigeria and in total monthly
rainfall up to about 5-25 mm relative to baseline period (2011-2030) across the country
except the south-west zone of the country with higher magnitude up to 35 mm.
Furthermore, we examined the impact of SAI deployment on rainfall and temperature
relative to GHG. Our findings show that SAI deployment will lead to a decrease in mean
and minimum temperature variables up to 3°C from the impact of GHG thus inducing
further cooling over the country [46]. In addition, the projected impact of SAI deploy-
ment in comparison to GHG-induced impact shows a reduction in the magnitude of
decrease in total monthly rainfall in the south-east zone of the country whilst it induces
further drying in the south-west and north-east region of Nigeria.

3.2 Evaluation Cocoa suitability in the historical period

Cocoa suitability varies over Nigeria for the historical period (Figure 3, col-
umn 1). In general, there is a decreasing suitability gradient from south to north of
Cocoa over Nigeria. As a result, Cocoa suitability decreases northward and notably
unsuitable in the northern part of Nigeria although with variation in spatial extent.
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Figure 2.

Tlg.:patiul distribution of climate variables (total monthly precipitation, mean and minimum monthly
temperature) in the present-day climate over southern Africa (first column; 1980-2009) and their projected future
changes in the period (2065-2090) under the RCP8.5 scenario without and with SAI (i.e., second and third columns,
respectively). The extent to which the SAI influences the impacts of global warming on the variables is presented in
the fourth column. The cvoss sign (+) indicates wheve at least 75% of the simulations agree on the sign of the changes.

Ecocrop spatial suitability characteristics simulation depicts that a large area to the
north of 10°N is unsuitable with Suitability Index Value (SIV) below 0.20 (0-0.20)
for Cocoa in Nigeria, notably in Sahel zone in the northern part of Nigeria. However,
our result shows that higher suitability (SIV > 0.5) of Cocoa is observed to the south
of 10 N, notably in the Guinea agroecological zone. In general, the observed data,
CRU-WFDEI shows a good agreement with CESM1-WACCM dataset in the spatial
suitability distribution of Cocoa over Nigeria (Figure 3). The model captures well
main Cocoa producing areas in Nigeria, notably the south-west zone (with SIV above
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Figure 3.

Thge spatial distribution of Cocoa suitability for the historical period over Nigeria (first column; 2011—2030) and
their projected future changes in the period (2070-2089) under the RCP8.5 scenario without and with SAI (i.e.,
second and thivd columns, vespectively). The impact of SAI-induced effect on global warming on Cocoa suitability
is presented in the fourth column. The cross sign (+) indicates where all ensemble members agree on the sign of
projected changes.
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0.6) which contributes about 80% of its production. The output shows that there is
a strong spatial correlation (r = 1) between CRU-WFDEI and CESM1-WACCM data
for Cocoa. Our findings are consistent with the results of Afolayan [1] on the spatial
suitability distribution of Cocoa over Nigeria.

3.3 Projected changes in Cocoa suitability in Nigeria

The impact of climate change (GHG) and SAI on Cocoa suitability shows a
similar spatial pattern but with varied magnitude across the agroecological zones
of Nigeria (Figure 3, column 2). GHG as projected may lead to an increase (up to
0.20) in suitability index of Cocoa along the south-west boundary of Oyo and Ogun
state and about 0.1 along eastern savanna in Nigeria. On other hand, the projected
impact of GHG over Nigeria may lead to a decrease (about 0.2) in Cocoa suitability
in the Guinea-savanna zone (lat. 7-9°N). However, no change in Cocoa suitability
is expected in the south coast of Nigeria in the Guinea zone, which means the area
remains suitable for Cocoa as observed in the historical period. Similar characteristic
is also observed in the northern Sahel zone north of 12°N, as the area remains unsuit-
able as observed in the historical period. These findings are consistent with previ-
ous studies e.g., [12, 14, 47] that reduction in rainfall and increases in temperature
will affect the suitability and cultivation of Cocoa in Nigeria. Our result also agrees
with Schroth et al. [30] that Guinea-savanna zone will be the most affected Cocoa
cultivated area in Nigeria under GHG. Thus, reduction in suitable areas may lead to
reduction in Cocoa yield and production over Nigeria [14, 48].

The impact of SAI on Cocoa suitability relative to the baseline period (2011-2030)
shows a similar spatial suitability pattern as that of GHG but with a variation in the
Guinea-savanna zone (Figure 4, column 4). With SAI, no change in Cocoa suitability
is detected in the Guinea and Sahel zone of Nigeria, suggesting SAI preserves the
spatial distribution of current Cocoa cultivation suitability in the future here. On
the other hand, a decrease (up to 0.3) in Cocoa suitability is expected over Guinea-
savanna zone of Nigeria with SAI, and the magnitude of the projected decrease in
Cocoa suitability is expected to be higher with SAI deployment in comparison to
GHG-induced impact. In addition, SAI intervention is projected to result in decrease
in suitability index value (about 0.35) of Cocoa in most parts of Nigeria. No projected
change is expected in southern and north-eastern part of the country, this signifies
that the southern zone remains a key region for the cultivation of Cocoa with SAI
deployment over the country. However, the north-east in the Sahel zone remains
unsuitable for growing Cocoa as observed in the historical period. The general pro-
jected decrease in the suitability under SAI may be linked to the projected reduction
in rainfall over Nigeria.

3.4 Impact of global warming and SAI on planting season in Nigeria

Our study also examines the best planting months (PM) within the Growing
Season (GS) over Nigeria (Figure 4). The simulated planting month represents
the best month of the planting window and varies across the three Agroecological
zones of Nigeria. For the historical climate, Ecocrop simulation shows a variation in
the planting windows for Cocoa over Nigeria (Figure 4, column 1). Ecocrop shows
January as the best PM for Cocoa in Guinea zone south of 7°N and north of 12°N in the
Sahel zone, both areas are notable for their suitability in the south and unsuitability
in the north, respectively, for the cultivation of Cocoa in Nigeria. Also, March-May
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The spatial distribution of planting season of Cocoa for the historical period over Nigeria (first column;
2011-2030) and their projected future changes in the period (2070-2089) under the RCP8.5 scenario without and
with SAI (i.e., second and third columns, vespectively). The impact of SAI-induced effect on global warming on
Cocoa’s planting season is presented in the fourth column. The cross sign (+) indicates where all ensemble members
agree on the sign of projected changes.

is the best planting month over the south-west Guinea-savanna zones (lat. 7-10°N),
notably in the major producing areas in the southern part of Nigeria. In addition, the
months of October—November were observed as the most suitable period in the central
extending to south-east savanna zones of the area. The simulated planting months are
consistent with the past findings of Afolayan [1] that the months of March-May are
the best planting months for Cocoa in Nigeria, notably in the southern part of Nigeria.

The impact of GHG and SAI on Cocoa planting season relative to the historical
period shows similar spatial patterns across the different agroecological zones of
Nigeria but with variation in magnitude (Figure 5, column 2). The impact of GHG may
lead to a delayed planting season in the Guinea zone and an area in the Sahel zone of
Nigeria although at different magnitude. For example, Cocoa planting season may be
delayed by 2 months in south coast of Nigeria in the Guinea zone (south of 7°N) and
south-east savanna around lat. 10°N whilst a month delay may be expected from the
north-west Sahel zone extending to the central (about 11°N) savanna zone. Hence,
GHG warming indicates a shift in Cocoa planting months to March over the Guinea
zone and south-east savanna zone and February in the north-west Sahel zone and
south-east savanna zone in comparison to the historical period. In contrast, a projected
early planting may be expected over the Guinea-savanna zones (7-11°N) for Cocoa in
Nigeria except along the south-west boundary between Ogun and Oyo state with one
mouth delay. The projected early planting imply that June-July may be the best planting
season in the Guinea-savanna zones and March along south-west boundary between
Ogun and Oyo state of Nigeria. However, no change in planting season is expected in
the north-east Sahel zone of Nigeria, hence, January remains the best planting month
over the area. The impact of SAI on the plantings shows similar spatial pattern or char-
acteristics as that of GHG effect relative to the historical period but at a higher magni-
tude. The projected delay and early planting in the Guinea-savanna and savanna-Sahel
zones, respectively, may be up to 3 months under SAI relative to the historical period.

The impacts of SAI intervention (i.e., SAI-GHG) on planting season show a similar
spatial characteristic as its impact relative to the historical period but with variation in
magnitude (Figure 5, column 4). An early planting up to 3 months may be expected
in the north savanna zone extending into the Sahel zone except in the north-east of
Nigeria whilst a month early planting is expected in the south-coast of the country.
On the other hand, the intervention may lead to a one-month delay in the planting of
Cocoa and up to 3 months in the Guinea zone.
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Figure 5.

Thge spatial distribution of Cocoas maize sensitivity to rainfall and tempevature for the historical period over
southern Africa (first panel, first row; 2011-2030) and relative changes over the historical period (first row, panel
2 €4'3) and their projected future changes in the period (2070-2089) under the RCP8.5 scenario without (GHG)
and with SAI (i.e., second and thivd rows, vespectively). All-vary means both total monthly rainfall and monthly
minimum and mean temperature varies, RAIN, monthly variation of minimum and mean temperature with
annual mean total monthly rainfall (i.e., the same 12 monthly rainfall values are constant for the 30-year period)
and TEMP; varying total monthly rainfall with constant annual minimum and mean temperature (i.e., the same
12 monthly minimum and mean temperature values are used for the 30-year period).

3.5 Sensitivity of Cocoa suitability to climate variables (rainfall and temperature)

We also examine the sensitivity of Cocoa suitability to temperature and rainfall
to test independently the influence of their variation and trend for the three time
periods, historical, GHG and SAI. In general, Cocoa suitability shows a decreas-
ing suitability gradient from south to north over reference period for the all-vary
experiment (see further description in Section 3.1) (Figure 5). The effect of rainfall
variability at constant mean and minimum temperature (rain-vary) relative to the
reference period (5a) shows no change in Cocoa suitability along the south coast,
whilst southern savanna extending into the Sahel zone (5b-5i) will remain unsuitable.
Similar suitability characteristics are also expected with variability in minimum and
mean temperature at constant rainfall (temp-vary) over these zones. However, over
the Guinea-savanna zones (7-10°N), about 0.15 suitability increase is expected and up
to 0.25 along south-west boundary of Oyo and Ogun state.

The sensitivity of Cocoa suitability to rainfall and temperature variability shows
a similar response under the GHG and SAI across the three experiments (all-vary,
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rain-vary and temp-vary) but with varied impact in the Guinea-savanna zones. Our
results show the impact of GHG and deployment of SAI on all three experiments

will lead to no change Cocoa suitability over south coast and northern Sahel zone of
Nigeria. However, in the Guinea-savanna zone, the impact of the scenario across the
three experiments varies for both GHG and SAI The impact of GHG on all-vary and
rain-vary experiments may lead to a SIV increase (0.15) in south-west boundary from
Oyo to Ogun state and central savanna zone relative to the historical period. However,
projected SIV decrease (up to 0.35) may be expected over the country except along
south-west boundary from Oyo to Ogun state and central savanna zones. Also, SIV
decrease (up to 0.35) is expected in the Guinea-savanna zones under temp-vary
experiments. In contrast, the impact of SAI deployment on all three climate sensitiv-
ity over Nigeria is expected to lead to a decrease up to 0.35 in Cocoa suitability in the
Guinea-savanna zones (6-10°N), whilst no change in suitability is expected in south
coast (4-6°N) and northern Sahel zones (10-12°N) over Nigeria. This means that the
deployment of SAI may lead to reduced area in the cultivation of Cocoa in Nigeria, as
the south coast may be the only suitable for growing the crop.

In summary, we find that Cocoa suitability is sensitive to variability in both tem-
perature and rainfall under SAI but more sensitive to rainfall variability with constant
temperature under GHG. This agrees with past findings, by Challinor et al. [49] and
Ramirez-Villegas et al. [37], that variability in rainfall affects the suitability of crops
in Sub-Saharan Africa.

3.6 Percentage distribution of Cocoa suitability

We further examine the percentage distribution of different suitability condi-
tion to evaluate the impact of GHG and SAI on Cocoa at each grid point over Nigeria
(Figure 6). The bar plot shows the percentage distribution of Cocoa suitability at each
grid point over Nigeria for the historical period and the resultant impacts of GHG and
SALI Our result showed that about 42% of the land area in Nigeria is unsuitable for
Cocoa cultivation and about 50% area is suitable (both suitable and highly suitable)
over the historical period, whilst about 8% of the area is marginally suitable.

The impact of GHG and SAI on the percentage suitability distribution of Cocoa in
Nigeria shows a similar pattern as the historical period albeit with varied magnitude.
For example, global warming is projected to result in a decrease in suitable area for
Cocoa cultivation in Nigeria relative to the historical period of about 18% and an
increase (about 13%) in unsuitable area. This suggests that more areas will become
unsuitable for growing Cocoa in Nigeria, as marginally suitable areas for Cocoa
cultivation are projected to increase by about 2% across the country.

In addition, the impact of SAI shows a similar pattern in the percentage distribu-
tion of Cocoa suitability across grid points relative to the historical and GHG over
Nigeria. SAI intervention may lead to a projected decrease of about 24% in suitable
areas for Cocoa cultivation relative to the historical period and 18% decrease in
comparison to the impact of GHG. In addition, the intervention may also lead to a
further increase of about 14% and 24% in unsuitable areas for Cocoa relative to GHG
and historical period, respectively, whilst no significant change was observed in areas
with very marginal and marginal suitability for Cocoa in Nigeria.

The above result shows that GHG warming is projected to reduce the percentage of
land suitable for Cocoa cultivation across Nigeria and SAI intervention would worsen
this. Under both GHG and SAI scenarios, within in the GLENS modelling framework,
there would be a resultant decrease in Cocoa production and yield in Nigeria [20].
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Figure 6.

A bar chart of percentage grid point distribution of Cocoa suitability over Nigeria for the historical period
(2011-2030) and under the impact of GHG and SAI for the period (2070-2089).

3.7 Implication of SAI on Cocoa production and Nigerian economy

The availability of suitable land for cultivation is vital for crop growth and yield.
The impact of SAI on Cocoa suitability and planting season is expected to have sig-
nificant implication on socio-economy and GDP in Nigeria. The projected increase in
unsuitable area in cultivating Cocoa and the corresponding decrease in suitable areas
despite SAI intervention relative to the GHG impact over the country raises a concern
considering the importance for Cocoa production to the economy of Nigeria. Cocoa is
the major cash crops in Nigeria and most important agricultural export which can be
processed into various products (e.g., Cocoa powder, Chocolates) for human consump-
tion with a significant contribution to the socio-economy and GDP of the country via
foreign exchange earnings [30]. SAI intervention on Cocoa suitability compared to the
impact of climate change may further worsen the challenge of food and agricultural
production in the region. This is because although SAI intervention reduces warming
over Nigeria, its impact on Cocoa suitability relative to GHG will lead to a decrease in
suitable areas for the Cocoa cultivation and may further lead to an increase in unsuit-
able areas relative to GHG as seen from our findings (Figure 5). The reduction of
suitable land for Cocoa production and resultant decrease in production would lead to
a decrease in Cocoa exports and its contribution to the GDP of the country [20, 30].

4, Conclusions

The present study examined the impact of SAI on Coca suitability and planting
season over in Nigeria using the GLENS CESM1(WACCM) experiment. We used
GLENS experiment, which is aimed at reducing the mean global surface temperature
by injecting sulphur at four latitudes as a climate intervention measure to reduce the
impact of greenhouse gases on Cocoa production in Nigeria. To examine the impact of
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SAI intervention, we compared the GLENS output to historical and high-end emis-
sion scenario, RCP8.5 (GHG). We also examined the sensitivity of the crops to rainfall
and temperature under GHG and SAI The summary of our findings is listed below:

* Total monthly rainfall distribution decreases northward, with the least rainfall
amount (80 mm) and the highest (240 mm) in the south coast in the Guinea
zone over the historical period.

* The impact of GHG may lead to a 15 mm increase in total monthly rainfall by the
end of century in south-west and north-east area of Nigeria with a decrease of
the same magnitude in the other areas, whilst SAI intervention shows a reverse,
leading to a decrease about 10 mm in total monthly rainfall and up to 20 mm in
south-west Nigeria.

* GHG impact may lead to increase in both minimum and mean temperatures up
to 3°C, whilst the SAI intervention will offset the warming resulting in a cooling
over Nigeria.

* The impact of GHG may lead to an increase up to 0.2 in Cocoa suitability index
value along the south west boundary of Ogun and Oyo with a decrease in the
Guinea-savanna zones of Nigeria, whilst no change is expected in south coast
(south of 6°N) and Sahel zone (north of 10°N).

* SAlintervention may lead to general decrease in suitable areas, whilst it results in
a significant increase in unsuitable lands for Cocoa production in Nigeria.

* Percentage suitability distribution under GHG and SAI may result in a general
decrease of 24% and 18%, respectively, in suitable available land with a corre-
sponding increase about 14% and 24%, respectively, in unsuitable areas of Cocoa
relative to the historical period over Nigeria.

* Cocoa is more sensitive to rainfall variability with a higher magnitude in the
suitability index values and decrease in spatial extent over the region.

To our knowledge, this is the first study that examines the effect of SAI on Cocoa
suitability in Sub-Saharan Africa. Hence, there are caveats to the interpretation of the
result presented in this study. First, Ecocrop is a simple statistical model that evalu-
ates crop suitability using total monthly rainfall and minimum and mean temperature
climate variables. The model does not consider the effect of other factors, such as
evapotranspiration and soil moisture, or non-climatic factors like pest and diseases
and soil type which may further affect crop suitability. Also, the result is particular to
solar geoengineering dataset, the GLENS experiment which used high-end represen-
tative scenario (RCP8.5) of climate geoengineering.

Nevertheless, the result from the study has helped improve our understanding
of the potential impact of GHG and SAI on Cocoa suitability in Nigeria, the fourth
largest producer of Cocoa in the world. Despite the caveats, one of advantage of using
Ecocrop is that it is a simple and straight forward crop model to use with limited
data requirement. Moreover, the observation and model representation of climate
variables such as rainfall and temperature provide a basis for confidence in their
outputs and the results are consistent with previous study on climate change and
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geoengineering impacts with complex models [20, 37]. Further studies on the impact
of SAI on other crop types, such as legumes, root and tuber, other horticultural crops
including vegetables are recommended in the quest to understand food security risk
under both GHG emissions and SAI. These studies should use more than just the
GLENS datasets and models should be used to provide robust information on the
impact of SAI on Cocoa.
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Abstract

Cocoa supports about 3.5 million people. Farmers produce each year 1.5 million
ton. This performance hides production constraints, the most is climate variability.
The climatic variables, temperature, precipitation, and 16 climatic indices were iden-
tified to assess the potential impacts on cacao in the past year, currently and under
future climate. The climate data in the southern and central cocoa production zone
were analysed for periods of 2021-2050 and 2041-2070. The climate reference period
is 1981-2010. The climate projections are from the CORDEX RCP 4.5 and 8.5. The
results suggest an increase in daily temperature of 1.0-2.1°C in the central region and
0.9-2.0°C in the southern region by 2041-2070. Cocoa could be affected by the
projected changes, especially in the central region where the maximum daily temper-
ature at which production is reduced (33°C) would be exceeded between 92 and
142 days per year by this time horizon. The direction of changes in precipitation
cannot be established due to a lack of consensus between the climate models analysed.
However, the little rainy season would start slightly earlier, potentially reducing the
duration of the little dry season between the rainy seasons. The climate scenarios
enhanced deterioration of growing environment conditions. It is necessary to take
adaptation measures to mitigate climate impacts.

Keywords: climate, cacao, production, sustainability, Céte d’Ivoire

1. Introduction

Cocoa is one of Cote d’Ivoire’s main sources of foreign currency and the driving
force behind its economic growth. It alone accounts for 15% of GDP. With an annual
production of more than one million five hundred thousand tons since 2015 [1], this
performance is due not only to the valuable results of agronomic research but also to
the favourable ecological conditions in the southern half of the country. However, this
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spectacular overall result, which has made Céte d’Ivoire the world’s leading producer,
is based on a rapid and poorly controlled increase in the area under cultivation,
leading to extensive deforestation. Furthermore, the ageing of cocoa trees and the lack
of appropriate maintenance have led to a drop in the productivity of orchards,
resulting in the impoverishment of communities [2].

Cocoa production is subject to significant inter-annual variability, accentuated by
the action of soil and climate hazards, strong parasitic pressure from insects, and
diseases such as Swollen shoot [3, 4] and the brown rot disease caused by Phytophtora
sp., [5]. The greatest production constraint since 2010 has been climatic variability
[6-8]. This can be seen in the significant reduction in the total leaf area of cocoa trees,
and in the fall of flowers and young fruit [9-11], leading to a drastic drop in yield and
the failure to rehabilitate and replant cocoa orchards. The effects of climate variability
can also be seen in the interruption of young fruit growth, the reduction in bean and
pod size, and the deterioration in bean quality [12-14].

Cocoa production areas experience significant inter-annual variability [15].
Climate is one of the main factors explaining this variability. It is important to note
that rainfall is the most significant factor in cocoa growing, as a prolonged lack of
water during the flowering phase can lead to a drop in production. Other climatic
(temperature, humidity, solar radiation), ecological, biological, and physical factors
can also have a significant influence on the phenology of the cocoa tree and its yields.
The cocoa tree, an ombrophilous plant, requires specific climatic conditions for its
development [16], annual rainfall of between 1300 and 2000 mm with a limited
number of dry days (less than 3 months), an average daily temperature of between
24°C and 28°C, relative humidity of between 80% and 90%, daily sunshine of more
than four hours, and deep, well-aerated soil rich in clay and humus. To develop and
improve cocoa-growing conditions in Céte d’Ivoire, agrometeorological studies would
contribute to a better understanding of the climatic factors likely to influence the
plant’s environment. This could not only help to improve farming practices, but also
assess certain risks to the cocoa tree due to irregular rainfall, extreme temperatures
and humidity, and low insolation. The effects of climate shock are expected to vary
from one region to another, implying a need for adaptation or mitigation by context
[8, 17]. Communities dependent on cocoa production are increasingly vulnerable to
the impacts of climate change. These impacts stem from an increase in temperature
and a change in rainfall patterns.

To better assess the impact of the climate, climate scenarios are an important step
in assessing the vulnerabilities and impacts of climate change, and in identifying
adaptation strategies capable of sustaining cocoa production over the coming decades.
A climate scenario is a plausible description of the future state of the climate [18].
According to the Ouranos report [19], climate scenarios are produced by combining
in-situ observations used as a reference dataset and climate projections for a given
climate variable. This combination results in a climate scenario or a sequence of values
associated with this variable for a period extending over several decades and for a
given frequency. Climate models refer to greenhouse gas (GHG) emission scenarios as
Representative Concentration Pathways (RCPs) to represent future radiative forcing.
There are several groups of RCP models, but the most widely used are RCP 4.5 and
RCP 8.5, which correspond respectively to a decrease in GHG emissions (optimistic
scenario) and a constant increase in emissions throughout the century (pessimistic
scenario). These models are part of the CORDEX (COordinated Regional Climate
Downscaling EXperiment) — Africa domain [20-22]. In the present analysis, the RCP
4.5 and RCP 8.5 models were used to develop climate scenarios for the cocoa-growing
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area in Céte d’Ivoire. The projections are likely values that lie within a confidence
interval. 16 climatic indices were defined according to the requirements of the cocoa
tree, and calculations were then made taking into account the uncertainty associated
with the inter-model differences between the RCP 4.5 and RCP 8.5 greenhouse gas
(GHG) emission scenarios. These calculations were used to develop climate scenarios
for the cocoa-growing zone in Céte d’Ivoire, to interpret the impact of fluctuations in
climatic variables on the cocoa tree in future decades, and to identify endogenous
adaptation practices to cope with the future climate.

2. Zones and time horizons

The cocoa production zone in Céte d’Ivoire is divided into two climatic regions.
The central region (between 5.5° and 8° north latitude) and the southern region
(below 5.5° north latitude) (Figure 1). In each of the two climate regions, the
projected climate parameters are temperature and rainfall over two (2) time horizons
(2021 to 2050 and 2041 to 2070) compared with the reference period 1981-2010. The
study began in 2019, and as the data for the 2011-2020 decade is not complete, the
1991-2020 normal has not been used as a reference. The length of the time horizons of
thirty (30) years follows the normal standard in climatology [23, 24]. This duration is
generally long enough to obtain representative climate statistics, except for extreme
and scarcer events [19]. A total of 16 climate indices were identified and calculated to
assess the impact of climate change on cocoa production. The parameters and thresh-
olds associated with these indices are based on information presented in scientific
articles and on WASCAL-CEA-CCBAD experts’ knowledge of cocoa physiology and
climate. These indices depend on two climatic variables, either temperature, rainfall,
or both. The interpretation of the results is grouped by climatic variable.
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Ivorian cocoa production area is divided into climatic regions.

41



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

2.1 Temperature

The ideal conditions to grow cocoa are when the annual average daily maximum
temperature is between 30°C and 32°C and the annual average daily minimum
temperature is between 18°C and 21°C [12]. These conditions are associated with
maximum photosynthesis. A monthly average daily minimum of at least 15°C is nec-
essary for plant health. A reduction in the growth and development of cocoa trees can
occur if the number of days with a maximum temperature of over 33°C is too great
[25, 26]. Taking into account this information on temperature-related aspects from the
literature review, the following climatic variables were selected: average daily temper-
ature (tas, °C), minimum daily temperature (tasmin, °C), and maximum daily tem-
perature (tasmax, °C). These were used to calculate the following climatic indices:

* Average daily minimum temperature (TNg, °C),
* Mean maximum daily temperature (TXg, °C),

* Number of months per year with a low daily minimum temperature
(TNgMonthsBelow) This is the number of months per year when the average
value of the daily minimum temperatures (tasmin) is below a lower limit value
for the cocoa tree. The threshold selected is 15°C.

* Number of days per year with a high daily maximum temperature
(TXDaysAbove) This is the number of days per year when the daily maximum
temperature (tasmax) is greater than or equal to 33°C.

2.2 Rainfall

Rainfall between 1500 and 2000 mm per year is generally considered to be the
most favourable for cocoa farming. Too much rain can increase the occurrence of
diseases and attract pests, thus increasing the mortality rate of cocoa trees. Less than
1200 mm/year can lead to reduced root growth, leaf drop, and reduced plant growth.
Cocoa trees must receive at least 700 mm of rain during the rainy season. What’s
more, for cocoa to ripen properly, the rainy season must last 4 consecutive months,
from the flowering phase to the end of the main harvesting season (March to Novem-
ber). In addition, dry periods of more than 14 days can lead to a drop in production,
and a dry season of more than 3 months is not tolerated by cocoa trees. Taking into
account the information on rainfall from the literature review, the Daily rainfall (pr,
mm) climate variable was adopted. This variable was used to calculate the following
climate indices:

* Number of rainy days per year (Rnnmm) This is the number of days per year on
which the sum of daily rainfall is greater than or equal to 5 mm.

* Cumulative annual rainfall (PrcpTot; mm)

* Duration of dry spells, March-November (DryDurTot_1; days) This is the total
duration of dry spells between 1 March (day 60) and 30 November (day 334). A
dry spell is defined as a sequence of at least 14 days in which the cumulative daily
rainfall is less than 1 mm.
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* Duration of dry spells, November-March (DryDurTot_2; days): This is the total

duration of dry spells, between 1st November (day 305) and 31st March (day 90).
A dry period is defined as a period during which rainfall is less than 70 mm per
period of 30 consecutive days. The pr variable was also used to calculate the
climatic indices associated with the main (first) rainy season:

Start of the main rainy season (RainStart_1; day of year) This is the day (value from
1 to 365) on which the main rainy season begins. This day normally occurs after

11 March. The algorithm identifies the first day after this date (day 71 of the year or
more) on which a total of 20 mm of rain is received in two days without there being
a dry period lasting 7 days in the 30 days following the first two rainy days. A dry
day corresponds to a daily rainfall total of less than 1 mm.

End of the main rainy season (RainEnd_1; day of the year) This is the day (value
from 1 to 365) on which the main rainy season ends. This day normally occurs
after 11 July. The algorithm identifies the first day after this date (day 193 of the
year or more) on which daily rainfall is less than 10 mm/day for 10 consecutive
days. The season cannot end before it has begun, so this index depends on
RainStart_1. If no days are detected for a year, then that year is excluded from the
calculation for the climate scenario being analysed. Also, the RainEnd_1 index
depends on the RainStart_2 index, which means that the indices associated with
the short rainy season are calculated before those for the long rainy season.

Duration of the main rainy season (RainDur_1; days) This is the duration of the
main rainy season, i.e., the number of days between the start and end of the rainy
season, plus one day.

Cumulative rainfall during the main rainy season (RainQty_1; mm) The pr variable
was also used to calculate climate indices for the short (second) rainy season:

Start of little rainy season (RainStart_2; day of year) This is the day (value from 1
to 365) on which the short rainy season begins. This day normally occurs after 11
August. The algorithm identifies the first day after this date (day 223 of the year
or more) on which a total of 20 mm of rain is received in two days without there
being a dry period lasting 7 days in the 30 days following the first two rainy days.
A dry day corresponds to a daily rainfall total of less than 1 mm.

End of short rainy season (RainEnd_2; days of the year) This is the day (value
from 1 to 365) on which the short rainy season ends. This day normally occurs
after 1st November. The algorithm tries to identify the first day after this date
(day 306 of the year or more) on which daily rainfall is less than 10 mm/day for
10 consecutive days. The season cannot end before it has begun, so this index
depends on RainStart_2. If no days are detected for a year, then that year is
excluded from the calculation for the climate scenario being analysed.

Duration of short rainy season (RainDur_2; days) This is the duration of the short
rainy season, i.e., the number of days between the start and end of the rainy
season, plus one day.

* Cumulative rainfall during the short rainy season (RainQty_2; mm).



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

3. Climate variability in the cocoa-growing zone
3.1 Current climate in the centre region

3.1.1 Temperature

Temperatures are high in February to March (Figure 2). During these months, the
average temperature is 27.1°C, while the average maximum daily temperature is 32.6°
C. The greatest inter-annual variation occurs between December and March. Tem-
peratures are lowest in July and August. During these months, the average tempera-
ture is 24.1°C, while the average maximum daily temperature is 27.8°C. Temperatures
rise slightly in October-November. The lowest temperatures are recorded in Febru-
ary-March (23.3°C) and October-November (22.1°C). In January, July, August, and
December, the average daily minimum temperature is 21.7°C.

3.1.2 Precipitation

The sources of information available to assess the projected changes in these
indices were: (1) rainfall climate scenarios, which were produced from reanalyses (the
ERAS5-Land ensemble) and climate projections (the CORDEX ensemble) using the

29
A

o Q
eu B_
= 27
gzsg ‘BG é
] E| ,E
= 25 - .
g E]EE.IB
23
J F ™M A ™M J4 J A S O N D
25 —
S B
24 -
7 = EBBE
e -
a 21
£
f_-’zo
19
J F M A M J4 J A S O N D
35
a4 I L
 E0 00
e 32
t’é:n ‘BB é
£ 30 - é
E = 9 b
= 27 T

26

Figure 2.

Monthly climate normals for temperature, Central region. ERA5-Land reanalysis data for the period 1981—2010
were used. The diagrams are shown for: (A) mean temperature, (B) mean daily minimum temperature The
vertical limits of the boxes correspond to the 10th, 50th, and 9oth percentiles, while the ends of the ervor bars
indicate the monthly minimum and maximum values.
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bias adjustment method, (2) rainy season detection parameters, and (3) the usual
length of the break between rainy seasons in Cote d’Ivoire. An analysis of rainfall
climate scenarios was completed to estimate monthly accumulations for the reference
period and to visualize the characteristics of the two seasons, in terms of start, end,
duration, and accumulation.

The data indicate more abundant rainfall between March and October inclusive, as
well as the presence of two rainy seasons in the central region. Monthly rainfall is
highest in September, followed by June, according to the median values (Figure 3).
Interannual variability is greatest between June and September. The parameters ini-
tially chosen to detect the end of the rainy seasons during the reference period result
in a long rainy season that ends 8 days before the start of the short season, on average
(Table 1); this implies a quasi-unimodal distribution of rainfall. The period during
which there is a decrease in rainfall between seasons seems too short considering the
usual length of this period in Céte d’Ivoire (4-6 weeks) (Figure 4). Also, the timing of
the break does not correspond to the decrease in rainfall between days ~200 and ~230
for the reference period.

Season Indice Initial parameters Revised parameters
(<5mm/d x 20d) (<10 mm/d x 10d)
Major rainy season Start 07 April Day 97 7 April Day 97
End 19 April Day 231 31 July Day 212
Duration 135 Days 116 Days

Precipitations 606 mm (46% of total annual) 524 mm (39% of total annual)

Short rainy season Start 27 August Day 239 27 August Day 97
End 04 December Day 338 17 November Day 212
Duration 100 Days 83 Days

Precipitations 430 mm (32% of total annual) 392 mm (30% of total annual)

Total Duration 235 Days 200 Days

Precipitations 1036 mm (78% of total annual) 916 mm (69% of total annual)

Table 1.
Characteristics of rainy seasons detected in the central region.
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1981-2010
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Figure 4.
Rainy seasons, based on initial definition of ONSET and cessation of rainy season for the central region.

1981-2010
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Short rainy season
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Figure 5.
Rugi:'tly sefmms, based on revised definition of ONSET and cessation of rainy season for the central region.

These preoccupations prompted a sensitivity analysis of the parameters of the end-
of-rainy-season indices. The formulation of these indices is that the season ends after
the cumulative daily rainfall has been below a threshold P (mm/day) for a number of
consecutive days t. A total of 25 combinations of thresholds P and t were tested with
the reanalysis data for the reference period. For each of the combinations of these
thresholds, the end dates of the rainy seasons were noted (averaged over the region).
One of the combinations tested resulted in a dry period lasting 24 days (Table 1),
which seems more compatible with reality (Figure 5). Using these rainy season
detection parameters, the main rainy season extends from 7 April to 31 July, on
average (Table 1). This corresponds to duration of 116 days. The short rainy season
extends from 27 August to 17 November, lasting 83 days. Note that we now detect a
dry season between the two rainy seasons with the revised parameters.

3.2 Current climate in the southern region
3.2.1 Temperature

The 30-year (1981-2010) monthly averages of mean, minimum, and maximum
daily temperatures show important intra-annual variability. The high values of tem-
peratures are recorded between February and April with average values about 23.6°C,
26.1°C and 30.2°C. The lower temperatures are observed in July and August during the
little dry season. During these months, the average values are around 22.1°C for the
minimum temperature, 23.9°C for the mean temperature and 26.7°C for the maxi-
mum temperature (Figure 6).

3.2.2 Precipitation

The projected changes in precipitation were assessed using (i) rainfall climate
scenarios, which were produced from reanalyses (the ERA5-Land ensemble) and bias
corrected climate projections (the CORDEX ensemble), (ii) existing definition of
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Monthly climate normals for temperature, southern vegion ERA5-Land reanalysis data for the period 1981—2010
were used. The diagrams are shown for: (A) mean temperature, (B) minimum temperature, (C) and daily
maximum temperatuve. The vertical limits of the boxes correspond to the 10th, 50th, and 9oth percentiles, while
the ends of the error bars indicate the minimum and maximum monthly values.

ONSET and cessation of rainy seasons, and (iii) usual duration of the little dry
rainy season in the considered areas of Céte d’Ivoire. The seasonal analysis of the
rainfall shows two rainy seasons in the southern region as well. Monthly rainfall is
highest in May to June, followed by September-October, according to the median
values (Figure 7). Interannual variability is greatest between June and August. The
parameters initially chosen to detect the end of the rainy seasons result in a long
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Figure 7.
Monthly climate normals for precipitation, southern region. ERA5-Land reanalysis data for the period
1981-2010 were used. The vertical limits of the boxes correspond to the 10th, 50th, and 9oth percentiles, while the

ends of the evror bars indicate the minimum and maximum monthly values.
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rainy season that ends 16 days before the start of the short season, on average
(Table 2); as was the case in the central region, this implies a quasi-unimodal
distribution of rainfall. The period during which there is a decrease in rainfall
between seasons seems short, considering the usual length of this period in Céte
d’Ivoire (4-6 weeks) (Figure 8). Also, the timing of the break does not correspond
to the decrease in rainfall between days ~195 and ~235 for the reference period
(Figure 9).

A sensitivity analysis was also carried out for the southern region. One of the
combinations tested (10 mm/day for 10 days) resulted in a dry period lasting 31 days
(Table 2) between the two rainy seasons, which seems more compatible with the
reality in Céte d’Ivoire (Figure 10).

Season Indice Initial parameters Revised parameters
(<5mm/d x 20d) (<10 mm/d x 10d)
Major rainy season Start 28 March Day 87 28 March Day 87
End 15 August Day 227 31 July Day 212
Duration 141 Days 126 Days
Precipitations 866 mm (46% of total annual) 805 mm (43% of total annual)
Short rainy season Start 31 August Day 243 31 August Day 243
End 28 November Day 332 19 November Day 323
Duration 90 Days 81 Days

Precipitations 542 mm (29% of total annual) 486 mm (26% of total annual)

Total Duration 231 Days 207 hours

Precipitations 1408 mm (75% of total annual) 1291 mm (69% of total annual)

Table 2.
Characteristics of rainy seasons of the southern region.

1981-2010
L J
¥ Major rainy season ’ ’
Short rainy season
1 3 62 92 122 153 183 213 243 274 304 334 365
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Figure 8.
Rainy season, based on initial definition of ONSET and cessation of rainy season for the southern region.

1981-2010
(i ]
Maijor rainy season —
Short rainy season
1 3 62 92 122 153 183 213 243 274 304 334 365
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Figure 9.
Rainy seasons, based on revised definition of ONSET and cessation of rainy season for the southern vegion.
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Figure 10.

Rainy seasons, based on revised parameters for the central region The vertical limits of the boxes correspond to the
10th, 50th, and 9oth percentiles, while the ends of the hovizontal bars indicate the minimum and maximum
values for each of the climate indices associated with the rainy seasons. The vertical red lines correspond to the days
of the year for the reference period, i.e. 97 (7 April), 212 (31 July), 239 (27 August), and 321 (17 November).

Using these rainy season detection parameters, the main rainy season extends from
28 March to 31 July, on average (Table 2). This corresponds to duration of 126 days.
The short season runs from 31 August to 19 November, lasting 81 days. Note that there
is a dry season between the two rainy seasons with the revised parameters.

3.3 Future climate in the centre regions
3.3.1 Temperature
The following trends can be observed:

* Average temperature: The average value for the period 1981-2010 is 25.7°C. It is
expected to reach between [26.3; 26.9] °C by 2021-2050 and between [26.6; 27.7] °C
by 2041-2070, representing potential increases of between [+0.6; +1.2] °C and
between [+0.9; +2.0] °C, respectively.

* The average minimum daily temperature for the period 1981-2010 is 22.6°C. It is
expected to rise to between [23.2; 23.9] °C by 2021-2050 and between [23.5; 24.8]
°C by 2041-2070, representing potential increases of between [+0.6; +1.3] °C and
between [+0.9; +2.2] °C, respectively.

* Average daily maximum temperature: The average value for the period 1981-
2010 is 30.3°C. It is expected to reach between [31.0; 31.6] °C by 2021-2050 and
between [31.3; 32.4] °C by 2041-2070, representing potential increases of
between [+0.7; +1.3] °C and between [+1.0; +2.1] °C, respectively.

* Number of months per year with an average low daily minimum temperature
(below 15°C): The average value for the period 1981-2010 is zero months/year. It
would still be zero months/year by 2021-2050 and 2041-2070.

* Number of days per year with a high average daily maximum temperature
(greater than or equal to 33°C): The average value for the period 1981-2010 is
51 days. This would rise to between [77; 106] days/year by 2021-2050 and
between [92; 142] days/year by 2041-2070, representing potential increases of
between [+26; +55] days/year and between [+41; +91] days/year, respectively.
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All the scenarios and climate indices suggest warming over the next few
decades. This warming would be greater for the RCP 8.5 scenario group than for
the RCP 4.5 group. Also, the difference between the RCP groups would be greater for
the most distant period. The most favourable temperature for growing cocoa is
between 18 and 32°C. The analyses show that the number of months with an
average minimum daily temperature below 15°C is zero. It is more the average maxi-
mum daily temperature that is likely to be problematic for cocoa growing. It could
reach this threshold by 2021-2050 and even exceed it by 2041-2070. In addition, the
number of days with an average daily maximum temperature of over 33°C could
double or even triple by 2041-2070. The spatial distribution of temperatures and
indices is similar.

3.3.2 Precipitation
The following trends can be observed:

* Cumulative annual precipitation: the average value for the period 1981-2010 is
1328 mm. It would be between [1317; 1491] mm by 2021-2050 and between
[1315; 1533] mm by 2041-2070, representing potential changes of between [—11;
+163] mm and between [—13; +205] mm, respectively.

* The number of rainy days (>5 mm) per year; the average value for the 1981-2010
period is 89 days. It would be between [83; 99] days by 2021-2050 and between
[81; 100] days by 2041-2070, representing potential changes of between [—6;
+10] days and between [—8; +11] days, respectively.

* The duration of dry periods between March and November; the average value for
the 1981-2010 period is 3 days. It would be between [1; 5] days by 2021-2050 and
between [1; 4] days by 2041-2070, representing potential changes of between
[—2; +2] days and between [—2; +1] days, respectively.

* Duration of dry spells between November and March: The average value for the
1981-2010 period is 129 days. It would be between [123; 138] days by 2021-2050
and between [123; 139] days by 2041-2070, representing potential changes of
between [—6; +9] days and between [—6; +10] days, respectively.

3.3.3 Major rainy season
The following trends can be observed:

* Start of season: The season generally begins on day 97 of the year during the
1981-2010 period. It would begin between days [92; 104] of the year by 2021~
2050 and between days [90; 105] of the year by 2041-2070, representing
potential changes between [—5; +7] days and between [—7; +8] days.
respectively.

* End of season: The season ends on day 212 of the year over the period 1981-2010.
It would end between days [210; 213] of the year by 2021-2050 and between days
[210; 213] of the year by 2041-2070, representing potential changes between
[—2; +1] days and [—2; +1] days, respectively.
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* Season length: The season lasts an average of 116 days over the 1981-2010 period.
It would last between [107; 120] days by 2021-2050 and between [108; 121] days
by 2041-2070, representing potential changes of between [—9; +4] days and
between [—8; +5] days, respectively.

* Seasonal cumulative precipitation: Cumulative precipitation averaged 524 mm
over the period 1981-2010. It would change to a value between [481; 639] mm by
2021-2050 and to a value between [483; 664] mm by 2041-2070, representing
potential changes between [—43; +115] mm and between [—41; +140] mm,
respectively.

3.3.4 Short rainy season
The following trends were observed:

* Start of season: The season starts on day 239 of the year over the period
1981-2010. It would begin between days [234; 239] of the year by 2021-2050
and between days [233; 238] of the year by 2041-2070, representing
potential changes between [—5; 0] days and between [—6; —1] days,
respectively.

* End of season: The season ends on average day 321 of the year over the period
1981-2010. It would end between days [315; 324] of the year by 2021-2050 and
between days [316; 326] of the year by 2041-2070, representing potential
changes between [—6; +3] days and between [—5; +5] days, respectively.

* Season length: The average season lasts 82 days over the period 1981-2010. It
would last between [79; 89] days by 2021-2050 and between [79; 91] days by
2041-2070, representing potential changes of between [—3; +7] days and
between [—3; +9] days, respectively.

* Seasonal cumulative precipitation: Cumulative precipitation averaged 392 mm
over the period 1981-2010. It would change to between [347; 497] mm by
2021-2050 and to between [353; 504] mm by 2041-2070, representing
potential changes of between [—45; +105] mm and between [—39; +112] mm,
respectively.

3.3.5 Little dry season

The rainy seasons are shown in Figure 10. The average duration of the break
between rainy seasons or little dry season is around 8 days over the 1981-2010 period,
based on thresholds of 5 mm/day for 20 days. The break would last between [3; 10]
days for the 2021-2050 and 2041-2070 horizons, representing potential changes
between [—5; +2] days. The length of the break between rainy seasons averaged
27 days over the 1981-2010 period, based on thresholds of 10 mm/day for 10 days.
The break would last between [20; 27] days by 2021-2050 and between [21; 27]
days by 2041-2070, representing potential changes between [—7; 0] and between
[—6; 0] days, respectively. The pause would therefore be shorter than in the present
climate.
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3.4 Future climate in the south region of Céte d’Ivoire
3.4.1 Temperature
The following trends were observed:

* Average temperature: The average value for the period 1981-2010 is 25.2°C. It is
expected to reach between [25.8; 26.4] °C by 2021-2050 and between [26.1; 27.2] °C
by 2041-2070, representing potential increases between [+0.6; +1.2] °C and
between [+0.9; +2.0] °C, respectively.

* Mean minimum daily temperature: The mean value for the period 1981-2010 is
23.0°C. It is expected to reach between [23.6; 24.2] °C by 2021-2050 and between
[23.9; 25.0] °C by 2041-2070, representing potential increases between [+0.6;
+1.2] °C and between [+0.9; +2.0] °C, respectively.

* Mean maximum daily temperature: The mean value for the period 1981-2010 is
28.8°C. It is expected to reach between [29.4; 30.0] °C by 2021-2050 and
between [29.7; 30.8] °C by 2041-2070, representing potential increases of
between [+0.6; +1.2] °C and between [+0.9; +2.0] °C, respectively.

* Number of months per year with a low average daily minimum temperature
(below 15°C): The average value for the period 1981-2010 is zero months/year. It
would still be zero months/year by 2021-2050 and 2041-2070. Number of days
per year with a high average daily maximum temperature (greater than or equal
to 33°C): The average value for the period 1981-2010 is 2 days. It would rise to
between [7; 17] days/year by 2021-2050 and between [12; 47] days/year by 2041
2070, representing potential increases of between [+5; +15] days/year and
between [+10; +45] days/year, respectively.

All the scenarios and climate indices suggest warming over the next few decades.
This warming would be greater for the RCP 8.5 scenario group than for the RCP 4.5
group. Also, the difference between the RCP groups would be greater for the most
distant period. As previously mentioned, the most favourable temperature for cocoa
cultivation is between 18 and 32°C. The results indicate that the number of months
with an average daily minimum temperature below 15°C is zero. Concerning the
upper limit of 32°C associated with cocoa cultivation, the results indicate that the
average maximum daily temperature (between [29.4; 30.8]°C) would not exceed this
threshold in the climatic horizons considered in this study. However, this does not
mean that, in some years, the annual average would not exceed this threshold. In
addition, the number of days with an average daily maximum temperature of over 33°
C, which was only 2 days for the 1981-2010 period, could increase significantly. The
cocoa tree’s comfort limit would be exceeded more often by 2041-2070.

3.4.2 Precipitation
The following trends were observed:

 Cumulative annual precipitation: The average value for the period 1981-2010 is
1888 mm. This would rise to between [1800; 2115] mm by 2021-2050 and
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between [1812; 2164] mm by 2041-2070, representing potential changes of
between [—88; +227] mm and between [—76; +276] mm, respectively.

* Number of rainy days (>5 mm) per year: The average value for the 1981-2010
period is between 130 days. This would rise to between [115; 152] days by 2021-
2050 and between [112; 154] days by 2041-2070, representing potential changes
of between [—15; +22] days and between [—18; +24] days, respectively.

* Duration of dry periods between March and November: The average value for the
1981-2010 period is 0 days. It would still be zero months/year by 2021-2050 and
2041-2070.

* Duration of dry periods between November and March: The average value for the
1981-2010 period is 87 days. It would reach between [54; 112] days by 2021-2050
and between [55; 115] days by 2041-2070, representing potential changes of
between [—33; +25] days and between [—32; +28] days, respectively.

3.4.3 Major rainy season
The following trends were observed:

o Start of season: The season starts on day 87 of the year over the period 1981-2010.
It would begin between days [84; 93] of the year by 2021-2050 and between days
[85; 96] of the year by 2041-2070, representing potential changes between [—3;
+6] days and between [—2; +9] days, respectively.

* End of season: The season ends on day 212 of the year for the period 1981-2010. It
would end between days [209; 216] of the year by 2021-2050 and between days
[209; 214] of the year by 2041-2070, representing potential changes between
[—3; +4] days and between [—3; +2] days, respectively.

* Season length: The season lasts an average of 125 days over the 1981-2010 period.
It would last between [116; 131] days by 2021-2050 and between [115; 128] days
by 2041-2070, representing potential changes of between [—9; +6] days and
between [—10; +3] days, respectively.

* Seasonal cumulative precipitation: Cumulative precipitation averaged 805 mm
over the period 1981-2010. It would change to a value between [768; 979] mm by
2021-2050 and to a value between [772; 1024] mm by 2041-2070, representing
potential changes between [—37; +174] mm and between [—33; +219] mm,
respectively.

3.4.4 Little rainy season
The following trends are observed:

* Start of season: The season begins on day 243 of the year during the 1981-2010
period. It would begin between days [237; 245] of the year by 2021-2050 and
between days [235; 244] of the year by 2041-2070, representing potential
changes between [—6; +2] days and between [—8; +1] days, respectively.
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* End of season: The season ends on average on day 323 of the year over the period
1981-2010. It would end between days [317; 326] of the year by 2021-2050 and
between days [318; 327] of the year by 2041-2070, representing potential
changes between [—6; +3] days and between [—5; +4] days, respectively.

* Season length: The season lasts an average of 79 days over the 1981-2010 period.
It would last between [75; 88] days by 2021-2050 and between [78; 89] days by
2041-2070, representing potential changes between [—4; +9] days and between
[—1; +10] days, respectively.

* Seasonal cumulative precipitation: Cumulative precipitation averaged 486 mm
over the period 1981-2010. It would change to between [384; 622] mm by 2021-
2050 and to between [398; 650] mm by 2041-2070, representing potential changes
of between [—102; +136] mm and between [—88; +164] mm, respectively.

3.4.5 Little dry season

The rainy seasons are shown in Figure 10. The average duration of the little dry
season the break between rainy seasons is around 16 days over the period 1981-2010,
based on thresholds of 5 mm/day for 20 days. The break would last between [6; 21] days
by 2021-2050 and between [6; 20] days by 2041-2070, representing potential changes
between [—10.0; +5.0] and between [—10.0; +4.0] days, respectively. The length of the
break between rainy seasons averages 31 days over the 1981-2010 period, based on
thresholds of 10 mm/day for 10 days. The break would last between [19; 35] days by
2021-2050 and between [21; 35] days by 2041-2070, representing potential changes
between [—12; +4] and between [—10; +4] days, respectively (Figure 11).

4. Influence of climatic variables on cocoa tree physiology and
post-harvest aspects

The aim was to establish the link between the fluctuation of climatic variables
during the periods 2021 to 2050 and 2041 to 2070, on the establishment of orchards,
the survival of cocoa trees after planting, the growth and development of cocoa trees,
flowering, fruiting, drying and the technological quality of merchantable beans and
cocoa pests and diseases. About cocoa diseases, the influence of climatic variables was

- M = ~ 2021-2050 |

- ajor \
e 1‘ai1:v -~ i
Start Major rainy season seasl)u @ PRy e
End Short rainy season season

T . ' Z041-2070
Start = Major & Short
= rainy rainy
Start aj-
season season D
End | | I
1 31 62 ez 122 153 183 213 243 274 304 334 365
Day of Year

Figure 11.

Ragi:tly seasons, based on vevised parameters for the southern region. The vertical limits of the boxes correspond to the
10th, 50th and 9oth percentiles, while the ends of the ervor bars indicate the minimum and maximum values for

each of the climate indices associated with the rainy seasons. The vertical ved lines corvespond to the days of the year
for the vefevence period, i.e., 87 (28 March), 212 (31 July), 243 (31 August) and 323 (19 November).
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analysed on the development of brown rot and swollen shoot. Concerning pests, the
analysis focused on mirids, stem borers, mealybugs, psyllids, and defoliating caterpil-
lars. The immediate and lasting repercussions of climate change on diseases and pests
are among the major concerns of scientists and policy-makers around the world.
Rainfall and temperature are the most important factors in the development of dis-
eases and pests.

Tables 3-10 summarise the results of the climate scenarios and their influence on
cocoa production in the Central and Southern zones of Céte d’Ivoire.

5. Identification of climate smart practices for adaptation to climate
variability in cocoa production

Generally, the adoption of climate-smart practices by cocoa farmers remains
limited for a variety of reasons. Surveys carried out in Abengourou, Gagnoa,
Vavoua, and Soubré to collect and analyse adaptation practices in cocoa farming
enabled a range of agroecological practices covering all stages of cultivation to be
inventoried (Table 11). The most promising practices for coping with the effects of
climate change in cocoa farming were identified using multiple criteria
(economic, social, and gender equality, environmental, and efficiency). This
multi-criteria analysis shows that the most promising practices relate to tree
planting, for shade purposes and other benefits provided by trees and agroforestry
[27, 28]. These practices deserve to be included in the training curricula of profes-
sionals who work with cocoa farmers, just as these practices deserve to be widely
disseminated and promoted among cocoa farmers. Cocoa cooperatives also play a role
in disseminating these messages and in meeting the needs of their members, both men
and women. These organizations benefit from taking climate change into account in
the products and services they offer so that they can make informed and strategic
decisions.

6. Conclusions

The analysis of the climate scenarios for the next 50 years for the central and
southern zones of Céte d’Ivoire concerning cocoa farming provides an
understanding of the projected impact of future climate on cocoa trees and the sur-
rounding environment. In general, the various climate scenarios showed that there
would be an increase in the average maximum temperature (up to 1.3°C higher by
2021-2050 and 2.2°C higher by 2041-2070) and an increase in the number of hot days
(>33°C) in both zones (Centre and South), although these changes would be more
marked in the Centre zone. No consensus has been reached between the climate
model projections for rainfall, except that the short rainy season could start earlier
than in the present climate. These predictions could have impacts on cocoa cultiva-
tion. With respect to physiology, rainfall forecasts are favourable to the establishment,
growth, flowering, and fruiting of cocoa trees. On the other hand, an increase in the
number of hot days would be harmful to the cocoa tree. Concerning cocoa diseases
(CSSVD and brown rot), increases in temperature and the number of hot days would
help slow their progress in the orchards. About the main pests, increases in tempera-
ture and rainfall would not alter their dynamics, but only the delay in the start of the
main rainy season could reduce the outbreak of defoliating caterpillars. For soil on
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Ilustrations Agroecological practices identified

Temporary shade plants

* Plantation of banana trees for temporary
shade

* Planting tree legumes (Cajanus cajan) for
temporary shade and human consumption

* Plantation of compatible fruit and forest
species for shade purposes

* Plantation of perennial legumes (e.g. Acacia
mangium and Albizia)

* Association of cocoa with food crops (e.g.
yam, tomato, okra...)

* Association of cocoa with edible cover crops
(e.g. groundnuts, beans, soya, sweet
potatoes)

72



Climate Variability and Outlook of Cocoa Production in Cote D’ivoire under Future Climate

DOI: http://dx.doi.org/10.5772 /intechopen.112643

Illustrations

Agroecological practices identified

Soil fertility management

* Production and use of compost made from
cocoa residues
¢ Mulching around cacao

* Flowering pruning once a year in line with
the start of the rainy season (after the first
heavy rain) and cleaning of pruning
equipment

* Training pruning in the rainy season and
cleaning of pruning equipment

* Use of vegetative barriers against swollen
shoot and strong winds

* Regular inspection of orchards for early
detection of symptoms of disease and pests

* Use of mechanical methods (pruning,
plugging holes with stems, manual removal
of insects, leaves, attacked fruit) to prevent
the appearance of and/or control pests

* Use of grass swaths to prevent attacks by
harmful insects

* Use of natural/biological repellents (neem,
ginger, predatory insects) to prevent the
appearance of and/or control pests
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Ilustrations Agroecological practices identified

Post-harvest activities

* Storage of cocoa beans protected from bad
weather

Table 11.
Identification of agroecological practices to adapt to climate change effect in cocoa farming.

which crop is grown, (cocoa trees, and associated crops) would also be affected by
climate change, with an increase in the number of hot days (>33°C). This would result
in high evapotranspiration, low soil water retention, and rapid degradation of organic
matter, leading to a decline in soil fertility. In addition, climate change could lead to
lower yields and higher levels of poverty in rural areas. Given the impact that climate
change would have on cocoa farming over the periods 2021-2050 and 2041-2070,
strategies are proposed to improve the resilience of producers within cocoa coopera-
tives in Céte d’Ivoire. A set of agro-ecological practices have been identified that could
counteract the adverse effects of climate change.
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Chapter 4

Cocoa Production and Distribution
in Bahia (Brazil) after the Witch’s
Broom

Hélio Rocha Sousa Filho, Marcos de Almeida Bezerra,

Raildo Mota de Jesus and Jorge Chiapetti

Abstract

Theobroma cacao production in the state of Bahia (Brazil) suffered crises due to a
combination of falling prices, the end of subsidized credit, droughts, international
supply and witches’ broom disease. The objective was to verify the distribution of the
cocoa crop in the state of Bahia and to analyze the indicators of harvested area, pro-
duction and productivity, starting from the crop crisis that started in the late 1980s.
Data were collected from the Brazilian Institute of Geography database. and Statistics,
period from 1988 to 2019. Cocoa production is present in 26% of the municipalities,
distributed in nine economic regions, especially in the east of the state. Harvested
area decreased by 30.7%, production by 65.4% and productivity by 50.1%; numbers
that demonstrate the dimension of the problem. In the economic regions, there was a
separation of two periods: 1988-1999 and 2000-2019. In the first, the indicators show
higher numbers that decrease with the deepening of the crisis. In the second, cultivars
resistant to witches’ broom and new management and production techniques were
implanted, measures related to the behavior of the indicators. Thus, decades after
the cocoa farming crisis, increasing production and productivity levels remains a
challenge.

Keywords: cocoa cultivation, agricultural production, harvested area, productivity,
crisis cocoa

1. Introduction

The cocoa tree (Theobroma cacao) is cultivated in tropical areas. Its importance
is connected to its seed, the cocoa bean, a commodity traded on international stock
exchanges. Driven by the consumption of chocolate-based products, world demand
for cocoa beans has been increasing in recent years [1]. In the nineteenth century,
most of the cocoa produced in the world came from Latin America, from the tropical
zone [2]. In recent years, statistics indicate that Africa has the highest levels of cocoa
bean production in the world, followed by Central and South America, Australia, and
Asia [3].
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In Brazil, cocoa production cannot cover the industry’s shortfall in supply, making
the country’s installed capacity dependent on the importation of cocoa beans [4]. The
Brazilian context of insufficient production arose from a combination of factors that
contributed to the cocoa production crisis [5]. Witches’ broom was one such factor,
being a disease of the cocoa tree caused by the Moniliophthora perniciosa fungus, one
of the most devastating parasites for cocoa production [6]. The fungus infects the
plant and leaches nutrients for its growth, in addition to affecting the fruits and caus-
ing the loss of beans [7].

After the outbreak of witches’ broom on cocoa plantations in South America
and the Caribbean, cocoa bean production recorded a fall of 50-90% [8]. In Brazil,
witches’ broom had previously been recorded in the eighteenth century in the
Amazon region, although it was first recorded on cocoa plantations in Northeast
Brazil, in the state of Bahia, in 1989 [9].

A crisis began in cocoa production in Bahia at the end of the 1980s, caused
by a combination of events such as a drop in prices, the end of subsidized credit,
droughts, increased supply from other countries, and fungal diseases. In this
scenario, the spread of witches’ broom throughout Bahia’s cocoa crop aggravated
problems in production and productivity, causing unemployment and rural exodus
[10]. The fall in production also affected the cities that depended on cocoa cultivation
in some way, causing a drop in the circulation of merchandise, decreased munici-
pal tax revenue, and an increase in social problems [5]. One analysis indicated an
interdependence between Brazil’s cocoa production and that of Bahia, as there was a
successive decline in production in Bahia between 1990 and 2004, which impacted
national production [11].

Considering the cocoa crisis that began in Bahia in 1989, this study used the
harvested area, production, and productivity indicators to investigate the impacts
the crisis caused on the cocoa crop. According to the literature, indicators are tools of
investigation, measurement, and information on the state of a system, and may be
applied to understanding phenomena or processes, managing complex issues, and in
decision making [12, 13].

In the context presented above, it is relevant to understand the panorama of cocoa
culture in Bahia in the last three decades, after the outbreak of witches’ broom, which
is one of the factors that most contributed to the decrease in Brazilian cocoa produc-
tion [10, 11]. On a global level, it is important to gather information on the evolution
of cocoa cultivation after an agricultural crisis, especially in Bahia, Brazil, one of the
most traditional and most important cocoa-producing regions in the world [14]. The
behavior of the indicators may indicate appropriate strategies for crop recovery and
the construction of policies that enhance the development of cocoa culture, since
positive results in agriculture are drivers of improved quality of rural life [13]. Thus,
this study aimed to verify the distribution of cocoa culture in the state of Bahia and
analyze the harvested area, production, and productivity indicators, from the crop
crisis that began at the end of the 1980s.

2. Material and methods

The cocoa-producing municipalities in the state of Bahia in Northeast Brazil
made up the study area. The cultivation of cocoa is of great economic and social
importance for Bahia, which is one of the main cocoa producers in Brazil. Economic
division of the regions was adopted for the analysis, according to Law no. 6.349 of
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17th December 1991, which divided the state into fifteen regions and was adopted by
the Superintendéncia de Estudos Econdémicos e Sociais da Bahia (Superintendence
of Economic and Social Studies of Bahia) [15]. This division was chosen because it
groups the municipalities by economic and commercial characteristics, whereby one
or various productive activities identify and determine regional potential [16, 17].
Thus, it may be possible to establish in which regions cocoa culture has the greatest
representation.

Information was collected from a database, based on publications by the Instituto
Brasileiro de Geografia e Estatistica (Brazilian Institute of Geography and Statistics)
(IBGE). Information from the Produgdo Agricola Municipal (Municipal Agricultural
Production) (PAM) survey, which provides data on a municipal, state, and national
scale, was also used. The PAM survey is carried out on all production units wholly or
partially dedicated to agriculture or livestock. This research is the result of a monthly
systematic agricultural survey of annual consolidation [18]. Harvested area, quantity
produced (production), and mean yield (productivity) of the permanent cocoa crop
in beans, in the municipal and state territories, were selected as indicators. These
three indicators were chosen for their availability of access to a chronological series
of data. The time frame analyzed was between 1988 and 2019, totaling 32 years. This
time frame is from the year before witches’ broom was recorded in Bahia up to the last
year in which consolidated data are available.

To carry out the analyses, data on harvested area (hectare), production (tons),
and productivity (kilogram per hectare) were initially accessed through Table number
1613 of the PAM survey, via the IBGE system of Automatic Recovery. The consolidated
values of the variables on state level basis from the database were used in the analysis.
Subsequently, the cocoa-producing municipalities in Bahia were selected and classified
according to economic region. After this stage, annual values of each of the harvested
area, production and productivity indicators of each economic region were calculated,
resulting in matrices of 32 x 3, displaying the 32 years observed as rows and the three
indicators as columns. The data were auto-scaled and subjected to principal components
analysis (PCA). This exploratory method was applied for its capacity to reduce the
dimensions of the data and identify inter-relationships between the observations and
variables [19]. Execution of the principal components analysis (PCA) will establish
patterns of behavior for the indicators, highlighting similarities and/or differences in
the evolution of agricultural activity in the regions. Analysis calculations were executed
using Past software (Hammer Copyright. 2018, version 3.2, NOR).

3. Results and discussion

The state of Bahia has 417 municipalities, with cocoa production being distributed
in 26% of these municipalities (Table 1). The data also show growth of around 17% in
the quantity of cocoa-producing municipalities when comparing 1988 and 2019. This
demonstrates resilience in cocoa cultivation in this period, even with the drop in bean
prices, the end of subsidized agricultural credit, and the emergence and spread of
witches’ broom, which contributed to the third major crisis of the sector [11].

In 1979, the Comissio Executiva do Plano da Lavoura Cacaueira (Executive
Commission of the Cocoa Tree Crop Plan) (CEPLAC) carried out a survey on the
distribution of the cocoa area in Bahia and its production. In this study, it was found
that the cocoa cultivation was present in 83 municipalities, in seven sub-regions,
and that some municipalities had the potential to expand their cultivated areas [20].
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Region Municipalities
Cocoa producer Cocoa producer Producer and P/T2019
in1988 in2019 non-producer in (%)
2019
Metropolitana de 1 1 10 10
Salvador
Litoral Norte 1 1 20 5
Recéncavo Sul 17 20 33 60
Litoral Sul 47 52 53 98
Extremo Sul 13 18 21 85
Sudoeste 14 17 39 43
Nordeste 0 0 47 —
Paraguagu 2 0 42 —
Baixo Médio Sdo 0 0 8 —
Francisco
Piemonte da Diamantina 0 0 24 —
Irecé 0 0 19 —
Chapada Diamantina 0 1 29 3
Serra Geral 0 0 33 —
Meédio Sao Francisco 0 1 16 6
Oeste 0 1 23 4
State total 95 112 417 26

P/T 2019: percentage of cocoa-producing municipalities in 2019.

Table 1.
Distribution of the number of cocoa-producing municipalities in the economic regions of Bahia (1988-2019).

According to the most current data from 2019, cocoa production was recorded in nine
economic regions in Bahia.

The Litoral Sul and Extremo Sul regions have the highest percentages of cocoa-
producing municipalities, with 98% and 85%, respectively. This demonstrates the
representativity and importance of cocoa in this part of the state. When examining
the history of cocoa in Bahia, it can be noted that a high number of cocoa-producing
municipalities are concentrated in these regions. This is not by chance, as cocoa
culture began in the south of the state [11]. Another stand-out region is Recéncavo
Sul, with cocoa production in more than half of its municipalities, demonstrating that
cocoa is also a representative crop of the economy of this region.

The cocoa production record in the municipalities of the Chapada Diamantina,
Médio Sdo Francisco, and Oeste regions is relevant data, as they are regions without
a tradition of cocoa culture. Trying to make cocoa production viable in these regions
may constitute escape zones for cocoa tree diseases, expansion to new production
centers, and an opportunity to increase production and generate jobs and income
[21]. In addition, it enables crop diversification with the perspective of becoming a
new vector of local development.

Analysis of the spatial distribution of the cocoa-producing municipalities in the
regions of Bahia, demonstrates that cocoa cultivation is predominant in the east of
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Figure 1.
Location of the 15 economic regions of the state of Bahia and distribution of the cocoa-producing municipalities in
2019.

the state, in the humid zone, in a strip close to the coast (Figure 1). This is due to the
existence of edaphoclimatic conditions, and processing and exportation infrastruc-
ture that favor cocoa production activity [10, 22].

The edaphic and climatic conditions in the south of Bahia are beneficial for cocoa
cultivation, as the plant grows in fragments of native forest, in the shade of big trees,
with adequate rainfall and deep soils [4, 23]. These conditions contributed to the
dissemination of the cocoa tree in the Extremo Sul region, as well as expansion to the
municipalities of the humid zone of the Recéncavo Sul and Sudoeste regions.

Starting in 2010, with research and increased technology, experimental areas and
cocoa production were created in municipalities in the Chapada Diamantina, Médio
Sdo Francisco, and Oeste regions, which do not have naturally favorable edaphocli-
matic conditions [24]. Cocoa cultivation was implanted in the humid and sub-humid
transition zone and in semi-arid locations. This new expansion is due to irrigated cocoa
tree cultivation with sun exposure, the adoption of agronomic management of high
technification, and highly productive cloned cultivars resistant to fungal diseases [24].

In recent years, CEPLAC has recommended integrated management in the control
of fungal diseases of cocoa trees such as witches’ broom, the main pest affecting cocoa
plantations in Bahia. The strategies that make up integrated management of witches’
broom are culture control, chemical control, biological control, and the insertion of
genetically enhanced cultivars [25]. The integrated approach has assisted in produc-
tion continuity [14]. The large-scale adoption of these strategies may positively
interfere in cocoa culture indicators in the producing regions.

Until the mid-1980s, the state of Bahia produced 400 thousand tons of cocoa
[14, 26]. Between 1988 and 2019, graphic analysis of the data on the harvested area,
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Figure 2.

Evolution of the harvested area, production, and productivity indicators of the cocoa crop in the state of Bahia,
between 1988 and 2019. Harvested area (scale of 0-700,000 hectares); production (scale of 0-400,000 tons) and
productivity (scale of 0—650 kilograms per hectare).

production, and productivity indicators demonstrates the occurrence of variations
and lower final numbers (Figure 2). Although witches’ broom is indicated as the
main cause of these alterations in the 1990s, other factors contributed significantly,
such as the fall in the supply of subsidized agricultural credit and the decrease in the
price per ton of cocoa beans in the 1980s and 1990s [27].

The harvested area indicator shows a reduction of around 8% in the first four
years. From 1992 onwards, there are positive and negative fluctuations, with a general
decrease until 2002, when a value of 487 thousand hectares was recorded. From then
on, there was an increasing trend until recording 553 thousand hectares in 2016,
although this fell value to 413 thousand hectares in 2019. In addition to the fluctua-
tions in harvested area, it decreased by 30.7% between 1988 and 2019.

The production indicator showed a reduction of 66%, between 1988 and 2002.
From 2003 onwards, there is a trend of growth until 2015. However, in 2019 produc-
tion decreased again, recording around 113 thousand tons, which is a fall of 65.4%
in relation to 1988. It should be highlighted that despite the reduced production in
periods of crisis, cocoa continues to be one of the main agricultural products in the
south of Bahia [28].

In the mid-1990s, the decline in cocoa production in Bahia and the need to renew
cocoa plantations led the federal government to launch the Cocoa Crop Recovery
Program. This program offered credit for producers to invest in recovering planta-
tions and controlling witches’ broom. Government technical bodies recommended
measures to combat witches’ broom disease: phytosanitary pruning, fungicide
application, biological control and replanting of cocoa plantations, using clones of
resistant cultivars [23].

The productivity indicator showed an increase between 1988 and 1989, from
549 kg/ha to 600 kg/ha. Productivity then decreased to a certain level between 2000
and 2003, recording around 226 kg/ha. Despite oscillations, from 2003 onwards,

84



Cocoa Production and Distribution in Bahia (Brazil) after the Witchs Broom
DOI: http://dx.doi.org/10.5772/intechopen.112199

there was a general trend of increase until 2015. In 2016 production decreased to

209 kg/ha, the lowest recorded yield, this year falling within the period of one of the
most severe droughts in Bahia’s history, whereby rainfall levels fell below the average,
resulting in negative consequences for agriculture and livestock in general [29]. In
2019, productivity reached 274 kg/ha; however, compared with 1988, this is a decrease
to the order of 50.1%.

Analysis of the production and productivity indicators shows a positive trend from
the beginning of the 2000s, which coincides with the start of the movement substi-
tuting traditional cultivars for clones resistant to witches’ broom [30]. In the 2000s,
CEPLAC started a program of cocoa tree improvement in Bahia that resulted in highly
productive cultivars that were resistant to the disease [31].

The cocoa culture problems in Bahia are dealt with on various fronts, with the aim
of recovering the losses caused by the crisis. One of the initiatives observed is produc-
tion for the fine aroma cocoa market, which already has 50 local brands of chocolate
in the south of Bahia [10]. This market pays a higher value for cocoa beans in relation
to traditional production; however, the production of fine aroma cocoa requires the
selection of plant varieties and special care in the ripening, harvest, and post-harvest
of the cocoa. This is all done with the aim of achieving distinctive sensory characteris-
tics of aroma and outstanding flavor [32].

The evolution of the cocoa crisis certainly did not affect the harvested area,
production, and productivity indicators in the same way or at the same time in all the
cocoa-producing regions of Bahia. Thus, through the principal components analysis
(PCA), it was possible to observe the interactions between the three indicators as well
as the relationships between the observations from 1988 to 2019 (Figure 3). Among
the ten cocoa-producing regions of Bahia, Chapada Diamantina, Médio Sao Francisco,
and Oeste did not have enough data to be included in the analysis, as production in
these regions only began in 2010.

In the Metropolitana de Salvador region, the two PCs (first two components)
explain 99.64% of the total variation. PR (production) and PD (productivity)
contribute the most to PC1 (first component); HA (harvested area) has the larg-
est contribution to PC2 (second component). The biplot graph for PC1 versus PC2
demonstrates a trend towards separation of 1988 to 1999 from 2000 to 2019. In PC1,
the positive vectors of HA, PR, and PD are more related to the period of 1988 to 1999.
The results indicate that in most of the period between 1988 and 1999 the indicators
were higher (Figure 3a).

In the Litoral Norte region, the two PCs explain 99.76% of the total variation
(Figure 3b). HA and PR contribute the most to PC1; PD has the largest contribution
to PC2. The biplot graph for PC1 versus PC2 demonstrates a separation of 1988 to
1999 from 2000 to 2019. In PC1, the positive vectors of the three variables are related
to the period of 1988 to 1999, in addition, the lower distance between the HA vector
and PR indicates a greater correlation between the two indicators. The data demon-
strate that the indicators were higher between 1988 and 1999.

In the Recdncavo Sul region, the two PCs explain 99.67% of the total variation
(Figure 3c). HA and PR contribute the most to PC1; PD has the largest contribution
to PC2. The biplot graph for PC1 versus PC2 demonstrates a separation of 1988 to
1989 from 1990 to 2019. In PC1, the positive vectors PR and PD are more related to
1988 and 1989. The data indicate less variation of the indicators between 1990 and
2019 and higher values.

In the Litoral Sul region, the two PCs explain 99.92% of the total variation
(Figure 3d). PR and PD contribute the most to PC1; HA has the largest contribution
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Principal components analysis carried out on cocoa crop indicators in seven economic regions in the state of
Bahia, from 1988 to 2019 ( MA1988-1989; M1990-1999; and M2000-2019). Data from the Produgdo Agricola
Municipal (Municipal Agricultural Production) survey of the IBGE, using three indicators, HA: harvested avea;
PR: production; PD: productivity. On the graphs for (a) regido Metropolitana de Salvadoy, (b) Litoral Norte,
(c) Reconcavo Sul, (d) Litoral Sul, () Extremo Sul, (f) Sudoeste, and (g) Paraguagu the first two principal
components (PC) are demonstrated and explain approximately 95% of the data variability in all the analyses.
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to PC2. The biplot graph for PC1 versus PC2 demonstrates a separation of 1988-1999
from 2000 to 2019. In PC1, the positive vectors HA, PR, and PD are related to the
period of 1988-1999, in addition, the lower distance between the PR vector and PD
indicates a greater correlation between the two indicators. The data demonstrate that
the indicators were higher between 1988 and 1999.

In the Extremo Sul region, the two PCs explain 99.71% of the total variation
(Figure 3e). HA and PR contribute the most to PC1; PD has the largest contribution
to PC2. The biplot graph for PC1 versus PC2 demonstrates a separation of 1988-1999
from 2000 to 2019. In PC1, the positive vectors HA, PR, and PD are related to the
period of 1988-1999. It can also be seen that from 1990 to 1999 the points are much
more clustered, indicating proximity of the values. The data demonstrate that the
indicators were higher between 1988 and 1999.

In the Sudoeste region, the two PCs explain 99.64% of the total variation
(Figure 3f). PR and PD contribute the most to PC1; HA has the largest contribution
to PC2. The biplot graph for PC1 versus PC2 demonstrates a trend towards separation
of 1988-1999 from 2000 to 2019. In PC1, the positive vectors of PR and PD are more
related to the period of 1988-1999, while the HA vector is close to some points from
the 2000s. The data demonstrate that in 1988, 1989, and some years from the 1990s,
the indicators were higher than the period to 2000-2019.

In the Paraguagu region the two PCs explain 99.61% of the total variation
(Figure 3g). HA and PR contribute the most to PC1; PD has the largest contribution
to PC2. The biplot graph for PC1 versus PC2 demonstrates a separation of 1988-1999
from 2000 to 2019. In PC1, the positive vectors HA, PR, and PD are more related to
the period of 1988-1999, in addition, the lower distance between the HA vector and
PR demonstrates a greater correlation between the two indicators. The data demon-
strate that the indicators were higher between 1988 and 1999.

In summary, the PCAs carried out on the data on the harvested area, production,
and productivity indicators of the cocoa crop, separated or tended to separate the
Metropolitana de Salvador, Litoral Norte, Litoral Sul, Extremo Sul, Sudoeste, and
Paraguagu regions into two periods. The first period between 1988 and 1999 is made
up of the years following the beginning of the crop crisis, where the values of the indi-
cators are higher and suffer a decrease over the years. In the second period, between
2000 and 2019, the numbers remain lower than in the first period, demonstrating that
the productive activity of cocoa did not manage to recover.

In the Recéncavo Sul region, the PCA demonstrates that the data from the 1990s
and the 2000s are close (Figure 3c), without apparent visual separation. This indi-
cates that in this region, the variation in the harvested area, production, and produc-
tivity indicators occurred differently to the other regions, which leads to the inference
that the crisis affected the three indicators in the Recéncavo Sul region differently in
comparison to the other regions.

Growth rates for the harvested area, production, and productivity indicators were
estimated based on the separation of the data into two periods indicated by the princi-
pal components analysis. For the harvested area, the growth rate demonstrated that
there was a decrease in almost all the regions (Table 2). The reduction in the areas
with cocoa may be explained by abandonment and substitution of the crop, as with
the incidence of witches’ broom and all the other previously cited events, maintaining
the crop area became a challenge for producers.

The Metropolitana de Salvador, Litoral Sul, and Recéncavo Sul regions were those
that had a positive growth rate for the harvested area indicator in at least one period
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Region Harvested area (hectare)
Year Year1999 GR88/99’ Year Year GR00/19’
1988 2000 2019 (%)
M. de 370 684 85% 617 160 74
Salvador
L. Norte 250 159 -36% 108 12 -89
R. Sul 56.240 15.597 —72% 15.405 26.266 71
L. Sul 417.052 502.678 21% 509.155 345131 =32
E. Sul 90.056 53.046 —41% 54.948 27691 =50
Sudoeste 32.308 25.542 -21% 26.520 13.735 —48
Paraguagu 113 83 —27% 82 0 -100

'GR: growth rate.

Table 2.
Growth rate of the harvested area of the cocoa crop in vegions of Bahia (1988-2019).

(Table 2). The literature reports that between 1990 and 2004 the advance of witches’
broom in 41 municipalities of the Litoral Sul region was not reflected in widespread
abandonment or substitution of cocoa for other crops [11]. Regarding the Recéncavo
Sul region, it should be pointed out that it is located between humid, sub-humid,
and dry climate zones, which may have inhibited the incidence and distribution of
witches’ broom [23].

The production indicator also had a negative growth rate in most regions. Between
1988 and 1999, the Metropolitana de Salvador region was the only region that pre-
sented growth (Table 3). In absolute terms, this region has one of the lowest expres-
sions in cocoa production, which may be why this growth has not been considered of
great relevance to the general panorama.

Region Production (tons)

Year1988 Year GR88/99’ Year Year GR00/19’

1999 2000 2019

M. de 222 386 74% 357 79 —78%
Salvador
L. Norte 150 55 —63% 33 4 —88%
R. Sul 35.995 6.602 —82% 6.781 9.760 44%
L. Sul 234.035 128.154 —45% 105.326 92.469 —12%
E.Sul 37115 16.405 —56% 17124 6.855 —60%
Sudoeste 19.989 7697 —61% 7918 3.820 —52%
Paraguacu 56 29 —48% 29 0 -100%

‘GR: growth rate.

Table 3.
Growth rate in cocoa tree production in regions of Bahia (1988—2019).
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In the Recéncavo Sul region, a positive growth rate is observed between 2000 and
2019 (Table 3). A study on cocoa culture in municipalities in this region indicated
that the cocoa crisis at the end of the 1980s was not as intense as in the South of Bahia,
as, among other reasons, cocoa culture in Recéncavo Sul was intercropped with food
crops, differently to the cocoa monoculture in other regions [33]. On this point, it has
been suggested that there is a relationship between agricultural crop diversity ina
determined region and cushioning of the cocoa crisis.

The Litoral Sul region, the largest cocoa-producing region of Bahia and the most
traditional cocoa culture, had a negative growth rate in both periods (Table 3). In this
region, one of the factors that affected the decrease in production was alteration of
the agrarian structure between 1988 and 2017. The cocoa crisis intensified agrarian
processes with occupations of farms, the creation of settlements, and some of the old
cocoa farms being taken over by squatters [11]. In this context, these small producers
were unable, for various reasons, to achieve the level of production of the old farms
and maintain the necessary farming practices.

In general, in the 1988/1999 period, all the regions had a negative growth rate for
the productivity indicator (Table 4). The literature indicates that from the 1990s
there was a decrease in productivity of the cocoa crop in Bahia associated with the
reduction in agricultural credit, which hampered the use of inputs and farming
practices by the farmers [27]. In addition, the witches’ broom outbreak at the end of
the 1980s also contributed, as it negatively impacts cocoa productivity [23, 34].

In the 2000/2019 period, it was found that only the Litoral Norte and Litoral Sul
regions had a positive growth rate for productivity (Table 4). Regarding the Litoral
Sul region, it should be highlighted that the action of research centers installed in the
region may be related to this growth in productivity. CEPLAC, for example, invested
in genetic improvement of the cocoa tree in seeking to overcome witches’ broom and
improve productivity. The renovation of crops with resistant cultivars was imple-
mented and spread among farmers, being indicated as the measure that most created
the real possibility of crop recovery [30]. In recent years, superior varieties resistant
to witches’ broom, if well managed, can reach over 1000 kg/ha/year [35].

Region Productivity (kg/ha)
Year Year GR88/99’ Year Year GR00/19’
1988 1999 2000 2019
M. de Salvador 600 564 —6% 578 494 -15%
Litoral Norte 600 345 —43% 305 333 9%
Recéncavo Sul 640 423 -34% 440 372 -15%
Litoral Sul 561 254 —55% 206 268 30%
Extremo Sul 412 309 -25% 311 248 —20%
Sudoeste 618 301 —51% 298 278 —7%
Paraguacu 495 349 -29% 353 0 —-100%

‘GR: growth rate.

Table 4.
Productivity growth rate of the cocoa tree crop in regions of Bahia (1988-2019).
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4, Conclusions

Up to 2019, cocoa production was present in 26% of the municipalities in the state
of Bahia, distributed across 60% of the economic regions. The analysis also demon-
strated that between 1988 and 2019, the number of cocoa-producing municipalities
increased from 95 to 112, growth of around 17%. These data express the resilience of
cocoa culture in Bahia, given the crisis caused by a combination of events at the end of
the 1980s.

Examination of the harvested area, production, and productivity indicators
indicates that the cocoa culture crisis considerably affected cocoa activity in the state.
Comparing 1988-2019, the harvested area decreased 30.7%, production fell 65.4%,
and productivity was reduced by 50.1%. These numbers demonstrate the extensive
scale of the problem and indicate the need to confront the cocoa crisis on various
fronts.

Among the cocoa-producing regions of Bahia, the highest percentages of cocoa-
producing municipalities are in Litoral Sul, Extremo Sul, and Recéncavo Sul, with
98%, 85%, and 60%, respectively. This demonstrates the importance of cocoa culture
as an agricultural activity that identifies these regions and generates revenue. This
merits attention from government bodies connected to agriculture, through decen-
tralized regional development policies and actions. The Chapada Diamantina, Médio
Sdo Francisco, and Oeste regions should also be highlighted for beginning cocoa
production in areas outside the humid climate zone, which may constitute a promis-
ing expansion of cocoa culture with the potential to generate jobs and revenue.

Data analysis on a regional scope also demonstrates that in six economic regions
the data separate, or tend to separate, two periods, from 1988 to 1999 and from 2000
to 2019. In the first period, the harvested area, production, and productivity indica-
tors have higher numbers, although they decrease with the deepening of the events
that caused the crisis. In the second period, there is the implementation of cultivars
resistant to witches’ broom and the adoption of new management and production
techniques, combat measures that are related to the behavior of the indicators. In the
Recéncavo Sul region, the data do not present an apparent separation between the
two periods, which indicates that in this region the harvested area, production, and
productivity indicators were affected differently by the crisis in comparison to the
other regions.

It is concluded that decades after the cocoa crop crisis in Bahia, there remains the
challenge of increasing levels of production and productivity, expanding the crop to
new regions, and recovering traditional producers.
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Abstract

In recent years, the area of cocoa plantations in Indonesia has tended to decline,
one of which is attributed to climate change that threatens the sustainability of
production; even though cocoa production and consumption have become popular
globally, the consumer demand for cocoa products has also increased. Climate
change causes increased air temperature, erratic rainfall patterns, increased sea level
and surface temperature, and extreme weather. Cocoa requires an ideal rainfall of
1500-2500 mm/year and dry months (rainfall <60 mm) for about 1-3 month a year.
Climate change can be a challenge for Indonesian cocoa development. Several efforts
should be made to turn existing challenges into opportunities through appropriate
technological inputs, such as the use of improved cocoa genetic resources (recom-
mended clones) as well as improving nursery and field management practices,
including shading and watering the seedlings, modification of growing media,
mycorrhizal application, rainwater harvesting, and managing shade plants and
intercropping.

Keywords: cacao clone, growing media, harvesting rainwater, intercropping,
mycorrhiza, shading, watering

1. Introduction

Indonesia is one of the world’s largest cocoa producers. Most of Indonesia’s cocoa
(about 80%) is cultivated on smallholder plantations (SP), while a small portion is
owned by the state (government plantations (GP)) and private plantations (PP). Over
the past 5 years, Indonesia’s cocoa bean production has decreased from 270,000 tons
in 2017 to 170,000 tons in 2021. This has resulted in Indonesia’s ranking as the world’s
fourth largest cocoa producer dropping to seventh after Céte d’Ivoire, Ghana, Ecuador,
Cameroon, Nigeria, and Brazil. One of the main causes is the global climate change [1].
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Based on data [2], in the last 10 years (2013-2022), Indonesian cocoa has faced
the problem of decreasing planting area. The average rate of decline in the area of
Indonesian cocoa plantations has reached 1.80%, and based on the plantation condi-
tions, immature young plants have decreased drastically, around 6.62% per year.
Even though the reduction in the area does not have much impact on national cocoa
production, this trend will pose a significant threat to the development of Indonesian
cocoa in the future. However, during 2013-2022 there was a slight increase in produc-
tion (0.96% per year) due to an increase in harvested area, although the productivity
remained below 1 ton/hectare/year (Figure1).

Many factors affect the decline in the area and productivity of Indonesian cocoa,
one of which is due to the impact of climate change. The effect of climate change on
cocoa growth and production is very significant because cocoa cultivation is highly
dependent on climatic conditions. This impact affects not only Indonesian cocoa but
almost all cocoa plantations in the world. Previous studies in Ghana and Céte d’Ivoire
showed that due to the impact of climate change, there would be a significant reduc-
tion in the extent or size of suitable lands for cocoa for estimates until 2050 [4]. The
impact of the 2015-2016 El Nifio on cocoa in Brazil caused high plant mortality and a
severe decline in production [5]. Therefore, the impact of climate change on cocoa has
become a global concern; on the one hand, world cocoa production tends to decrease,
while on the other hand, consumer demand continues to increase.

Climate change causes an increase in air temperature, erratic rainfall patterns,
an increase in sea surface temperature and sea levels, and extreme weather. These
changes affect not only environmental factors related to plant physiological aspects
[6] but also the aspects of the diversity and spread of pests and diseases. Climate
change is an important factor affecting the quality of cocoa beans. A long dry season
leads to a smaller size of cocoa beans, and the flowers easily wilt or fall off [7], and an
increase in temperature in the cocoa planting area accelerates the fruit ripening pro-
cess, resulting in imperfect flavors [8]. In addition, climate change affects pests’ life

Productivity of Indonesian Cocoa
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Figure 1.
Productivity of Indonesian cocoa, 2003—2023. Source: [3].
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cycles, which indirectly affect the growth and production of cocoa. The intensity of
cocoa pod disease attacks increases due to climate change [9]. In Brazil, the spread of
the fungus Phytophthora palmivora, which causes black pod disease in cocoa, increases
during the more intense rainy season and higher temperatures [10]. Moreover, the
biological agents controlling cocoa pests are also affected, so the pests become resis-
tant and attack cocoa plants easily [11]. High rainfall will also influence production
due to low solar radiation, thereby reducing the number of flowers and delaying fruit
ripening [12]. Therefore, in addition to the need for adaptation through good plant
management practices, breeding programs for resistance to biotic and abiotic factors
also play an important role [6, 11].

In Indonesian cocoa plantations, the adaptation process to climate changes can
be carried out in various ways, including the extensification and intensification
programs. However, the options for area extensification programs are rather limited,
considering the increasing competition for land use with other sectors. The experi-
ence in Ghana and Céte d’Ivoire showed that the optimal altitude for cocoa cultivation
is estimated to increase toward the hilly areas. However, this area is included in the
protected forest zone. Thus, it will be an obstacle if used for cocoa expansion [13].

This chapter identified the strategy for adaptation of cocoa plantations to climate
change and emphasized intensification by improving plant genetic resources and
managing plants from the nursery to the field level. In addition, fixing the limita-
tions and deficiencies of land suitability needs to be carried out through appropriate
technological inputs.

2. Challenges facing Indonesian cocoa in the era of climate change
2.1Impact of climate change on the ecosystems of cocoa plantation

Climate change has brought about changes in several climatic elements, includ-
ing increasing air temperature, changing rainfall patterns, increasing sea surface
temperature and sea levels, and extreme weather. Climate changes affect the agri-
cultural ecosystem, including the cocoa ecosystem. Climate changes also impact the
degradation of soil quality (physical, chemical, and biological), so it could disturb
plant growth, and even many cocoa plants have died. Such conditions contribute to
a decline in the number (population) of cocoa plants in Indonesia. Hence, efforts are
needed to reduce the negative impacts of climate change through appropriate techno-
logical innovations.

2.1.1 Increasing air temperature

Based on the studies, the temperature of the earth’s surface was predicted to
increase by 2.1-3.9°C due to global climate change [14]. The measurements over
95 years (1901-1995), in the low latitudes of Asia, Africa, and Central America, air
temperature increased with variations of less than 1.5°C, while at the higher latitude,
their increase was relatively greater [15]. In various regions of Indonesia, there is also
an increase in air temperature, which varies from one region to another. Over the past
30 years (1991-2020), temperatures in the Indonesian regions have increased by an
average of around 0.9°C [16].

The increase in air temperature is related to the changes in relative humidity and
the evapotranspiration rate in agricultural areas, including cocoa plantations. If the
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air temperature increases, evapotranspiration increases while the relative humidity
decreases. In the dry season, the changes are more significant because an increase in solar
radiation triggers them. On the other hand, there is a substantial difference between the
temperature of the day and the night. Previous research on cocoa plantations in East Java
showed that the increase in temperature within 2-4 months before harvest time had a
negative impact on production [17]. Similarly, in Gunungkidul, Yogyakarta, the changes
in air temperature are one of the factors affecting fluctuations in cocoa yields [18].

2.1.2 Extreme weather events: Changes in rainfall, increasing temperatures, and rise
in sea levels

One of the effects of climate change is that rainfall patterns become irregular,
making the wet and dry seasons more erratic. At the same time, one area may experi-
ence drought, while another area will experience flooding and landslides. Prolonged
drought will cause forest fires and trigger soil degradation, reducing soil fertility and
killing various soil microorganisms. The final impact of these problems will result in
reduced agricultural land that is considered suitable for certain commodities, includ-
ing areas for cocoa cultivation.

Cocoa plants only require dry months (rainfall <600 mm/month) for 1-3 months.
Therefore, the occurrence of prolonged dry months due to the impact of climate
change will reduce cocoa production and quality. Dry months for 1-6 months before
harvest reduce the cocoa pod quality in Sukabumi, West Java [19]. Meanwhile,
decreased rainfall 2-4 months before harvest has negatively impacted cocoa produc-
tion in East Java [17]. In 2019, a prolonged drought in Lampung reduced the number of
cocoa pods, even causing crop failure [20]. Drought stress reduces vegetative growth,
plant biomass, relative water content, leaf chlorophyll content, and nitrate reductase
activity, while leaf phenol and proline content increased [21]. Drought stress also
reduces mesophyll thickness, leaves, and abaxial epidermis, affecting the stomata’s
density and closure [22]. Other studies have shown that the number of dry months was
correlated positively with the severity of vascular streak dieback (VSD) disease [23].

On the other hand, excessive rainfall causes soil erosion, flooding, and landslides.
Soil erosion causes a decrease in soil fertility, which reduces the productivity of cocoa
plants. Floods will damage cocoa plantations at low and medium altitudes. In addition,
the landslide risk can occur because cocoa is generally intensively cultivated in low to
medium altitudes (0-700 m above sea level (asl)). In addition to heavy rainfall, flood-
ing will damage cocoa plantations in the coastal areas due to rising sea levels caused
by climate change. During excessive rainfall, the spread of cocoa disease caused by
Phytophthora palmivora and Ceratobasidium theobromae is relatively faster. The rainfall
factor causes fluctuations in cocoa yields in Gunungkidul, Yogyakarta [18].

Another impact of climate change is extreme weather, which causes heavy rains,
strong winds, and high waves in water areas. The indirect effect of extreme weather is
reduced biodiversity, such as pollinators, birds as seed dispersers, and populations of
natural enemies for pests and diseases [23]. The effect of La Nifia in 2016 reduced the
number of cocoa pods in Bali, and the vegetative growth of plants appears to be more
dominant than the generative growth [24].

2.2 Development of Indonesia’s cocoa area and production, 2013-2022

The total area of Indonesian cocoa during the last 10 years (2013-2022) has
decreased by 1.80% per year. The sharp decline occurred in government plantations
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Development of Indonesia's Cocoa Area (ha) during
2013-2022 Based on Ownership Status

2.000.000 |
1.800.000
1.600.000 ¥ e —
1.400.000 = v
1.200.000
1.000.000
800.000
600.000
400.000
200.000
o & & & a @ -2 a
2013 2015 2017 2019 2021

Area (ha)

—a— Smallholder Plantation (SP) —=— Government Plantation (GP)
—&— Private Plantation (PP) Total

Figure 2.
Development of Indonesia’s cocoa area (ha) during 2013-2022 based on ownership status. Source: [2].

(GP) and private plantation (PP) by 28.33 and 11.33% per year, respectively.
Smallholder plantation (SP), which dominates Indonesia’s cocoa population, has
experienced a decrease in land area but is relatively smaller than those of GP and PP,
which is around 1.37% per year (Figure 2).

Figure 3 shows that the area of mature plants (MP) increased by 1.99% per year.
In line with the increasing plant age, many plants changed their status. Initially they

Development of Indonesia's Cocoa Area (ha) during
2013-2022 Based on Planting Status
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Figure 3.
Development of Indonesia’s cocoa area (ha) during 20132022 based on planting status. Source: [2].
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Development of Indonesia's Cocoa Production (tons
of dry beans) during 2013-2022 Based on Ownership
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Figure 4.

Development of Indonesia’ cocoa production (tons of dry beans)) during 2013-2022 based on ownership status.
Source: [2].

were categorized as immature plantations (IMP), then changed to MP. However, the
increase in MP number was not proportional to the decrease in IMP (about 6.62% per
year), even though the damaged plant (DP) decreased by 2.71% per year. It indicates
that during the last 10 years (2013-2022), many young cocoa plants have died before
entering their production period. The declined area of DP is caused by the death of
many plants, causing a decrease in the total area. This phenomenon will threaten
national cocoa production in the next few years.

Many factors contribute to the high rate of decline in IMP, such as stress on the
biophysical environment due to changes in climatic conditions. Cocoa plants that are
stressed by the biophysical environment will be very vulnerable to pests and disease
attacks, even though control has been carried out. Therefore, it is necessary to take
action to suppress and reduce the impact of climate change by manipulating growing
environmental conditions and implementing good agricultural practices.

Indonesia’s total cocoa production during 2013-2022 increased, although relatively
small, by about 0.96% per year (Figure 4). The main driver of this increase in production
was the increase of MP area, as shown in Table 2. Over the past 10 years, the cocoa pro-
duction of SP has increased by 1.98% per year. Meanwhile, GP and PP cocoa production
experienced a sharp decline of 30.49 and 17.6% per year, respectively. The extent of the SP
planting area has contributed significantly to the increase in national cocoa production.

3. The technological innovation of adaptation to climate change through
good agricultural practices

Cocoa crop management in the era of climate change requires several adaptation
strategies, including the use of drought-tolerant clones, followed by improvements in
cultivation management from the nursery to the field level.
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3.1 Drought-tolerant clones

The use of drought-tolerant clones is the leading strategy in dealing with the
phenomenon of climate change. Cocoa clones known to be drought-resistant are Sca
6, Amelonado, TSH 919 [25], KW 163, KW 165, KW 215 [19], KW 641 [23, 26], KW
514, KW 535, KW 619, KW 516 [26], and KW 562 [27].

3.2 Management at nursery level
3.2.1 Shading and watering of cocoa seedlings

Several methods can be used in water-saving irrigation systems in nurseries, such
as sprinkler irrigation, drip irrigation, and capillary wick system. Shading of cocoa
seedlings using “paranet” made from nylon materials and watering using sprin-
kler irrigation method at the Pakuwon Agroscience Park, Indonesian Agricultural
Research and Development Agency, has been proven to improve seedling growth and
save water use (Figure 5). Dealing with water shortages for nurseries, especially dur-
ing the dry season, can be assisted by micro and semipermanent rainwater harvesting
ponds (Figure 6).

3.2.2 Modification of growing media

Modifying the growing media has been shown to increase the resistance of cocoa
seedlings under water-stress conditions. Several ameliorants can be used as growing
media for cocoa seedlings, including manure, compost, biochar, sawdust, and hydro-
gel [28-30]. Using up to 9 g of cocoa pod husk (CPH) biochar per kg of soiland 12 g

Figures.
Shading and sprinkler irrigation for cocoa and coffee seedling at Pakuwon Agroscience Park, in Sukabumi,
West Java.
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Figure 6.
Micro and semipermanent vainwater harvesting ponds at Pakuwon Agroscience Park, in Sukabumi, West Java.

of CPH biochar per kg of soil with every 6 days of water frequency increases water
use efficiency by 208.8 and 262.22%, respectively, compared to control (without
biochar) [28]. In addition, adding compost to growing media increases the height,
stem diameter, number of leaves, and root weight of cocoa seedlings [31]. Growing
media mixed with sawdust, rice husk biochar, and compost in ratios of 60:20:20 and
60:10:30 recovered cocoa seedlings after water stress [30].

3.2.3 Mycorrhizal applications

Mycorrhizal inoculation in nurseries is crucial because it overcomes the problems
of limited nutrition, various abiotic stresses (salinity, drought, extreme temperatures,
and acidity), and biotic stresses. Therefore, it is necessary for seedlings to be resistant
to environmental stress and soil-borne pathogens [32]. Application of mycorrhiza
increases water use efficiency [33, 34], nutrient uptakes [34], and seedling growth
of cocoa [34-39]. Mycorrhizal inoculation at the nursery stage is expected to have a
positive impact on the growth of cocoa plants in the field.

Research progress (1):

An experiment entitled “The Application of Mycorrhiza and Ameliorants to
Improve the Growth of Cocoa Plants in Acid Soil” was conducted in a greenhouse at
the Pakuwon Agroscience Park, Sukabumi, West Java, starting in 2022/2023. Cocoa
seedlings were planted in the polybags on acidic soil media. A completely random-
ized factorial design consisting of two factors with three replications was used in this
study. The first factor consisted of mycorrhizal and without mycorrhizal applications,
while the second factor was the application of ameliorant (dolomite and cow manure)
and control. Preliminary results showed that mycorrhizal application in acid soil
increases cocoa seedlings’ root volume and fresh weight. In addition, cow manure had
a better effect than dolomite and control (with or without mycorrhizal application)
(Figures7 and 8).
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Figure 7.
The effect of mycovrhizal, dolomite, and cow manure on the root volume of cocoa seedlings at 3 months after
application in acid soil.

Figure 8.
The effect of mycorrhizal, dolomite, and cow manure on the fresh weight of cocoa seedlings at 3 months after
application in acid soil.

Research progress (2):

The experiment entitled “The Application of Mycorrhiza and Ameliorants to
Improve the Growth of Cocoa Plants in Drought Conditions” was conducted in a green-
house at the Pakuwon Agroscience Park, Sukabumi, West Java, starting in 2022/2023.
Cocoa seedlings were planted in the polybags. A split plot design with four replications
was used in this study. The main plot consisted of two watering treatments, 123 and
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61 ml/polybag every 3 days (applied 2.5 months after planting), while the split plot
was subjected to the application of mycorrhizal, hydrogel, biochar, cow manure, and
control mycorrhizal applied 1,5 months after planting. Preliminary results showed that
the watering of cocoa seedlings significantly affects the root volume and fresh weight
of cocoa seedlings. In conditions of limited water (watering of 61 ml/polybag), using
mycorrhiza added with hydrogel, biochar, or cow manure increased root volume and
fresh weight of seedlings compared to the control (Figures 9 and 10).

—

Watering (123 ml/polybag) Watering (61 ml/plybag)
= Control
= Mycorrhyza 25 g + hydrogel 2,5 ¢
= Mycorrhiza 25 g + biochar 50 g
Mycorrhiza 25 g + cow manure 100 g
= Average

Figure 9.
The effect of mycorrhizal, biochay, cow manure, and two watering treatments on the root volume of cocoa
seedlings at 5 months after planting.

‘Watering (123 ml/polybag) Watering (61 ml/polybag)

= Control

» Mycorrhiza 25 g + hydrogel 2.5 g

= Mycorrhiza 25 g + biochar 50 g
 Myccorrhiza 25 g + cow manure 100 g
= Average

Figure 10.
The effect of mycorrhizal, biochay, cow manure, and two watering treatments on the fresh weight of cocoa
seedlings at 5 months after planting.
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3.3 Crop management at the field level

Crop management at the field level is focused on three main activities, such as:
(i) harvesting rainwater by constructing water storage ponds, (ii) shading cocoa to
reduce the effect of solar radiation and high temperatures, and (iii) reducing the
evapotranspiration rates by planting intercrops or cover crops.

3.3.1 Harvesting vainwater

The technology for rainwater harvesting is through making ponds, channel
reservoirs, and “rorak” systems (sediment pits). Making ponds for cocoa planting
is more directed to meet water needs at the start of planting when cocoa’s sensitivity
to water is limited. The ponds are simple in their construction and size, so it applies
to the farmer’s level (Figure 11). In large cocoa planting areas, permanent ponds of
alarger size are needed so that they can serve the existing cocoa population. In this
case, the role of the government is very much needed considering the cost of building
such a reservoir is very high. Meanwhile, during the dry season when the water starts
to decrease, the rorak can function to accommodate organic matter sourced from
the pruning of cocoa plants, shading plants, or cover crops. Mowidu and Endang Sri
Dewi [40] stated that using rorak in cocoa cultivation increases the total nitrogen (N)
and phosphorus (P) available in the soil.

3.3.2 Shading cocoa
Cocoa is a shade-demanding crop that requires shade crops, with only about

60-80% of the solar radiation necessary for growth. Without shade crops, cocoa
yields can be increased in the short term, but in the long term, the sustainability of

Figure 11.
The simple ponds for harvesting rainwater at smallholder cocoa plantation, Soppeng, South Sulawesi.
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production is threatened. Physiologically, the function of shade on cocoa plants is
related to the improvement of microclimate and site conditions (reduction of air and
soil temperature extremes, reduction of wind speed, maintenance of soil moisture
and water availability, improvement and maintenance of soil fertility including
reduction of erosion) and the reduction of solar radiation penetration in both quan-
tity and quality to avoid flushing in cocoa [41]. Therefore, in the current era of climate
change, the discussion on the function and role of shade trees for cocoa crops has
become a matter of great urgency. Improper management of shade trees will not pro-
vide optimal benefits. In fact, it will have a negative impact on cocoa plants. Proper
management of shade trees can support growth and increase yields. However, too
much shade creates a microclimate that favors the incidence of diseases. Therefore,
the selected shade trees should have an architecture capable of transmitting optimal
solar radiation for cocoa, their roots should not compete with cocoa for water and
nutrients, they should not become host for cocoa pests and diseases, they should be
relatively easy to plant and maintain, and they should have a high economic value.
The critical period for cocoa is the young plant stage or initial planting period.
Therefore, shade plants should be planted before cocoa, so they can provide shade
when cocoa begins to enter production period. In the early stages of cocoa growth,
temporary shade plants can use annual or biennial crops such as bananas (Figure 12).
Bananas have wide canopies that could shade young cocoa plants and maintain ade-
quate soil moisture levels. And for permanent shade perennial crops, such as coconut,
areca nut, rubber, Gliricidia, Albizia, Leucaena, Cassia, or Erythrina, can be used. The

Figure 12.
Bananas as temporary shade plants for young cacao at smallholder cocoa plantation, Soppeng, South Sulawesi.
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Figure 13.
Mulch from cocoa pruning at cocoa plantations of Pakuwon Agroscience Park, in Sukabumi, West Java.

research results at cocoa plantations in Sulawesi with Gliricidia shade plants showed
their tolerance to drought [42, 43].

The increase in air temperature due to climate change requires shade trees to be
planted at closer distance. Pruning of shade trees is carried out according to seasonal
conditions, where pruning should not be carried out in the dry season to allow the
tree to withstand too much sunlight. Pruning of shade trees should be done before
the rainy season. The leaves from cocoa pruning can be utilized as mulch to minimize
evapotranspiration and as a source of organic matter (Figure 13).

3.3.3 Intercropping

Cocoa planted under shade plants is an intercropping pattern. Cocoa is planted
between two rows of shade crops, and the distance between the cocoa and shade
crops is quite large. This cropping pattern still leaves space between the two crops, so
there is still an opportunity to plant other crops as intercrops. Intercropping between
cocoa and shade trees suppresses weed growth, reduces evapotranspiration, and can
withstand runoff, erosion, and landslides on sloping topography. In addition, plant-
ing intercrops will produce various agricultural products, so if properly and correctly
managed, it will sustainably increase farmers’ income. By planting intercrops on an
annual or a biennial basis, results will be obtained quickly, the frequency of tillage
will be more intensive, so that the soil’s physical, chemical, and biological conditions
will always be maintained, and as a source of easy and cheap organic material.

The integration of cacao, shade plants, and intercrops is similar to the cacao agro-
forestry model that has been widely discussed in the era of climate change. A dynamic
cocoa agroforestry system can develop various crops with different life cycles. It
resembles multistoreyed cropping systems [44] and high-density cropping systems in
coconut [45].
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The selection of intercrops to be planted between cacao is based on the microcli-
matic conditions between the canopies and market opportunities. Some intercrops
identified as tolerant and able to adapt well to highly shaded conditions are colocasia,
amorphophallus, banana, ginger, turmeric, arrowroot, and kacholam [46]. In addi-
tion, the selection of intercrops should also consider the habitus of the trees lower
than cacao, the rooting structure of the intercrops should be different from that of
cacao, and intercrops should not be hosts to cacao pests and diseases. On the other
hand, legume cover crops as intercrops may not provide direct economic returns,
but these crops can help fertilize the soil, suppress weed growth, and retain runoff to
prevent sloping topography from erosion and landslides. In livestock areas, planting
fodder crops as intercrops can easily and sustainably provide fodder, allowing for
mixed farming. Research shows that sequential planting of rice and soybean as inter-
crops under cocoa could improve productivity in the long term [47], as can intercrop-
ping with patchouli; even the nutrients given to patchouli plants can be absorbed by
cocoa plants, allowing them to grow better than cocoa monoculture [48]. In addition
to choosing the right type of intercrops and spacing them appropriately, providing
adequate intakes for each combined crop (cocoa, shade plants, and intercrops) will
avoid the effects of water and nutrient competition that may occur.

4, Conclusion

The impact of climate change on cocoa production in Indonesia has been high-
lighted. The rate of decline in Indonesia’s cocoa area during 2003-2022 is 1.80% per
year, with young cocoa plants declining the most at 6.62% per year. During the same
period, the slight increase in production (0.96% per year) is not due to increased
productivity but rather to an increase in harvested area. As a result, Indonesia has
fallen from fourth to seventh place as the world’s largest cocoa producer. To minimize
further impacts of climate change on Indonesian cocoa, adaptation strategies through
improved crop management are needed. Strategies through extensification programs
are still open to opportunities, but these strategies face obstacles because they will
compete with other sector development. The intensification strategy that needs to be
implemented starts from selecting cocoa clones that are considered drought tolerant,
followed by good nursery management through watering and shading, modification
of growth media, and application of mycorrhiza to produce planting material with
good vigor. Furthermore, at the field level, practices, such as rainwater harvesting
technology, optimal management of shade crops, and planting appropriate inter-
crops, should be promoted for adoption by farmers for sustainable cocoa production.
The advantage of yields of intercrops can meet farmers’ short-term food and income
needs.

108



Challenges and Opportunities for Indonesian Cocoa Development in the Eva of Climate Change
DOI: http://dx.doi.org/10.5772/intechopen.112238

Author details
Kurnia Dewi Sasmita™, Edi Wardiana, Saefudin’, Dibyo Pranowo', Asif Aunillah?,
Nur Kholilatul Izzah!, Maman Herman®, Nur Kholis Firdaus, ling Sobari!, Sakiroh

and Dewi Listyalti3

1 Research Center for Horticultural and Estate Crops, National Research and
Innovation Agency, Cibinong, Bogor, Indonesia

2 Research Center for Agroindustry, National Research and Innovation Agency,
Bogor, Indonesia

3 Research Center for Behavioral and Circular Economics, National Research and
Innovation Agency, South Jakarta, Indonesia

*Address all correspondence to: kdsasmita79@yahoo.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

109



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

References

[1] ICCO. ICCO Quarterly Bulletin of
Cocoa Statistics, 2023;Vol. XLIX, No. 1,
Cocoa year 2022/2023. The International
Cocoa Organization, Abidjan 06 Céte
d’Ivoire

[2] Pusat Data dan Sistem Informasi
Pertanian. Outlook Kakao. Sekretariat
Jenderal Pertanian: Kementerian
Pertanian Republik Indonesia; 2022

(3] Ditjenbun. Statistik Perkebunan
Indonesia (2003-2023): Kakao.
Direktorat Jenderal Perkebunan,
Kementerian Pertanian Republik
Indonesia. 2003-2023

[4] Laderach P, Martinez-Valle A,
Schroth G, Castro N. Predicting

the future climatic suitability for
cocoa farming of the world’s leading
producer countries. Ghana and
Céte d’Ivoire. Climatic Change.
2013;119:841-854

[5] Gateau-Rey L, Tanner EVJ, Rapidel B,
Marelli J-P, Royaert S. Climate change
could threaten cocoa production: Effects
of 2015-16 El Nifio-related drought on
cocoa agroforests in Bahia, Brazil. PLoS
One. 2018;13(7):e0200454. DOI: 10.1371/
journal.pone.0200454

[6] Lahive F, Hadley P, Daymond A]J.
The physiological responses of cacao to
the environment and the implications
for climate change resilience: A

review. Agronomy for Sustainable
Development. 2019;39:5. DOI: 10.1007/
s13593-018-0552-0

[7] Niether W, Jacobi J, Blaser W],

Andres C, Armengot L. Cocoa
agroforestrysystemsversusmonocultures:
A multi-dimensional meta-analysis.
Environmental Research Letters.
2020;15:104085. DOI: 10.1088/1748-9326/
abb053

110

[8] Weidong W, Yapo C-KLC. Impact
of climate change on West Africa cocoa
yield: Evidence from cote D’ivoire.
International Journal of Economics,
Commerce and Management.
2022;x(1):163-177

[9] Agbeniyi SO, Adeniyi DO,

Ogundeji D. Impact of climate change

on timing and frequency of fungicide
application for the control of
phytophthora pod rot of cacao in Nigeria.
In: International Symposium on Cocoa
Research (ISCR); 13-17 November 2017;
Lima, Peru: ISCR; 2018 pp. unpaginated
ref.9

[10] Lima DA, Mizubuti ESG,
Andrade GP, de Almeida LA. Cocoa
black pod rot incidence as influenced
by rainfall and temperature.
Phytopathology. 2016;106(5):480-487

[11] Cilas C, Bastide P. Challenges to
cocoa production in the face of climate
change and the spread of pests and
diseases. Agronomy. 2020;10(9):1232.
DOI: 10.3390/agronomy10091232

[12] Ajayi IR, Afolabi MO,

Ogunbodede EF, Sunday AG. Modeling
rainfall as a constraining factor for cocoa
yield in Ondo state. American Journal

of Scientific and Industrial Research.
2010;1(2):127-134

[13] Chocolate Class. Cacao and
Climate Change: Implications and
Recommendations. Multimedia

Essays on Chocolate, Culture, and

the Politics of Food. [Internet]. 2018.
Available from: https://chocolateclass.
wordpress.com/2018/05/04/cacao-
and-climate-change-implications-and-
recommendations/

[14] IPCC. Climate change 2007:
The physical science basis. In:



Challenges and Opportunities for Indonesian Cocoa Development in the Eva of Climate Change

DOI: http://dx.doi.org/10.5772/intechopen.112238

Summary for Policymakers. Geneva:
Intergovernmental Panel on Climate
Change; 2007

[15] Runtunuwu E, Kondoh A. Assessing
global climate variability and change
under coldest and warmest periods at
different latitudinal regions. Indonesian
Journal of Agricultural Science.
2008;9(1):7-18

[16] KLHK. Roadmap Nationally
Determined Contribution (NDC)
Adaptasi Perubahan Iklim. Jakarta (ID):
Kementerian Lingkungan Hidup dan
Kehutanan Republik Indonesia; 2020

[17] Santosa E, Sakti GP, Fattah MZ,
Zaman S, Wachjar A. Cocoa production
stability in relation to changing rainfall
and temperature in East Java. Indonesia.
Journal of Tropical Crop Science.
2018;5(1):6-17

[18] Ardiani F, Wirianata H, Noviana G.
Pengaruh Iklim terhadap produksi kakao
di Kabupaten Gunungkidul. Jurnal Agro
Industri Perkebunan. 2022;10(1):45-52

[19] Towaha J, Wardiana E. Evaluasi
tingkat toleransi 35 genotipe kakao
terhadap periode kering. Jurnal Tanaman
Industri dan Penyegar. 2015;2(3):133-142

[20] Sugiatno H, Hansyah AF, Evizal R,
RamadianaS. Pengaruh kemarau terhadap
pertumbuhan dan produksi tujuh

klon kakao. Jurnal Agrotropika.
2022;21(1):59-66

[21] Zakariyya F, Indradewa D,

Santoso TI. Changes of leaf anatomical
profile of cocoa clones seedlings in
response to drought. Pelita Perkebunan.
2019;35(3):177-185

[22] Anita-Sari I, Susilo AW,
Puspitasari N, Nuraini F, Setyawan B,
McMahon P, et al. Intensity of vascular
streak dieback in different cocoa clones

111

and various agro-climatic conditions.
Pelita Perkebunan. 2017;33(1):1-9

[23] Hairiah K, Rahayu S, Suprayogo D,
Prayogo C. Perubahan Iklim: Sebab dan
dampaknya terhadap kehidupan. Bahan
Ajar 1. In: Bogor, Indonesia: World
Agroforestry Centre (ICRAF) Southeast
Asia Regional Program Dan Malang.
Indonesia: Universitas Brawijaya; 2016

[24] Sarjana P, Kasa IW, Gunam IBW,
Takama T, Pratiwi L, Putra IWWP.
Effects of climate change on the
vulnerability of cocoa production in
Medewi, Bali, Indonesia. IOP Conf.
Series: Earth and Environmental
Science. 2021;724:012076.

DOI: 10.1088/1755-1315/724/1/012076

[25] David M. Kajian ketahanan pada
pertumbuhan awal beberapa klon kakao
(Theobroma cacao L.) terhadap cekaman
kekeringan. Surakarta: Tesis Universitas
Sebelas Maret; 2008 99 hal

[26] Zakariyya F, Setiyawan B, Susilo AW.
Stomatal, proline, and leaf water

status characters of some cocoa clones
(Theobroma cacao L.) on prolonged

dry season. Pelita Perkebunan.
2016;33(1):109-117

[27] Susilo AW, Anita-Sari I, Setyawan B.
Yield performance of promising cocoa
clones (Theobroma cacao L.) in dry

climatic conditions. Pelita Perkebunan.
2020;36(1):24-31

[28] Bahrun A, Fahimuddin MY,

Rakian TC. Cocoa pod husk biochar
reduce watering frequency and increase
cocoa seedlings growth. International

Journal of Environment, Agriculture and
Biotechnology. 2018;3(5):1635-1639

[29] Tee YK, Abdul Haadi H, Raja
Norsharizatul Azira RMS. Stress
tolerance of cacao trees (Theobroma
cacao L.) subjected to smart water gel®.



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

Malaysian Society of Plant Physiology
Conference Trans. Malaysian Soc. Plant
Physiology. 2018;25:2600-9595

[30] Mintah LO, Ofosu-Budu GK,
Osei-Bonsu NO, Ulzen J, Danso EO.
Growing media, water stress and
re-watering effects on the growth and
dry matter production of cocoa seedlings.

Acta Universitatis Sapientiae, Agriculture
and Environment. 2022;14(1):45-61

[31] Sasmita KD. Aplikasi arang, pupuk
organik, dan mikrob pelarut fosfat
untuk perbaikan sifat tanah masam dan
peningkatan keefektifan pupuk P pada
bibit kakao. Disertasi IPB Bogor; 2017

[32] Prayudyaningsih R. Mikoriza dalam
Pengelolaan Hama-Penyakit Terpadu

di Persemaian. Info Teknis Eboni

Balai Penelitian Kehutanan Makassar.
2012;9(1):55-75

[33] Lucia A, Pardo J, Durdntez A,
Hoyos J, Chicharro JL. Physiological
differences between professional and

elite road cyclists. International Journal
of Sports Medicine. 1998;19(5):342-348

[34] Kaba ]S, Abunyewaa AA,

Kugbeb J, Kwashiea GKS, Ansaha EO,
Andoha H. Arbuscular mycorrhizal

fungi and potassium fertilizer as plant
biostimulants and alternative research for
enhancing plants adaptation to drought
stress: Opportunities for enhancing
drought tolerance in cocoa (Theobroma
cacao L.). Sustainable Environment.
2021;7(1):1-12

[35] Droh G, Kouassi A-B, Kouadjo ZGC,
Zeze A, Nguetta AS-P, Sanders IR.
Effects of two types of AMF on growth
of cocoa seedlings (Theobroma cacao

L.) in greenhouses. Global. Journal of
Advanced Research. 2016;3(3):157-164

[36] Ramirez JG, Osorno L, Osorio NW.
Presence of mycorrhizal fungi and

112

a fluorescent pseudomonas sp. in

the rhizosphere of cacao in two
agroecosystems and their effects on
cacao seedling growth. Agronomia
Colombiana. 2016;34(3):385-392

[37] Famuwagun IB, Agele SO. Cacao
Growth and Development under
Different Nursery and Field
Conditions. In: Aikpokpodion PO,
editor. Theobroma Cacao — Deploying
Science for Sustainability of Global
Cocoa Economy. London: IntechOpen.
2019. DOI:10.5772/intechopen.73761.
ISBN:978-1-83962-733-0.

[38] Muzlifa R, Fikrinda, JufriY.
Pengaruh fungi mikoriza arbuskula

dan kompos limbah kakao terhadap
kolonisasi mikoriza, dan pertumbuhan
bibit kakao pada ultisol. Jurnal Ilmiah
Mahasiswa Pertanian. 2019;4(4):657-665

[39] Pattirane MCPA, Mahulette AS,
Marasabessy DA. Respon pertumbuhan
bibit kakao (Theobroma cacao L.) pada
berbagai dosis pemberian rock phosphate
dan fungi mikoriza arbuskular (FMA).
Jurnal Agrohut. 2022;13(2):77-86

[40] Mowidu I, Endang SDHS, H.S.
Rekayasa lingkungan perakaran melalui
sistem rorak untuk meningkatkan

serapan hara pada tanaman kakao.
Agropet. 2022;19(1):9-15

[41] Beer J, Muschler R, Kass D,
Somarriba E. Shade management in

coffee and cacao plantations.
Agroforestry Systems. 1998;38:139-164

[42] Moser G, Leuschner C, Hertel D,
Holscher D, Kohler M, Leitner D, et al.
Response of cocoa trees (Theobroma
cacao) to a 13-month desiccation period
in Sulawesi, Indonesia. Agroforestry
Systems. 2010;79:171-187. DOI: 10.1007/
s10457-010-9303-1

[43] Schwendenmann L, Veldkamp E,
Moserz G, Holscher D, Kohler M,



Challenges and Opportunities for Indonesian Cocoa Development in the Eva of Climate Change
DOI: http://dx.doi.org/10.5772/intechopen.112238

CloughY, et al. Effects of an
experimental drought on the
functioning of a cacao agroforestry
system, Sulawesi, Indonesia. Global
Change Biology. 2010;16:1515-1530.
DOI: 10.1111/j.1365-2486.2009.02034.x

[44] Dhanapal R. Relevance and
opportunities in coconut based cropping/
farming systems. In: Thomas GV,
Krishanakumar V, Maheswarappa HP,
Palaniswami C, editors. Coconut Based
Cropping/Farming Systems. Kasaragod:
Central Plantation Crops Research
Institute; 2010. pp. 1, 231-8

[45] Maheswarappa HP, Dhanapal R,
Subramanian P, Palaniswami C.
Evaluation of coconut based high
density multi-species cropping system
under organic and integrated nutrient
management. Journal of Plantation
Crops. 2013;41(2):130-135

[46] Krishnakumar V, Maheswarappa HP.
Coconut based cropping systems in root
(wilt) diseased areas. In: Thomas GV,
Krishanakumar V, Maheswarappa HP,
Palaniswami C, editors. Coconut Based
Cropping/Farming Systems. Kasaragod:
Central Plantation Crops Research
Institute; 2010. pp. 62, 231-79

[47] Nurmi, Haridjaja O, Arsyad S,

Yahya S. Perubahan sifat fisik tanah
sebagai respon perlakuan konservasi
vegetatif pada pertanaman kakao. Forum
Pascasarjana. 2009;32(1):21-31

[48] Prawoto AA, Sholeh PNM. Produksi
awal dan kajian ekonomis usahatani
nilam Aceh (Pogostemon cablin Benth.)
sebagai tanaman sela kakao muda. Pelita
Perkebunan. 2006;22(3):168-190

113






Section 2

ICT Role in Advancing
Climate Change Adaptation
and Climate Mitigation







Chapter 6

Using Information Technologies
(ICTs) to Improve Theobroma
cocoa Extension Service: Lessons
from the Case of Ghanaian Bean
Farmers

Julia Bello-Bravo and Anne Namatsi Lutomia

Abstract

Ghana’s modern cocoa production depends on farmers having access to
innovations and updated best practices delivered through “new” information and
communication technology (ICT) channels. However, extension services continue
to face familiar delivery shortfalls affecting both the national-level extent of Ghana’s
cocoa production and the local livelihoods of its producers. This chapter draws on
questionnaire data collected during a training workshop for postharvest loss preven-
tion with mostly university-educated farmers to explore how they access innovation
and best practices information through new and old technological channels. Key
findings indicate that while farmers utilize both old and new ICTs, they still experi-
ence the familiar barriers of low agricultural extension agent-to-farmer ratios and
shortages of resources. Recommendations include (1) ensuring that the affordances
of “old” technologies are amplified rather than replaced by “new” ones, and (2) the
use of highly scalable educational animations deployed individually for training or
through virtual communities of practices to “bypass” the perennial issue of resource
shortfalls in extension services.

Keywords: video animations, cocoa, farmers, ICTs, Ghana

1. Introduction

Theobroma cacao, commonly known as cocoa or cacao, is a tropical tree species
belonging to the Malvaceae family. Native to the Amazon basin and other regions of
South and Central America, the term “Theobroma” is derived from the Greek words
“theo” (“deity”) and “broma” (“food”), hence the notion that cocoa is the “food of
gods.” Theobroma cacao is cultivated primarily for its seeds, used to produce cocoa
powder, cocoa butter, and chocolate products [1]. Presently, cocoa is widely cultivated
in many parts of the world, including West Africa, where it is a significant source of
income for many smallholder farmers.
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Ghana is internationally known for its cocoa production and trade. As the second-
leading world cocoa producer, it has registered an annual minimum cocoa bean
output of 700,000 metric tons since 2012. For instance, the 2020/2021 crop season
recorded an estimated 1.1 million metric tons in cocoa beans production. The Ghana
Cocoa Board (COCOBOD), the government institution responsible for regulating
cocoa buying prices, identified some threats to cocoa production in Ghana [2].

Research on smallholder farmers in Africa, including Ghana, has long indicated sig-
nificant time and cost savings from using information and communication technology
(ICT) for extension services [3]. Agriculture information benefits smallholder farmers
by improving food production and increasing agriculture development and information
on farming practices, market prices, and disease and pest control. The proliferation of
mobile phones has been critical for smallholder farmers because they can increase agro-
entrepreneurship by allowing efficiency in accessing markets, promoting investment,
and empowering them [4]. However, Ghana’s cocoa production faces challenges regard-
ing extension service delivery to cocoa farmers. Inadequate extension services, limited
access to information, poor infrastructure, language barriers, and limited funding are
key challenges that cocoa farmers face [2]. Both old and new technologies are used to
access this information. Old technologies include communication tools and modes of
communication prior to the advent of computers and mobile phones, e.g., typewriters,
landlines, VCRs. New technologies include smartphones, tablets, computers, artificial
intelligence, and cloud computing that can center use experience.

The proliferation of affordable ICTs has paved the way for knowledge transfer in
the agricultural community around the world using local languages and video-capable
devices [5, 6]. Another benefit of mobile phones is speeding up access to, adapting,
and sharing information [7]. Relatedly, Overa [8] found that farmers join social and
business networks to seek useful and relevant information, which helps them to make
better decisions for profitable, efficient, and productive agricultural production [9].

This chapter aims to identify how cocoa farmers in Ghana access information for
better cocoa production using old and new technologies. It asks: (1) What kind of
devices do farmers own? (2) What sources of information do farmers access for rel-
evant information about beans? (3) What types of information do these sources pro-
vide? (4) How do farmers rate this information? and (5) How can the farmers learn
to use their devices to access video animations? The chapter draws on the experiences
of 15 male cocoa farmers’ responses to a survey at a workshop for using a hermetic jer-
rycan storage technique to prevent postharvest bean loss [10]. Our findings generate
recommendations for the use of old and new technology pathways in disseminating
agricultural information to improve cocoa production.

2. Scientific animations without Borders and agriculture education

Founded in 2011, Scientific Animations Without Borders (SAWBO) creates educa-
tional animations in local languages shareable on ICTs (especially cell phones) for adult
learners with little or no print-literacy [11]. These educational animations cover over
140 topic areas in more than 280 languages and dialects—especially around the topics
of agriculture, health, women’s empowerment, and peace-building—and have reached
50+ million people since the program’s inception. These videos can be downloaded free
of charge and shared within communities [11, 12]. SAWBO’s primary goal has been a sys-
tems approach to knowledge chains that generate educational materials on best practices
accessible to and adopted by the widest possible demographic [13, 14].
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A knowledge chain consists of four process links and the transitions between
them [15]: (1) to identify and scientifically frame a problem so that solutions to that
framing of the problem are implied, (2) to embody that scientifically abstract solution
to the problem in a concrete, animated video—overdubbed as needed into any locally
accurate dialect—as a means of effecting knowledge transfer about the importance,
context, and need to act on the solution offered for the problem in the video, (3) to
disseminate and maintain an infrastructure that affords not only free and easy access
to SAWBO videos for educators, learners, and researches but also a means for SAWBO
to collect and incorporate feedback on any video or part of the knowledge chain itself,
and (4) to look for ways to more widely scale the reach of any video and the processes
that developed it. This chain includes loop-backs that support later modification of
videos produced, above all translation into new languages and dialects that affords
dramatically scaling-up the reach of any video at decreasing unit cost [14]. This
approach has allowed individuals and organizations of any size, from small commu-
nity-based organizations to large government and international organizations, to
access, select, and adapt scientifically accurate educational content in local languages
relevant to local problems in need of interventions [15].

3. Extension service and cocoa production

Sustaining the interest of cocoa farmers in the sector requires significant invest-
ment and research into the welfare and sustainability of their farming practices. The
majority of cocoa production in Ghana is carried out by smallholders who cultivate on
land plots <2 hectares using traditional production methods, resulting in low yields
[16]. To enhance agricultural productivity and alleviate poverty in these areas, dis-
seminating modern agricultural technologies to rural farmers is crucial [17].

Unfortunately, the growth of rural cocoa-growing communities and the agricul-
tural sector is hindered by inadequate and ineffective delivery of extension services
[18]. Given the high global demand for cocoa beans and the low productivity levels of
approximately 90% of Ghanaian farms, extension services are essential for develop-
ing the human capacity of farmers and providing them with financial support [18].

In the twenty-first century, the role of extension services has in principle,
expanded to encompass more than simply technology transfer and production
improvement [19]. Agricultural extension programs aim more holistically to facilitate
systematic development and improvement of the farming environment, reduce
poverty, enhance agricultural production, promote processing capabilities, and teach
large groups of farmers new knowledge and best practices, ultimately generating
improved productivity and income [19].

3.1 Digital divide and cocoa production in Ghana

The gender gap and smallholder production are impacted by Ghana’ digital divide
in the cocoa industry. Digital literacy, internet connectivity, and access to digital
technologies are significant drivers of the divide, which impacts many facets of cocoa
production. Limited access to digital technologies and the Internet prevents small-
holder farmers (male and female) from accessing vital information and knowledge
resources [20]. These barriers and lack of access impede productivity and hinder
farmers’ capacity to adapt to climate change and other challenges. The digital divide
also excludes women and smallholder farmers from accessing financial services, thus
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increasing socio-economic gender disparities [21]. Another impact of the digital
divide is the lack of access to markets and value chain integration. Digital platforms
and e-commerce provide farmers access to markets, fair prices, and direct contact
with buyers [22].

Importantly, while low or no print-literacy affects access to digital information
[23], it does not necessarily impact the capacity to learn through digital means [13].
Equally, while higher levels of education often associate with increased use of digital
information [22], this does not guarantee farmers’ ability to access such information.
Lack of access to the Internet and digital technologies means farmers cannot connect
to markets and gain market insights. Consequently, their capacity to interact with
customers, learn about the market, and engage in fair competition along the cocoa
value chain is constrained. A lack of training and unfamiliarity with digital tools can
further hinder the ability to navigate online platforms, access information, and lever-
age digital resources for improved farming practices [22]. Bridging the digital literacy
gap through targeted training programs can empower smallholder farmers to make
more informed decisions and enhance productivity. Addressing the digital divide in
cocoa production is critical to giving smallholder farmers’ voices more power; closing
gaps will afford more power over farming operations and decision-making and access
to financial services [20].

Improving internet connectivity, developing rural infrastructures, providing
inexpensive access to digital technologies, and providing focused digital literacy
initiatives for smallholder farmers (including women) should be priorities. To guar-
antee that the advantages of the digital revolution in cocoa production are available
to all stakeholders, public—private partnerships, legislative efforts, and interventions
should promote inclusive and sustainable strategies.

4. Case study of Ghanaian cocoa farmers
4.1 Method

Data for this study is drawn from a training workshop in Ghana in 2017 that pro-
vided improved agricultural technological tools and skills to farmers using a 4.5-min-
ute-long animated SAWBO video. While the immediate goal of the workshop focused
on learning gains around the improved postharvest loss prevention technique using
jerrycans and willingness to adopt it as a practice, data collected from 15 male farmers
also included modes of access they utilized for obtaining agricultural information. A
survey questionnaire was administered in Fante (the locally most comfortably spoken
language among participants) to measure learning gains, willingness to adopt the loss
prevention technique, qualitative reactions to the video itself, and pathways to obtain-
ing agricultural information.

Participants were 15 male cocoa farmers by profession from the central region of
Ghana, purposefully sampled from five villages for the postharvest loss prevention
training. Quantitative responses were tabulated and analyzed in Excel (Table1).

5. Findings

Device ownership affects extension service information access. Farmers in the
study had both “old” (TV, radio) and “new” technologies (computers, tablets, and
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Characteristic Response Categories Number Frequency %
Gender Male 15 100
Marital status Divorced 1 7
Single 1 7
Married 13 87
Education status Tertiary education 13 87
(university degree
High school and 2 13
diploma)
Group of age in years 18-29 2 13
30-50 9 60
51-70 4 27
Table1.

Demographic data of the responders.

mobile phones, with and without video capability). All participants possessed
the “old” access modes, with the majority (86%) owning smartphones. Similarly,
although the majority owned PC computers, the majority also did not own laptops.
(See Table 2).

The participants reported their perceptions about the video animation. Most
heard the training clearly, and ten reported the visual quality was mostly clear.
Regarding the strengths of the video for understanding, 15 participants reported that

Device Ownership Response Number Frequency %
Radio No 0 0
Yes 15 100
TV No 0 0
Yes 15 100
Desktop Computer No 3 20
Yes 12 80
Laptop No 13 87
Yes 2 13
Tablet No 6 40
Yes 9 60
Smartphone No 1 6
Yes 13 86
Video-capable cellphone No 0 0
Yes 1 6
Nonvideo-capable cellphone No 0 0
Yes 0 0
Table 2.

Device ownership.
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the video’s language was totally understandable. All reported the picture quality as
good and demonstrated the technique. The participants found no weaknesses in the
videos and provided no comments for improvement (see Table 3).

Regarding the usefulness of the video for training, learning, and technical accu-
racy, all participants indicated the videos were very useful as learning resources and
offered completely technically correct information. They also indicated that they
found the video animation presentation very interesting (see Table 4).

Farmers answered “yes” or “no” to the relevance of various sources of information
for cocoa production. In general, all information pathways were noted as relevant.
Two participants replied that politicians were not relevant sources of information
(See Table 5).

How farmers rate the perceived or actual usefulness of information from various
sources is important. All information pathways were noted as very useful, with the
exception of two participants who identified government extension staff and politi-
cians as somewhat useful (see Table 6).

Farmers reported that they received relevant information from varying sources of
information. Radio, smartphones, video-capable phones, neighbors/friends, news-
papers, and government extension services provided similar information about bean

Questions Responses Number Frequency %

Could you hear the training Mostly clear 2 13
clearly Totally clear 13 86
Was the visual quality Mostly clear 10 67
good? Totally clear 5 23
Strengths of the video for Action and demonstration 15 100
understanding High-quality pictures 15 100
Strengths of the video for Language understandable 15 100
understanding High-quality pictures 15 100

Weakness of the video for The videos had low sound 0 0

understanding The video was too short 0 0

Pictures were not clear 0 0

The video was too fast 0 0

The video was slow at times 0 0

What suggestions do you The video should be slow 0 0

B?J:Of?;i?ip;i:;;gi;zs The sound should be louder 0 0

The container was not 0 0

transparent

The video should be low 0 0

The picture should be clear 0 0
The training should be done 15 100

in communities and farms

Table 3.
Perception of video animations and suggestions for improvement.
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Usefulness of videos Usefulness of videos Number Frequency %

Usefulness in training Very useful 15 100%

The usefulness of video Very useful 15 100%

in learning

Technical correctness Very useful 15 100%
Table 4.

Usefulness of video in training, learning, and technical correctness.

Sources Relevant to bean production
Yes Frequency % No Frequency %
Radio 15 100 0 0
Television 15 100 0 0
Smartphone 15 100 0 0
Video-capable cellphone 1 6 0 0
Neighbors/Friends 15 100 0 0
Family members 15 100 0 0
Newspapers 15 100 3 20
NGO Extension staff 15 100 0 0
Government Extension 13 87 2 13
staff
Politicians 13 87 2 13
Tables.
Sources of information relevant to bean production.
Sources Useful Number Frequency %
Radio Not very useful 0 0
Somewhat useful 0 0
Very useful 15 100
Not very useful 0 0
Television Somewhat useful 0 0
Very useful 15 100
Smartphone Not very useful 0 0
Somewhat useful 0 0
Very useful 15 100
Video-capable cellphone Not very useful 0 0
Somewhat useful 0 0
Very useful 1 6
Neighbors/Friends Not very useful 0 0
Somewhat useful 0 0
Very useful 15 100
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Sources Useful Number Frequency %
Family members Not very useful 0 0
Somewhat useful 0 0
Very useful 15 100
Newspapers Not very useful 0 0
Somewhat useful 0 0
Very useful 15 100
Not very useful 0 0
NGO Extension staff Somewhat useful 0 0
Very useful 15 100
Government Extension Not very useful 0 0
staff Somewhat useful 2 13
Very useful 13 87
Politicians Not very useful 0 0
Somewhat useful 2 13
Very useful 13 87
Table 6.

Usefulness of information relevant to bean production.

farming seeds, planting, growing and storage, and pricing beans. Television provided
the most information and showed farming demonstrations. The NGO extension staff
focuses on postharvest loss prevention. In contrast, government extension service
staff and politicians uniquely focus on bean production and seed and bean prices

for the market. Politicians provided information about producing beans, seeds, and
pricing beans (Table 7).

Sources Relevant information

Radio Bean farming-seeds, planting, growing and storage, pricing beans

Smartphone Bean farming-seeds, planting, growing and storage, pricing beans
Video-capable phone Bean farming-seeds, planting, growing and storage, pricing beans

Television Showing demonstrations and farmers’ experience about bean production: seeds,

planting, growing, postharvest loss prevention, and storage, pricing beans

Neighbors/Friends Bean farming-seeds, planting, growing and storage, pricing beans
Family members Bean farming-seeds, planting, growing and storage, pricing beans
Newspapers Bean farming-seeds, planting, growing and storage, pricing beans
NGO Extension staff Postharvest loss prevention
Government Extension staff Bean farming-seeds, planting, growing and storage, pricing beans
Politicians Producing beans, seeds, and pricing beans

Table7.

Sources and categories of relevant information.
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Farmers were asked to rate the quality of categories of information on an 8-point scale
(from 0 to 7, low to high). All sources of information were rated 7, with the exception of
government extension staff and politicians, which two participants rated as 6 (Table 8).

When asked if they intended to share the postharvest loss prevention video anima-
tion with others after the workshop, all the participants said they would certainly
share it (Table 9).

The farmers were asked whether people could download and upload the anima-
tion on a desktop, laptop, smartphone, or video-capable phone. All of the participants
indicated this was possible (see Table 10).

Sources Ranking Total responses
0 1 2 3 4 5 6 7
Radio 15 15
Smartphone 15 15
Video-capable phone 15 15
Television 15 15
Neighbors/Friends 15 15
Family members 15 15
Newspapers 15 15
NGO Extension staff 15 15
Government Extension staff 2 13 15
Politicians 2 13 15
Table 8.

Ranking of quality of information by sources.

Activity Sharing certainty Number Frequency%
Sharing video Certainly not share 0 0
Not sure whether to share 0 0
Probably share 0 0
Certainly share 15 15
Table 9.

Intention to share the video with others after the training.

Ability to download and upload Number Frequency %

animation to devices

Desktop computer 15 100

Laptop 15 100

Smartphone 15 100

Video-capable phone 15 100
Table 10.

Ability to download and upload animations on various devices after practice.
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Confidence level Not Not very Somewhat Very Not
in downloading confident confident confident confident sure
and uploading atall
videos to devices
Desktop computer 0 0 0 15 0
Laptop 0 0 0 15 0
Smartphone 0 0 0 15 0
Video-capable 0 0 0 15 0
phone

Table 11.

Confidence level in uploading and downloading video animations to devices.

The farmers were also asked to indicate whether people could confidently upload
and download video animations on devices such as desktop computers, laptops,
smartphones, and video-capable phones confidently. All participants indicated that
they were very confident this could be done (Table 11).

6. Discussion

Across Africa, many smallholder farmers are accessing information, services, and
products to boost crop yields and increase efficiency and incomes using digital tech-
nologies. Smallholder farmers currently benefit from various innovations in agricul-
ture or agri-tech. These innovations include mobile apps for inputs such as seeds and
weather alerts. There are also other farming precision solutions such as satellite, drone
imagery, and sensors that provide real-time data about the health of crops.

The farmers reported using mobile phones to communicate with other farmers
and extension service officers. They also added that they use mobile phones to access
information more quickly. Consistent with other research [24-26], challenges these
farmers face associated with using mobile phones include network failure, high cost
of data bundles, and lack of reliable electricity for charging phones.

Although old forms of accessing information—including radio, word of mouth,
home visits, and extension services—persist, these are not necessarily efficient, adap-
tive, or fast enough on their own and benefit from working hand-in-hand with new
ICTs and mobile phones [27, 28].

Informal agricultural knowledge is passed down to family members, neighbors, or
both. Farmers may easily exchange information with other farmers and between gen-
erations, which requires no considerable transaction costs [19]. Our research supports
the notion that farmers still rely on word of mouth from their friends, neighbors, and
families, but such access now also occurs via mobile phones.

In contrast, formal information channels offer (1) precise guidance on workable
adaption strategies, (2) information in understandable terms that focus on cocoa
smallholders, and (3) information responsive to pressing livelihood concerns. Our
research demonstrates that farmers evaluate the information they receive as relevant
or not; while this means that information must be tailored to meet the farmers’ needs
[29], it is unfortunate that politicians and government extension officers could be
perceived as less relevant. Reasons for this were not given by the two participants who
noted this; however, research also indicates that a combination of animated viewing
and facilitated discussion afterward achieves higher learning gains than traditional
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extension teaching in isolation [13]. This may be a way to overcome a perceived
relevance shortfall in extension service providers.

Cocoa production in Ghana is not culturally neutral. Concerning the cocoa indus-
try, politicians play a significant role in shaping and informing policies, programs,
and resource allocation, which impact farmers and the cocoa sector [30]. Unlike other
information pathways, which had a 100% consensus on the relevance and usefulness
of the information, a majority of farmers indicated that information received from
politicians was also useful and relevant, but two did not find it optimally so.

Lastly, all of the participants said they would “certainly share” the video animation
with others and were confident of their ability to access and download the video for
such use in the future. Participants appreciated the possibility of re-watching part or
all of an animated video as a refresher and the ability to play, stop, fast-forward, and
replay the videos, consistent with other research; for example, Van Mele [31] high-
lighted how this kind of flexibility in video media facilitates effective training and
learning in developing countries.

7. Recommendations

Notwithstanding the enthusiasm for new technologies [32], existing infra-
structures of “old” technologies still afford communicating important agricultural
information to farmers. Specifically, they continue to be very well-suited for deliver-
ing educational and best-practices information, including educational materials on
SAWBO’s videos. The main inefficiencies of these channels, which should not be
abandoned, include less ability to adaptably, flexibly, or in real-time deliver newly
emerging information to farmers, especially about markets. The appeal, usability, and
technological familiarity of mobile phones for providing such flexible, adaptive, and
real-time information make them exceptionally promising [33], providing that they
do not reproduce or worsen existing social inequalities, particularly around access by
female farmers.

Although a recommendation to strengthen extension service delivery by
increasing national investment in it faces the perennial shortfalls of agent and
budgetary allocations, the recommendation must still be made. Here again, the
use of animated video helps increase extension’s capacity by reducing its budget-
ary overhead [14]; these can be (and are being) delivered via “old” technologies.
Extension effects can also be amplified and supported by using social media
(WhatsApp) groups to form virtual communities of practice for supporting agri-
cultural innovations and the adoption of best practices [15]. Such communities of
practice (both virtual and offline) can generate context-specific solutions to local
problems, the testing, development, or adaptation of technologies [34], and thus
the dissemination of formal and citizen-generated research to farmers. For food
security, as perhaps the most important backbone of the Sustainable Development
Goals, extension services can link up with grassroots, citizen-led, or community-
of-practice activities to train farmers on postharvest loss prevention, increased
quality standards to enhance crop yields, and other value-addition techniques.
These increase the profitability of cocoa farming and improve the livelihoods,
well-being, and quality of life for farmers. Lastly, further work must be done to
identify more channels for reaching the widest demographic. In the face of the
changing climate and the future of the globe generally, we can no longer afford to
miss people with life-critical information and skills.
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8. Limitations and future research

The major limitation on the generalizability of this study is its small sample size
of male, predominantly university-level educated participants. However, SAWBO
has designed and tested its video media for effectiveness with the widest demo-
graphic possible, regardless of age, gender, educational and technological literacy,
or geographic (rural/urban) isolation [13, 35]. The findings of this study for appeal,
willingness to share, and video knowledge transfer for this particular demographic
agree with previous research [10]. The limited sample also reflects the technological
familiarity of more highly educated groups; that is, while mobile phones are globally
the most common digital access device, laptops, and tablets are much less common for
people in Africa [5]. The high prevalence of PC computers is consistent with exposure
to computers among university-educated groups [36]. This highlights that future
research to investigate modes of old and new information access by women is neces-
sary, especially as women typically experience more limited access to education and
digital technologies often associated with them [36-38].

9. Conclusions

The diffusion of “new” technologies always occurs through the infrastructures
and channels of existing technologies, now becoming “old.” In this study, while the
predominantly university-educated participants had the new digital access technolo-
gies of PC computers and mobile phones, they also all had televisions and radios.
When focusing on the promising affordances of new technologies, we should not
overlook or even seek to supplant the old technologies. For example, these days books
are in many ways obsolete, and yet they still have certain affordances, advantages,
pleasures, and cultural habits that would disappear if completely replaced by digital
“texts.”

This point has direct bearing on attempts to innovate within a still-predomi-
nantly agricultural society like Ghana’s cocoa production. We are currently in the
International Decade of Indigenous Languages, as part of a global effort to preserve
and honor indigenous knowledge, thinking, and practices. This is not solely to
“archive” such knowledge, thinking, and practices like fossils or museum pieces in
the event of their extinction but also to draw upon the various wisdoms contained
within them for the benefit of humanity general as it faces the prospect of its extinc-
tion outright. The recommendation to not supplant or entirely replace Ghana’s “old”
technologies for agricultural support for cocoa with “new” technologies is not merely
strategic (because the transition would then be smoother). It is also because tradi-
tional agricultural settings are themselves rooted in wisdom of adapting, amplifying,
and modifying old practices, usually in sustainably “slower” ways.

Ghanaian farmers rely on old and new ICTs to access information, whether radios,
television, smartphones, or word of mouth. Information access barriers include a lack
of appropriate extension service, low agricultural extension agent-to-farmer ratios,
and a digital divide in accessing ICTs, especially by women. As always, smallholder
farmers need (1) access to relevant information to improve cocoa productivity, (2) in
relatable and usable language and forms, and (3) both formal and informal access to
ICT-amplified extension services [39]. Maintaining a continuity between the “old”
and the “new;” and ensuring the fewest disruptions without reproducing or worsening
existing social inequalities, is essential to this.
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Chapter7

Evaluation of Progress in Cocoa
Crop Protection and Management

Alex Asante Appiah

Abstract

Cocoa cultivation began with the Olmecs, who were the first humans to consume
chocolate as a drink in equatorial Mexico between 1500 and 400 BC. Over the cen-
turies, commercial cocoa cultivation and trade have developed from the Mayans,
Aztecs, and through Meso-America under the influence of the Spanish explorers. In
1822, cocoa was first introduced to Sio Tomé and Principe in Africa from where it
spread as a plantation crop, with West Africa becoming the major centre of global
production. The cultivation of selected hybrid varieties particularly have led to pest
and diseases becoming major production limiting factors. This chapter evaluates crop
protection techniques developed over the years, and highlights their contribution to
yields, production costs, impact on farmers, and the cocoa value chain and ecosys-
tems. We discussed the need to re-evaluate the imbalance of power in the global value
chain, the colonial trading systems, and the required investments for integrated dis-
ease and pest management systems. The prospects of using modern biotechnological
tools to improve cocoa, and how these approaches can reduce the negative impacts of
current protection measures on the ecology and production systems are highlighted.
Key recommendations have been made for all stakeholders in the cocoa industry to
ensure future sustainability.

Keywords: chocolate industry, pricing, small-scale farmers, cocoa diseases,
management, biotechnology

1. Introduction

Cocoa is an important crop belonging to the genus Theobroma in the family
Malvaceae. Species of this genus are found in the wild of the Western Hemisphere rain
forest from 18°N to 15°S [1]. The cultivation of cocoa, Theobroma cacao, L., started
in equatorial Mexico between 1500 and 400 BC, and the beans were first consumed
as a drink by the Mayans and Aztecs [2]. This was confirmed in earlier classical work
on cocoa by van Hall [3], who emphasized that cocoa had been revered as “food for
the gods,” an important cultivated crop not only consumed by the native Indians
as a beverage but used as a substitute for money. The revered status of cocoa was
enshrined in the latinized name of “Theobroma” which was assigned by the botanist
Linnaeus. Recent archeological records suggest that plantation-scale cultivation of
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cocoa occurred in the lowlands of the Mayas in the state of Chiapas and Western
Belize centuries before the arrival of the Spanish [4, 5].

1.1 Spread of cocoa

Cilas and Bastide ([5], p. 2) provide a graphical timeline of the cultivation and
transportation of cocoa, which began in the 1200s in Central America and then to
Southern America in the sixteenth century. This was followed by cultivation in South
East Asia in the first half of the 1800s and finally to the humid tropical countries of
West Africa in three successive events that started in 1822. From these events, cultiva-
tion of cocoa spread through all the humid tropical lowlands and is now grown in
57 countries on three continents [6, 7]. See Figure 1: map of global cocoa-growing
countries below [8].

1.2 Current production of cocoa

Cocoa production has rapidly increased over the past 40 years to a total of 4.9 mil-
lion tons in the 2021/2022 cocoa season, with 75% coming from West Africa [9]. Cote
d’Ivoire and Ghana alone account for 63% of the total global production (See Figure 2
below).

It is evident from the graph that the sustainability of global cocoa production
depends on how the West and Central African countries are able to deal with the
existing and future threats, particularly regarding pests, diseases and climate
change.

1.3 History of cocoa cultivation
Increased popularization of cocoa began in 1592, when the Spanish explorer,

Hernan Cortés introduced cocoa drink in Spain. To reduce the bitter taste, he added
sugar to the drink. It was here it became accepted as a beverage and was taken to

Figure 1.
Cocoa growing countries of the world (source: ICCO, 2023).
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Figure 2.
Global cocoa bean production (in 1000 metric tons) by top eight countries from 2020/21 to 2022/23 (source:
Statista, 2023).

other European countries, including Italy, France, Belgium and England [10]. The
developed taste for chocolate beverages in Europe sparked cocoa trading. It opened
the way for large-scale cultivation of cocoa by European slave merchants in planta-
tions in the West Indies in the late seventeenth century; and Central and South
America (e.g., Mexico, Venezuela, Ecuador and Surinam). Cocoa was planted in
Brazil much later in the 1780s. The powerful economic gains from the production
and export of cocoa beans into Europe to feed the appetites of royals, aristocrats
and the growing middle class fuelled the expansion of cocoa cultivation in the fertile
tropical climes.

However, the cultivation of cocoa in Africa began much later. In 1822, the
Portuguese transported cocoa from Brazil and established plantations in Principe and
Sao Tome in West Africa. Principe and Sao Tome became the fourth largest produc-
tion region exporting over 34 million kilograms in 1901 ([3], p. 34). Later in the
century, seeds were taken to Ghana, Nigeria and Céte d’Ivoire to form the basis for
cocoa growing in West Africa [10].

Unfortunately, cocoa production in the plantations of Principe and Sao Tome by
the Portuguese planters was largely achieved with the inhumane system of black
slave labour, which was very different from the servigal labour system laid by Royal
decrees of the ruling Portuguese elites [11]. The slave labour policy on the cocoa
plantations in Principe and Sao Tome followed the earlier transatlantic exportation
of African slaves to the Portuguese Americas to plug in for the declining availabil-
ity and use of Indians as slave labour on the sugar plantation, which prevailed in
the sixteenth and seventeenth centuries [12]. The author contends that the defer-
ential Portuguese slave labour policies amongst Indians and Africans on both sides
of the Atlantic Ocean were influenced by the religious ideologies that considered
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labour as God’s punishment for Adam’s sin. Therefore, it was justified to use unfree
slave labour as “the hands and feet of the noble sugar-mill masters” ([11], p. 284).
When the Jesuits became mills and farm owners, they ideologically justified the
enslavement of blacks but fought against the captivity of the Amerindians on the
basis that they had souls just like the whites and could be used to control the black
African slaves.

Contrary to the Portuguese colonizers approach in Sao Tome and Principe,
where large plantations were established using captive African slave labour from
Angola, cocoa cultivation in Ghana (the Gold Coast) and the rest of Africa followed
a completely different model of small peasant farmer plantations ([3], p. 8). This
was because earlier attempts by colonial Dutch missionaries, who planted cocoa in
the coastal areas in 1815, and by the Basel missionaries at Aburi later in 1857 had
both failed. It took a local Ghanaian blacksmith named Tetteh Quashie, who brought
Amelonado cocoa beans from Fernando Po (Equatorial Guinea) and successfully
planted a cocoa farm at Akwapim Mampong in the Eastern Region in 1879 [13]. He
later sold seed pods to other local farmers, who showed interest in cultivating the
crop, which spread cocoa in the region. In 1886, the colonial British Governor see-
ing the potential, imported cocoa pods from Sao Tome, raised seedlings at the Aburi
Botanical Garden and distributed them to farmers [13]. Cocoa was cultivated in
Nigeria in 1874, Cameroon in 1876, Céte d’Ivoire in 1919 [14].

1.4 Conditions for growing cocoa

Cultivated cocoa is largely divided into two subspecies Criollo and Forastero,
with the latter divided into several varieties [10]. The Criollos, dominate Central
America and are characterized by rounded beans, white in cross-section and a
special weak flavor. On the other hand, the Forasteros have smaller and flatter
beans with violet cotyledons. They have higher fat content and stronger flavor that
provides the basis for plain and milk chocolate. Amelonado, a Forastero variety,
was first grown in Brazil and Ecuador and later in Fernando Po in West Africa,
from where it was spread to other countries in the subregion in the late nineteenth
century ([10], p. 4).

Several factors influence cocoa health such as soil type and fertility, the amount
of rainfall, humidity, wind and shading, crop management and pest and disease
control. Wood and Lass [10] summarized the optimal growth conditions for cocoa
as follows: rainfall of 1250-3000 mm per annum and preferably between 1500 and
2000 mm, a dry season of no more than 3 months; mean maximum temperature
between 30 and 32°C; mean minimum of 18-21°C, and an absolute minimum of
10°C and no strong winds. Sale [15], using controlled-environment growth rooms,
showed that cocoa functioned satisfactorily with high humidity (80-95% RH) at
about 27°C.

Generalization about a good or suitable cocoa soil is very difficult, since soil types
and conditions tend to vary significantly from one country to another. Likewise,
different countries, for instance, Céte d’Ivoire and Nigeria emphasize on physical
texture, based on analytical data, while in Ghana good cocoa soils are said to be deep,
vary from loamy sands to friable clays, red or reddish-brown in color and should have
a pH greater than 6.0 [16]. Contrarily, cocoa was successfully grown on heavy clay
soil, yellow to red overlying a deposit of hydrated iron oxides in Democratic Republic
of Congo [10]. Nevertheless, several cocoa soils analyzed from different countries
tended to fall into the alfisols and ultisols classification [17].
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2. Global economic and social impact of cocoa

Consumption of cocoa continues to grow and impacts the world economy,
particularly in the emerging middle-income countries such as Brazil, China, India,
Mexico and in Eastern Europe [18]. Revenue from the sales of cocoa beans signifi-
cantly influences the GDP of many producing countries, particularly Céte d’Ivoire,
Ghana, Cameroon, and Nigeria [8, 19]. Currently, cocoa accounts for 40% of Céte
d’Ivoire, the world’s largest producer’s GDP. Both Ghana and Céte d’Ivoire have expe-
rienced significant deforestation of their primary forests, which is of great concern
for sustainable production [20]. Likewise, there are serious issues of exploitation and
use of child labour in the cocoa production processes [2].

Of the total annual cocoa production processed into cocoa mass, cocoa butter,
cocoa powder, chocolate or other products, over 79% takes place outside the main
producing centres in Africa [9]. Over one-third (36%) of the beans are processed in
Europe, followed by Asia and Oceania (23%), then Africa (21%) and the Americas
(20%). A comprehensive evaluation of global cocoa production states that the
chocolate industry surpassed a retail value of USD 100 billion in 2021 and is expected
to grow at a compound growth annual rate of 4.5-5.7% until 2027 [21].

These figures show the enormous contribution of the cocoa industry to the global
economy. Unfortunately, trade liberalization reforms undertaken by the produc-
ing countries in the 1980s and 1990s have concentrated power in the hand of a few
transnational companies at the expense of the small cocoa farmers, who are the
pillars of the industry [22]. Farmers and their producing countries have suffered
low farmgate and producer prices respectively, due to the unjustifiable imbalance
of power at the hands of the controlling buyers and grinders, and the transnational
chocolate companies and retailers, who enjoy 80-90% share of margins generated
from cocoa products [21]. This immoral situation, where the hardworking farmers are
just reduced to “price takers,” with no bargaining power have left one in three (of the
estimated 6 million cocoa farmers) in poverty, without adequate financial resources
to take care of their families or invest in integrated crop management practices that
could ensure their farms remain healthy and contribute to the sustainable future of
the industry ([21], p. 17).

3. Impact of pest and diseases

Of the many challenges cocoa farmers face, diseases remain the most serious
constraint to economic production. Available reports estimate that total global cocoa
bean losses due to the major pest and diseases stands at 1 million tons, which is between
30 and 40% of the annual production [7]. For over a century, diseases have continued
to pose a major threat to cocoa production due to lack of durable resistant cultivars.
This is exacerbated by lack of well-funded technical infrastructure in terms of effective
extension services support to farmers [7, 23]. According to Appiah [17], the ranking of
cocoa diseases due to their severity, impact as limiting factor(s) to profitable produc-
tion, and regional importance in the 12 leading producer countries are as follows:

3.1 Phytophthora pod rot (black pod disease)

Several Phytophthora species infect cocoa, causing leaf blight, bark canker and
pod rot diseases [24]. Black pod disease is found in all the cocoa-growing regions of
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the world, and in particular, West Africa, where it is most severe. In 1985, worldwide
losses were estimated at £1540 million [25]. Van der Vossen [6] reported that black
pod disease causes an estimated 44% of the total global crop loss. More recently,
Bowers et al. [26] stated that global black pod losses were $423 million. It is evident
from these figures that black pod has become increasingly a major concern to global
cocoa production.

Of the major species, Phytophthora megakarya (Brasier & Griffin) is indigenous
to West Africa [14] and it is the most aggressive. Phytophthora palmivora (Butl.)
Butl. is ubiquitous, P. capsici (Leonian) is found in South & Central America, West
Indies and India and P, citrophthora (Smith & Smith) Brazil, Mexico and India [27].
The dynamics of Phytophthora infections in West Africa has changed dramatically
over the years. For example, until the mid-1980s, only P. palmivora was known as
the causal agent of the disease in Ghana. Crop losses attributed to this species were
estimated at between 4.9 and 19%. However, in 1986, . megakarya, was identified
in the Ashanti Region of Ghana, which caused severe crop losses ranging between
60 and 100% [28]. Nationwide surveys showed that P. megakarya had spread rapidly
across the country and threatened the livelihood of many cocoa farmers [29]. P
megakarya has become the dominant species and has spread west-wards to all West
African cocoa-growing countries beginning from Cameroon, where it is predomi-
nant [30] through Nigeria, Togo, Ghana and Céte d’Ivoire, and southward to Gabon
and Equatorial Guinea [24, 31].

3.2 Witches’ broom disease

Witches’ Broom disease caused by Moniliophthora perniciosa, is the most
threatening cocoa disease in Central and South America. The disease begins when
fungal spores germinate and infect meristematic tissues, developing into biotrophic
hyphae that slowly occupy the intercellular spaces causing hypertrophic growth of
buds, which gives the characteristic witches’ broom from which the name is derived
[32]. It also causes pod infection, which can lead to a high percentage of pod loss.
The disease causes an estimated 29% of global crop loss [33]. Witches broom is
restricted to the Western Hemisphere, including Central and South America and
the Caribbean. It is currently a limiting factor to cocoa production in several Latin
American countries [10]. The fungus is indigenous to the Amazon Basin. A sig-
nificant spread occurred in 1984, when the disease was detected in the traditional
cocoa-growing State of Bahia, Brazil, which then produced over 300,000 tonnes
of cocoa per annum [10]. Currently, annual pod losses due to the disease reach
between 50 and 90% in many parts of the Amazon region and production declined
to 185,000 tonnes in 1997 [34].

3.3 Cocoa swollen shoot virus disease (CSSVD)

CSSVD is caused by a virus [35]. It has been and is still a major problem of all
the cocoa-growing countries in West Africa [33], particularly in Ghana, where very
virulent strains led to the removal of millions of Amelonado trees and were replaced
with tolerant Upper Amazon hybrids [35]. The CSSVD outbreak was first reported
in Ghana, then Liberia and Sierra Leone, followed by Nigeria, Céte d’Ivoire, and
Togo [33]. CSSVD causes 11% of global crop loss [6]. There are many strains of the
cocoa swollen shoot virus, which differ in the symptoms they produce, the vectors
that transmit them and the range of their alternative hosts [10]. Virulent strains
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predominate and cause various types of leaf chlorosis, root necrosis, root and stem
swellings and dieback in cocoa. It is quite unfortunate that after eight decades of
CSSVD control and research, there are still no resistant cultivars available for farm-
ers, the eradication and replanting policies have not been implemented properly, and
new infections continue in the Western Region, which is the most concentrated cocoa
growing area of Ghana [35].

3.4 Vascular-streak dieback (VSD)

VSD is caused by a basidiomycete originally named Oncobasidium theobromae but
now Ceratobasiduim theobromae [36]. The pathogen causes streaking of the vascular
tissue and yellowing of one or two leaves in the second or third flush from the grow-
ing tip with a characteristic pattern of green spots scattered over the yellow back-
ground. Infected leaves fall within a few days of yellowing, and the infection spreads
to neighboring leaves. This leaves a distinctive situation where the youngest and oldest
leaves are present, but all the middle ones are fallen. This distinguishes infection from
physiological dieback due to environmental stress or insect attack [36]. VSD causes
9% of the total global loss and is important, particularly in Indonesia, Malaysia, and
Papua New Guinea [6].

3.5 Moniliophthora pod rot

Moniliophthora pod rot, popularly known as frosty pod rot due to the frosty
appearance of the white mycelial mat, is caused by M. roreri and infects only green
pod tissues [37]. The pathogen grows between the parenchyma cells of the cortex,
covering the pod with a white mycelial mat after the lesions have coalesced and
produced conidia both within and on the surface of the host tissue [37]. It causes an
estimated 5% of the total global cocoa losses and is an increasingly serious problem in
Ecuador, Colombia and Central America. Frosty pod disease is said to be the most dif-
ficult to control because of the environmental resilience of its spores, ease of spread,
profuse sporulation on affected pods and latent infection that can be transported
great distances before conspicuous symptoms develop as well as great susceptibility of
cocoa to the disease [27]. The threat posed by this disease to other continents, espe-
cially Africa, is becoming more apparent due to the vast numbers and persistence of
its conidia, as well as its ability to be dispersed by wind.

It is evident from the above that diseases and pests pose a real threat to the sustain-
able production of cocoa. This is demonstrated by how Ghana lost the leading pro-
ducer position to Céte d’Ivoire due to the CSSV epidemic that led to the destruction of
a large population of cocoa trees. Similarly, disease and pests have drastically reduced
cocoa production in Brazil and Malaysia [5] to the extent that Malaysia has become a
net importer of cocoa.

4. Environmental and climate change impact

According to Cilas & Bastide [5] climate change is having a significant impact on
land and water availability for cocoa production, changes in wind, increase in tem-
peratures and carbon dioxide levels are contributing to higher mortality of young
trees and the spread of disease vectors. Lahive ez al. [38] predicted that atmospheric
CO; concentration would rise to about 700 ppm by 2100. They show that such
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enhanced carbon dioxide level has a positive impact in stimulating photosynthesis
in both cocoa seedlings and mature cocoa trees, and it appears to ameliorate some of
the negative effects of water deficit through improvements in water use and quan-
tum efficiencies.

However, the long-term effect of increased CO, occurred in pod biomass instead
of bean dry weight per pod, which was not significantly affected. The authors sug-
gested that an alteration in biomass allocation patterns occurs under enhanced CO,
conditions. This could be a physiological response to adverse factors, such as water
stress and temperature increases. Climate change would have an impact on cocoa’s
response to new pests and diseases and the spread of existing ones. These areas
require further research.

According to Laderach et al. [39]‘s climate modeling, although there would be
arelatively drastic decrease in the climatic suitability of the current cocoa growing
areas in Ghana and Céte d’Ivoire due to predicted increases in temperature up to
2.0°C, and decreases in monthly precipitation by 2050, there was no need for panic.
Instead, we should focus on measures that would reduce the vulnerability of cocoa
farmers. These include breeding more drought-resistant cocoa varieties, encouraging
crop diversification, conduct research into management practices that would make
farms more resilient to increasingly severe and frequent dry spells. We should adopt
spatially differentiated communication and engagement strategies that would allow
stakeholders evolve appropriate adaptation measures based on their geographical
circumstances.

4.1 Integrated disease management strategies

In conjunction with other agronomic and soil factors, healthy cocoa production
requires effective integrated pest and disease control measures [7, 40]. These should
include determining the appropriate shade regimes, regular weeding, fertilization,
pruning, sanitation (removal of diseased materials), timely application of envi-
ronmentally friendly and target-specific pest and disease chemicals, use of locally
identified biological control agents, and importantly, planting of improved disease
tolerant or resistant cultivars. The effectiveness of the management and control of
cocoa diseases in different countries vary in terms of techniques as well as in level
of efficacy. This is due to several factors including the variation of disease-causing
pathogens, availability of extension services support, phytosanitary practices and the
climatic conditions involved [17].

4.2 Phytosanitary control

Cultural control strategies are environmentally friendly measures and are gener-
ally aimed at reducing humidity and the sources of inoculum for infection on the
cocoa farm. A summary of cultural control practices employed in Phytophthora pod
rot control is presented in Table 1 [from [17]].

In general, management practices increase aeration, which help in black pod
disease control. In Bahia, Brazil, shade reduction in commercial plantations lowered
the incidence of P. palmivora black pod disease by around 40% [41]. In Ghana, a
package of phytosanitary practices has been shown to adequately control black pod
disease caused by P. palmivora [40]. These methods are less expensive and potentially
affordable to small-scale farmers compared with the cost of chemical control but are
time-consuming.
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Activity References [Cited from [17]]

Good aeration and exposure to sunlight Muller [1974]

Regular weeding and judicious reduction of overhead shade Newhall & Diaz [1967], Dakwa [1973]
Removal of mistletoes and basal chupons Dade [1927]

Ameliorative pruning of canopy

Planting at recommended spacing and draining of stagnant waters

Regular and frequent harvesting West [1936], Owen [1951], Hislop [1964]

Removal of diseased and mummified pods* Thorold [1953]

*Considered unimportant by Dade [1927] and West [1936].

Table 1.
Cultural practices used in black pod disease control.

4.3 Chemical control

The spraying of protective fungicides has been practiced for over 50 years to
minimize black pod loss, but this has not always been economical [40]. Black pod
disease control with chemicals primarily involves spraying protective fungicides with
a pneumatic knapsack sprayer to coat healthy pods. Different copper-based protec-
tive fungicides have been tested and are used in black pod disease control. These
include Bordeaux mixture (copper sulphate and calcium hydroxide, 25.43% Cua.i.),
Kocide 101 (77% cupric hydroxide a.i.) and Copper Nordox (50% cuprous oxide a.i.).
Protective fungicides must be sprayed frequently for effectiveness due to their mode
of operation and problems associated with pod growth and the cocoa environment.
This requires technical training and involves high labour and input costs, which many
subsistence farmers are unable to afford. There are situations where trees are so tall
that fungicide sprays are not able to reach the canopy.

Copper has been shown to be redistributed in water [42]. Peirera [43] took advan-
tage of this phenomenon in his single application technique developed against P
palmivora in Brazil. The method involved spraying higher doses of fungicide, which
is later washed down the trunk to effect control. On the same basis, Sreenivasan et al.
[44], tied materials impregnated with copper fungicide about two metres from the
base of cocoa trees which was redistributed slowly down the tree by rain water.

These methods work against P. palmivora black pod but are not effective against
P. megakarya, due to the vast differences in the sporulation abilities and their main
sources of primary inoculum (tree canopy for P. palmivora and soil for P. megakarya).
Opoku [45] compared the production of sporangia and zoospores by P. megakarya and
P, palmivora on different media and established that P. megakarya produced 4-6 times
more sporangia and zoospores than P. palmivora under all conditions.

A semi-systemic fungicide, Ridomil 72 Plus (60% cuprous oxide, 12% metalaxyl),
and a single injection of Foli-R-Fos 400 (potassium phosphonate, 40% a.i), which isa
systemic fungicide and a foliar fertilizer has shown to be more effective than contact
copper fungicides in the control of both P. megakarya and P. palmivora [46]. Studies
in Ghana have also shown that extended intervals of four-weekly applications using
Nordox 75 and Ridomil 72 Plus effectively and economically control black pod disease
caused by P. megakarya [47]. The four-weekly spraying significantly reduces the
number of applications per cocoa season (May to October) from the current recom-
mendation 8-9 to 5-6 and communicated to farmers could reduce production cost
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and increase adoption. Phosphonic acid is not subject to any patent, has lower toxicity
compared to contact fungicides and the single injection provides lower economic cost,
lower operator risk and no environmental contamination of the cocoa ecosystem.

In Central and South America, copper-based fungicides and azoles are used to
control witches’ broom and frosty pod diseases, albeit not very effective due to many
constraints enumerated above [48]. Generally, the profitability of fungicide applica-
tion depends on the level of farm management, the nature of land tenure and labour
arrangements for farm operations [40]. However, due to increasing concerns about
antifungal resistance and negative impacts on human health and the environment,
alternative strategies are desperately needed [49].

4.4 Biological control

Peirera [50], in a review of prospects for effective control of cocoa diseases,
mentioned that while the textbook advantages of biological control management
strategy are not in doubt, in cocoa, the promise of actual field use has not been real-
ized, and more research is required. Antagonism iz vitro of P. palmivora by biocontrol
agents has been demonstrated. Galindo [51], reported that Pseudomonas fluorescens
isolated from the surface of a healthy cocoa pod was antagonistic to P. palmivora in
vitro and was more effective than copper oxide and chlorothalonil in the field. More
recent biocontrol efforts have shown mixed results. In Peru, Kraus and Soberanis
[52] showed that Trichoderma spp. reduced moniliasis, witches’ broom and black
pod. However, in Costa Rica, field application isolates of the hyper parasitic fungi
Clonostachys byssicola and Trichoderma asperellum made no significant improvement
to healthy yields [53]. Ferraz et al. [48] touted the potential of yeast species as they
are safe for humans, easy to manipulate, shown to enhance plant wellbeing and being
environmentally friendly biocontrol agents against witches’ broom disease in Brazil.

In Africa, Deberdt et al. [54] found that Trichoderma asperellum biocontrol agent
(strain PR11) was promising in Cameroon but not as effective as the fungicide
treatment under high disease pressure. Therefore, integrating biocontrol agents into
an IPM strategy was recommended. In Nigeria, farmers have a favorable disposition
towards the use of bioagents due to high cost and safety concerns of synthetic fungi-
cides [55]. Similarly, biological control efforts have been made in Céte d’Ivoire, Kebe
et al. [56] reported that isolates of Trichoderma sp. showed fungicidal effects; and two
bacteria isolates of the Bacillus genus significantly reduced cocoa leaf susceptibility
to P. palmivora. In Ghana, Akrofi et al. [57], in a study of cocoa microbiota obtained
17 isolates, mainly Pseudomonas species from three notable cocoa varieties in Ghana.
These demonstrated significant inhibition of mycelia growth of P. palmivora on plates
and prevented disease establishment on pods.

The above results show potential and receptivity to biocontrol as a better alter-
native to the prevailing copper-based fungicides, which have non-target, food
chain contamination and environmental effects [50]. Therefore, serious research
investments and greater efforts in the producing countries are needed to find effec-
tive biocontrol agents against the endemic pathogens causing cocoa diseases in the
different geographic sub-regions. The search for biocontrol agents should focus on
the areas identified as the centres of origin or diversity of each cocoa disease, since
the potential to find co-evolved natural control agents are high in these areas. A fully
integrated pest management approach that utilizes all the available methods including
endophytes and mycoparasites, development of tissue culture and tolerant cultivars,
should be pursued to minimize the application of fungicides, which the chocolate
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industry is tightening control of their use on health grounds, as residues contaminate
the food chain and their unintended impact on the cocoa ecosystem.

4.5 Development of resistant varieties

Developing genetic resistance against the five major diseases of cocoa have a
long history beginning from the Pound collections in 1938, aimed at selecting and
accumulating desirable characteristics including high-yielding and disease resistance
or tolerance varieties [58]. It is undeniable that genetically resistant varieties are the
most cost-effective and reliable method of disease control [59]. Over the years, differ-
ent breeding and screening techniques have been developed with significant success
and challenges (for details see [58]).

In 1978, Lawrence [60] stated that no major genes for resistance to P. palmivora
had been identified in T cacao. Ten years later, Phillip-Mora and Galindo [61]
reported 19 resistant cocoa cultivars to . palmivora in Costa Rica. In Ghana, field
evaluation of individual cocoa trees for resistance to P. megakarya began in 1990 in
two endemic areas: Bechem and Akomadan in the Ashanti Region. From 25 trees that
were selected as “resistant” parents, nine showed promise against P. megakarya after
the challenge inoculation of attached pods. The high level of susceptibility obtained
was attributed to the narrow genetic base of the parents [62]. However, in 1997, Van
der Vossen [6] noted that no genotype had been found with complete resistance to
black pod diseases caused by either P. palmivora or P. megakarya.

There are many challenges in cocoa breeding work. These include narrow genetic
base of available germplasm, annual nature of cocoa production, differences in the
diseases caused by the same species, the presence of multiple diseases in the same
sub-region and the geographic separation in the areas of influence of each major
disease. For example, each of the five Phytophthora species involved in black pod
disease differs in structure, geographic distribution, ecology and pathogenicity. These
challenges necessitate that prospective new cultivars have to be tested for resistance to
each of the disease pathogens present. This had not been possible until recently, due
to lack of international collaborative projects between producing countries and the
danger of introducing new diseases due to poor and inadequate quarantine facilities.

The CFC/ICCO/IPGRI project [63], which involved 10 major cocoa-growing
countries and international centres for cocoa germplasm conservation and improve-
ment, addressed these barriers. The objectives were to select better cocoa variet-
ies, reinforce population breeding activities, characterize, evaluate, and enhance
cocoa germplasms with emphasis on disease and pest resistance. Twenty-five
locally selected clones were tested against local isolates of pathogen and “ring tests”
involving isolates from participating countries against the selected germplasm in a
non-cocoa growing country. According to Eskes [64], the follow-up project evalu-
ated 1500 trees selected by farmers for yield or low disease or pest incidence that are
high-yielding and pest- and disease-resistant candidates, which have been released to
cocoa farmers. This demonstrates the power of global collaborative research and the
practical results from large investments in research.

The challenges of standardized protocols in accessing levels of resistance
expressed in different tissues used in screening work were addressed by the devel-
opment of the leaf disc inoculation technique [65]. Subsequently, Iwaro ez al. [66]

! CFC/ICCO/IPGRI - Common Fund for Commodities/International Cocoa Organization/International
Plant Genetic Resources Institute
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demonstrated a strong correlation between detached and attached leaf lesions. They
also assessed the resistance to P. palmivora in leaves and pods of different genotypes
at the penetration and post-penetration stages of infection. A significant correlation
between the resistance of leaves and pods at the post-penetration stage was estab-
lished, showing that internal resistance is common between leaves and pods and that
leaf resistance at this stage could be used to predict pod resistance. A high positive
correlation between attached leaves and pods with their detached counterparts was
confirmed. These screening techniques are now accepted standard tools for early
screening. Different mechanisms may be involved in penetration and post-penetra-
tion resistance [17, 66]. Depth of inoculation and stages of pod maturity influenced
the level of resistance; hence there is a need to standardize these factors in the screen-
ing of cocoa germplasm for resistance to Phytophthora.

Expression of defense gene response to P. palmivora in different genotypes of
cocoa has been found to occur in blocks. These are constitutively expressed at dif-
ferent levels and are potential sources for the many quantitative trait loci (QTLs)
contributing to resistance in cocoa [67]. Selecting host resistance is needed for all the
major diseases of cocoa. However, the lack of resistance in the international cocoa
germplasm collection (ICGC) is a major challenge [68]. It is also interesting to note
that some clones in the ICGC have been designated as “resistant” and also susceptible
to isolates of the same pathogen. This illustrates the variability in pathogens and
the lack of durability, as a clone could be resistant to one isolate and susceptible to
another. Both CSSVD and VSD are systemic diseases, and a better understanding of
the mechanism of resistance is needed. According to Dzahini-Obiatey ez al. [35], the
ultimate strategy to overcome viral diseases will be to produce genetically engineered
cocoa plants by introducing resistant genes using non-conventional biotechnological
techniques.

4.6 Modern biotechnological tools: Hope or hoax?

Recent technological advances in biotechnology offer hope for achieving
long-term durable resistance in cultivated crops. The increasing legislative constraints
on the use of agrochemicals and climate change challenges [49] make biotechnologi-
cal solutions more imperative for agricultural crops-dependent countries. This is
particularly important in the tropics, where the challenges to crop production are
most severe. Governments in these countries should consider investing heavily in
modern biotechnological tools and the associated capacity building to accelerate
improvements in yields and, in particular, resilience to biotic (pest and diseases) and
abiotic (climate change) stresses.

Considerable achievements have been made in cocoa breeding and selection,
including sequencing of two cocoa genomes [69], which has allowed the identification
of genes and proteins that code for specific traits [70], gene discovery and marker-
assisted breeding using single-nucleotide polymorphism identifications [71], QTLs
mapping of resistance [71] and genome-wide characterization [72]. These develop-
ments show great prospects towards targeted gene transfer and guided selective
breeding for durable resistance in cocoa against these challenging diseases.

Currently, there are many new powerful plant biotechnological techniques, for
example, genome editing, which involves precise modification of specific DNA
sequences using three protein-dependent DNA cleavage systems, namely the zinc-
finger nucleases, transcription activator-like effector nucleases, and RNA-dependent
DNA cleavage systems (i.e., CRISP-associated proteins) [73]; RNA interference, and
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cisgenesis - the single gene transfer from sexually compatible crosses [74]. Amongst
these modern gene editing technologies, CRISPR/Cas9 is reported to be faster,
cheaper, precise, and highly efficient in editing genomes, even at the multiplex level
[75]. It has been successfully used in cocoa leaves and cotyledon cells to delete the
TcNPR3 gene, which suppresses the plant defense response using Agrobacterium-
mediated transient transformation, elevated expression of downstream defense genes
and increased resistance to infection caused by Phytophthora tropicalis [76].

Now we have valuable genome datasets and functional tools for rapid and target-
specific genetic changes that could confer vigor, resistance to diseases, pests and
resilience to abiotic stresses in cocoa. These new tools for characterization of cocoa
genes and genetic manipulation of disease resistance in other important tropical
crops overcome problems associated with traditional breeding techniques. However,
whether these biotechnological improvements would be seen as genetically modi-
fied organisms, which are not widely accepted in the northern hemisphere, remains
unclear [77]. Also, these cutting-edge approaches require specialist training
and expensive equipment and supplies, which many producer countries are not

equipped with.

5. Conclusions

The cocoa industry, particularly chocolate manufacturers, has enjoyed a steady
supply of cocoa beans that have allowed uninterrupted manufacturing of consumable
products and the holding of good buffer stocks. Conversely, cocoa producers continue
to struggle due to low prices, diseases, pests and a rapidly changing climate. Cocoa has
been described as a crop “produced in the south and consumed in the north” [9]. The
story of cocoa production requires rebalancing the colonial power dynamics in the
value chain to bring equitable benefit to all involved.

Currently, cocoa production faces significant but not existential challenges. These
include threats posed by pests and diseases, low cocoa prices paid to farmers, as
well as climate change and its potential adverse impacts on food production in cocoa
growing areas. The economic benefits, enjoyment and health value of cocoa products
to the masses, producing countries, the large transnational businesses and the small-
scale farmer (who is at the heart of everything) should serve as strong incentives for
all stakeholders to come together to address the critical issues ([21], p. 6). It behooves
on the chocolate industry, the largest beneficiaries to keep the goose that is laying the
golden eggs healthy and productive. There is a need for investment in critical research
and development, adoption of fair and ethical trading policies. An introspective look
and re-examination of the power imbalances in the existing cocoa value chain are
urgently needed for a sustainable cocoa future.

5.1 Recommendations

The quest for sustainable cocoa production that adopts environmentally friendly
farm management practices, avoids child labour and embraces the voluntary stan-
dards would happen if farmers are given their deserving living income from their
work [21, 77]. To address the perennial threat of pest and diseases, increased efforts
and heavy investments are required to develop cocoa varieties that are truly resistant.
We propose several interrelated political and technical recommendations to key
stakeholders. These are:
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5.2 Governments of coca producing countries
The governments of producer countries should:

* Strengthen the Cocoa Producers Alliance to become a strong and united
organization that could control production levels (like the Organization of
Petroleum Exporting Countries), negotiate just a share of cocoa income in terms
of producer prices, and adopts uniform trading policies.

* Engage in serious dialog with the powerful Western cocoa trading and chocolate
manufacturing companies to address the existing trading imbalances.

* Develop good infrastructure including transportation systems in the rural cocoa
farming areas for easy access to market.

* Provide fair pricing and government-backed financing with low-interest rate and
flexible repayment terms.

1. Scientists and Cocoa Boards

* Producing countries and scientists backed by policymakers must develop
integrated pest management strategies in partnership with farmers that allow
them to utilize environmentally friendly phytosanitary practices, improved
planting materials and biological control measures.

* The IPM strategy should allow limited and targeted use of approved fungicides
at critical period of infection.

¢ Farmers should be trained in scientific agriculture and farming as a business
including cocoa ecotourism.

2. Chocolate Industry and Scientists

* The chocolate industry should increase research funding and provide local sci-
entists resources to conduct a non-conventional biotechnological cocoa improve-
ment programme to hasten cocoa breeding and selection work.

* Research institutions should put greater emphasis on developing effective bio-
logical control of cocoa diseases and understanding the mechanisms responsible
for the variability experienced in field trial.

* Regional collaborative biological control research groups and centres should
be established with funding from the chocolate industry and Cocoa Producers
Alliance.

3.Farmers

* It must be recognized that farmers hold the key to long-term, sustainable cocoa
production; therefore, improving their conditions should be the primary con-
cern of key stakeholders in the cocoa value chain. In this regard:
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o Farmers should be encouraged to form strong local cooperatives.

o Farmers unions and associations must be empowered to collectively bargain for
humane farmgate cocoa prices.

o Train farmers on environmentally friendly practices [7].
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Abstract

Indonesia is among the largest cocoa producers in the world and it makes an
important contribution to the nation’s economy. In Indonesia, the cocoa pod borer
(CPB) outbreaks have caused a decline in cocoa yield and quality, impacting the
livelihoods of cocoa farmers. Application of Integrated Pest Management (IPM) is
promoted by the Indonesian government, in collaboration with various organizations.
IPM is an approach that focuses on using a combination of biological, cultural, and
chemical control methods to manage pests and reduce their impact on crops. The
adoption of IPM practices in cocoa farming has shown promising results in Indonesia.
Farmers have reported improved yields and quality of cocoa beans, reduced pesticide
use, and improved environmental sustainability. In addition, the application of IPM
has equipped farmers with knowledge and skills that can help them overcome other
challenges in cocoa farming, such as a healthy environment.

Keywords: cocoa pod borer, Conopomorpha cramerella, Integrated Pest Management
(IPM), cocoa, Indonesia
1. Introduction

Cocoa is one of the plantation commodities that support economic activities
and earners of foreign exchange in Indonesia, in addition to oil and gas. In 2021,
cocoa plantations in Indonesia cultivated by smallholder plantations are estimated

at 1.45 million hectares (99.39%), while large private plantations cultivate 8.21
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thousand hectares (0.56%) and large state plantations only cultivate 0.67 thousand
hectares (0.05%). The area of cocoa plantations in Indonesia before 2021 over the
last four years tends to show a decline, decreasing by around 2.55-3.33% per year.
This decrease in planting area also has an impact on decreasing cocoa production
[1]. Furthermore, the decline in cocoa production in Indonesia in recent years has
been attributed to factors such as minimal garden maintenance, lack of technologi-
cal application, and pest damage, especially the cocoa pod borer (CPB) caused by
Conopomorpha cramerella Snellen [2].

CPB is a pest of cocoa in Indonesia for more than three decades since it was
discovered in 1980 [3]. CPB infestation has been a persistent problem in Indonesian
cocoa for over three decades, causing significant yield losses and economic impact for
cocoa farmers. CPB infestation in Indonesian cocoa was confirmed in 1997 by Matlick
[4], and the industry estimates that infestation in Sulawesi adversely affects up to
80% of cocoa farms [5]. If infestation occurs when the cocoa pod is ripe, near harvest,
most of the beans in the pod remain unaffected. However, if infestation occurs when
the pod is immature, its entire contents can be lost. Unfortunately, it is often difficult
to detect the presence or severity of infestation. Poor harvests are experienced in
Southeast Sulawesi where cocoa plantations tend to produce low-quality cocoa beans
and their productivity is less than 650 kg ha™ due to an inadequate cultivation system
and attack by the cocoa pod borer (CPB) [6, 7]. In the Lima Puluh Kota regency of
West Sumatera Province, the CPB was identified as the primary insect pest infesting
cocoa pods. The percentage of cocoa plants affected by CPB was recorded at 21.18%,
while the percentage of cocoa pods attacked by CPB was found to be 10.82%. The
intensity of the attack by CPB was measured at 8.52% [8]. The attack of the cocoa
pod borer (CPB) is a significant threat to annual cocoa production, causing yield
losses ranging from 18.25% to 73.04%, as reported by [9-11]. Control measures such
as good technical cultural practices during cocoa plantation management can help
control CPB pests, as suggested by Silalahi [9]. In addition, Agung and Shahabuddin
[12] found that polyculture was effective in reducing the percentage of cocoa beans
damaged by CPB in Palopo District’s Rahmat Village, while Mulyani and Iswahyudi
[13] reported that farms treated with Integrated Pest Management (IPM) had lower
CPB attack intensity in Aceh Tamiang District, Aceh Province. At the location of the
efficacy study conducted in the cocoa plantations of the people of Central Maluku
Regency, it was found that pest CPB attacks reached 80.7% [14].

The damage caused by the cocoa pod borer can result in significant yield losses
and economic impact on cocoa farmers. Therefore, it is important to implement
effective pest management strategies to control and prevent infestations by this pest.
Integrated Pest Management (IPM) practices, such as the use of biological control
agents and the implementation of cultural practices, can help to reduce the impact of
CPB on cocoa production. Integrated Pest Management (IPM) emerged in Indonesia
in the late 1980s in response to the environmental and social impacts of the Green
Revolution. As a result, the United Nations Food and Agriculture Organization
(FAO) and the Indonesian Government developed a cooperative program centered
on Farmer Field Schools [15]. Integrated Pest Management (IPM) practices, such
as the use of biological control agents and the implementation of cultural practices,
have been effective in reducing the impact of CPB on cocoa production. Global
market demand for cocoa will require higher standards of sustainability and other
requirements of global environmental governance. Efforts made by the Indonesian
government to increase cocoa production began in 2009 in Sulawesi to increase the
competitiveness of the cocoa industry in the future with global market standards,
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through developing cocoa seeds tissue culture, increasing farmer capacity, and
improving the quality of cocoa beans [16]. This chapter is a review that aims to pres-
ent the implementation of IPM that has been carried out to control CPB in Indonesia
and the role of other organizations as well as farmers’ perceptions in the implemen-
tation of IPM in Indonesia. As the demand for cocoa is expected to increase in the
coming years, it is essential to implement effective pest management strategies that
are environmentally friendly and safe for farmers.

2.IPM implementation to CPB in Indonesia
2.1 Farmer Field School-IPM

The Farmer Field School-IPM (FFS-IPM) is one of the programs initiated by the
Indonesian government to assist farmers in controlling pests in cocoa plants. This
program is part of the Indonesian government’s efforts to reduce the use of chemical
pesticides that are harmful to human health and the environment.

Farmer Field Schools (FFS) were originally designed to improve the expertise and
knowledge of farmers in various farming techniques (good cultivation techniques,
the use of biological control agents, and the application of mechanical pest control),
including the proper handling of pesticides (education to farmers on the dangers of
using chemical pesticides and teaches them how to reduce their dependence on these
pesticides). However, over time, the focus of the program shifted towards community
organization, community planning, and Integrated Pest Management (IPM), leading
to the development of Community IPM (CIPM). The principles of FFS have since
been extended beyond rice to other crops, from IPM to plant breeding, and from
technical domains to broader engagement with policy issues, advocacy, and local
governance [15]. The Field School for Integrated Pest Management (IPM) was chosen
as one of the methods to increase the knowledge and abilities of cocoa farmers in
understanding cocoa pests.

The FFS-IPM aims to introduce IPM to a wider audience beyond the local level.
This activity provides an opportunity for individual farmers or farming groups to
develop their knowledge and skills through a 16-meeting training process at a location
determined by the cocoa FFS-IPM participants. The cocoa FFS-IPM group partici-
pants will learn to analyze agroecosystems in their land and collaborate in creating
plans to combat cocoa plant pests and disease infestations [17].

In the context of pest control in cocoa plants, FFS-IPM plays an important role in
helping farmers increase their productivity and the quality of their harvest. By imple-
menting Integrated Pest Management techniques, farmers can reduce losses caused
by CPB, which can cause a decrease in cocoa production and quality. In the long term,
FFS-IPM is expected to help reduce the use of chemical pesticides in the Indonesian
agricultural sector and improve the welfare of farmers. This program can also help pre-
serve the environment and strengthen sustainable agricultural systems in Indonesia.

2.2 The techniques of IPM implementation in Indonesia

The implementation of Integrated Pest Management (IPM) technology for con-
trolling cocoa pod borer (CPB) in Indonesia involves several activities.

The training and education of farmers on the principles of Integrated Pest
Management (IPM), which emphasizes the use of multiple methods to control pests,

159



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

including cultural, biological, and chemical controls, is an active step taken. Farmers
are actively being trained on the identification of cocoa pod borer (CPB) and the
damage it causes to cocoa pods to determine the appropriate control measures to be
applied. To monitor the population of CPB and prevent their spreading, farmers are
being actively taught how to use pheromone traps. Pheromone traps are actively being
used as devices that use synthetic sex pheromones to attract male CPB. By monitor-
ing the number of trapped CPB, farmers can actively determine the severity of the
infestation and the need for further control measures.

Cultural control methods, such as good agricultural practices (GAP), pruning,
and sanitation, including removing infected pods plant parts, and debris from
the field to prevent the pest’s spread and minimize its habitat, are actively being
implemented by farmers. GAP, which includes maintaining proper plant spacing,
appropriate fertilizer application, and soil management, is actively being utilized
to further reduce the population of CPB. Farmers are actively being instructed to
intercrop with legumes such as soybeans or peanuts to improve soil fertility and
reduce the incidence of CPB.

The farmers can use biological control agents, such as parasitic wasps, for con-
trolling CPB. The natural enemies attack and kill the CPB larvae, thereby reducing
their population in the field. Farmers are encouraged to release natural enemies,
including parasitoids and predators, to use biological control methods. Parasitoids
can be introduced to attack the CPB eggs and larvae, while predators like ants and
spiders can help to control the adult CPB population. Farmers are also taught to
use Trichogramma wasps to parasitize CPB eggs, leading to a reduction in the pest’s
population.

The use of pesticides is only recommended when other control measures have
failed or when CPB populations exceed economic thresholds. Farmers are educated
on the importance of following label instructions, wearing protective clothing,
and using the correct application rates to reduce the risk of pesticide exposure and
environmental damage. if the pest population is still high, farmers can apply chemical
control measures as a last resort. However, the use of pesticides should be reduced to
a minimum, and farmers should always follow the recommended dosage and safety
procedures. Farmers have been trained on the proper use and handling of pesticides
to minimize environmental contamination and the risk to human health.

The use of pesticides is only recommended when other control measures have
failed or when CPB populations exceed economic thresholds. Farmers are educated
on the importance of reducing the risk of pesticide exposure and environmental
damage by following label instructions, wearing protective clothing, and using the
correct application rates. If the pest population is still high, farmers can use chemical
control measures as a last resort, but they are advised to reduce the use of pesticides to
a minimum and always follow the recommended dosage and safety procedures, so to
minimize environmental contamination and the risk to human health.

According to recent research conducted in East Aceh Regency, Indonesia, farms
that have implemented Integrated Pest Management (IPM) practices have shown sig-
nificantly lower levels of infestation by the cocoa pod borer (CPB) pests, as compared
to farms that did not use any treatment [18]. In fact, the percentage and intensity of
CPB attacks were found to be the lowest in farms that had implemented IPM prac-
tices. On the other hand, untreated farms showed the highest levels of infestation by
CPB pests [13]. The use of IPM practices, along with cocoa pruning techniques and
the use of black ants (Dolichoderus thoracicus) as natural enemies, can significantly
reduce the incidence of CPB attacks in cocoa farms [18].
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2.2.1 Monitoring and sex feromon

Monitoring the population of CPBs is also important in CPB control in Indonesia.
Population monitoring can be done by installing pheromone traps in cocoa fields,
especially in areas that have been infected with CPBs. When male CPBs smell the sex
pheromones, they will be trapped in the trap. This can help farmers to monitor CPB
density regularly, reduce the level of damage to cocoa pods and assess the efficacy of
their control measures. Farmers need to monitor their cocoa trees regularly to detect
CPB infestations early. They should also be able to identify the signs of CPB infesta-
tion, such as entry holes, frass, and damaged pods.

Pheromone traps are designed to attract and capture male CPB moths, thereby
reducing the number of male moths available for mating and ultimately reducing the
population of CPB. The pheromone traps contain synthetic chemicals that mimic the
sex pheromones of female CPB, which attract male moths to the trap. This method
can be effective in reducing CPB populations, but it must be used in conjunction with
other control methods to achieve optimal results. The use of sex pheromones can
be part of the strategy for controlling cocoa pod borer (CPB) in Indonesia. In CPB
control, synthetic sex pheromones can be used to lure male CPBs into traps, thereby
reducing the population of CPBs and reducing damage to cocoa pods. The use of sex
pheromones to attract CPB at a density of 4 traps/ha can reduce yield losses by 67.7%.
Use of sex pheromones for monitoring or mass trapping of CPB, as a component
in IPM of CPB is promising, due to its nature for specific targets, environmentally
friendly, effective, and economic values [19].

In using sex pheromones for CPB control, it is important to monitor the traps
regularly and replace the pheromones every few weeks. This is important to ensure
that the traps remain effective and do not attract other insects that are not related
to CPBs. By combining monitoring techniques and the use of sex pheromones,
farmers can optimize CPB control in their cocoa fields and reduce the economic
losses caused by CPB infestations. Using sex pheromones obtained a total catch
of insects in all blocks was 282 heads, the CPB attack category ranged from 4.38
to 16.398 with an attack intensity of 69% before application. After the application
of sex pheromones, the average intensity of attacks dropped to 0.08% [20]. The
pheromone trap was more useful for monitoring tools rather than for controlling
CPB infestation [21]. Pheromone traps with a height of 1 m are the most effective
CPB traps with a catch of 85 heads and the average population of trapped imago is
10.63 heads/month [22].

2.2.2 Cacao resistant clones to CPB infestation in Indonesia

It is important to develop cocoa varieties that are resistant to cocoa pod borer
(CPB) in order to increase cocoa production in Indonesia. Several research studies
have been conducted in Indonesia to produce cocoa varieties that are resistant to
CPB. Some cocoa varieties are resistant or moderately resistant to CPB and have
been successfully developed in Indonesia. Some come from breeding results and
some come from local clones. ICCRI 07 and ICCRI 03 are clon cacao breeding
results by Puslitkoka. Other clones come from Central Sulawesi (Sulawesi 02, MCC
01, MCC 02), South East Sulawesi (PT Ladongi, ARDACIAR 24, ARDACIAR 25,
ARDACIAR 26), South Sulawesi (ARDACIAR 10), and North Sumatra (PABA/I/
Pbrk, PABA/V/81L/2, PABA/VIII/78B/3, PABA/VIII/78F/2, PABA/V/81L/1, PABA/
VIII/78B/1 (Table1).

161



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

No Clone name Origin Response to CPB Reference
infestation
1 ICCRI 07 Breeding by Puslitkoka Resistant [23]
514

2 ICCRI 03 Breeding by Puslitkoka Moderate resistant [24]

3 Sulawesi 02 Central Sulawesi Resistant [25, 26]
4 Sulawesi 03 Resistant [23]

5 MCC 01 Central Sulawesi Moderate resistant [23]

6 MCC 02 Central Sulawesi Resistant [23,27]
7 AP70 Moderate resistant [25]

8 PT Ladongi South East Sulawesi Resistant [26]

9 ARDACIAR 10 South Sulawesi Resistant [28-30]
10 ARDACIAR 26 South East Sulawesi Moderate resistant [24]

11 ARDACIAR 24 South East Sulawesi Resistant [30]

12 ARDACIAR 25 South East Sulawesi Resistant [30]

13 PABA/I/Pbrk North Sumatra Moderate resistant [13]

14 PABA/V/81L/2 North Sumatra Moderate resistant [30]

15 PABA/VIII/78B/3 North Sumatra Moderate resistant [30]

16 PABA/VIII/78F/2 North Sumatra Moderate resistant [30]

17 PABA/V/81L/1 North Sumatra Resistant [23,30]
18 PABA/VIII/78B/1 North Sumatra Resistant [30]

Table 1.

Cocoa clones of resistant or moderate resistant to CPB in Indonesia.

Furthermore, several universities in Indonesia such as Jember University,
Lampung University, and Bogor Agricultural Institute (IPB) have also conducted
research to develop CPB-resistant varieties. Breeding for CPB resistance on cocoa in
Indonesia was initiated by selecting resistant clones of the collected genotypes [31].
The process of selecting CPB-resistant genotypes takes time as the resistance has
to be confirmed during several periods of harvest time to make sure the resistant
expression would not be escaped the mechanism [24]. The collection performed
their various resistance which were classified into five groups of resistance namely
resistant, moderately resistant, moderately susceptible, susceptible, and highly
susceptible to indicate the variability of CPB resistance [31]. Furthermore, breeding
for CPB resistance will be designed by inter-crossing between selected-parental
clones which perform differences in CPB resistance, yield potency, and genetic
background [31].

Efforts have been made to explore the resistance of cocoa genotypes against CPB
in various endemic areas in Indonesia, resulting in several promising resistant clones
that have been used for breeding purposes [28]. The resistance of clones to CPB is
influenced by both genetic and environmental factors. Using local resistant clones
can effectively control CPB, promote efficiency and eco-friendliness, and improve
productivity [27]. The selection of local resistant genotypes is an important strategy
to control pests and diseases, enabling farmers to choose resistant clones without
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compromising productivity. Resistant clones that survive pest and disease outbreaks
are selected, tested, and used to replace cocoa trees that have succumbed to the
diseases [26, 32].

Understanding the resistance characteristics of cocoa pod borer (CPB) is crucial
to identify selection criteria for choosing CPB-resistant clones. Different cocoa clones
exhibit diverse responses to CPB attacks, indicating the complexity of the resistance
mechanism [28, 29]. Morphological and anatomical characteristics of cocoa pods
are important selection criteria for CPB resistance, such as fruit shape, skin thick-
ness, and the presence of proteinase inhibitors [30]. However, factors other than pod
hardness might be involved in resistance as suggested by the positive correlation of
CPB incidence in ripe and immature pods, and the lower CPB incidence observed in
some clones could be explained by pest non-preference. Several local selections, such
as Aryadi 2 and Darwis 2, showed partial resistance to CPB, and two resistant clones,
PT. Ladongi and Sulawesi 2, were identified with light levels of attack on beans
[26, 32]. Selecting and planting resistant clones can effectively control CPB while
maintaining optimal productivity.

However, the development of CPB-resistant varieties needs to be sustained. There
are several challenges that need to be overcome in the development of CPB-resistant
varieties, such as the sustainability and stability of resistance traits in the developed
varieties. Therefore, research and development of CPB-resistant varieties need to
continue in Indonesia to improve the quality and sustainability of cocoa production.

2.2.3 Cultural and mechanic contvol to CPB in Indonesia

There are several cultural methods that can be used to control cocoa pod borer
(CPB) in Indonesia.

2.2.3.1 Sanitation

This method involves removing infected cocoa pods and debris from the field to
eliminate the habitat of the CPB and reduce its spread. This is an important cultural
control method for CPB management, as the pest can overwinter in fallen cocoa pods
and debris. Farmers should remove and destroy any infected pods and plant parts as
soon as they are observed. Good sanitation practices, such as removing fallen leaves
and debris from the ground, can help to reduce the habitat of CPB and other pests.
Fallen cocoa leaves and other plant debris can serve as a breeding ground for CPB, so
removing them can help to prevent infestations.

2.2.3.2 Intercropping

Intercropping cocoa trees with other crops, such as legumes, can help to improve
soil fertility and reduce the occurrence of CPB infestation. CPB may have difficulty
adapting to new host plants, which can help to reduce their population. Additionally,
intercropping can provide alternative sources of income for farmers and help to
diversify their crops.

2.2.3.3 Crop rotation

Alternating cocoa crops with other crops can help to prevent the buildup of CPB
populations in the soil, as the pest may have difficulty surviving in the absence of
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its preferred host. This method can be particularly effective when combined with
other cultural control methods, such as sanitation and intercropping. Crop rotation
can help to reduce the population of CPB by breaking the pest’s life cycle. By rotating
cocoa with other crops, such as legumes or vegetables, farmers can disrupt the pest’s
habitat and reduce the risk of infestation.

2.2.3.4 Trimming and pruning

Trimming and pruning cocoa trees can help to reduce the population of CPB by
removing their hiding places. The pests often hide in the branches and crevices of
cocoa trees, making it difficult to detect and control them. Regular pruning can also
help to promote healthy tree growth and increase cocoa production. Pruning can help
to manage CPB populations by removing branches or twigs that are infested with
CPB. Pruning can also help to promote healthy tree growth and improve light pen-
etration, which can reduce the risk of infestation.

2.2.3.5 Good agricultural practices (GAP)

Proper plant spacing, fertilization, and soil management can help to maintain
healthy cocoa trees that are more resistant to CPB infestation. GAP includes maintain-
ing proper plant spacing, appropriate fertilizer application, and soil management.
Additionally, farmers should prune their cocoa trees to remove any infected or dead
plant parts. The timing of fertilizer application can also play a role in CPB manage-
ment. Overuse of nitrogen fertilizers can lead to the development of succulent growth
on cocoa trees, which can attract CPB. By applying fertilizers at the right time and in
the right amounts, farmers can promote healthy tree growth and reduce the risk of
infestation.

2.2.3.6 Use of physical barriers

Physical barriers, such as nylon netting, can be used to prevent adult CPB moths
from laying eggs on cocoa pods. This method can be particularly effective in small-
scale cocoa farms, where the use of chemical pesticides may not be feasible. Wrapping
protecting cocoa fruit from pest attacks, has been commonly practiced on various
types of fruit. The effectiveness of packing cocoa pods with plastic bags to prevent
pest attacks has been proven. If the cocoa pods are fired continuously for 30 months,
the yield of dry beans increases. How to pack cocoa pods with plastic bags as follows.
Choose young fruit that will be barked, 8-10 cm long, about 70-100 days old). The
plastic bag used measures 30 x 15 cm with a thickness of 0.02 mm and both ends are
open. The plastic bag is sheathed over the fruit and the mouth of the plastic bag is
tied with a rubber band to the fruit stalk, the fruit is left covered until harvest. This
method can prevent the laying of CPB pest eggs [33].

Application of cooling to cocoa plants can reduce PBK attack, Promecotheca palmi-
vora, and the incidence of pencil wilt, thus potentially increasing the productivity of
cocoa plants. In this study, it can be proven that bio kaolin sprayed on test trees can
cover the surface of the fruit well. The closure of this layer is a physical obstacle for
PBK pest insects to perch, puncture, and lay eggs on the surface of the fruit. From
these results, it can be concluded that spraying bio kaolin increases the number of
fruits free from PBK (13.79%). In addition, spraying with bio-kaolin either every one
week or every two weeks also produces more PBK-free fruit compared to cloaking [34].

164



The Integrated Pest Management Implementation of the Cocoa Pod Borer in Indonesia
DOI: http://dx.doi.org/10.5772/intechopen.112380

2.2.4 Biological control

The cocoa pod borer (CPB) is a major pest of cocoa crops in Indonesia and can
cause significant economic losses. Biological control is a method of managing pests
using natural enemies such as predators, parasitoids, and pathogens. Here are some
of the kinds of biological control that can be used to control cocoa pod borer in
Indonesia.

2.2.4.1 Parasitoids

Parasitoids are insects that lay their eggs inside the body of the host and eventually
kill it. There are several species of parasitoids that attack the cocoa pod borer, includ-
ing the parasitoid wasp, Trichogrammatoidea bactrae. This wasp is known to parasitize
CPB eggs, which can reduce the population of the pest. Parasitoids are insects that
are natural enemies of other insects, including pests like the cocoa pod Borer (CPB).
They are a type of parasitic insect that lay their eggs inside the body of the host insect,
and the parasitoid larvae develop inside the host, eventually killing it. Parasitoids
are a type of biological control agent that can be used to manage pests like CPB in an
environmentally friendly and sustainable manner. One of the advantages of using
parasitoids for biological control is that they can be very effective at reducing pest
populations. For example, studies have shown that parasitoid wasps like T bactrae can
parasitize up to 70-90% of CPB eggs in cocoa farms, leading to significant reductions
in CPB populations. In addition, parasitoids are generally safe for the environment,
as they do not leave behind any harmful residues or cause any collateral damage to
non-target organisms.

However, there are some challenges associated with using parasitoids for biological
control. One challenge is that parasitoids can be sensitive to environmental factors
such as temperature, humidity, and pesticide use, which can affect their effectiveness.
In addition, it can be difficult to ensure that the parasitoids are released at the right
time and in the right quantities to have the desired impact on the pest population.
Nonetheless, parasitoids are a promising option for controlling cocoa pod borer and
other pests, and ongoing research is exploring ways to improve their efficacy and use
in Integrated Pest Management programs.

2.2.4.2 Predators

Predators are insects that feed on other insects. There are several predator spe-
cies that feed on the cocoa pod borer, such as ants, spiders, and certain beetles. One
example of a predator that has been successfully used to control CPB is the ground
beetle, Lebia grandis. Predators are natural enemies of pests like the cocoa pod borer
(CPB) and can help to keep their populations under control. Insects that are predators
feed on other insects, and there are several predator species that have been found to
feed on the cocoa pod borer, including ants, spiders, and beetles. One example of a
predator that has been successfully used to control CPB is the ground beetle, Lebia
grandis. Lebia grandis is a small, black ground beetle that is commonly found in cocoa
farms. The beetle is known to feed on CPB eggs, larvae, and pupae, making it an
effective natural enemy of the pest. Studies have shown that Lebia grandis can sig-
nificantly reduce CPB populations in cocoa farms when introduced at the right time
and in sufficient numbers. One study conducted in Indonesia found that introducing
Lebia grandis into a cocoa farm led to a significant reduction in CPB populations. The
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study involved releasing adult beetles into the cocoa farm at a rate of 3-4 beetles per
cocoa tree. The researchers found that the beetles were able to establish populations in
the cocoa farm and significantly reduce the number of CPB larvae and pupae.

Another study conducted in Indonesia found that certain species of ants can also
be effective predators of the cocoa pod borer. The study found that the ant species,
Pheidole megacephala, and Oecophylla smaragdina, were able to significantly reduce
CPB populations when released into a cocoa farm. The ants were able to find and feed
on CPB eggs and larvae, which led to a reduction in the number of adult CPB on the
farm. These studies demonstrate that predators like ground beetles and ants can be
effective natural enemies of the cocoa pod borer and can help to keep their popula-
tions under control. However, it’s important to note that the effectiveness of predators
can vary depending on the specific conditions in the cocoa farm and the surrounding
environment. In addition, predators can be sensitive to environmental factors like
temperature and humidity, which can affect their effectiveness. Nonetheless, preda-
tors are a promising option for controlling cocoa pod borer and other pests in an
environmentally friendly and sustainable manner.

According to Robika et al. [35] that by increasing the number and colonies of black
ants (Dolichoderus thoracicus) has a very real effect on reducing the intensity of PBK
attacks (Conopomorpha cramerella) by increasing the number of PBK larvae. The results
showed that the application of black ants on PBK larvae with 35 predators for 20 larvae.

2.2.4.3 Pathogens

Pathogens are microorganisms that cause disease in the pest. One of the most
effective biological control agents for CPB is a fungus called Beauveria bassiana. This
fungus infects and kills the CPB larvae. B. bassiana is a type of entomopathogenic
fungus, which means that it is a fungus that can infect and kill insects. The fungus
works by infecting the CPB larvae through contact with its spores. Once the spores
penetrate the larvae’s exoskeleton, the fungus grows inside the insect’s body, eventu-
ally causing it to die. Studies have shown that B. bassiana can be an effective biological
control agent for CPB when used correctly. In Indonesia, several studies have been
conducted on the use of B. bassiana for the biological control of CPB.

One study conducted in Sulawesi, Indonesia, evaluated the efficacy of B. bassiana
in controlling CPB in a cocoa farm. The study involved spraying the fungus on the
cocoa trees at a rate of 1.5 g/l of water. The researchers found that the application of B.
bassiana led to a significant reduction in the number of CPB larvae and pupae on the
farm. The fungus was able to infect and kill the larvae, which led to a decrease in the
number of adult CPB on the farm.

Another study conducted in South Sumatra, Indonesia, evaluated the effectiveness
of B. bassiana combined with other biological control agents in controlling CPB. The
study involved combining the use of B. bassiana with Trichogramma wasps and the
parasitoid wasp, Habrobracon hebetor. The researchers found that the combination of
biological control agents was effective in reducing CPB populations in the cocoa farm.

A study conducted in North Maluku, Indonesia, evaluated Bio-K, biopesticides
with the active ingredient of B. bassiana to control CPB. The results show that biopes-
ticides treatment significantly reduced pod damage by CPB with a decrease in the
average number of cocoas in the amount of 7.69% and light intensity on CPB attacks
was less than 20% [36].
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2.2.5 Chemical control

Cocoa pod borer (CPB) is a major pest of cocoa in Indonesia, causing significant
economic losses for farmers. Chemical control is one of the most commonly used
methods to control CPB infestations. Here are the types of chemical control used in
Indonesia:

2.2.5.1 Synthetic insecticides

Synthetic insecticides such as chlorpyrifos, cypermethrin, deltamethrin, and
fenpropathrin are commonly used to control CPB. These insecticides can be applied
as a foliar spray or soil drench. However, the repeated use of synthetic insecticides
can lead to the development of resistance in CPB populations, which reduces their
effectiveness over time. Synthetic insecticides such as chlorpyrifos, cypermethrin,
deltamethrin, and fenpropathrin are commonly used to control CPB. These insec-
ticides can be applied as a foliar spray or soil drench. However, the repeated use of
synthetic insecticides can lead to the development of resistance in CPB populations,
which reduces their effectiveness over time.

2.2.5.2 Botanical insecticides

Botanical insecticides such as neem oil and pyrethrum are derived from plants
and are considered safer alternatives to synthetic insecticides. These insecticides have
lower toxicity to non-target organisms and can be effective against CPB when applied
at the right concentration and timing.

Botanical insecticides such as neem oil and pyrethrum have gained popular-
ity as safer alternatives to synthetic insecticides for controlling cocoa pod borer
(CPB) in Indonesia. Here are some additional details about these botanical insec-
ticides: Neem oil: Neem oil is derived from the neem tree, and it contains several
compounds that have insecticidal properties. Neem oil works by disrupting the
growth and development of insect pests, including CPB. It is considered safe for
humans and the environment, and it has low toxicity to non-target organisms.
Neem oil can be applied as a foliar spray or soil drench, and it has been shown
to be effective against CPB when applied at the right concentration and timing.
Pyrethrum: Pyrethrum is derived from the flowers of certain species of chrysan-
themum, and it contains compounds known as pyrethrins, which have insecticidal
properties. Pyrethrum works by attacking the nervous system of insects, includ-
ing CPB. It is considered safe for humans and the environment, and it has low
toxicity to non-target organisms. Pyrethrum can be applied as a foliar spray or
dust, and it has been shown to be effective against CPB when applied at the right
concentration and timing.

It is important to note that while botanical insecticides are generally considered
safer than synthetic insecticides, they can still have negative effects on non-target
organisms if not used properly. Additionally, the effectiveness of botanical insecti-
cides can vary depending on factors such as the concentration, timing, and applica-
tion method. Therefore, it is important to use these insecticides in combination with
other control methods as part of an Integrated Pest Management (IPM) approach to
control CPB infestations.
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2.2.5.3 Biopesticides

Biopesticides, such as Bacillus thuringiensis (Bt), are naturally occurring bacteria that
can be used to control CPB. These bacteria produce a toxin that is toxic to CPB larvae,
but harmless to humans and other animals. Bt can be applied to cocoa trees and pods as
a preventive measure or as a treatment after an infestation has been detected. Study in
West Sumatra, Indonesia: A study conducted in West Sumatra, Indonesia, controlled
cocoa pod borer using a vegetable insecticide made from soursop leaves. The application
of soursop leaf extract (Anona muricata L.) is able to control the best cocoa pod driv-
ing pest (C. cramerella Snellen) at a concentration of 100 g 1" water which reduces the
percentage of infected fruit to 10% with the lowest fruit damage intensity of 12.48%.
The diameter of the largest fruit produced reached 18.15 cm with the smallest larval
population of 0.75 tails, and the maximum seed dry weight reached 150.75 g [37].

3. Other organizations supported implementation of IPM in Indonesia

Upon analyzing the given text, it can be seen that various organizations are work-
ing to support the implementation of Integrated Pest Management (IPM) practices
in cocoa plants in Indonesia. For instance, the Australian Centre for International
Agricultural Research (ACIAR) funded a project to develop a locally applicable,
farmer-participatory methodology for selecting and testing promising cocoa geno-
types on farms in Southeast Sulawesi. In this trial, cocoa selections were propagated
clonally and evaluated for two years for pod value, quality, and resistance to pests and
diseases [32]. This demonstrates the efforts made to improve the resistance of cocoa
plants to pests and diseases, which is crucial for sustainable cocoa production.

In addition to the ACIAR project, various NGOs and government agencies are also
providing guidance and support for the implementation of IPM practices. The NGO
of SWISS Contact, NGO Keumang, the Plantation Department, and the Counseling
Agency at each sub-district in East Aceh Regency are some examples of organiza-
tions that provide guidance for implementing IPM practices [18]. These agencies not
only provide guidance but also carry out regular monitoring to ensure that the IPM
practices are being implemented effectively.

4. Perception of IPM implementation by cocoa farmers

Two separate studies conducted in Indonesia revealed the positive impact of
adopting Integrated Pest Management (IPM) and the SL-PHT program on cocoa
farming. In Sukoharjo 1 Village, Sukoharjo district, Pringsewu Regency, Lampung
Province, cocoa farmers showed a positive perception towards the SL-PHT program,
and the program’s implementation led to an increase in cocoa plant productivity,
income, and pest control [17]. The study also found a correlation between the farm-
ers’ level of experience, knowledge, social interaction, and their perception of the
program’s effectiveness. In the Ataku village, Andoolo Sub District, South Konawe
District, Southeast Sulawesi Province, the implementation of IPM by cocoa farmers
resulted in higher average income and greater production compared to those who did
not adopt IPM. These studies suggest that IPM and the SL-PHT program can signifi-
cantly improve cocoa farming outcomes, benefiting both the farmers and the industry
asawhole.
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The adoption of IPM practices among cocoa farmers can help to reduce the
harmful effects of chemical pesticides on the environment and human health while
promoting sustainable agriculture. Through the use of IPM techniques, farmers can
improve crop yields and reduce the cost of pest management, which in turn can lead
to increased incomes and improved livelihoods.

5. Conclusions

Cocoa pod borer (CPB) can cause significant damage to cocoa crops, resulting
in economic losses for farmers. Integrated Pest Management (IPM) practices, such
as biological control agents and cultural practices, can help reduce the impact of
CPB on cocoa production. Preventive measures, including regular monitoring of
cocoa pods, the use of resistant clones, and proper sanitation of farms, can also help.
Implementing IPM practices can reduce the use of harmful chemical pesticides and
promote sustainable agriculture. Organizations that support the implementation of
IPM practices in Indonesia can help farmers improve their resistance to pests and
reduce their reliance on pesticides. The adoption of sustainable agricultural practices,
including IPM, can improve cocoa farming outcomes, and education and community
engagement are essential for promoting their adoption and long-term sustainability.
Research and development are needed to improve IPM strategies, including the devel-
opment of new biological control agents and the optimization of cultural practices.

Author details

Araz Meilin®, Nurmili Yuliani, Nurhayati, Hermawati Cahyaningrum,

Rein E. Senewe, Saidah, Herlina N. Salamba, Delima Napitupulu, Ismon Lenin,
Risma Fira Suneth, Nur Imdah Minsyah, Handoko, Suparwoto, Endrizal,
Busyra B. Saidi, Jumakir, Waluyo, Yardha, Muh. Asaad, Syafri Edi, Yustisia,
Sigid Handoko, Nila Wardani and Julistia Bobihoe

National Research and Innovation Agency, Bogor, Indonesia

*Address all correspondence to: araz002@brin.go.id

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

169



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

References

[1] Direktorat Statistik Tanaman Pangan,
Hortikultura, dan Perkebunan. Statistik
Kakao Indonesia 2021. Jakarta: BPS RI;
2021.76 p

[2] Alias A, Kelvin L. Cocoa pod borer.

In: End MJ, Daymond AJ, Hadley P,
editors. Technical Guidelines for the

Safe Movement of Cacao Germplasm.
Revised from the FAO/IPGRI Technical
Guidelines No. 20. Rome, Italy: CacaoNet
Biodiversity International; 2017

[3] Wardoyo S. The cocoa pod borer, a
mayor Hidrance to cocoa development.
Indonesia Agricultural Research
Development of Journal. 1980;2:1-4

[4] Matlick BK. Machete Technology?
What Small Farmers Need! In: 1st
International Workshop on Sustainable
Cocoa Growing; 30 March-2 April 1998.
Panama City: Smithsonian Migratory
Bird Center;

(5] Neilson J, Gusli S, Palinrungi R, Sau A.

Integrating Smallholder Cocoa Farmers
Within Quality-Driven Supply Chains:
Learning from the PRIMA Project.
Makassar: PENSA (Program for Eastern
Indonesia SME Assistance); 2005

[6] Rubiyo S. Increased production and
development of cocoa (Theobroma cacao
L.) in Indonesia. Buletin Riset Tanaman
Rempah dan Aneka Tanaman Industri.
2012;3(1):33-48

[7] Ruf F, Yaddang. Indonesia Cocoa
Sector Assessment How to Help
Indonesian Cocoa Farmers to RE-Invest
in Cocoa? Synthesis for the World Bank.
Montpellier, France: CIRAD, UMR
Innovation; 2014

(8] Yudha PA, Dwipa I, Azwardi D.
Exploration of cocoa pod pest and

170

damage level in Lima Puluh Kota
Regency, West Sumatra, Indonesia. Asian
Journal of Advances in Agricultural
Research. 2021;17:14-20. DOI: 10.9734/
ajar/2021/v17i430202

[9] Silalahi AA. The effect of cocoa pod
borer (Conophomorpa Cramerella) on
cocoa production. Journal of Agriculture.
2022;1(01):1-3

[10] Indrayana K, Muhammad H.
Study on environmentally friendly
cocoa fruit borer (CFB) pest control
study in Mamuju regency. J. Agrotan.
2017;3(1):102-114

[11] Azim SF, Kandowangko DS,

Wanta NN. Damage of Cocoa Seeds

by Fruit Bear Pest (Conopomorpha
cramerella Snellen) on Cocoa Plantations
in Muntoi and Solimandungan Villages.
COCOS; 2016. Available from: https://
ejournal.unsrat.ac.id/index.php/cocos/
article/viewFile/11972/11561

[12] Agung A, Shahabuddin. The
effect of share system on attacks of
CPB, Conophomorpha cramerella
(Gracillariidae: Lepidoptera) and
cocoa production on cocoa plantation
Lan in Rahmat Village, Palolo District.
Agrotekbis. 2014;2(3):224-229

[13] Mulyani C, Iswahyudi I. Correlation
of percentage and intensity of CPB
attacks on production and loss of
products due to various levels of cocoa
plantation care. In: Proceedings of the
E3S Web of Conferences; 24 September
2022; Bengkulu. Vol. 373, 07004.
Indonesia: ISEPROLOCAL 2022; 2023. p.
9. DOI: 10.1051/e3sconf/202337307004

[14] Senewe RE, Wagiman FX,
Wiryadiputra. Effectiveness of
bioinsecticide bacillus thuringiensis



The Integrated Pest Management Implementation of the Cocoa Pod Borer in Indonesia

DOI: http://dx.doi.org/10.5772/intechopen.112380

formulation against cocoa pod borer

in field condition. Pelita Perkebunan.
2013;29(2):108-119. DOI: 10.22302/iccri.
jur.pelitaperkebunanv29i2.58

[15] Fakih M, Rahardjo T, Pimbert M.
Community Integrated Pest Management
in Indonesia. IIED, IDS, and REaD
(member of INSIST); 2003. Available
from: https://insistpress.com/katalog/

community-integrated-pest-management-
in-indonesia/ [Accessed: May 8, 2023]

[16] Cahya N, Atiyatul Maula K. Faktor-
Faktor Yang Mempengaruhi Penawaran
Dan Permintaan Bahan Pokok Di
Indonesia. Transekonomika: Akuntansi,
Bisnis dan Keuangan. 2021;1(4):311-320.
DOI: 10.55047/transekonomikav1i4.56

[17] Rendi R, Tubagus H, Helvi Y.
Perception of farmers SL-PHT program
for productivity and cocoa farming
income. Journal IAA. 2014;2(3):301-308

(18] Mulyani C, Husni, Bakti D, Azhar.
Measurement level of incursion cocoa
pod borer (Conopomorpha cramerella
snella) at community cocoa plantations
in East Aceh regency, Aceh, Indonesia.
IOP Conference Series: Earth and
Environmental Science. 2021;667(1).
DOI: 10.1088/1755-1315/667/1/012079

[19] Sulistyowati E. Effectiveness of sex
pheromone in controlling cocoa pod
borer, Conopomorpha cramerella (Snell.).
Pelita Perkebunan. 2014;30(2):115-122

[20] Negara A. Tanggapan hama
penggerek buah kakao Conopomorpha
cramerella terhadap feromon seks dan
intensitas serangannya di Kabupaten
Parigi Mountong, Sulawesi Tengah.
Prosiding Seminar Nasional Masyarakat
Biodiversitas Indonesia. 2015;1:1654-1657.
DOI: 10.13057/psnmbi/m010720

[21] Rahmawati D, Wagiman FX,
Harjaka T, Putra NS. Detection of

171

cocoa pod borer infestation using sex
pheromone trap and its control by pos
wrapping. Jurnal Perlindungan Tanaman
Indonesia. 2017;21(1):30. DOI: 10.22146/
jpti.22659

[22] Sahetapy B, Masuna ED, Darwanti D,
Goo N. Pengaruh Ketinggian Perangkap
Feromon Terhadap Penggerek Buah
Kakao Conopomorpha cramerella

Snell. (Lepidoptera: Gracillaridae).
Agricultura. 2022;32(3):290.

DOI: 10.24198/agrikulturav32i3.35296

[23] Ministry of Agriculture. Hulu Hilir
Kakao. Bogor: Pusat Perpustakaan dan
Penyebaran Teknologi Pertanian; 2019.
p. 104

[24] Susilo AW, Mawardi S, Witjaksono,
Mangoendidjojo W. Pod characteristics
of cocoa (Theobroma cacao L.) related

to cocoa pod borer resistance. Pelita
Perkebunan. 2015;31(1):1-13

[25] Martono B. Morphological
Characteristics and Germplasm
Activities in Cacao. Jakarta: IAARD
Press; 2014

[26] Rubiyo, Dewi YA, Imran,

Salim A, Baharudin C, Indrawanto,

et al. Evaluation of yield and pest

and disease resistance of cocoa

clones in Kolaka District, Southeast
Sulawesi, Indonesia. Biodiversitas.
2020;21(12):5698-5607. DOI: 10.13057/
biodiv/d211215

[27] Syatrawati, Asmawati. The pest rate
of cocoa pod borrer (Conopomorpha
cramerella Snellen) on five local cocoa
clones. AgroPlantae. 2015;4(1):25-29

[28] Susilo AW, Mangoendidjojo W,
Witjaksono. Relationship between pod
characteristics of some cocoa clones (T
cacao L.) and their resistance response
to cocoa pod borer. Pelita Perkebunan.

2007;23(3):159-175



Shifting Frontiers of Theobroma cacao — Opportunities and Challenges for Production

[29] Susilo AW, Mangoendidjojo W,
Witjaksono, Mawardi S. The effect

of pod age development of some

cocoa clones to the expression of pod
characteristics related to cocoa pod borer
(CPB) resistance. Pelita Perkebunan.
2009;25(1):1-11

[30] Limbongan J. Karakteristik
Morfologis dan Anatomis Klon Harapan
Tahan Penggerek Buah Kakao Sebagai
Sumber Bahan Tanam. Jurnal Litbang
Pertanian. 2012;31(1):14-20

[31] Susilo AW, Zhang D,

Motilal L. Assessing genetic diversity
cocoa (Theobroma cacao L.) collection
resistant to cocoa pod borer using

simple sequence repeat markers. Pelita
Perkebunan. 2013;29(1):1-9

[32] McMahon P, Iswanto A, Susilo AW,
Sulistyowati E, Wahab A, Imron M,

et al. On-farm selection for quality and
resistance to Pest/diseases of cocoa in
Sulawesi: (i) performance of selections
against cocoa pod borer, Conopomorpha

cramerella. International Journal of Pest
Management. 2009;55(4):325-337

[33] Senewe RE, Wagiman FX. The
position and wrapping of cocoa fruits to
prevent Pest attack of Conopomorpha

cramerella. Jurnal Budidaya Pertanian.
2010;6(1):21-24

[34] Irma K, Budiani A, Wahab A,
Darmono d TW. Aplikasi biokaolin untuk
perlindungan buah kakao dari serangan
PBK, Helopeltis spp. dan Phytophthora
palmivora. Menara Perkebunan.
2010;78(1):25-31

[35] Robika, Heri H, Zaedar A, Masese,
dan Mihwan, Sataral. Pengendalian
Hayati Hama Penggerek Buah

Kakao (Conopomorpha cramerella)
Menggunakan Semut Hitam
(Dolichoderus thoracicus). Celebes
Agricultural. 2020;1(1). p-ISSN:

172

2723-7974, e-ISSN: 2723-7966. Available
from: https://ojs-untikaluwuk.ac.id/
index.php/faperta

[36] Lala F, Cahyaningrum H, Hadiarto A,
Brahmantiyo B. Implementation of
biopesticides to control Phytopthora
palmivora Butl. and Conopomorpha
cramerella snell. On Cacao in South
Halmahera. In: Proceedings of 5th
International Conference on Food,
Agriculture and Natural Resources
(FANRes 2019): 17-19 September 2019,
Ternate. Vol. 194. Atlantis Press: Advance
in Engineering Research; 2020

[37] Rustam R, Hariyati R. Concentration
test of soursop leaf (Annona muricata

L) powder extract to control cocoa pod
borer pests (Conopomorpha cramerella
Snellen.) in cocoa (Theobroma cacao L)
in Padang Pariaman. Agroekotek Journal.
2021;13(1):39-51



Chapter 9

Impact of Illegal Mining Activities
on Cocoa Pollinator Abundance in
Ghana

Sampson Addae, Sarah Acquah and Samuel Nyarko Essuman

Abstract

Cacao (Theobroma cacao L.) is mainly pollinated by Ceratopogonid midges
(Forcipomyia spp.). Wild pollinators are important to both cocoa production and
natural ecosystems, and are threatened by land-use change, intensive agricultural
management, fragmentation from mining activities, and climate change. Despite
the massive expansion of cocoa production in Ghana, it may now be of secondary
economic importance to gold due to its increased environmental impact and the eco-
nomic importance exercised by cocoa communities. However, very little attention has
been paid to pollination management as a factor of production, as pollination is often
not considered an important process for crop yield. The Ghana Cocoa Board takes a
closer look at the impact of illegal mining on cocoa productivity and trusts farmers to
destroy their farmland for illegal gold mining. In this chapter we briefly describe the
cocoa sector, cocoa flower and pollinator biology and phenology as presented. What
follows is an overview of the current environmental threats and social issues posed
by unregulated mining affecting pollinator abundance and diversity in the context of
Ghana. Finally, we examine ways to improve pollination and deforestation in Ghana’s
small cocoa sector.

Keywords: pollinators, illegal mining, habitat fragmentation, deforestation, cocoa,
Ghana

1. Introduction

Pollination services are an essential element to maximize production in sustainable
agriculture [1-3]. They are critical to food production and human livelihood, directly
connecting wild ecosystems to agricultural production systems [4]. Wild pollinators
are important in both agricultural and natural ecosystems and are threatened by land-
use change [5], intensive agricultural management and pesticide use [6], pathogens
[7] and climate change. The most important cocoa pollinators are midges. In cocoa,
pollination occurs almost exclusively by ceratopogonid midges (order Diptera) of the
genus Forcipomyia [8, 9]. The midges species that pollinate cocoa belong to the genus
Forcipomyia. Most researchers studying cocoa pollination assume that Forcipomyia,
which is common in cocoa plantations in Ghana, is Forcipomyia squamipennis I.
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Demand for cocoa, the third largest trade commodity globally [10], is increasing in
China, Russia, India, and Brazil by 2.5% per year [11], while production has declined
by an average 1.5% annually for the past decade [12]. The three major cocoa producing
countries are Ivory Coast, Ghana, and Indonesia. In West Africa, it is predicted that
89.5% of current cocoa growing areas will experience a decline in cocoa suitability by
2050 [13]. Businesses and governments are advocating sustainable cocoa initiatives
to prevent deforestation and promote ecosystem services, biodiversity and sustain-
able livelihoods [14]. Cocoa production in Ghana is exclusively concentrated in the
country’s Ashanti, Brong, Ahafo, Central, Eastern, Western and Volta agroecological
forest areas where the climatic conditions are ideal for cocoa production. The first
cocoa farm was mostly established in south-east Ghana. Since then, the epicenter
of production has gradually shifted west. In the early 1980s, the Ashanti and Brong
Ahafo regions accounted for 35.5 and 18.5% of total production, respectively. Today,
the western region alone supplies 56.5% of the total annual cocoa harvest. The cocoa
industry generates about US$2 billion in foreign exchange annually and plays an
important role in the national economy. The sector employs around 800,000 farming
families in six of the country’s ten regions [15]. Ghana is the second highest cocoa
producing country in the world after Ivory Coast, with the sector producing approxi-
mately 970,000 tonnes of cocoa in 2017 [16].

Ghana’s cocoa sector continues to make a significant contribution to the country’s
economy. In 2014 it accounted for 21.5% of the country’s GDP and between 2009 and
2014 it averaged 25.6% [17], representing a large share (16.9%) of the agricultural
sector’s contribution to GDP. The environmental impacts of gold mining are wide-
ranging and severe. A recent USAID study found that despite the massive expansion
of cocoa production in the country, cocoa production may now be of secondary
economic importance to gold due to its increased environmental impact and economic
importance, even if mining is not practiced by all [15]. While Ghana has developed
action plans to end deforestation in the cocoa sector and restore forest lands, actions to
address the rapid expansion of artisanal and small-scale gold mining have so far been
quite limited, jeopardizing potential gains in reducing deforestation in the cocoa sector.

In this chapter, we examine how habitat loss, fragmentation, deforestation, and
climate effects affect the abundance and diversity of cocoa pollinators. We will first
introduce the global cocoa sector and then focus on Ghana, the second largest cocoa
producing country in the world. Next, we provide background on the biology and
phenology of cocoa flowers and pollinating midges (Forcipomyia spp.), followed by
a discussion of the impact of illegal mining on pollinator abundance and diversity
(environmental and management) in Ghana. Finally, we discuss some options for
easing restrictions on cocoa pollination.

2. The cocoa crop sector
2.1 Global cocoa production and economic value

Cocoa is a cash crop for many West African smallholder farmers. Although global
annual cocoa production quantities are below those of other tropical crops such as
sugar cane, rice, soybeans, oil palm, cassava or bananas, it is a unique crop as more
than 90% of its production comes from smallholder farmers [18]. Cocoa production
is estimated to be around 10 million hectares, which accounts for only 0.7% of the
total global arable land but 7% of the global permanent land [19]. Therefore, cocoa
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cultivation and especially cocoa agroforestry systems play an important role in carbon
sequestration and therefore have a significant mitigation potential [20]. Climate
change, deforestation, diseases and low world market prices threaten global cocoa
production. Global annual cocoa production has doubled in recent decades, reach-
ing 3.6 million tonnes in 2009-2010, increasingly being concentrated in a handful

of countries. Africa has established itself as a leading cocoa supplier over the past

10 years. According to the International Cocoa Organization, Africa’s production has
increased at an average annual rate of 2.7% since 2000. Farmers throughout the cocoa
belt of West and Central Africa account for more than two-thirds of the world’s cocoa
production. World annual production reached 4.5 million tons in 2013 and growth
came mainly from West Africa [18].

2.2 The cocoa sector in Ghana

Cacao is an important source of income for the provision of various public infra-
structures and a profession mostly loved by farmers in Ghana and other countries.
Cocoa dominates the agricultural sector and is an important source of income for
approximately 800,000 farmers and many others involved in the trade, transport
and processing of cocoa [21]. Ghana’s cocoa sector has seen an impressive recovery in
recent years. Ghana can boast of over 1,000,000 tons of cocoa in the 2010/2011 har-
vest year. Ghana is the second largest cocoa producer in the world [22, 23]. Together
with Ivory Coast, it produced almost 52% of the world’s total cocoa production in
2016. About 800,000 cocoa households produce 75 percent of all cocoa in Ghana [24].
The Ghanaian government generates most of its income from the export of cocoa
[19]. Cocoa provides resources for poverty alleviation as well as food, money, employ-
ment and industrial raw materials [25]. The small size of farms in Ghana may be due
to cocoa farm agreements where the farm is sometimes shared between the landowner
and the caretaker [26]. The inheritance system in Ghana often leads to fragmentation
of farmland when a farmer share his farm to several sons. Smaller farms result in
decreased yields as small farms are a disincentive to invest, leading to reduced use of
fertilizers and fungicides/pesticides [27]. The average cocoa acreage fell from 9.6 to
7.5 ha between 2008 and 2014 [28].

Ghana faces the problem of poor farm maintenance in terms of pest and disease
control and low soil fertility. This is due to the low adoption of improved agricultural
practices. For example, farmers only weed their farms twice a year on average, instead
of the recommended four times. In addition, control of capsids and black pod disease
occurs only twice a year instead of the recommended four or nine times a year [29].
Ghana has implemented the Hi-Tech program (fertilizer distribution via COCOBOD)
to increase fertilizer use as fertilizer use in Ghana is low compared to Ivory Coast
[30]. Timing of pesticide application is critical to maximize effectiveness in control-
ling mirids. The mirid population in West Africa begins to build up in July and peaks
between August and September, while black pod occurrence increases from June and
peaks in August and October. Therefore, it is recommended that cocoa plantations in
Ghana are sprayed between July and September. Tetteh Quershie is the oldest variety
still used in Ghana. It was named after the Ghanaian farmer who introduced cocoa to
Ghana. The pods introduced by Tetteh Quarshie are of the Amelonado variety, which
is a Forastero subspecies [31]. New introductions were made in 1944 from Forastero
materials collected by F. J. Pound from the upper Amazon at the West African Cocoa
Research Institute headquarters in Tafo, Ghana and Ibadan in Nigeria. Due to the ear-
liness of these materials, they were widely used for replanting deforested plantations
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and by the late 1950s about 11 select species of the upper Amazon were being used
to produce second and third generation Amazons, known as F3 Amazons or mixed
Amazons, which were distributed to farmers. Several hybrid varieties have also been
developed from these materials in Ghana, involving crosses with local Amelonado,
Trinitario and some Criollo materials [32].

3. Cocoa pollination

The intensity of pollination and fruit set largely determine the cocoa yield [33].
However, very little attention has been paid to pollination management as a factor of
production, as pollination is often not considered an important process for crop yield.
Even when pollination is acknowledged, its management is often not considered. This
is because most people believe that there are enough pollinators in the wild to carry
out pollination without active human intervention.

3.1 Biology and phenology of cocoa fruit set
3.1.1 Biology

Cocoa flowers are hermaphrodite (male and female parts). Group of flowers
(inflorescence) and pods are produced by the mature tree on the main stem and
branches. This type of flowering is called cauliflory. The flowers are produced at the
same defined areas on the tree and these swell with time to form flower cushions.
Every cushion bears up to 50 flowers per flowering season. There are two flowering
seasons per year, which thus yields 100 flowers per year. The pentamerous flower is
about 15 mm in diameter. Flowers that are well pollinated develop to form fruits called
pods. The main pod development stage is the cherelle or immature pod. A mature
cocoa tree can produce over 10,000 flowers every year of which 1-50% are pollinated
with 10-50 pods reaching maturity. The flowers first appear as small green or white
buds at the flower cushion. The buds reach maturity and open within 28 days. The
flower is small (0.5-1 cm), white, non-scented and borne on long pedicel or stalk.
The female part consists of stigma, style and ovary which contains ovules (female sex
cells) and the whole structure is surrounded by staminodes. The male part is made up
of long stalk (filament) and anther with pollen grains (male sex cells) at the tip. The
anther is hidden in a pocket- like structure called the petal sac or porch. Unlike most
flowers where only the stigma is receptive to pollen, both the stigma and style are
receptive to pollen. Most of the pollens are deposited on the style during pollination.
Open flowers may remain on the tree for 48 to over 72 hours depending on the season,
after which the unpollinated ones drop.

The sepals and petals of pollinated flowers start drying up giving it a brownish
appearance. Greenish cherelles then emerges from the swollen ovary at the base of the
female part. The presence of staminodes and petal porch prevent most insects from
effectively pollinating the cocoa flower. Unlike most insect pollinated flowers, the
color of the flower does not appear to attract its main pollinator, midges. However,
there are purple colored lines called guide lines on the inner surface of the staminodes
which guide them after landing on the flower. The midges upon landing on the stami-
node, move towards the base of the staminode as they feed along the guide lines and
finally enters the porch which contains the pollen. There are hairs on the upper part
of midges’ thorax which are designed to pick pollen as they move within the porch.
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Figure 1.
Stem of cocoa tree showing developed flower cushions with buds and flowers.

The insect then fly to another flower where the pollens are dropped on the stigma and
style. This is made possible by brushing the thorax against the style as it moves to the
base of the staminode (Figure1).

3.1.2 Bud development

Flower bud development from meristem to receptive flower takes at least 20 to
30 days [34]. Prolonged dry (<125 mm per month) or cold (temperature < 23°C) peri-
ods inhibit flowering [35]. Flowering is optimal during rainy days with high relative
humidity and moderate temperatures (100 mm per month, 70% RH, and 27°C). High
solar radiation incidence is linked with increased flower abscission [34]. Pollen grains
are only able to germinate on a receptive stigma [36]. The receptive period is at about
2-3 days after anthesis. Unsuccessful pollination leads to flower abscission. Reported
flower abscission rates vary from 63% on the main trunk and 81% on the fan branches
to over 90% for all flowers [34].

Anthesis starts around 2-4 pm. The process of sepal splitting continues overnight
and finishes at around 4-6 am. Complete anthesis (flower fully open) is quickly
followed by pollen release from the anthers (also between 4 and 6 am). Higher air
temperature, as well as low air humidity, facilitates anther dehiscence [37]. However,
pollen release is maximum between 8 am and 2 pm [38]. Styles and stigmas mature
later than anthers, and have maximum receptivity around 12 am-2 pm. Maximum
stigma and style receptivity does not concur with maximum anther dehiscence, thus
limiting the possibility of self-pollination (Figure 2).

3.1.3 Cherelle wilt and pod maturation

Not all young fruits (cherelles) will grow to mature cocoa fruits, even after cocoa
flowers are successfully pollinated and led to fruit set. Up to 80% of cherelles will
shrivel, turn black, and become rapidly colonized by pathogens, while the pod
remains on the tree. This so-called cherelle wilt is a physiological mechanism whereby
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Figure 2.
Flower buds about to open and fully open flowers.

the fruits are naturally thinned to balance nutrient allocation in the tree. Cherelles can
wilt up to day 100 after fruit set [39]. Poor soils and impeded photosynthesis result in
increased cherelle wilting [35]. Leguminous shade trees, which supply nitrogen to the
soil, can therefore lower cherelle wilt [40]. Wilting in an early stage saves energy that
can be invested in the development of the remaining fruits [37].

It takes 5-6 months for pollinated flowers to become ripe pods. Different sizes or
growth stages of flowers and pods can be found on the tree at any given time. Mature
pods grow up to 30 cm long and 10 cm wide, and contain 20-60 beans (seeds) [37].
The cocoa fruit is an indehiscent drupe. During the first 40 days after fertilization,
pod growth is slow. Afterward, growth accelerates. The first division of the zygote
only takes place between day 40 and 50. Pod and ovule growth decrease from day 85
onwards, when embryos start to develop. On day 140, the embryo has completed its
development and pod ripening starts [40].

3.1.4 Flower phenology

Cocoa bears fruits all year round, and the developmental stages start after pollina-
tion of the cocoa flowers occurs. However, only 1-5% of the flowers can successfully
produce as a cocoa bud [39]. Some authors [41, 42] argued that the spatial arrange-
ment of staminodes around the style of the cocoa flower affects pollination success and
hence may limit fruit set. Others [43-45] also believed that cocoa flowers are nectarless
and odorless. Young et al. [46] have demonstrated the presence of microscopic nectar-
ies on the pedicels, sepals, and guide lines of the petals and staminodes that produce
odor. These characteristics of the cocoa flower seem to make it unattractive to many
potential pollinators, and therefore only insects that have evolved with the plant will
successfully pollinate it. In most tropical countries, flowering occurs year-round.
Flowering peaks are often preceded by increased temperature and rainfall, and occur
at the onset of the rainy season, after which flower numbers gradually decline [47]. In
West Africa, the major rainy season commences in April and climaxes in June, a period
that is characterized by intense flowering (flowers on branches and trunks) [48].
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In the minor rainy season (September-November), flowering intensity is lower (flow-
ers on branches only). Few flowers are observed during the dry season (December—
March) [49]. When pods are developing and this sink for assimilates is increasing, new
flower production diminishes [26].

3.2 Biology and phenology of cocoa pollinators
3.2.1 Overview of cocoa pollinating species

Due to their viscosity, pollen grains form clumps and become too heavy to move
independently [49]. Pollination of cocoa has the potential to overcome yield deficits
in climate-resilient and sustainable production systems [12]. Pollination rates are gen-
erally poor for cacao and inconsistent throughout the year, so better pollination can
increase yield. Experiments have been conducted in Ghana to increase the produc-
tion of cocoa through hand pollination, which has been shown to increase fruit set,
matured pods and the number of seeds per pod [49]. The Cocoa Research Institute of
Ghana (CRIG) in Tafo used additional (artificial) hand pollination to increase yield
and also breed new cocoa varieties [16, 49]. This aims to achieve maximum pollina-
tion, which is crucial for optimal yield in crop production, allowing for a bountiful
harvest and increasing the export of cocoa beans, which will encourage farmers to
increase production in the country [16].

Insect pollinators play an essential functional role in supporting ecological
stability as well as food security worldwide [50]. Pollinating insects are vital to the
world’s food supply, pollinating more than 80% of the world’s wild plant species [51].
The cocoa crop requires cross-pollination, which is mainly carried out by midges
of the genera Ceratopogonidae and Cecidomyiidae [42]. Ceratopogonids are biting
midges with a length of 14 mm [52]. It is believed that the females visit cacao flowers
to feed on the protein-rich pollen grains necessary for egg maturation. Therefore,
insufficient midges population leads to insufficient pollination and this deficiency
has been reported as the main cause of low fruit set in some cocoa plantations
[33, 53, 54]. In addition to midges, there are also wild bees Lasioglossum sp. and
Hypotrigona sp., which visit cocoa flowers that bloom at tree canopy level to collect
pollen. Lasioglossum in particular has been found to be effective at pollinating cacao
flowers through its characteristic movement in and out of the petal porch. The role
of Hypotrigona sp., which has been regularly identified on cocoa flowers in Ghana,
has yet to be fully investigated. In general, more work needs to be done to fully
understand the mechanisms of cocoa pollination globally and particularly in tropical
Africa. In addition, other small Dipteran insects such as Cecidomyiidae (gall midges),
Chironomidae (non-biting midges), Drosophilidae (fruit flies), Psychodidae (moth
flies), and Sphaeroceridae (small dung flies) have been documented to visit cocoa
flowers. Other insects such as aphids, coccids and cicadellids (Hemiptera), thrips
(Thysanoptera) and ants (Hymenoptera) also occasionally visit cocoa flowers.
However, their contribution to pollination is most likely very small. So far, pollen
grains have been collected from insects other than Forcipomyia spp. not detected by
microscopic observation. In some cases, observations suggest that cecidomyiids (in
Cameroon) and drosophilids (in Ghana) may contribute to pollination to some extent
[8]. Only Diptera and in particular the genus Forcipomyia (Fam. Ceratopogonidae)
are morphologically capable of pollinating cocoa. Forcipomyia hosts the largest num-
ber of cocoa pollinators. Within this genus, the most commonly reported pollinators
belong to the subgenera Euprojoannisia, Thyridomyia, and Forcipomyia [8].
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These small midges, 2-3 mm long, prove to be excellent pollinators due to their
frequency of visits and the massive deposition of pollen grains on the stigma [55].
Therefore, in order to maintain their population, pollinator abundance can be
synchronized through environmental manipulation by providing suitable breeding
sites in the cocoa field [56]. Providing breeding media in portable breeding containers
can contribute to population increase in cocoa cultivation. Choices of growth media
include cocoa pod husk (CPH), banana stumps; and combining cocoa pod shells
with the availability of insect-infested pods in the cocoa field. Additional substrates
provided must be easy to find in the cocoa field and will increase the population of
Forcipomyia sp. increase [57]. However, the substrate must be replaced regularly as
the moisture content decreases over time. Declining trends in pollinator populations
can occur on various spatial and temporal scales [58], including reductions in floral
resources. A lack of floral diversity, particularly in monoculture ecosystems, can limit
the provision of resources needed by these midges [59].

3.2.2 Biology and phenology of Forcipomyia spp.

Adult midges can be found between the buttresses of large shade trees, in cracks of
decayed old tree trunks, in hollow tree stumps and in piles of cocoa husks. Swarming
occurs at any time of the day or in the late afternoon. Midges are present on cocoa
plantations year-round, but the largest population occurs during the rainy season. Adult
females lay eggs in batches of 40 to 90 on damp, rotting wood, cocoa husk, and other
plant debris. The larvae hatch in 2-3 days and pupate after four molts when they are
about 12 days old. The pupal stage lasts 2-3 days. Adult females require liquid plant food
for survival and oviposition, although ovum maturation occurs independently of adult
feeding or mating. Unfertilized eggs do not develop. The maximum life expectancy for
either sex in captivity is eight days. Forcipomyia goes through at least 12 generations
per year. Due to its abundance and continuous reproduction on cocoa plantations,
Forcipomyia is probably the most important ceratopogonid cocoa pollinator in Ghana.
According to [42], midges are attracted by the vertically aligned staminodes and use
them to land. The fact that style pollination generally leads to greater fruit set than
stigma pollination makes the ceratopogonid midges efficient pollination candidates [60].

The insect may then proceed into the petal hood along the purple colored guide
lines where curved bristles on the thorax press against the anther, thereby picking up
pollen grains. Both sexes visit cocoa flowers, but males appear to be more efficient
pollinators. High numbers of Forcipomyia in the farm result in increased pod set.
However, the number of pollinators depends on the availability of good breeding sub-
strate such as cocoa pod husks, decaying plantain and/or banana stems in the farm.
Ceratopogonid midge flights might cover long distances, but it is not known how far
exactly [8]. Distance traveled during one foraging event, and consequently during
which pollination is performed, can reach up to 50 m. It has been shown that there are
5-7 times more Forcipomyia species above the cocoa canopy than below the canopy
[8]. Since wind speed above the canopy is higher than below, it can be expected that
wind could play an important role in horizontal cocoa pollinator distribution over
the cocoa field. Ceratopogonid pollinator populations can be abundant and exceed
one million individuals per ha [9]. Moist environments favor ceratopogonid midge
abundance. In fact, there is a positive correlation between soil moisture and cerato-
pogonid population levels [8]. Stable moist conditions are indispensable for successful
development of eggs and larvae [61]. Pollinator populations thus increase with each
rainy period, and decrease with the onset of a drier period [62].
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4. Impact of illegal mining on pollinator abundance
4.11llegal mining activities and cocoa production in Ghana

The Ghanaian government generates most of its income from the export of cocoa
[63]. Threats considered that lead to low cocoa yields include old aged trees (cocoa
plantations over 30 years old), predominance of low-yielding traditional cultivars,
smaller farm sizes due to fragmentation of land tenure agreements, illegal mining
activities, and non-compliance with good agricultural practices [64, 65]. Artisanal
and small-scale mining is understood to mean mining operations by individuals,
groups, families or cooperatives with minimal or no mechanization, often carried
out in the informal sector. The Ghanaian government recognized the potential of
the sector for job creation and legalized artisanal mining in 1989 [66]. The Minerals
and Mining Act 2006 (Act 703) further defines artisanal and small-scale mining as
mining operations in an area corresponding to the prescribed number of blocks. In
addition, small-scale mining was legalized as the exclusive domain of Ghanaians [66].

However, foreigners with sophisticated machinery found their way into the sector,
accelerating the rate of extraction in the mining communities [66]. As a result, illegal
small-scale mining activities increased after legalization aimed at regulating mining
activities to protect the environment [66]. Small-scale illegal gold mining is referred
to as Galamsey, which derives from the jumbling Ghanaian local jargon “gather-am-
and-sell” [67]. Although illegal small-scale mining has drawn criticism from several
quarters, the Ghana Cocoa Board takes a closer look at its impact on cocoa productiv-
ity and trusts farmers are destroying their farmland for illegal gold mining activities
[68, 69]. In fact, the Ghana Cocoa Board has been one of the major complainers about
the Galamsey threat [69-72], as Galamsey creates factors that discourage or adversely
affect cocoa cultivation. First, Galamsey presents pull factors as a more attractive
investment. Some people are drawn to informal mining because they believe mining
offers them a get-rich-quick opportunity [73]. The farmers who have their cocoa
farms close to the mining areas observe early dropping of immature pods, wilting and
yellowing of leaves because the galamsey activities deplete the topsoil which supports
the healthy growth of plants [74, 75]. The damaging environmental impacts associ-
ated with the unregulated mining activities include effluent damping, unrehabilitated
excavations, improperly stored waste, dust emissions, deforestation, acid mine, river
siltation and the release of chemicals such as cyanide and mercury [76, 77] asserted
that between 1 and 20 hectares of cocoa lands are been taken over by galamsey activi-
ties in numerous Ghanaian cocoa-producing districts annually. According to GSS
(Ghana Statistical Service) (2018), the GDP contribution of cocoa decreased from
3.6% in 2011 to 1.8% in 2017. The rife mining activities in the nation have been partly
blamed for the reduction in cocoa production and economic contribution.

4.1.1 Landscape degradation

Habitat destruction from land-use changes such as habitat loss, fragmentation,
deforestation and conversion of natural habitats to cropland is the most important
driver of biodiversity loss in terrestrial ecosystems [78]. From an ecological perspec-
tive, changes in land cover involve shifts in land cover composition and variations
in their spatial arrangement [79], which directly affect the composition of biologi-
cal communities and pollinator-flowering plant relationships [80, 81]. Species
that survive in such environments need to adapt to changing habitats and periodic
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disturbances. The integration of shade trees into cocoa agroforests can bring numer-
ous economic and environmental benefits [82, 83], such as Increased Diptera visita-
tion rates with increased canopy closure found in Indonesia [84].

Therefore, the long-term conversion of forests to mining sites in Ghana could
result in agroecological disadvantages such as forest degradation, biodiversity loss,
soil quality disruption associated with low yields and food insecurity [83-85]. A
recent report estimates that the annual cost to the global economy of habitat loss will
reach $10 trillion by 2050, making ongoing biodiversity loss as much an economic
crisis as an environmental crisis. For more sustainable agriculture, three complemen-
tary strategies are envisaged that address several key drivers of pollinator decline:
ecological intensification, strengthening existing diverse farming systems, and
investing in ecological infrastructure [83]. These three strategies simultaneously
address several key drivers of pollinator decline by mitigating the impacts of land-use
change from illegal mining, pesticide use and climate change. Protecting large areas
of semi-natural or natural habitat (tens of hectares or more) helps conserve pollinator
habitats at a regional or national scale [84].

4.1.2 Habitat fragmentation

Habitat destruction, fragmentation and degradation, combined with conventional
intensive farming practices, often result in reduced or altered pollinator food and
nesting resources. It is well known that habitat destruction can reduce the popula-
tion size, composition and species richness of pollinator communities [85, 86], and
thereby affecting evolutionary processes at the species level. Significant declines have
already been observed for some pollinator groups (e.g. Hymenoptera, Lepidoptera),
which may be due in part to a history of habitat conversion [87] as well as the loss
of certain habitat elements such as nesting or foraging sites [81, 88]. Differences in
ecological and morphological traits (feeding adaptation, mobility, body size, behav-
ior) can affect the response of pollinator species to changing environments and their
ability to survive in poor quality environments [86]. Pollinator species that are more
specialized for habitat or food requirements tend to be more vulnerable to land cover
changes that alter the availability of food or nesting resources [87], leading to homog-
enization of pollinator communities dominated by common generalist species [89].
Gene flow has a major impact on genetic variation within populations, as it offsets
the detrimental effects of genetic drift, determines effective population size, and has
important implications for the management and conservation of genetic resources
[82]. Since pollen movement is a key component of gene flow, density effects can be
expected to alter genetic structure and, especially in small populations, increase the
likelihood of extinction [86]. Therefore, given that tropical forests experience high
rates of deforestation [90], knowledge of gene flow is fundamental to understanding
reproductive success and management of tropical tree species.

4.1.3 Deforestation

Crop loss occur when the Galamsey operations are done directly on the farm.
Cocoa crops are being destroyed by large machines such as bulldozers used to clear
land on Galamsey farms. Loss of crop yield and income usually occurs when the
Galamsey operators forcibly take part of the farmland from the farmers. This has sev-
eral negative impacts on the environment, including water and air pollution, defor-
estation and land degradation. Tropical forests are the most biodiverse ecosystems
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and species-rich habitats in the world, but are significantly threatened by widespread
ongoing deforestation [84]. Primary forests are of vital importance for the conserva-
tion of biological diversity due to their unprecedented diversity of species and habi-
tats [82, 91]. Deforestation of primary and secondary forests can result in biodiversity
loss and forest fragmentation, reducing previously uninterrupted habitat to smaller
fragments [87]. This can result in forest-dependent species being isolated in small
patches of forest that are not large enough to support a healthy population. However,
secondary forests play a key role in providing habitat for a wide variety of species and
in establishing connections between primary forest areas. Protection and restoration
of primary and secondary forests are critical to improving tropical forest health [92].
Beyond habitat loss, land-use change can lead to deterioration in habitat quality,
known as habitat degradation. In these cases, the species are able to survive, but their
populations may decline [89]. For example, a recent study suggested that agricultural
expansion has reduced the richness and composition of pollinators of bees and wasps
in the UK [83].

5. Conclusions

Since cocoa production is largely dependent on pollination by insects, any threat
to pollinators will negatively impact cocoa production. There is evidence that cocoa
pollination is currently below optimal levels in Ghana and that increasing pollinator
populations in cocoa fields could increase cocoa production [85]. This was demon-
strated by the Cocoa Research Institute of Ghana (CRIG) in Tafo using additional
(artificial) hand pollination to increase yield and also to breed new cocoa varieties
[16]. It is noted that illegal small-scale mining (Galamsey) has actually been the major
factor affecting cocoa production due to land degradation, water and air pollution,
diversion of water bodies, damage to farms and farmhouses, etc. The findings from
this suggest that Ceratopogonidae midges alone were probably too rare to act as the
main or even sole pollinator of cocoa in Ghana, since the relative abundance observed
on cocoa flowers in Ghana are low due to the operations of illegal mining activities
done right in the cocoa farms [84].

The study identified the need for protection of extensive natural forest areas to
protect the genetic identity of wild cacao pollinators in Ghana and, in addition, to
promote genetic exchange between wild populations to maintain genetic variability of
viable populations [22]. Evidence has shown that areas of secondary forest surround-
ing cocoa farms may provide pollinator resources similar to natural forests, and that
deforestation and habitat fragmentation reduce the population size, composition and
species richness of pollinator communities in cocoa farms to increase production [93].
Different pollinator species respond differently to changing environmental conditions
caused by illegal small-scale mining due to their physiological, behavioral or other
mechanisms [85].

6. Recommendation

6.1 Ecological intensification

Management of nature’s ecological functions is needed to improve cocoa produc-
tion and livelihoods while minimizing environmental damage.
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6.2 Strengthening existing diverse farming systems

This includes the management of systems such as forest gardens and agroforestry
to promote pollinators through scientifically and local knowledge validated practices,
for example, Crop rotation, cultivation of sunflowers and edge crops to provide
alternative food resources to increase pollinator abundance and diversity necessary
for cocoa production in Ghana.
6.3 Policies and laws concerning Galamsey

Existing legislation should be strengthened by involving farmers in stakeholder
decision-making on Galamsey, so that offenders are punished and others are deterred.
To achieve this, the government should provide COCOBOD with structures that enable
it to effectively and efficiently impose sanctions against illegal small-scale mining.
6.4 Strategies to conserve pollinators and biodiversity

Mining activities should be structured to strike a balance between economically
driven extraction of mineral resources and the strategies needed to conserve natural
resources and maintain ecosystem integrity and species viability.
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Chapter 10

Cacao: A Path of Everyday
Resistance and the Pursuit of Peace

Julian Villa-Turek Arbelaez

Abstract

Cacao crops are not only a form of subsistence and agricultural project but also
connect the way of life and resistance in conflict scenarios. San José de Apartadd,
Colombia, and its local population have suffered from the consequences of long-term
armed conflict, which left hundreds of victims of forced displacement and disap-
peared, leaving a territory disconnected from its population and its interactions with
agriculture and peace. The 2016 Peace Agreement between the FARC-EP and the
Colombian government reopened a history of resistance among peasants, who have
cultivated their lands to live and build peace by recognizing patterns of violence in
the search for missing persons. Today, the armed conflict has not ended; there is a
repeated presence of other armed groups in Urabd, a factor that involves the possibil-
ity for local populations to live in peace. Favorably, the institutions have begun to take
action to continue with the efforts of the Peace Agreement. The creation of the Search
Unit for Missing Persons (UBPD) has helped the families to continue searching for the
disappeared and recognize the ways of life and practices of the territory, where cacao
crops are a central form of life and social organization.

Keywords: cacao production, everyday resistance, search for missing people, peace
research, human rights

1. Introduction

Colombia and various regions have exemplified how agriculture, particularly
cacao crops, can foster peace and transform violence in areas affected by armed
conflicts. In these regions, agriculture, connected to rural areas and land for produc-
tion, has been a recurring source of territorial disputes involving various legal and
illegal economies. San José de Apartadd, located in the northwest region of Uraba, is
areferent of social leadership and resistance to powerful ways of violence deployed
by armed actors and civilian groups. The cacao crops cultivated in this region have
the characteristics of ensuing the central economy of thousands of families and,
therefore, a form of resistance and strength to continue searching for their lost family
members and relatives, aiming to reduce the impacts of a common framework of the
Colombian armed conflict: the enforced disappearance. Special acknowledgment
should be given to the social organization CACAOVIVE in San José de Apartadd, with
whom I had the invaluable opportunity to conduct my bachelor’s degree thesis in
political science and emphasize peace research and conflict resolution in the region as
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a case study in 2020 and 2021. Through this research, I had the privilege of meeting
various social leaders who dedicate themselves tirelessly to the pursuit of peace in the
region1 [1].

The enforced disappearance of civilians in the conflict and in San José de Apartadé
was common during the armed conflict. Its use was aimed to eliminate the others,
taking their humanity away from them, and ruining prebuilt social systems based on
the relationships in communities with its territories and, therefore, their ways of life,
practices, and knowledge. For the National Centre for Historical Memory (CNMH),
more than 60,000 people have disappeared between 1970 and 2015, contrasting with
the Registry of Victims (RUV), a State Registry to know how many people have the
status of victims. They may need assistance for reparation and Truth—who aims
that between 1978 and 2020, at least 178.000 were victims of this type of violence.
Although these statistics may be suffering sub-registry omissions due to labels of
murders and kidnappings—related forms of violence—they show how big numbers
are and the challenges to finding them inside the armed conflict and the still presence
of armed groups in the region.

The use of violence, including enforced disappearance, has been a prominent
and widely acknowledged issue, which was extensively discussed during the peace
negotiations held in La Habana, Cuba. These negotiations ultimately led to signing
the 2016 Peace Agreements between the Colombian State and the Revolutionary
Armed Forces of Colombia (FARC-EP) guerrilla group. The primary objective of
these agreements was to address historical conflicts rooted in territorial and social
issues. Furthermore, one of the highlights has been the creation of The Colombian
Integrated System of Truth, Justice, Reparation, and Non-Repetition (SIVJRNR
in Spanish), in which the victims are central key players in peacebuilding along-
side new policy frameworks and bodies such as the Truth Commission (CEV in
Spanish), the Special Jurisdiction for Peace (JEP in Spanish) and the Search Unit for
Missing Persons (UBPD in Spanish). The last have developed different strategies to
strengthen confidence between individuals, collective actors, and the State to search,
find, prospect, and identify missed persons, victims of enforced disappearance dur-
ing the armed conflict.

With pedagogical tools, the Unit started approaching different collective and
individual actors. Many social organizations stated social objectives in specific ter-
ritories with differential characteristics and armed conflict impacts, just as in San
José de Apartadé and the Urabd region in Colombia. In this region, the Unit imple-
mented the Creative Knowledge Circles (Circulos de Saberes Creativos in Spanish), a
dissimilar methodology to the judicial system. This approach aimed to listen to the
victims in a horizontal relationship, acknowledging the knowledge and practices
they have.

This research endeavors to establish a connection between social leadership, which
centers around developing the local economy through cacao crops, and peacebuilding
over the search for missing people due to the armed conflict. A particular emphasis is
placed on the utilization of Creative Knowledge-Circles to strengthen the outcomes
of dialog between different stakeholders. The objective is to contribute to the search
for missing persons while concurrently promoting the establishment of sustainable
cacao-based agriculture as a more equitable approach to foster local economies.

! Undergraduate thesis in Political Science with emphasis on Conflict Resolution and Peace Research at the
Pontificia Universidad Javeriana, Bogotd, Colombia.
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2. Theoretical framework: Everyday resistance and searching for missing
people

The exercise of social leadership in a place fully affected by violence implies the use
of categorical variables to analyze how the search for missing people and the use of
cacao crops allow a new understanding with the case study based on qualitative meth-
odologies as a guiding example. First, the resistance to violence can be addressed with
an everyday resistance approach. Second, the search for missing people constitutes a
category of analysis that can be connected to different types of organizations. Third,
the connection between both categories could influence the agricultural choices of a
specific population in a territory, as the relationship with State bodies and institutions.

Resistance to violence has been studied in social sciences as a tool to understand
everyday violence management. Scott [2] defined everyday resistance as a process in
which resist means to start organizing from small actions and a discursive tool over a
specific time, space, and with different social relationships. Since violence can be con-
sidered a state of power [2-4], society can decide to change that statement of violence
in everyday contexts. Therefore, a historically related power practice can be reactive
to a homogeneous and noncontingent context, the reason behind its intersectional
dimension to consider different types of power and changes [4]. How resistance can
arise after violence disclaimed collective visions to invisible ones, the same that starts
to change since the first invisible and individual stage that is open to establishing a
new political subject.

Purposes of resistance distinguish between purposes of violence since it is not
singular and unique in its patterns and identities. For authors like Butler [5] and
Mbembe [6], violence follows patterns of affecting individuals and collectives due to
an interest in affecting the humanity of others and making invisible race, gender, and
cultural differences. The body is at the mercy of social and environmental modes that
allow the use of war, in which death is justified and approved toward some subjects.
Therefore, the use of violence and resistance to it allows the creation of new spheres
of recognition and concession to other existing epistemologies that have been dis-
rupted by different uses of power. This recognition of everyday resistance to contexts
marked by armed conflicts allows the recognition of specific uses of violence in which
social efforts to resist will be held.

Since forced disappearance has been shared in some armed conflicts, the theory
helps the Colombian case analysis. This kind of violence consists of repression meth-
ods that break social and individual senses of identity and practices [7]. According to
the classical framework created by Galtung [8], this violence can be defined as direct
violence (visible) and addressed within a structure with cultural conditions to legitime
the use of violence [9]. But the effect of the forced disappearance affects not just the
missed ones and victims but also the ones who stay and start looking for them, victims
too. Thus, as Casado [10] expresses, the interest in searching for the lost defines the
search as a bioprocess of who is being searched for and who is searching for them.

A subject who decides to search has become a political actor with a differentiated
identity. Since it is also a victim of forced disappearance and has faced the process
of invisiblization of the pattern of violence, the remembering process deeply suffers
and puts the searcher in a complex process of recognizing their identity and practices
[9, 11]. Anonymity begins to fade from the moment an individual begins to search, a
process that continually has challenges, as organizing a search group is a complicated
second step due to the breakdown of social networks and the impacts on identity left
by violence and enforced disappearance.
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The missed ones have affected left a space of uncertainty in the daily lives of their
families, neighbors, and known people. Therefore, authors like Delacroix [12], analyz-
ing the case of Perti and Robledo [13] in Mexico, have stated the significant impacts on
everyday life with an absence of meaning that leads to a new performance of stories
that connect with others who are living the same on rebuilding step process. Since the
impacts left a catastrophe on social networks [13], it connects a reduced interpersonal
network that becomes a powerful tool to remember the missing to act alongside and on
them [12]. These purposes and processes may be accompanied by institutional efforts
[10]. Then, the establishment of new public policies toward the search for missed
people states new practices to manage the absence of institutions or stigmatization
and revictimization of the victims. That guides the collective subject that Jelin [14]
mentions, with an agency built on interpersonal relations that can work or demand
institutions to start, continue, or improve the search for missing people. All these
efforts need to be recognized as an everyday process as they improve the achievements
to change structural violence and seek conflict resolutions and peacebuilding.

3. Context over the study case
3.1 Cacao crops in Colombia: A more visible economy

In Colombia, at least three cacao crops can be planted in the country. Under
official statistics [15], more than 65.000 families live in 422 municipalities and 27
departments where this agriculture has been deployed. In terms of production, more
than 188.000 Ha in 2020, where 64.000 tons were produced. Also, each producer
produces at least 3 Ha of cacao crops in the median. The regions with the most cacao
production are those that the armed conflict has deeply impacted. In the last decade,
cacao production expansion mainly took place in remote, low-connected, and low-
density areas such as the Choco, Amazon foothills, and Magdalena Medio. Notably,
these areas have also been highly impacted by the internal armed conflict [16]. In
this sense, the entry of more extractivist multinationals represents a great vital and
territorial threat to the entire country and especially to the Gulf of Urabd region [17].
Therefore, cacao yield had a spatial and temporal trend characterized by an increase
in regions that were previously impacted by the conflict, such as Uraba, creating
instability while impacting smallholders’ likelihood to receive training, credits, and
their capacity to produce permanent crops (see Figures 1-3) [16].

3.2 San José de Apartadé: A history of violence and hope

San José de Apartadé has been living a story of violence and resistance. Since the
1970s, civilian organization based on the creation of banana agrarian unions formed
in the 1960s, and the guerrillas’ support increased violence with forced displacement,
the first massacres of civilians, and the forced disappearance of people during the
armed conflict with the Colombian army [18]. Years later, a systemic way of repres-
sion was deployed to dismantle and affect a region where the political party of Unién
Patridtica (UP) — part of the Peace Treaty Agreements between the State and the
guerrilla of the FARC-EP in 1984 — had enormous support since they used to guide
anew political agenda based on social leaderships. Although it had high pikes in the
decade of 1980, the next decade came up with new enforcement in violence levels
and the entry of paramilitary groups to the region [19, 20]. The Autodefensas Unidas
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Figure 1.
Location of Urabd region in the Department of Antioquia and San José de Apartadd. Source: Movimiento
regional por la Tierra [17].

municipales- EVA UPRA (2015).

Figure 2.
Municipal production trends (cacao production). Source: Grow Colombia [16].

de Colombia (AUC) paramilitary group, one of the biggest ones, perpetrated more
massacres and was a crucial factor in the increase of missing people due to the armed
violence and the social control deployed by armed groups. From 1994 onwards, just
in San José de Apartadd, the number of cases of disappearance increased without a
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Figure 3.
Violent actions per 100.000 habitants during the Colombian armed conflict for the 20002018 period. Source:
Centro Nacional de Memoria Historica (CNMH) (2018) cited in Grow Colombia [16].

notable decrease until 2004, with more than 100 cases per year. The municipality
remains in the first five cities in the Department of Antioquia with more cases of
enforced disappearance.

As a form of resistance to violence, in 1997, a group of more than 300 families cre-
ated the Peace Community of San José de Apartad6 (CPSJA). It became a neutral place
where no armed group could enter its territory. Therefore, they had to deal with all
armed groups at different times, facing a continuum of violence and stigmatization
of all armed groups, including guerrillas, paramilitaries, and national armed forces
[21-24]. After the 2005 massacre against the Peace Community, the demobilization
of the AUC dismantled the Paramilitary Central Bloc in Urabd (BEC) as a result of
negotiations between the AUC and the central government that ended in the Santa Fé
de Ralito Agreements of 2003. Although an agreement was reached, the paramilitary
groups did not disappear and were transformed into more decentralized armed
groups, as were the criminal gangs [19, 20]. A decrease in violence was apparent and
visible but far from ending. However, the transformation of the armed conflict led
to new armed groups that remain predominant to the present day as the National
Liberation Army (ELN) and the Gaitanista Self-Defense Forces of Colombia (AGC),
which reflects the aggravated context against the settlers and the general fragmenta-
tion of trust with the Colombian State [17, 23]. However, the Peace Agreements of
2016 opened a new window of opportunity to build peace on the territorial level
alongside civil society. The creation of the SIVJRNR influenced the creation of the
Search Unit for Missing Persons (UBPD). This humanitarian and extrajudicial entity
has operated autonomously and independently from the traditional judicial bodies.

In the case of agriculture and cacao production, most producers are individuals
who, together with cooperatives, cultivate the land with cacao crops and other planta-
tions (for their own use, e.g., corn, banana, avocado and mandioca/cassava). In the
last decades, there was a change from banana to cacao production as the primary plan-
tation since the first one raised price problems, and a new market of exportation cre-
ated the input for the organizations to think and design new strategies [17]. Thanks
to Peace Accords, the figure of the cooperatives became an excellent opportunity to
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transform social leadership, not only in the organizational and political view but also
in the economic model. It influenced a new recognition by the State and the territory
and its legitimate practices, such as cocoa cultivation and production.

3.3 Creative knowledge circles strategy

Implementing different policies after the Peace Agreements of 2016 has changed
how the State searches for missing people due to the armed conflict. Under the new
policy frameworks, the primary mission is to fulfill victims’ rights to reparation,
access to truth and justice, and guarantees for non-repetition. These agendas serve
as guiding principles for the institutions established because of the 2016 Peace
Agreements and build upon the foundation laid by the Law 1448 of 2011, which
aimed to recognize the armed conflict and address reparations to the victims. Then,
the role of the UBPD has been searching for people who may be victims of enforced
disappearance and to differentiate its actions from those carried out by existing
institutions such as the Attorney General’s Office. Its approach consists of five steps in
searching for missing people: search, location, recovery, identification, and dignified
return. These steps follow the interest of working with participation, information,
and prospecting since the need to add voices and stories of victims is crucial to have a
human searching and bring all the experiences of professionals to prospect, recover,
and identify identities, aiming to a humanitarian and extrajudicial perspectives [1].

The creative knowledge circles mentioned above can be defined as an innovative
way involving the active participation of victims and groups who have experienced
disappearances. With a safe and inclusive space, all individuals can share their stories
and connect the experiences of violence and resistance (on an individual or collective
level) and the ongoing efforts to locate missing persons. In those spaces, the UBPD
plays a crucial role in facilitating the participation of all involved parties and ensuring
their voices are heard. The institution guarantees its support by collecting and manag-
ing information to initiate the process of locating potential sites of violent incidents or
places where information on missing individuals may be available. Furthermore, the
UBPD utilizes genetic identification techniques to identify living persons separated
from their families due to violence. This whole process is therefore an effort that over
time, requires the gradual establishment of trust and rapport between the individu-
als. As trust is built, progress can be made in gathering and assessing the information
related to the missing individuals and the violent episodes they experienced.

4. Analysis: How cacao crops can be a good tool to build peace and help the
UNBPD efforts to find missing people in San José de Apartado

The decision of communities in San José de Apartadé to focus on cacao cultivation
as their primary agricultural product stems from their aspiration for better and more
equitable local economies, intending to resist the violence prevalent in the region. The
cultivation of cacao has emerged as one of the most significant economic activities
for local families, influencing their resistance against not only the armed conflict and
the recruitment of young people (due to a lack of preventative policies) but also the
cultivation of illicit crops such as marijuana and coca, which directly undermines
community peacebuilding efforts.

The social leaders of the CACAOVIVE organization assert that the fertile land in
the region can support the cultivation of various crops. However, cacao remains the
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predominant choice due to several factors. First, cacao is a resilient crop that does not
easily succumb to damage or diseases. It is also relatively cost-effective to cultivate,
even without fair pricing mechanisms in the market [1, 16, 17].

Regarding pricing, the leaders argue that multinational companies often offer a rea-
sonable and fair price for the crop during the cacao-growing season. However, this is not
the case during off-season periods when the farmers’ demand and prices are less favor-
able. Despite this challenge, the communities continue to prioritize cacao cultivation
as it represents their primary source of income and a means to sustain their livelihoods
amidst the prevailing socioeconomic circumstances. By focusing on cacao cultivation,
the San José de Apartadé communities aim to create economic opportunities that pro-
vide for their immediate needs and contribute to their resilience and resistance against
the violence and illicit economies that undermine peacebuilding efforts in the region.

After resisting decades of violence, the communities decided to organize them-
selves. Within a story of colonization over the territory and enforced displacement
from armed actors and multinationals of banana cultivation since the 1970s, cultivat-
ing the land became a way of resistance [18, 21]. Since the physical and psychosocial
problems have been extreme, the interest in sitting with the community and deciding
on creating social organizations and cooperatives implies the first step in everyday
resistance. They could reveal positions and interests to recognize the impacts of
the armed conflict and work to transform them [3]. Then, the everyday resistance
started from the individual’s perspective but had deep transformations to recognize
marginalized people [6] and build toward cultural differences that connect to the
territory and the cultivation of cacao [5]. These efforts also connect with an institu-
tional framework after creating cooperatives and the interest to work alongside public
institutions on common challenges.

Therefore, the efforts of cooperatives and social organizations may include
working alongside institutions and new bodies such as the UBPD. Implementing the
creative circles’ strategy has been crucial in this regard due to the recognition of the
history of resistance of families searching for missing persons without legal assis-
tance. The answer to understanding the change of collaborative work among actors is
related to building trust among the parties, including members of the same commu-
nity and territory. After along and sustained stigmatization by most state institutions
toward victims throughout the country, coupled with a lack of policies that address
the needs of this population, the entry of institutions such as the UBDP has trans-
formed how the search is understood as humane with the requirement of having all
the knowledge and practices of civil society, becoming a horizontal hierarchy when it
comes to dialog and as a starting point for locating them.

In the Circles of Knowledge, the story of production of cacao has played a crucial
role, providing insights that guide families in San José de Apartadé. This implies that
families of missing persons participate alongside individuals who are not involved
in the search. Consequently, this connection aligns with the bioprocess defined
by Casado [10], where the shared interest in searching for missing persons brings
together both victims and non-victims, affected by both structural and cultural
violence [8]. Therefore, the Circles seek to promote the exchange of knowledge
and practices among participants with participation methodological tools. An open
exchange with other actors may arise when there is a transparent image of the resis-
tance with discursive rhetoric [3]. Through a transformative know-how process [25],
the fact that the UBPD promotes these spaces strengthens the recognition based
on the community’s differences from other actors and the rich set of practices they
deploy, including the search and the cultivation of cacao.
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Creating new stories to transform social networks has been an ongoing and
arduous effort undertaken by social organizations. Since the enforced missing can
be defined as a catastrophe [13], the absence of the people alters how processes may
be conducted in the community. The organizations have been working on different
spheres over time, dividing tasks and activities related to the booster of conditions
to cultivate the land with cacao crops, and also addressing human rights matters by
communicating to authorities and more NGOs about risk levels that social leaders and
the civil population face due to the presence of armed groups and the stigmatization
that may arise between judicial institutions, the national army and the civil organiza-
tions. That creates a collective subject that is organized and ready to continue without
institutional support [14] but with an everyday resistance approach [4]. The claim for
a total memory without more blood has been a statement for civil organizations, such
as the cooperatives and local participation bodies.

Moreover, it is crucial to consider the perspective of the UBPD workers, who
recognize the importance of adopting an active listening approach while participat-
ing in spaces like Creative Circles. Through this exchange of knowledge, two aspects
arise. First, understanding the complex social context is characterized by visibly
armed conflicts that persist. Second, they become aware of communities’ relent-
less efforts in searching for missing people and their organized approach, which
connects the agricultural way of life and the decision to cultivate cacao crops as a
way of resistance means of resistance against an unstable market and the lack of
supportive programs from the State for small-scale producers to improve their crop
systems. After the paramount cause of searching for the missing people, they unveil
the strength and knowledge within these communities, who are determined to
persist and resist through their way of life. Therefore, cacao production is a sign of
resistance to unequal markets in the territory, systemic violence, and a State that has
failed to provide adequate assistance for developing local economies and supporting
peacebuilding.

Consequently, the development of pedagogical tools around the Circles of
Knowledge has recognized the power of resistance through a territorial and com-
munitarian organization. A new type of organization improves the recognition level
by the State and its bodies of the historical violence that has affected the territory and
population, as is the case of San José de Apartadé and the Urabd region in Colombia.
Second, it has stated that social leaders are developing, with their possibilities and
available resources, an integrative system of action that is co-guided by human rights
advocacy and the establishment of sustainable economies that allow them to create a
community atmosphere through more spaces of participation.

5. Conclusions

It has been seen around this research that searching for missing people in San José
de Apartadd is an organizational process that has been active in the last decades after
experiencing the profound impacts of violence left in the territory and the communi-
ties. Despite the lack of public policies that could create new public management
approaches to create better cultivation facilities and spaces for education, the com-
munities organized through social organizations and cooperatives have led the image
of a reborn resistance to the reconstruction of the social fabric. The entrance of the
UBPD has been a clear signal of how State bodies can reconnect with citizens after
a long-stigmatized relationship due to the armed conflict. Their entrance means a
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reconstruction of confidence and allows the institutions to support already designed
community tasks to search for the missing and establish local economies based on
cacao production.

Nonetheless, the challenges to building peace remain in Urabd and other regions
of Colombia. The 2016 Peace Agreements do not mean the violence has been decreas-
ing, nor by the new government of Gustavo Petro, a progressist who is willing to
negotiate with all the armed groups, creating the so-named “Total Peace”, a way
full of challenges and step backs, a situation that shows how the civil organizations
remain resisting to live in peace on its territories. In general, the resistance, shown
as an everyday task in connection to the cultivation of the land, will remain a key
factor of peacebuilding from a bottom-up approach. The replication of development
models that maintain the violence and armed conflict characteristics may create new
conflicts, which is the reason behind the importance of spaces like the UBPD ones, in
which the exchange of knowledge can create a better understanding of the territory
and the possibilities of cultivating cacao crops as a territorial peace tool.

The research on cacao crops and everyday resistance has significant potential. It
can significantly benefit from interdisciplinary approaches since the possibilities are
enormous, and the interest in having more sustainable economies, energy transition
platforms, and the protection of the environment can be a clear advantage. Bringing
in perspectives from diverse disciplines, such as agriculture, environmental sci-
ences, economics, social sciences, and sustainability, would be relevant for efforts
to move toward more sustainable crops and production, ensuring equitable access to
assistance and markets at the national and international level. Listening to the leaders
of San José de Apartadé has been a crucial experience for redesigning policies and
creating better results in peacebuilding and violence transformation processes.
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