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Abstract The current expansion of cacao cultivation

in the Republic of Côte d’Ivoire is associated with

deforestation, forest degradation, biodiversity loss and

high greenhouse gas (GHG) emissions. Global con-

cerns about emissions that are associated with tropical

commodity production are increasing. Consequently,

there is a need to change the present cacao-growing

practice into a more climate-friendly cultivation

system. A more climate-friendly system causes lower

GHG emissions, stores a high amount of carbon in its

standing biomass and produces high cacao yields.

GHG emissions and carbon stocks associated with the

present cacao production, as assessed in 509 farmers’

fields, were estimated by using the Perennial GHG

model and the Cool Farm Tool. On average, the

production of 1 kg cacao beans is associated with an

emission of 1.47 kg CO2e. Deforestation contributed

largely to GHG emissions, while tree biomass and

residue management contributed mainly to carbon

storage. The collected data combined with the model

simulations revealed that it is feasible to produce

relatively high yields while at the same time storing a

high amount of carbon in the standing biomass and

causing low GHG emissions. The climate-friendliness

of cacao production is strongly related to farm

management, especially the number of shade trees

and management of residues. Calculated emissions

related to good agricultural practices were 2.29 kg

CO2e per kg cacao beans. The higher emissions due to

the use of more agro-inputs and other residue

management practices such as recommended burning

of residues for sanitary reasons were not compensated

for by higher yields. This indicates a need to revisit

recommended practices with respect to climate change

mitigation objectives.
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Introduction

Sales of cacao provide income for millions of small-

holders in Côte d’Ivoire and Ghana. These smallhold-

ers are responsible for about 70% of all cacao

produced globally (Wessel and Quist-Wessel 2015).

Cacao plantations can be managed in very different

manners, ranging from traditional low input agro-

forestry systems to intensive monocultures (Recanati

et al. 2018). In Côte d’Ivoire, cacao trees are

traditionally planted under a thin forest shade, using

the forest soil fertility (Wessel and Quist-Wessel

2015). However, the shift towards monocultures (full-

sun) has recently increased (Wessel and Quist-Wessel

2015; Schroth et al. 2016).

Management practices (MPs) in cacao plantations

include the use of fertiliser, shade management,

pruning and waste management. A number of organic

and inorganic fertilisers are used in cacao, including

urea, manure, organic residues and chemical fertilis-

ers. These can be applied in the planting hole, in a

circle around the stem or by foliar application and

differ in dosages (Recanati et al. 2018). The effect of

applying fertilisers on biomass growth is mediated by

the shading intensity (no, medium, or heavy), depend-

ing on pruning practices and shade trees (van Vliet and

Giller 2017). Shade trees commonly include timber

trees such as C. alliodora, leguminous trees such as E.

poeppigiana and fruit trees such as orange, avocado

and mango. Overall, shade trees account for a large

part of the total aboveground biomass of the plantation

(Beer et al. 1990; Dawoe et al. 2016). Pruning waste,

as well as pod husks and other residues in the fields are

commonly burnt or composted (van Vliet and

Giller 2017). With all these different management

options, the impact on the environment varies across

plantations depending on the cultivation type (Reca-

nati et al. 2018).

In many tropical countries, there is a need for

intensification of agriculture to increase yields and

incomes which tend to cause an increase of green-

house gas (GHG) emissions per ha (Schroth et al.

2016). At the same time, global concerns about

anthropogenic GHG emissions and concerns about

environmental issues associated with tropical com-

modity production are rising (Neslon and Phillips

2018). Consequently, there is an urgent need to change

the present cacao production into a more sustainable

cultivation system with lower GHG emissions per unit

of product with similar or even higher yields (Schroth

et al. 2014).

Although the carbon stock in cacao plantations is

extensively researched, little is known about the GHG

emissions associated with current cacao production

(e.g. Gama-Rodrigues et al. 2011; van Rikxoort et al.

2014). It is highly debated whether the production of

cacao is associated with net GHG emissions or net

storage of carbon (Ortiz-Rodriguez et al. 2016; Defra

2009; Schroth et al. 2016; Montagnini and Nair 2004).

On the one hand, forest conversion to cacao land,

burning organic material, a common practice in

current cacao production systems, and applying

fertiliser is associated with GHG emissions (Ledo

et al. 2018). While on the other hand, perennials, such

as cacao, also have the potential to store carbon in their

standing biomass (Dawoe et al. 2016; Schroth et al.

2014) and to add soil carbon through litter and plant

roots, which decompose and form soil organic carbon

(Ledo et al. 2018).

As farm management is a potential tool for GHG

emission mitigation, understanding the relations

between MPs and the associated GHG emissions is a

prerequisite for developing actions related to the

reduction of GHG emissions. To enable management

to be recommended, sources of GHG emissions first

need to be identified and quantified (Ledo et al. 2018).

Agricultural intensification is seen as a solution to

improve yields and income, but might have an adverse

effect on the environment. However, increased yields

may compensate for the increase in GHG emissions,

resulting in similar GHG emissions per kilogram of

product. The question arises to what extent intensifi-

cation of the cacao production can be considered

climate friendly.

As acknowledged by Recanati et al. (2018) and

Silatsa et al. (2017), deeper research is needed on the

environmental impact of various cacao cultivation

systems, including the emission of GHGs of these

systems.

Therefore we aim to: (1) quantify the GHG

emissions resulting from various farm level activities

in cacao plantations in Côte d’Ivoire, (2) investigate to

what extent large carbon stocks and low GHG

emissions are compatible with high cacao yields, and

(3) quantify the GHG emissions and carbon stock

associated with agricultural intensification.

In order to calculate the GHG emissions associated

with cacao production, farm level data from an
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extensive survey and field data on cacao biomass were

used as input for two existing assessment tools, which

were improved as part of our study.

Methodology

System boundaries

To classify the climate impact of agricultural com-

modities, Van Rikxoort et al. (2014) propose to

consider standing carbon stocks and the production

related GHG emissions as two dimensions of climate-

friendliness. Schroth et al. (2016) apply this concept to

assess cacao production systems in Brazil. In our

study, yields per hectare are added as a third dimen-

sion to include also a socio-economic sustainability

factor.

We define climate-friendly cacao as cacao pro-

duced in systems with above median carbon stocks,

above median yields and below median GHG emis-

sions. Medians are calculated on the basis of all plots

in the study area. Carbon stocks are expressed in

tonnes of C ha-1, yields are expressed in kg semi-dry

cacao beans ha-1 and GHGs are expressed in kg CO2e

ha-1. The evaluation of the GHG emissions of cacao

production in our study is based on the methodology

developed by Ledo et al. (2018). The farm boundary

approach is used, assessing the annual GHG stored and

emitted at the farm in Côte d’Ivoire. A schematic

overview of the sources and sinks of the GHG

emissions and carbon stocks taken into account are

presented in Fig. 1. The sink is carbon (C) and sources

of GHG include carbon dioxide (CO2), nitrous oxide

(N2O) and methane (CH4). The net (positive or

negative) emission is expressed as CO2e, using global

warming potentials of 298, 34 and 6.7, respectively,

for N2O, CH4 and C (Myhre et al. 2013). A positive

emission indicates that the sources are larger than the

sinks, and a negative emission indicate that the sinks

are larger than the sources.

Emissions resulting from farm level management

Farm management affects GHG emissions in various

ways (Recanati et al. 2018; Ledo et al. 2018;

Schneidewind et al. 2018). The farm level activities

of 372 individual farmers were sourced from a survey

conducted by Ingram et al. (2013), referred to as the

UTZ survey. The GHGs resulting from the following

farm management activities are assessed.

Cacao trees It is generally accepted that cacao tree

standing biomass functions as a carbon sink (see e.g.

Mohammed et al. 2016; Schneidewind et al. 2018;

Somarriba et al. 2013). Our study estimates the carbon

storage per hectare and the annual carbon

accumulation on the basis of the number of cacao

trees per hectare, plantation age, carbon content of the

cacao tree organs and pruning regime. The number of

cacao trees per hectare is a substantial determining

factor for the carbon stored in standing biomass.

Unfortunately, the number of cacao trees per hectare

was not well recorded during the UTZ survey.

Therefore, the number of cacao trees per hectare is

assumed to be 1111 trees per hectare for each plot,

irrespective of the presence of shade trees. This

assumption was made on the basis of the findings of

Ngala (2015), who reported that the cacao tree density

did not differ significantly between full sun and

agroforestry systems, implying that replacement of

cacao trees by shade trees does not occur.

Residues Many residues are produced in cacao

plantations. These residues can be managed in

various manners. In our study, the GHGs resulting

Fig. 1 Schematic overview of sources and sinks of GHG

emissions considered in our study. Dotted lines indicate that

GHGs and carbon stocks are modelled by using the perennial

GHG model and solid lines indicate GHGs and carbon stocks

modelled by using the CFT
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from leaving these residues on the soil, exporting these

residues from the farm and burning or composting

these residues are taken into account. The cacao

residues assessed in our study include leaf litter, cacao

husks, infected fruits and pruning residues.

Inputs The inputs considered include mineral and

organic fertiliser and pesticides (Schroth et al. 2016).

The GHG emissions per unit of fertiliser and pesticide

are presented by Hillier et al. (2011) and include

emissions resulting from the production and

distribution of fertilisers and pesticides. Because of

data availability, our study only assessed GHG

emissions from using pesticides, compost and

compound NPK (15:15:15).

Shade trees Cacao fields are generally established by

slash and burn practices (Gockowski and Sonwa

2011). Therefore, it is assumed that cacao and shade

trees are planted simultaneously by the farmers. As a

consequence, shade trees are classified as farm

management. Shade trees can store significant

amounts of C (Somarriba et al. 2013). Although

many different tree species can be found in cacao

plantations in Côte d’Ivoire (Henry et al. 2011), our

study does not differentiate between the various

characteristics of these species, because of data

availability. In our study, the carbon storage per

hectare and annual accumulation is calculated in the

Cool Farm Tool (CFT), on the basis of stem diameter.

As the latter is not obtained for each respondent, the

diameter is estimated on the basis of tree age (x) by

using a function obtained from Onyekwelu (2007):

Diameter of shade tree biomass ðcmÞ
¼ 21:648 � ln xð Þ � 18:705 ð1Þ

where x is tree age in years. According to Ingram et al.

(2017), farmers were not able to indicate the shade tree

spacing correctly, generally overestimating the num-

ber of shade trees per hectare. The maximum number

of shade trees was therefore restricted to 21 shade trees

per hectare, based on the findings of Dumont et al.

(2014).

Deforestation The effect of deforestation on the

GHG emissions from cacao production is estimated by

the CFT, annualising the carbon stock change because

of deforestation over the past 20 years (Schroth et al.

2014).

Emissions resulting from soil processes

Background emissions are unrelated to MPs and are

included in our study to assess the relative effect of

MPs on the climate-friendliness of cacao production

systems. The background emissions considered result

from soil processes. Emissions from the soil are

determined by the soil texture, soil organic carbon

(SOC), pH, drainage and climate and are expressed as

yearly CO2 emission resulting from a change in C

stocks (Hillier et al. 2011). Positive emissions indicate

a loss of soil carbon, negative emissions indicate a net

storage of carbon in the soil. Soil characteristics are

retrieved from the ISRIC database (ISRIC 2019) on

the basis of GPS-coordinates of the respondents. Since

GPS-coordinates were not individually recorded,

GPS-coordinates on the basis of the department of

the respondents were used.

Modelling

To calculate the carbon stocks and GHG emissions

resulting from cacao production, two independent

models were used: the CFT and the perennial GHG

model. The CFT was used to estimate the GHGs of the

background, shade trees and inputs, and the perennial

GHG model was used to estimate carbon storage of the

cacao trees and the GHG emissions of the residue

management (see Fig. 1). The models do not interact

with each other but provide separate outputs that

together add up to the total emissions of the cacao

fields.

The CFT

The CFT is an Excel-based tool developed by Hillier

et al. (2011), estimating GHG emissions of agricul-

tural production, using empirical equations and the

IPCC Tier 1 and 2 approaches. Clavreul et al (2017)

performed a sensitivity analysis on the model param-

eters, using actual parameter ranges found in litera-

ture, and conclude that the sensitivity of the model

parameters is low, except for GHG emissions from

fertiliser production and the N2O emissions resulting

from the N-input. The nitrogen use on cacao plots

(0–250 kg N ha-1) is lower than the range in nitrogen
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use (66–506 kg N ha-1) applied by Clavreul et al

(2017), and hence, the uncertainties in our study will

be lower. Furthermore, Clavreul et al (2017) showed

that small farms are characterised by larger variability

in GHG emissions per tonne product than larger ones.

Since larger farms had a higher yield per hectare,

Clavreul et al (2017) propose to weight farm results in

terms of GHG emissions by production volume if the

objective is to obtain a carbon footprint for the total

production in a given region. Plot size was not

correlated with yield levels in our data set, but given

the variability of small farms we weighted farm results

by plot size. To get also insights in the effects of

farming practices on GHG emissions regardless of the

size of the farms, for example to demonstrate change

of farming practices within a region or to know the

performance of individual farms (Clavreul et al.

2017), we also calculated non-weighted GHG

emissions.

The perennial GHG model

The perennial GHG model is a generic allometric

model to estimate biomass accumulation and GHG

emissions from perennial food plants production

(Ledo et al. 2018). The model simulates biomass

accumulation within the plantation and GHG emis-

sions as an effect of farm level activities. The biomass

part of the model was not yet parametrised for cacao,

which was done as part of our study. The required data

for parameterisation include the biomass quantities,

nitrogen, carbon and dry matter content and decom-

position rate of the cacao tree organs, and the

percentage of infected fruits. Data were obtained from

40 studies, mainly based on destructive sampling and

modelling (see Appendix 1). A simple sensitivity

analysis was performed on the perennial GHG model

to identify which parameters of the model are

sensitive, i.e. which parameters have a relatively high

impact on the model outcomes. This information was

used to decide whether the accuracy of the model

could be improved by measurements, instead of data

sourced from literature. The results of the sensitivity

analysis are presented in Appendix 2. The sensitivity

analysis showed that the perennial GHG model was

sensitive to variations in cacao yield and the dry matter

content. Moreover, data regarding the various parts of

the cacao fruit were limited. Therefore, fieldwork was

executed to collect data on cacao fruits. Furthermore,

several adjustments had to be made to the model to

make it suitable for modelling cacao tree biomass. An

overview of the adjustments made to the perennial

GHG model is shown below.

Total aboveground biomass Originally, the

perennial GHG model comprised individual modules

for cacao tree organs and a separate module for total

aboveground biomass. These modules were

conflicting as the tree organs did not add up to the

total aboveground biomass. Therefore, the separate

module for total aboveground biomass was replaced

by a sum of the modules of the tree organs.

Pruning The perennial GHG model is able to work

with differentiated pruning strategies over time. The

UTZ survey includes data on the pruning interval per

plot. However, the amount of biomass pruned was not

available. To overcome this data gap, the pruning

percentage is based on the maximal natural regrowth

of the woody biomass simulated by the perennial GHG

model.

Fruits Comprehensive information about the cacao

fruits is important to calculate the fruit residues and

hence the GHG emissions as a result of their

management. Since the perennial GHG model is

developed for apples, the perennial GHG model

assumes fresh fruit biomass to equal yield. Cacao

yield is however only the commercial beans (with 8%

moisture content). Consequently, yield and fruit

biomass are not equal. Therefore, the perennial GHG

model has been adjusted to estimate the dry cacao fruit

biomass by multiplying the bean yield by 0.92 divided

by the percentage cacao beans.

Fieldwork

Fieldwork was conducted during November and

December 2018, at the Centre National de Recherche

Agricole (CNRA) research station, located near Divo,

Côte d’Ivoire (5�46021.6‘‘N 5�13045.4’’W). The field-

work has been conducted in a former fertiliser

experiment site which is currently used for research

on pruning. The trees were 10 years old and spaced at

2.5 by 3 m, resulting in 1,333 trees per hectare (Calvo

Romero 2018). The field experiment is a monoculture

consisting of 4 by 6 subblocks. In each block, 5 9 6

cacao trees are planted. All 48 trees in the inner part of
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the fertilised blocks were selected for measurements,

to avoid the effect of fertilisation and the boundary

effect. All mature fruits from one harvest during the

yield peak in November have been collected, marked

and counted, following the methodology described by

Saj et al. (2017). All samples were classified by fresh

weight in the following categories:\ 300, 300–500

and[ 500 g, based on the weight distribution

described by Abenyega and Gockowski (2003),

Vriesmann et al. (2011) and Apshara (2017). Two

fruits per fresh weight category per subplot were

selected, adding up to 48 fruits per weight category.

The husk, pulp and beans were separated and their

fresh weights noted (following Fassbender et al. 1988;

Daymond and Hadley 2008). The ratio between the

beans (including the shells) and the husk and pulp was

calculated. Subsamples of the components were taken,

weighed and dried in a dry oven for 96 h at a

temperature of 70 �C (Calvo Romero 2018; Daymond

and Hadley 2008). These subsamples were weighted

again, to calculate the wet to dry weight conversion

ratio (Lockwood and Pang Thau Yin 1996).

Farm level data

Both the perennial GHG model and the CFT require

data as input regarding farm characteristics and

management (see Appendix 1 for an overview of

required data). A dataset collected by Ingram et al.

(2017) meets the required input for the perennial GHG

model and the CFT. This dataset covers 730 farmers,

situated across three main agro-ecological zones

across the Republic of Côte d’Ivoire. According to

Ingram et al. (2017), the farmers participating in the

survey are representative for the average farmer in the

Ivorian cacao sector in terms of farm age and size. The

study was conducted on behalf of UTZ: half of the

respondents are UTZ certified and the other half

served as a control group. Since data regarding the

plantation age, area or yield were missing for 357

farmers, only 373 farmers have been included in the

analysis. To explore potential effects of intensifica-

tion, the carbon stocks and GHG emissions associated

with cacao produced following ‘good agricultural

practices’ (GAP) was modelled based on the practices

recommended by Ahoutou et al. (2015).

Results

Cacao fruits

The fresh weight of the fruits varied between 100 and

1,170 g, with a mean weight of 429 g. The fresh

weight of the husk varies between 177 and 756 g. The

dry matter (DM) percentage of the husk varies

between 7 and 23%, with a mean value of 15%. The

fresh weight of the pulp and beans varies between 32

and 191 g. The sample contained four bad fruits

(either infected or harvested while immature).

Neglecting these four samples resulted in a range of

the fresh weight of the pulp and beans from 45 to191 g,

with a mean weight of 101 g. The DM percentage of

the pulp and beans is on average 33%. All in all, these

data result in 61% husk and 39% pulp and beans on the

basis of dry weight (see Appendix 1). The weighted

DM percentage for the fruit on the basis of the husk,

pulp and beans is 20%.

Carbon stocks

The 373 farms cultivated 509 cacao plots. In 335 of the

these plots shade trees were recorded. The results of

the perennial GHG model showed that carbon stocks

per hectare are very diverse. Figure 2 shows that the

amount of carbon stored in cacao and shade trees

increases with plot age. The proportion of carbon

stored in shade trees also increases with plot age

because older plots tend to have a higher number of

shade trees (data not shown). Furthermore, cacao trees

are usually pruned, and therefore the amount of C

stored levels off when plot age increases. Farmers

might pay less attention to pruning shade trees, and

hence, the amount of C stored in shade tree biomass

increases with plot age. Consequently, the proportion

of C stored in shade tree biomass increases over time.

Whether the amount of C stored in cacao trees is

dependent on the number of shade trees cannot be

deducted from Fig. 2, as the number of plots with 5–15

shade trees per hectare is limited. The average C stock

in cacao trees was 19 tonnes of C per hectare, plus 4

tonnes of C per ha in shade trees. Data regarding the

cacao tree biomass are presented in Appendix 3.
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GHG emissions related to farm characteristics

and management

Among the different sources of GHG emissions,

deforestation contributed the most to positive emis-

sions (see Table 1 and Fig. 3). These emissions even

outweigh the negative emissions of cacao- and shade

tree biomass. The emissions associated with inputs can

be considered low as inputs were rarely used or only in

small amounts. Background emissions resulting from

soil processes are relatively high when compared to

the emissions associated with operational

management.

Climate-friendly cacao

High yields, negative emissions and high carbon

stocks are compatible, which can be seen in Fig. 4 (the

blue triangles in quadrant A). The results also show

that higher yield levels are not necessarily associated

with higher GHG emissions per hectare or a lower

carbon stock (data not shown). These results imply

potential for sustainable intensification. Of the 509

plots, 232 are associated with negative emissions, 277

are associated with a positive emission and only 66

plots classify as climate-friendly. Plots which are

classified as climate-friendly are older and larger and

have a higher number of shade trees than plots which

are not classified as climate-friendly. Although shade

trees contribute largely to negative emissions, a few

fields classified as climate-friendly do not have any

Fig. 2 On the left the number op plots per age class (top) and per category number of shade trees per hectare are presented (bottom), on

the right the simulated carbon stocks are presented per age class (top) and per category shade trees per hectare (bottom)
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shade trees. No significant differences in operational

management were observed between climate-friendly

and the other plots (data not shown).

Good agricultural practices

GAP (as described by Ahoutou et al. 2015) are

associated with a higher use of inputs (fertiliser and

Table 1 The farm characteristics in terms of age, inputs and yield for 509 plots in Côte d’Ivoire, and its modelled weighted and non-

weighted carbon stocks and GHG emissions associated with the production of cacao

Expressed in Weighteda Non-weightedb

Mean Mean Median SD

Farm characteristics

Plot area In hectares 3 3 3 2

Pot age In years 22 22 20 11

Yield In kg per hectare 443 434 432 318

Shade trees Number per hectare 13 13 21 10

Inputs

Chemical fertiliser Kg nitrogen per hectare 15 13 0 26

Organic fertiliser Kg nitrogen per hectare 45 44 0 78

Carbon stock

Cacao trees Tonne C stored in above- and belowground biomass per hectare 19 19 19 3

Shade trees Tonne C stored in above- and belowground biomass per hectare 4 5 5 3

GHG emissions

Cacao biomass Kg CO2e accumulated yearly per kg yield - 1 - 2 0 14

Shade tree biomass Kg CO2e accumulated yearly per kg yield - 1 - 2 - 1 2

Residue management Kg CO2e per kg yield - 1 - 1 - 1 4

Deforestation Kg CO2e per kg yield 3 5 0 15

Inputs Kg CO2e per kg yield 0 0 0 1

Background Kg CO2e per kg yield 2 2 1 3

Total GHG emissions Kg CO2e per kg yield 1.47 2.29 – –

aTaken into account the plot size
bOn the basis of the number of plots, plot size is not taken into account

Fig. 3 Annual emission of GHG (expressed as CO2e) on farm per hectare, based on the 509 assessed plots (1722 ha). Positive values

mean emissions while negative values mean storage
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pesticides), more shade trees (especially in the first

three years) and higher yields compared to the current

agricultural practice. As a result, GAP are associated

with a higher accumulation of carbon in shade tree

biomass per hectare. This accumulation is less than

expected, because although many shade trees are

planted in year 0 to protect the cacao seedlings, most

of these trees are removed in the years after. Further-

more, the GAP prescribes plantation renewal after

30 years, whereas the current plantations are culti-

vated much longer. This results in a limited total

carbon accumulation in GAP for shade trees of 0.17

tonne C tree-1 compared to 0.24 tonne C tree-1 under

the current practice and for cacao trees of 17 tonne C

ha-1 compared to 19 tonne C ha-1 under current

practice. In contrast to the C-stock, a shorter life span

is beneficial for the annual C accumulation, which is

relatively high in the first few years. Therefore, the

annual C accumulation for GAP is higher, which

translates into lower GHG emissions, than under

current practice. In GAP, deforestation is not allowed;

hence, it is not responsible for GHG emissions. The

contribution of inputs to the GHG emissions under

GAP is relatively high with 3.4 kg CO2e compared to

0,001 kg CO2e per kg cacao under current practice.

The larger contribution of residue management to

GHG emissions using GAP is a result of burning

infected fruits and composting cacao husks, while the

current practice is to leave the infected fruits and husks

on the soil (associated with negative emissions). In

total, the GHG emissions per hectare associated with

cacao produced following GAP are higher than cacao

produced under the current practice. The increase in

cacao yield under GAP does not outweigh the

increased GHG emissions, and hence, cacao produced

following GAP is associated with 2.29 kg CO2e per kg

cacao (see Table 2), compared to 1.47 kg CO2e per kg

cacao resulting from the current practice (see Table 1).

Fig. 4 Relation between annual GHG emissions (based on

cacao and shade tree biomass, application of fertiliser and

burning, composting and leaving on the ground biomass

residues), carbon storage and plot yield. The solid grey line on

the X-axis represents median annual GHG emissions per hectare

and the solid grey line on the Y-axis represents median carbon

storage per hectare. Plots indicated by a blue triangle in quadrant

A are considered as climate-friendly, as those store above

median carbon, emit below median GHGs and have above

median yields. (Color figure online)
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Discussion

Carbon stored in the cacao system

An estimated 19 tonnes of C are stored in cacao

biomass per hectare (see Table 1), and 23 tonnes when

including the carbon stored in shade trees. These

amounts fall within the wide range found in literature,

from 11 tonnes of C per hectare stored in cacao tree

biomass in a monoculture in Indonesia (Abou Rajab

et al. 2016) to 231 tonnes of C per hectare in cacao and

shade tree biomass in an agroforestry system in

Cameroon (Norgrove and Hauser 2013). Keeping the

average cacao tree density (1111 trees ha-1) and shade

tree density (13 trees ha-1) in mind, the results of our

study show that relatively large amounts of C are

stored in the few shade trees (4–5 tonne C ha-1)

compared to carbon stored in the much higher number

of cacao trees. Hence, the carbon stock expressed per

tree is higher for shade trees than for cacao trees (0.24

and 0.02 t C tree-1, respectively). Similar values for

cacao carbon stock (0.01–0.02 t C tree-1) were found

by other authors (Ngala 2015; Somarriba et al. 2013;

Norgrove and Hauser 2013: Abou Rajab et al. 2016).

For shade trees data in literature differed much more

between 0.08–0.31 (Somarriba et al. 2013), 1.05

(Norgrove and Hauser 2013), 0.28–0.83 (Dawoe

et al. 2016) and 0.13 t C tree-1 (Abou Rajab et al.

2016). The relatively high carbon stock of shade trees

in our study can be explained by the age of the shade

trees who freely accumulated carbon over time,

whereas the cacao trees have plateaued their above

ground biomass due to regular pruning. Yet in our

study the contribution of cacao trees to total C stock

(83%) is very high compared to other studies which is

related to the high proportion of the trees in our fields

being cacao trees. In contrast, in plots with even

slightly higher cacao tree densities (1362 cacao trees

ha-1), Norgrove and Hauser (2013) reported that the

cacao trees contributed only 10% to the carbon stock

in plots in Cameroon. In their study, the density of

shade trees was 115 trees ha-1 and their C stock was

very large with 1,05 t C tree-1, together accounting for

the relatively large contribution of shade trees to the

total C stock per plot. Their data also indicate that

some trees may be remnant trees from the forest that

was replaced by cacao and that these trees accumu-

lated carbon even before cacao was planted. Som-

mariba et al. (2013) found in Central America that

cacao biomass contributed 18% to the total carbon

storage, which in this case is due to the relatively low

cacao tree density (548 trees ha-1) and high shade tree

density (321 trees ha-1). The absolute and relative

contribution of cacao trees to the total carbon stock,

Table 2 The advised number of shade trees, use of inputs, its associated plot yields, and its modelled carbon stocks and the GHG

emissions following GAP, as described by Ahoutou et al. (2015)

Expressed in Mean

Farm characteristics

Yield In kg per hectare 1184

Shade trees Number per hectare 104*

Carbon stock

Cacao trees Tonne C stored in above- and belowground biomass per hectare 17

Shade trees Tonne C stored in above- and belowground biomass per hectare 5

GHG emissions

Cacao biomass Kg CO2e accumulated yearly per kg yield - 2.1

Shade tree biomass Kg CO2e accumulated yearly per kg yield - 1.1

Residue management Kg CO2e per kg yield 1.0

Deforestation Kg CO2e per kg yield 0

Inputs Kg CO2e per kg yield 3.4

Background Kg CO2e per kg yield 1.1

Total GHG emissions Kg CO2e per kg yield 2.29

*1333, 667, 303 and 30 shade trees ha-1 in, respectively, in year 1, 2, 3, 4–30
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found in our study, is in line with such contributions as

found in literature, based on the number and age of

shade trees compared to number and age of cacao trees

in the same plots.

GHG emissions related to cacao production

The value of 1.47 CO2e emitted per kilogram cacao

beans found in our study in Cote d’Ivoire falls in the

range reported by literature and is valid for the

development and production phase for the average

cacao yields of 430–440 kg ha-1. The emissions

calculated for GAP of 2.29 kg CO2e per kg beans

cacao for a yield of 1184 kg ha-1 also fall within the

range. Available studies report a net emission of

GHGs per kilogram of cacao beans produced between

0.32 and 42 kg CO2e per kilogram of cacao (Recanti

et al. 2018; Ntiamoah and Afrane 2008; Ortiz-

Rodriguez et al. 2016; Harris et al. 2015; Konstantas

et al. 2018; Defra 2009; Schroth et al. 2016) but they

rarely relate these emissions explicitly to the level of

cacao beans produced. Looking closer to the studies

we will try to explain the differences. Ortiz-Rodriguez

et al. (2016) assessed the carbon footprint of Colom-

bian cacao systems using a Life Cycle Assessment

(LCA) approach. For a fair comparison with our study,

we considered only their data for the development and

production phase, for which they found values of 7.84

and 9.22 kg CO2e per kg cacao. One of the main

sources of the emissions is the application of lime.

Additionally, leaving cacao husks on the soil is

another main contributor to the GHG emissions

(mainly as CH4), as they assume anaerobic conditions

will occur. The application of lime is not included in

our study and we associated leaving residues on the

soil with negative emissions, which factors both

contribute to the differences between our outcomes.

Defra (2009) used the same LCA approach and

included land-use change and export in the assessment

and found a value of 42 CO2e kg-1 cacao. Land-use

change was found to contribute 98% of the emissions

during the whole process (41.16 kg CO2e per kg

cacao). Land-use change was also included in our

study but resulted in 4.82 kg CO2e per kg cacao. The

origin of the differences between Defra (2009) and our

study is difficult to trace, because Defra (2009) did not

specify how the emissions from land use change were

calculated. Schroth et al. (2016) executed a study very

similar to our study, but excluded the emissions of

biomass residue management and background emis-

sions from the soil. Schroth et al. (2016) found that for

the lower range in yields (\ 285 kg ha-1), yields were

negatively correlated to carbon stocks, which was not

the case for the results of our study. Furthermore, they

found a positive correlation between yield and input

related emissions, which has also not been confirmed

by our results. Besides, they conclude that high cacao

yields (570 kg ha-1) are compatible with low input-

related GHGe (0.25 kg CO2e kg-1) and high carbon

stocks (65 t ha-1), which is in line with the results of

our study. Ntiomoah and Afrane (2008) assessed the

global warming potential (GWP) associated with

cacao production and processing in Ghana as well as

transportation by following a LCA approach, includ-

ing pesticides and chemical fertilisers, but whether

components such as tree biomass, soil emissions, land-

use-change and deforestation are included is not

mentioned. The production phase only contributed

about 18% to GWP. Reductions of 50% in use of

inorganic fertiliser did hardly affect GWP; hence, the

contribution of fertilisers to the GHG emissions was

very low in Ghana which is in line with our study for

Côte d’Ivoire. Overall, we need to conclude that

results of different studies are difficult to compare,

because a mixture of different system boundaries,

components and calculation approaches were used,

and transparency in the emissions associated with each

component is often missing. We advocate for stan-

dardisation including all the main processes, to be able

to benchmark various production systems.

Cacao growth curve function

Calvo Romero (2018) assessed the biomass growth of

cacao trees of one cultivation type at different ages by

destructive measurements. He concluded that the

biomass growth of cacao trees levels off at an age of

five years, as a result of pruning. Although the

regression line explains only 21% of the variation in

total weight by plant age, the data points collected by

Zuidema et al. (2003) also indicate that cacao tree

biomass levels off at an age between 5 and 10 years.

The perennial GHG model fits a biomass growth curve

in the form of a power function which is not able to

reach a plateau, even when the data points give rise to

such a function (see Appendix 3). The perennial GHG

model therefore assumes cacao trees to grow endlessly

in time, possibly overestimating cacao biomass in
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above five year old cacao plantations. However, the

accessory uncertainty is expected to be neglectable,

since it is very common to prune cacao trees, and

therefore the actual biomass growth is restricted by

pruning. In our model calculations, we include this

pruning effect.

Are farmers interested in climate friendly cacao?

Planting trees on farms can be considered strategic

management as it has long term effects and changes a

farm’s characteristic from full sun to agroforestry.

Both Dumont et al (2014) and Atangana et al (2021)

found a rich diversity of trees in cacao fields in Côte

d’Ivoire. Amongst most cited advantages were the

protection of cacao trees from heat stress, especially in

the dry season, and soil fertility improvement. The

most frequently planted species were exotic fruit trees

used for nutrition and income, while timber tree

species were mostly spared when clearing land for

cacao production. The number of tree species per farm

increased with expected benefits and experience in

tree planting (Atangana et al. 2021). As much as 95%

of the farmers wanted even more trees and/or more

tree species (Dumont et al. 2014). However, Dawoe

et al (2016) found that cacao farmers in Ghana

removed trees because they contributed to pests and

diseases and competed for resources leading to lower

cacao yields. Clearly there must be an optimum and

Blaser et al (2018) found that cacao yield would not be

compromised at a 30% shade cover.

In the future, additional incentives may be reaped

from payment for carbon sequestration. Dawoe et al

(2016) suggested that cacao monoculture and cacao

agroforestry could both be eligible for such payments

but only when they would comply to the Ghanaian

definition of forest such as plots being a minimum of

1 ha, having at least 15% canopy cover and containing

trees that are 5 m tall. Five m would be too high for

cacao trees but the shade trees in the cacao system

could constitute a forest by complying to the require-

ments. Our study showed that net carbon sequestration

will be difficult in situations with high background

emissions, not just for cacao, but for any agricultural

activity. And accounting for deforestation in the

establishment phase leads to high carbon debts that

need to be compensated for. Yet, perennial crops such

as cacao have the possibility to sequester carbon in tree

biomass which might be rewarded. A study by

Seeberg-Elverfeldt et al (2008) in cacao systems in

Indonesia showed that for differentiated carbon prices

up to € 32 per t CO2e the majority of the households

had an incentive to adopt the more sustainable shade

intensive agroforestry system. Against current, much

lower, carbon prices they were not interested because

the amount of carbon stored is not so high and the

contribution to household income would be very low.

A study by Kenfack et al. (2020) in Cameroon shows

that that farmers’ interest to actually plant trees is

much less in cacao systems that still contain remnant

trees from the forest. These agroforestry systems may

however already be climate friendly and qualify for

payment for ecosystem services in their current status.

Hence, planting trees or saving forest trees during

establishment is not only good for climate change

mitigation, it also fits to farmers wishes and offers

opportunities to economic benefits now or in the

future.

Conclusion

As there is a growing demand for environmentally

friendly grown cacao while at the same time improv-

ing the livelihoods of smallholders in the Republic of

Côte d’Ivoire, insights in the GHG emissions related to

cacao yield are needed. In our study, we quantified the

on field GHG emissions related to the cacao produc-

tion by using and adjusting the perennial GHG model

and the CFT which gave outputs that are within the

ranges found in other studies. However, a fair

comparison is difficult as studies used a mixture of

different system boundaries, components and calcu-

lation approaches, and transparency in the emissions

associated with each component is often missing. It

would be a step forward when a standardised and fully

transparent approach including all the main processes

could be used for benchmarking different cacao

production systems. Our approach based on CFT

could be a candidate to be used as standard for field

level emissions and carbon sequestration and as such

also be used as basis to make LCA approaches more

comparable.

On average, the production of 1 kg cacao is

associated with an emission of 1.47 kg CO2e, which

is equal to an emission of 652 kg CO2e ha-1. The

results revealed that producing high yields while at the

same time storing a high amount of carbon and causing
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low GHG emissions is feasible mainly in old fields

with high numbers of shade trees and proper residue

management. Deforestation at establishment was a

large contributor to GHG emissions. Cacao produced

under the current GAP as described by Ahoutou et al.

(2015) led to higher emissions of 2.29 kg CO2e per kg

of beans, despite assumed zero deforestation. The

GHG emissions resulting from the use of inputs and

residue management guided by needs for pest and

disease control, outweigh the increase in cacao yield.

Yet these emissions can be reduced by adapted residue

management, different nutrient applications, and by

leaving shade trees in the field at replanting. GAP

recommendations aiming at high cacao yields may

need to be revisited to incorporate climate mitigations

objectives.

Finally, farmers are the managers of their cacao

fields. Saving forest trees and planting trees in current

cacao fields has their interest, not so much for climate

mitigation, but for climate adaptation and for eco-

nomic benefits such as fruits and potential future

benefits in terms of carbon credits. They will need to

balance the proportion of cacao trees and shade trees in

a plot in relation to cacao yields and shade tree

economic benefits, while aiming to be climate

friendly.
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Appendix

Appendix 1: Cacao tree biomass information

See Table 3.
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Appendix 2: Sensitivity analysis

Identifying sensitive parameters provides an useful

indication to see which parameters require further

research. The sensitivity was analysed by the absolute

effect on manipulating the parameters of cacao

biomass on the modelled GHG emissions and the

elasticity. Elasticities are calculated as following:

elasticity ¼ %DY
%DX (Pannell 1997). The elasticities

provide an indication of the parameters to which the

GHG-emission is most sensitive (Pannell 1997).

A simple sensitivity analysis regarding biomass is

conducted with biomass data obtained from Supple-

mentary information S2, provided by Ledo et al.

Table 3 Cacao tree biomass parameters for different plant parts required for the calibration of the perennial GHG model, sourced

from literature

Expressed in Mean Source

Cacao tree biomass

Woody biomass Kilogram per tree 16.06 1, 2, 3, 4, 5, 6, 7, 8

Leaf biomass Kilogram per tree 2.18 1, 2, 4, 5, 6, 9, 10, 11, 12, 13

Belowground biomass Kilogram per tree 5.47 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16

Dry matter wood Percentage dry material 41.33 4

Dry matter leaf Percentage dry material 4

Dry matter fruit Percentage dry material 20 Fieldwork

Dry matter beans Percentage dry material 33 Fieldwork

Dry matter husk Percentage dry material 15 Fieldwork

Carbon wood Carbon fraction 48.32 4, 16, 17, 18, 19

Nitrogen wood Nitrogen fraction 1.17 1, 4, 10, 13, 20, 21, 22

Carbon leaf Carbon fraction 45.86 4, 17, 19

Nitrogen leaf Nitrogen fraction 1.81 1, 4, 13, 20, 21, 22, 23, 24, 25, 26, 27

Carbon roots Carbon fraction 47.06 4, 19

Nitrogen roots Nitrogen fraction 0.63 4

Carbon fruit Carbon fraction 49.92 4, 17, 28

Nitrogen fruit Nitrogen fraction 2.01 3, 4, 21, 27, 28, 29, 30, 31, 32, 33, 34, 35

Percentage husk Percentage husk of fruit in dry matter 61 Fieldwork

Percentage beans Percentage beans of fruit in dry matter 39 Fieldwork

Unsuitable fruits Percentage unsuitable/infected fruits 30.00 36, 37, 38

Decomposition wood Decomposition parameter k 1.27 39

Decomposition litter Decomposition parameter k 0.63 39

Decomposition root Decomposition parameter k 1.00 34, 40

Decomposition fruit Decomposition parameter k 1.64 39

Decomposition husk Decomposition parameter k 1.64 39

Cacao trees that die Number of cacao trees per hectare that die annually 0* 38

1: Alpı́zar et al. (1986). 2: Beer et al. (1990). 3: Boyer (1973). 4: Calvo Romero (2018). 5: Fisher (2018). 6: Moser et al. (2010). 7:

Abou Rajab et al. (2016). 8: Subler (1994). 9: Alves dos Santos et al. (2018). 10: Baligar and Fageria (2017). 11: Da Silva Branco

et al. (2017). 12: Isaac et al. (2011). 13: Isaac et al. (2007b). 14: Borden et al. (2017). 15: Oladele (2015). 16: Smiley and Kroschel

(2008). 17: Silatsa et al. (2017). 18: N’Guessa N’Gbala et al. (2017). 19: Mohammed et al. (2016). 20: Isaac et al. (2007a). 21:

Fassbender et al. (1988). 22: Heuveldop et al. (1988). 23: Shamshuddin et al. (2011). 24: International Organization for

Standardization (1997). 25: Wessel (1971). 26: Pérez-Flores et al. (2018). 27: Afrifa et al. (n.d.). 28: Craven et al. (2007). 29:

Aranguren et al. (1982). 30: De Oliveira Leite and Valle (1990). 31: Thong and Ng (1978). 32: Hartemink (2005). 33: Zuidema et al.

(2005). 34: Van Vliet and Giller (2017). 35: Santana and Cabala-Rosand (1982). 36: Vanhove et al. (2015). 37: Ten Hoopen et al.

(2012). 38: Wessel and Quist-Wessel (2015). 39: Materechera (2010). 40: Muñoz and Beer (2001)

*Due to replanting
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(2018). The values of the fruit, wood, leaf and fruit

biomass are multiplied with 1.1 and 0.9 to assess their

sensitivity. All MPs are assumed to be applied in the

modelled GHG emissions, to get a representative

effect for all the biomass parts.

The outcomes of the sensitivity analysis are shown

in Table 4. The outcomes show that changes in the

wood, leaf and root biomass weight only have a

limited effect on the GHG emissions in tonne per

hectare. Albeit only a small effect, the fruit-parameter

has the strongest effect on the GHG emissions.

Nonetheless, a 10% change in plant part parameters

does not affect the coefficients extremely.

Appendix 3: Cacao tree biomass modelled

by the perennial GHG model

See Fig. 5.
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