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Abstract

A fraction of the cumulative CO2 emissions remains in the atmosphere, leading to global warming.
One way to reduce CO2 concentrations is to sequester the atmospheric carbon in trees and soils
through plant. Agroforestry, defined as land use combining trees and crops, appears to be part of
the solution, and has received increased attention due to its atmospheric carbon dioxide seques-
tration capacity. Cocoa production, which has a high global demand and is becoming increasingly
important in Uganda, can typically take place in agroforestry schemes. This study focuses on
a sample of cocoa farms located in Central Uganda (Mukono), and aims to assess the potential
amounts of carbon that could be additionally stored if cocoa farmers convert their non-agroforestry
land cover to agroforestry systems. Moreover, it evaluates the associated economic compensation
that each farmer could receive for such a conversion. Results showed that conversion of short-cycle
crop land to shaded agroforestry systems could result in an increase of 5.3% per unit area of the
actual carbon stock. Farmers could receive US$ 137.82 ha−1 if the conversion to agroforestry is
done in 20 years, and 1.5 times more if done in 5 years. Carbon storage benefits on a global scale,
decreasing global warming, but also on a local scale to farmers, bringing several environmental
and socioeconomic co-benefits.
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Chapter 1

Introduction

Anthropogenic greenhouse gas (GHG) emissions, increasing continuously since the pre-industrial
period and very likely to be among the causes of the current global warming, leads to severe
perturbations of the natural systems, and to environmental, biological, and human damages and
impacts. Therefore, the Intergovernmental Panel on Climate Change (IPCC) alerts policy makers
on the severity of the impacts that a rise of even a tenth of Celsius degree at global scale may
have, and recommends taking mitigation policies to reduce GHG emissions. In 2019, among the
main different GHGs (CO2, CH4, NO2), CO2 represented up to 75% of the total emissions, coming
mainly from fossil fuel combustion and industrial processes (IPCC, 2022c). Historical cumulative
net CO2 emissions from 1850 to 2019 amounts to 2400 ± 240 Gt CO2, the last decades having
experienced the most intense emissions (IPCC, 2022c). A fraction is stored on terrestrial surfaces
(soils and plants) and oceans, but the rest remains in the atmosphere (IPCC, 2007).

Climate change mitigation solutions do not consist in a single method, and it is more likely and
realistic to consider a combination of several modest contributions (Albrecht and Kandji, 2003).
Among those, one way to reduce CO2 concentrations is to sequester the atmospheric carbon in
trees and soils through plant respiration. Yet, primary forests surface area has a decreasing trend.
Deforestation is mainly due to land shifting towards agriculture because of the increasing popula-
tion which leads to land scarcity pressure. Therefore, agroforestry (land use combining trees and
crops) appears to be part of the solution, and has received increased attention due to its atmo-
spheric carbon dioxide sequestration capacity (Feliciano et al., 2018) at much more lower cost than
through other CO2 mitigating options (Albrecht and Kandji, 2003). Agroforestry can also be jus-
tified for many other reasons (Albrecht and Kandji, 2003), like environmental and socioeconomic
co-benefits supply. In addition, increases in carbon stocks of agricultural systems can then poten-

1



tially be sold by farmers as CO2 emission offsets in carbon offset markets (Luedeling et al., 2011).
This mechanism can be of valuable consideration to incentivize smallholders, especially since they
cannot afford a potential loss of income, sometimes already facing financial difficulties. But offsets
need however to be considered in an integrated vision taking into account the associated costs and
potential income losses in the balance.

The chocolate industry often faces negative reports concerning environmental and social issues
in their supply chains (FiBL, 2022). Farmers worldwide have reduced the number of non-cocoa
trees to increase short-term economic returns, thus converting shaded agroforestry systems to more
intensive plantations (Middendorp et al., 2018). However, cocoa (Theobroma cacao L.) beans can
typically grow in agroforestry systems, which is an alternative to intensive monoculture systems,
as it is "a biodiversity-friendly way to produce food and guarantee economic returns, while sustain-
ing ecosystem services" (Middendorp et al., 2018). The high global demand for chocolate (hence
for cocoa) (Vaast and Somarriba, 2014) leads to a great potential for the adoption of sustainable
practices and justifies the interest for the cocoa case.
Biophysically speaking, Africa’s agricultural systems have potential for sequestrating additional
carbon (Luedeling et al., 2011). In Uganda, where cocoa production has become more and more
important in recent decades (Jones and Gibbon, 2011), the organic agricultural sector is one of
the most developed of Africa (Preissel and Reckling, 2010). However, Zhang et al. (2017) have
assessed that total carbon stocks of Uganda have decreased of 29.1% from 2012 to 2017, mainly due
to deforestation and forest degradation. In Central Uganda, most deforestation has been caused
due to the high urban demand for charcoal, leading to unsustainable fuelwood production (Zhang
et al., 2017).

Quantification of the carbon sequestration potential is a crucial process (Vaast and Somarriba,
2014). This study focuses on a sample of cocoa farms located in Central Uganda (Mukono),
initially studied in the framework of a larger project led by the Research Institute of Organic
Agriculture (FiBL). The general aim of their project is to identify how chocolate (and textile)
supply chains can be made more sustainable (FiBL, 2022). Fore this purpose, they use real com-
pany cases, among which there is Schöki. This Swiss chocolate company wishes to improve the
sustainability of their cocoa supply. The present thesis aims to assess the potential amounts of
carbon that could be additionally stored if cocoa farmers (potential suppliers of Schöki) converted
their non-agroforestry land cover to agroforestry systems. Moreover, it evaluates the associated
economic compensation that each farmer could receive for such a conversion. The Carbon Storage
and Sequestration InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) model is
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used for both assessments. Four agroforests implementation time scenarios are considered: short
term and long term ones (5, 10, 15, and 20 years).

The work presented in this manuscript is structured as follows: Chapter 2 introduces the lit-
erature review and includes some of the key concepts discussed further. Chapter 3 describes the
study area and details the applied methodology. The results are presented in Chapter 4 and
discussed in Chapter 5 in the light of the literature review. Finally, Chapter 6 concludes the work.
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Chapter 2

Literature review

2.1 Cocoa production

2.1.1 World production

Cocoa (Theobroma cacao L.) is mainly produced in tropical countries. According to the Interna-
tional Cocoa Organization (ICCO), during the cocoa year 2020/2021, 5226 thousand tons of cocoa
were produced globally, of which 77.4% came from Africa, 17.8% from the Americas, and 4.8%
from Asia and Oceania (ICCO, 2022). 80% of the cocoa production is estimated to come from
7 to 8 million small and family-managed farms all over the world, ranging in size around 0.25
to 5 ha, for whom it is essential to their livelihoods. Main importers of cocoa beans are Europe
and North America (see Appendix, Fig. 1). However, cocoa production and commercialization is
related to sustainability challenges and issues regarding a global demand exceeding supply (Nelson
and Phillips, 2018; Vaast and Somarriba, 2014), because of its niche and ‘luxury’ status (Jones
and Gibbon, 2011). In 2014, demand for cocoa was estimated to grow steadily at 1% annually
(Vaast and Somarriba, 2014). Challenges concern both living and working conditions of the pro-
ducers, and the deforestation that cocoa production has caused in recent decades (14-15 million
ha of tropical forests, with around 10 million ha currently in production) (Vaast and Somarriba,
2014). Certification of production is a way to move towards sustainability. Certified area of cocoa
production increased by 53.2% in average between 2015-2019, but decreased by 12.7% in the year
2018-2019 (FiBL, 2021). This gives a certified world production percentage of 22.7% (of which
20% by UTZ Rainforest Alliance) (FiBL, 2021).
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2.1.2 Case of Uganda

The production of cocoa in Uganda started in the 1950s, but was relatively minimal until recently,
out of step with the countries of the African West Coast. However, it has increased significantly,
and has more than quadrupled between 2001 and 2009 (Jones and Gibbon, 2011). Cocoa represents
1.72% of the national exports, being in third position after gold and coffee. This equals to an export
value for cocoa production of US$ 101 million (OEC, 2020), which is about double compared
to 2015 (US$ 56.6 million) (Gopaulchan et al., 2019). The three main importing countries of
Ugandan cocoa are Indonesia, Malaysia, and India (OEC, 2020). Uganda provides 6.8% of the
total European Union (EU) cocoa beans import. By having 25.3% of its cocoa production under
organic crop lands, it is the third exporter of organic cocoa into the EU (GIZ, 2021). Districts
of major cocoa production in Uganda are Bundibugyo (Western Region) and Mukono (Central
Region) (Gopaulchan et al., 2019).

2.2 Ecosystem services

2.2.1 Definition

Even if the term ecosystem services deserves deeper specification and clarification (Danley and
Widmark, 2016), it can simply be defined as the "benefits people obtain from ecosystems" (Mil-
lennium Ecosystem Assessment, 2005). The Food and Agriculture Organization (FAO) recognizes
four types of ecosystem services: provisioning (like food, raw materials, fresh water, and medicinal
resources), regulating (local climate air quality, carbon sequestration and storage, moderation of
extreme events, waste-water treatment, erosion prevention and maintenance of soil fertility, pollina-
tion, biological control, and regulation of water flow), supporting (habitat for species, maintenance
of genetic diversity), and cultural services (recreation and mental and physical health, tourism,
aesthetic appreciation and inspiration for culture, art, and sign, spiritual experience and sense of
place) (FAO, 2022).

2.2.2 Payment for ecosystem services

Payments for ecosystem services (PES), whose implementation evolution is explained in detail by
Gómez-Baggethun et al. (2010), is a concept that connects local land- and resource owners pro-
viding particular services (conservation or restoration of the ecosystem) with external beneficiaries
(individuals, firms, or the public sector) to make direct, contractual, and conditional payments
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for it (Dargains and Cabral, 2021; Millennium Ecosystem Assessment, 2005). Since their estab-
lishment, PES schemes have become a popular incentive tool for conservation and climate change
mitigation worldwide and on different geographical scales (Dargains and Cabral, 2021).

2.2.3 Carbon offset market

Offsetting markets are a type of PES scheme allowing financial transactions for carbon offsetting
that can either be voluntary or compliance-driven (Buckley Biggs et al., 2021). Carbon markets
were born in the 2000s and today, carbon storage and sequestration in biomass and soils is one of
the ecosystem services most included in market schemes (Gómez-Baggethun et al., 2010). Indeed,
payments for carbon storage and sequestration (with the aim of compensating carbon emissions) is
a well established PES, with a directly measurable character, at large commercial scale (Dargains
and Cabral, 2021). Therefore, assessment studies of the economic valuation and potential of
carbon storage and sequestration are needed beforehand. Farming practices leading to higher
carbon storage, even if generating nonmarket benefits, may lead to smaller direct revenues for the
smallholders. Therefore, additional carbon markets are essential to fill the gap by generating direct
profits for service providers (Middendorp et al., 2018). Past experiences with offsetting schemes
show that payments can give direct results: in 2012, when Ugandan farmers were paid for not
cutting timber trees (US$ 28 ha−1 yr−1), national deforestation rates were reduced by up to 9%
(FAO and ICRAF, 2019; Jayachandran et al., 2017).

2.3 Agroforestry

Several definitions for the term agroforestry exist (Nair et al., 2009). For example, Dixon et al.
(1994) describe it as a "land-use that involves deliberate retention, introduction or mixture of
trees or other woody perennials in crop/annual production fields to benefit from the ecologic and
economic interactions" and the FAO and ICRAF (2019) as the "land-use systems and technologies
in which woody perennials (such as trees, shrubs, palms or bamboos) and agricultural crops or
animals are deliberately grown on the same parcel of land in some form of spatial and temporal
arrangement". However, there are several types and classification of agroforestry. Feliciano et al.
(2018) for example, classified agroforestry in agrisilvicultural, silvopastoral, boundary planting,
improved fallows, shadow, homegardens, and woodlots systems. Nair et al. (2009) considered
shaded perennial, alley cropping, improved fallow, home gardens, tree intercropping and silvopas-
toral systems. The FAO (2015a) stated that agrisilvicultural, silvopastoral, and agrosylvopastoral
are the main types of agroforestry systems.
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Nair et al. (2009) assumed that 5% of the worldwide forests are agroforests, and therefore esti-
mated the total area under agroforestry to 1023 million ha. There is an important remaining share
of available lands that could be converted to agroforestry systems, and the quantification of the
potential and services of these systems is crucial (Feliciano et al., 2018). However, Milder et al.
(2015) reminded that some authors nuance this environmental-friendly practice and argue that
the loss of those services by adopting intensive practices, can be compensated by the gain of other
areas for nature conservation (concept of land sparing).
70% of the world cocoa production is estimated to be cultivated with various levels of shade (Vaast
and Somarriba, 2014), which can be provided by agroforestry. It has been found in several cases
that shaded agroforests yield less cocoa than full-sun monoculture cultivation (Middendorp et al.,
2018; Tennhardt et al., 2022), at least on a short term (Vaast and Somarriba, 2014). Therefore,
cocoa crops have been historically intensified to reach higher yields (Vaast and Somarriba, 2014).
However, even if yields in agroforestry and organic systems can be lower than high-input agricul-
tural systems, conversely, agroforestry can boost productivity and profit (depending on timeframe,
socioeconomic, political and ecosystem context) (IPCC, 2022a). Cocoa grown in multi-strata agro-
forestry systems provide diversified livelihoods (to the farmers) and ecosystem services (both at
local and global scale) (Vaast and Somarriba, 2014), which sometimes are not sufficiently addressed
in studies assessing yield changes related to agroforestry systems conversion (Vaast and Somar-
riba, 2014) as they only consider cocoa yields and not the system yields. Because of the lack of
markets for many of those ecosystem services, the economic value of agroforestry systems is largely
underestimated (Middendorp et al., 2018).

2.3.1 Environmental impacts

Carbon storage and sequestration

Variation through time
Increasing attention has been paid to agroforestry because of its ability to sequester carbon diox-
ide from the atmosphere (Feliciano et al., 2018). Although, carbon sequestration is not constant
through time (Nair et al., 2009): aboveground carbon sequestration rates vary from trees’ planting
to their equilibrium state. Feliciano et al. (2018) observed several phases during tree growing cycle
as well as after, the length of which depends on several abiotic and biotic factors. (1) Establishment
phase (< 5 years after planting) and (2) initial phase (between 5 and 10 years): both have high
carbon sequestration, probably due to fast tree growth. (3) Full vigor phase (> 10 years): carbon
sequestration rate is maintained for a few years, but tree growth slows down. (4) End of the full
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vigor phase: carbon sequestration begins to decline, likely because of tree aging, respiration, and
death, and because trees reach of maturity and equilibrium (carbon sequestration equaling carbon
losses due to respiration) (Feliciano et al., 2018). Regarding the soil, it has limited potential to
sequester carbon. Because of quasi-equilibrium sink saturation after a conversion to agroforestry
systems, soil carbon decreases right away. It increases after an initial period (between 5 and 10
years), but then decreases again later on (> 15 years) (Feliciano et al., 2018). Initial land is fur-
thermore highly important for the additional carbon stored in agroforests. In terms of beneficial
systems for carbon storage, Nair et al. (2010) reports the following rank: forests > agroforests >
tree plantations > arable crops. If a primary forest is converted to agroforestry systems it will
reduce the carbon stock. This was the case for example in Indonesia, where primary forests were
converted to cocoa agroforests (Feliciano et al., 2018). Even if not mentioned in the rank, Dixon
et al. (1994) also mentions the importance of wetlands preservation, because of the high content
in soil carbon. However, Albrecht and Kandji (2003) reminded that what really matters and de-
termines sequestration is the fate of the generated stocks afterwards. The type of agroforestry is
of major importance, especially for aboveground sequestration. In sequential systems, if trees are
harvested, part of the sequestrated carbon will be released back into the atmosphere. Therefore,
they stated that perennial agroforestry systems, allowing full tree growth, were realistically the
only feasible way to store carbon in plant biomass, as sequestration does not have to end at wood
harvest (Albrecht and Kandji, 2003).

Authors assessments
Assessment of agroforestry carbon storage and sequestration is a largely addressed topic in the
literature, and varies highly between authors (see Appendix, Table 1). In addition to different
methods, several environmental and farm management factors can also explain the differences in
carbon stocks observed. First, factors related to the nature of the plant itself and plant char-
acteristics: tree species, age, crops, biodiversity, tree density, and previous land use (Albrecht
and Kandji, 2003; Feliciano et al., 2018; Nair et al., 2010), especially when considering sequestra-
tion. For the age, wood quality of species regarding their carbon accumulation rates remains an
uncertainty: fast-growing species may accumulate more carbon than slow-growing species at the
beginning of their cycle (e.g. first 10 years), but slow-growing species accumulate more carbon in
the long term (Nair et al., 2010). Secondly, there are factors related to the system characteristics,
such as: the structure, function, and stability (Albrecht and Kandji, 2003; Feliciano et al., 2018;
Nair et al., 2010). The type of agroforestry also plays a crucial role in determining the amount of
carbon storage and sequestration (Feliciano et al., 2018; Nair et al., 2010). Thirdly, management
factors (Albrecht and Kandji, 2003; Nair et al., 2010), such as: tillage, fertilization, use of residues,
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holding size, and harvesting regime (Feliciano et al., 2018). Fourthly, agro-ecological conditions
of the region (Albrecht and Kandji, 2003) will affect the processes: altitude, climate, and wind
(Feliciano et al., 2018). Finally, soil characteristics (Nair et al., 2010) and quality (Albrecht and
Kandji, 2003), crucial because of the supporting role of the soil: structure, texture, fertility, and
physical, chemical and biological conditions (Feliciano et al., 2018) such as organic matter and
nutrients content (Nair et al., 2010).
However, Feliciano et al. (2018) insists on the importance of elaborating a full greenhouse gas
emission budget to assess the potential of agroforestry systems in mitigation climate change, and
not only focus on carbon. Other gases like methane and nitrous oxide should be taken into account
as their processes in agroforestry systems may not be as beneficial as for carbon (Feliciano et al.,
2018). Depending on the agroforestry type, practices like shifting cultivation, pasture maintenance
burning, paddy cultivation, nitrogen fertilization, and animal production may favor the emission
of other GHGs (Albrecht and Kandji, 2003).

Soil

Agroforestry systems enhance soil fertility (Albrecht and Kandji, 2003) and fertilization (Tschora
and Cherubini, 2020), agricultural productivity and sustainability, nutrient cycling (Albrecht and
Kandji, 2003), soil protection (Humphrey et al., 2017) against climate extremes (Tschora and
Cherubini, 2020), and erosion control by the increment of the land cover (Albrecht and Kandji,
2003). Higher carbon storage also reduces the fire, the decomposition, the leaching and the erosion
risks (Albrecht and Kandji, 2003).

Biodiversity

It seems that agroforestry plays an important role in biodiversity conservation. It can provide bet-
ter connectivity between the forests remnants and small-scale shaded agroforestry systems which
can stimulate the matrix quality for many species (Middendorp et al., 2018; Tschora and Cherubini,
2020), even if responses need some time after tree planting (Tschora and Cherubini, 2020). Also,
shade trees provide an adaptive strategy to temperature rise lowering understory plant tempera-
ture (Tschora and Cherubini, 2020) and act as wind breakers (Ekesa et al., 2015). Furthermore,
pollination largely determines cocoa yield (Claus et al., 2018). When cultivating cocoa in monocul-
ture, the use of fertilizers and pesticides often increases. This leads to insect biodiversity decrease
(at the expense of predators) and thus to pest outbreaks increase (Claus et al., 2018). Moreover,
predominant cocoa pollinating midges require moist and decaying material to breed. Open and
exposed to sunlight cocoa crops are thus less adequate (Claus et al., 2018). Therefore, agroforestry
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appears as a wildlife-friendly alternative as it enhances pollination services by many group of
species (Toledo-Hernández et al., 2017). The traditional managed type of agroforestry increases as
well the presence of rare biological functional groups in comparison to monocultures, betadiversity
of terrestrial plants, epiphytes, amphibians, and soil and litter invertebrates. Bats, birds, ants, soil
fauna and mammals richness and diversity can also be increased by diversity and composition of
cocoa plantation vegetation (Middendorp et al., 2018), like agroforestry. Shaded cacao agroforests
are also less vulnerable to pests and herbivores, but depending on the shade and moisture level
might be more subjective to fungal diseases (Rueda et al., 2018).

Pressure on forests

Agroforestry systems can have an impact on the remnants forests. According to Humphrey et al.
(2017), agroforestry reduces the impacts on natural forests. However, according to Tschora and
Cherubini (2020), even if agroforestry conversion is intended to reduce deforestation and forest
degradation, whether pressure on forests is alleviated or not depends on socio- and macroeconomic
factors.

Hydrological cycles

Water often being a limited element, agroforestry systems can benefit hydrological cycles: by its
role in water regulation (Humphrey et al., 2017) and water yield (Vaast and Somarriba, 2014), by
improving the hydraulic lift (Feliciano et al., 2018) and water infiltration, by protecting watersheds
(Middendorp et al., 2018), and by reducing the evapotranspiration (Albrecht and Kandji, 2003) and
water drought risks (Vaast and Somarriba, 2014). More specifically, as reported by Middendorp
et al. (2018), some authors found that intermediate levels of canopy shade of 40 to 60% could
protect cocoa trees from drought and could maintain high cocoa production.

2.3.2 Socioeconomic impacts

Increasing the agroforestry land cover could benefit smallholders on several social and economic
aspects. First, it could allow them to diversify their farm products (Albrecht and Kandji, 2003)
for sustaining livelihood diversification, which increases the resilience of households, their income
diversification (Feliciano et al., 2018; Humphrey et al., 2017; Tschora and Cherubini, 2020), and
food security and accessibility (Middendorp et al., 2018), thus safeguarding against financial risks
(Feliciano et al., 2018). Agroforestry also plays a role in the reduction of the risk against price
volatility. Gockowski et al. (2010) stated that "with a shaded system, when prices fall or illness
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strikes, the farmer can reduce labor input or use of chemicals, without seriously affecting the fu-
ture productive potential of the cocoa stock. Producers with full sun systems facing pressure from
capsids and mistletoe do not have this option. If they do not spray, then their investment will
be lost" (recalled by Vaast and Somarriba (2014)). Moreover, if the pesticide use is lower, it may
also reduce health risk for farmers and workers, which an important social co-benefit (Tennhardt
et al., 2022).
In addition, agroforestry can provide more firewood and timber resources (Albrecht and Kandji,
2003), which are highly valued by farmers, and fuelwood self-sufficiency (Tschora and Cherubini,
2020). These products can be consumed and/or sold, and alleviate pressure on forests at farm-
and village-scale (Tschora and Cherubini, 2020). Agroforestry also safeguards farmers against bio-
physical risks (for example by the deeper roots improving hydraulic lift) (Feliciano et al., 2018).
Presence of wild animal species could be increased: Tschora and Cherubini (2020) reported that
Togo farmers noted an increase of rats and grasscutters, that can be hunted and eaten or sold as
bushmeat, when switching to agroforestry.
In Africa and developing countries globally, social and cultural factors such as food security and
rural development might have to be prioritized above climate change mitigation and carbon se-
questration objectives due to the economic situation (Feliciano et al., 2018; Tschora and Cherubini,
2020). Tschora and Cherubini (2020) stated that often there were trade-offs between productivity
and high carbon sequestration rate, and recalled that this trade-off "underlines the conflicting goals
of international policies for climate change mitigation and local farmers regarding agroforestry".
They noted a win-win alternative situation considering plots with medium to high carbon stocks
that seem to have good productivity; trade-offs would be minimized due to agroforestry and ben-
efits would accrue both to the farms and the environment (Tschora and Cherubini, 2020).
Finally, the increase in carbon sequestration due to a conversion to agroforestry, offers smallholders
the possibility to participate in carbon markets (Middendorp et al., 2018).

2.4 Hypotheses of this study

This brief literature review provided an overview of some of the topics covered in this thesis and
background information for the hypotheses. Given the rank considered by Nair et al. (2010),
conversion of short-cycle crop land to agroforestry systems should increase the carbon stock of
smallholder farms. The storage of carbon in the soil should lead to increasing benefits for the
farmers, both in terms of environmental aspects (e.g. increased soil quality) and economic aspects
(e.g. diversification of incomes). With respect to the economic compensation valuation of carbon
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sequestration, it can be expected that smallholder farmers could have financial benefits from par-
ticipating in a carbon-offsetting scheme when converting their entire land to agroforestry systems.
The literature review showed that conversion to agroforestry and the demonstration of an associ-
ated increase in carbon storage is a widely discussed topic. Nevertheless, the aim here is to apply
the scheme to a specific sample of farms, in order to obtain a first estimate of the potential financial
compensation.
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Chapter 3

Material and methods

3.1 Study area

Uganda is located eastern Africa (1.3733° N, 32.2903° E), and borders South Sudan in the north,
Kenya in the east, Rwanda and United Republic of Tanzania in the south and Democratic Re-
public of the Congo in the west. Its total area is 241 550 km², of which 37.8% is arable land,
and although it is a landlocked country, 18% is open inland waters and wetlands (FAO, 2015b)
(main water bodies being Lake Victoria, Lake Albert, Lake Kyoja, Lake Edward and Lake George)
(FAO, 2014). The total national population is in grand expansion as it nearly doubled since 2000,
reaching 45.741 million in 2020 (The World Bank, 2020). Population is mainly concentrated on the
shores of Lakes Victoria, Albert, Edward, and George, and in 2013, 83.6% of the total population
was rural (FAO, 2014).
Uganda’s climate is equatorial with regional variations in annual temperatures and humidity. Mean
temperatures range between 18°C and 35°C. Mean relative humidity ranges between 70 and 100%,
which qualifies it as high. Mean annual rainfall is about 1180mm/year, but varies spatially ranging
from 750mm/year in the northeast to 1500mm/year on the shores of Lake Victoria. In the southern
part of the country two rainfall peaks occur between March-May and August-November, but no
dry season is pronounced. Whereas in the northern part, one dry season occurs from November
to March (FAO, 2014).

This study focuses on a region located in the central administrative region of Uganda, north-
east of the capital Kampala, and more precisely part of the district of Mukono. Mukono is a
district of Central Uganda including 3000km² of the Lake Victoria’s surface at its south (added
to other water bodies, Mukono has thus 3/4 of its surface under water) (Mukono District LG,
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2015). It is characterized as a peri-urban district due to its relative proximity to Kampala (Ekesa
et al., 2015), and counted 596 804 residents in 2014 (Uganda Bureau of Statistics, 2017). With 332
people/km² in 2014, the population density of the district is almost double the regional or national
average of 175.7 and 174 people/km², respectively (Mukono District LG, 2015). The population is
mainly young, with 52.1% aged between 0-17 years, and only 2.9% aged above 65 years. According
to the Mukono District LG (2015), over 80% of the population is agricultural based. According to
the Uganda Bureau of Statistics (2017), 66.7% of the population is engaged either in crop grow-
ing or livestock farming. And according to Ekesa et al. (2015), 59% is employed in agriculture
(which is lower compared to other district’s percentage (reaching up to 90%) and national average
(66%) due to its urbanization rate (Ekesa et al., 2015)). There is a high market availability within
and outside Mukono (Ekesa et al., 2015; Mukono District LG, 2015) for both crops and animal
products (Uganda Bureau of Statistics, 2017) and the district is crossed by major highway linking
Uganda to Kenya and national highway to north Uganda, which facilitates transportation and
export transport of goods. However, high costs of agricultural inputs are opposed to low prices
of agricultural outputs and there is high prevalence of pests and diseases (Mukono District LG,
2015). The district’s production is affected by natural shocks such as coffee and banana wilt that
has destroyed thousands of acres, added to economic shocks like price drops on the world market
especially for coffee. Vanilla came up as a substitute crop for coffee but has then also experienced
a price drop. All of this makes it difficult to maintain a stable economic agricultural life (Mukono
District LG, 2015). Due the large water cover of the district, fishing is the third largest economic
activity (Mukono District LG, 2015); note that the study area being located at the very opposite
of Lake Victoria within the district, this activity may be less important there. Food most com-
monly consumed in Mukono is plantain, maize, rice, beans, cassava, fruits and vegetables (Ekesa
et al., 2015). No reliable production data has been found at the district level, but Uganda’s three
main agricultural productions in 2020 were fruit, plantains and others, and roots and tubers (see
Appendix, Table 2) (FAOSTAT, 2022). The topography is not very hilly or mountainous, ranging
around 1000-1200m of altitude (Fig. 3.2). North Mukono (including study area) soils are mainly
Nitrisols with Fluvisols in wetland zones, whereas Lake Victoria’s surrounding crescent are Ferall-
sols (Ekesa et al., 2015). The district’s natural resources are described as lands, wetlands, fisheries,
minerals, forest/trees, wildlife and biodiversity, rivers and lakes. It is estimated that 90% of its
population depends directly on these for their livelihood and that everyone depends on it indirectly
(Mukono District LG, 2015). However, high pressure is exerted on these resources (Ekesa et al.,
2015; Mukono District LG, 2015) mainly due to high population growth, unsustainable agricultural
practices, increasing demand for forest products, development processes, increasing dependence for
economic returns, reducing settlement, and arable land (Mukono District LG, 2015).
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The study area is located at the very north of the Mukono district and overflows on the Kayunga
and Luwero districts. The total surface area amounts to 948km², and is cut diagonally at its
south due to the satellite image. Lwajali River (coming from south-west of the study area) and
Sezibwa River (coming from south-east) both border the sample of farms on each side. The two
tributaries have their confluence point in the north, and become the Sezibwa River (heading to
Lake Kyoga) (Fig. 3.1). The data of the sampled farms was collected within the framework of
a larger project led by the Research Institute of Organic Agriculture (FiBL) and financed by the
Swiss National Science Foundation within the framework of the National Research Plan 73 on Sus-
tainable Economy. This project1 started in 2018 and aims at studying sustainability mechanisms
of Swiss chocolate companies along their supply chains. Within this project, data on farm-level
sustainability indicators was collected on a random sample (205 among around 450 Ugandan cocoa
farm smallholders in conversion to Organic certification) of the Swiss company’s supplier base.

Mean surface area of the farms is 2.82 ± 2.96 ha. For the five past years, 49% of the farms were
able to generate a positive net income (which also includes a living wage for the farmer and his
family), 18% of the farms even surpassed them with a profit, but 33% of the farmers reported that
the revenues did not cover the costs at all. 67% of the farms do not have other source of income2

besides farming. The remaining 33% have in average 1.27 ± 0.57 other sources. In comparison with
other crops, cocoa is the most important crop for 60% smallholders, the second most important
for 27%, the thirst important for 9%, and the less important for 2%. 30% of the farm managers
consider themselves committed to the principles of sustainability, 46% partly, and 23% do not
consider themselves committed. Currently, no farm is selling products certified by a third-party
certifier to carry an eco-label.

3.2 Methodology

In this study, I applied three successive methodological approaches. First, I developed a current
land use classification map of the study area in order to assess the carbon storage. Secondly, I
parametrized and ran the InVEST model for the current land use land cover (which outputs the
carbon storage) and for four different implementation time scenarios (which outputs the carbon
sequestration and the associated economic valuation). Finally, I integrated the outputs of the
model with a socioeconomic database of a sample of cocoa farm smallholders in order to better

1Project title: Enhancing supply chain stability, resilience and sustainability through improved sub-supplier man-
agement – chocolate and cotton apparel case studies.
https://www.fibl.org/en/themes/projectdatabase/projectitem/project/1478

2Related to agriculture and which contribute more than 10% of farmer’s income
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Figure 3.1: Study area (represented by a red polygon). Main river and district information in the
lower left section, and real colors Landsat 8 (band 4,3,2) image (March 2019) in the lower right
section. Location of the study area in Uganda upper left section and in Mukono District upper
right section. Data sources: Landsat 8 image (United States Geological Survey Earthexplorer
portal); Sampled smallholders (Tennhardt, 2022).
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Figure 3.2: Detailed topographical map of Uganda. Study area represented by a red polygon inside
Uganda’s limits. Source: Maplands, s.d.

reflect the reality of the field.

3.2.1 Land use classification

The purpose of this section was to obtain a simplified current classification map of the study area,
as it was one of the major needed inputs in order to run the carbon InVEST model (next section).
The classification has been done on the basis of a Landsat-8 satellite image. The chosen satellite
image was taken 10th March 2019, as March corresponds to the transition between a dry and humid
period of the year which facilitates visual differentiation between land use types, and because of
the little to non-existent cloud cover of the image. This data can be downloaded from the United
States Geological Survey Earthexplorer portal. In order to obtain the land use classification map,
I used a supervised classification with a maximum likelihood algorithm criteria. I considered four
major classes: vegetated wetlands (i.e. vegetated lands impacted by wetlands on which there is
no agricultural activity), non-vegetated wetlands (i.e. non-vegetated lands impacted by wetlands
on which there is no agricultural activity), classical agricultural systems (i.e. mainly short-cycle
crops for staple food production), and agroforestry systems (i.e. association of trees and crops or
livestock to obtain products or services useful to humans). Several trials were made, comparing
the integration of all spectral bands (i.e. the 11 bands) or a selection of bands (i.e. bands 2, 3,
4, 5, 6, 7, and 9) to the classification. I established the delimitation and determination of the
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training samples visualizing remote sensing indices (wetness, brightness, greenness, NDVI, and
different band compositions such as false color infrared) as well as pictures directly taken in the
field of the study area (photographer: Mwesigwa Lauben, 2021). I applied a majority filter on the
final classification to refine it, setting the used number of neighbors to height and the replacement
threshold to half. Finally, I calculated a Cohen’s Kappa coefficient (κ) to assess the validation of
the classification. 127 random verification points have been generated across the area, and training
samples have been increased until obtaining κ > 0.8.

3.2.2 InVEST model parametrization

The InVEST suite models

The model I used in this study comes from the InVEST suite models (Integrated Valuation of
Ecosystem Services and Tradeoffs), developed by the Natural Capital Project of Standford Uni-
versity. InVEST is a suite of 18 open-source models that enables the assessment, the valuation,
and the mapping of several ecosystem services. As trade-offs among natural resources are common,
InVEST can constitute a tool for decision makers in order to assess them and to identify where
investments in the enhancement of ecosystem services are most beneficial and necessary (Project,
2019). In this study, I used the Carbon Storage and Sequestration model; carbon storage and
sequestration being a regulating service provided by nature to the world and its population.

The Carbon Storage and Sequestration InVEST model

This model estimates the amount of carbon currently stored in a given area. If a future land
use scenario is given, it also estimates the amount of the additional sequestrated carbon in that
period of time. If a sequestration estimation is done, an economic valuation of the sequestrated
(or released) carbon can also be integrated, which outputs the economic value of the sequestrated
(or released) carbon between the current and the future landscape dates. This functionality can
be very useful to estimate the value of the ecosystem service to society.
The model requires a current LULC (Land Use Land Cover) map of the study area and a table
of the different carbon pools (aboveground biomass, belowground biomass, soil and dead organic
matter, and in some cases litter and harvested wood) currently stored. If sequestration is estimated,
it additionally requires future LULC map and the calendar year of both input maps (current and
future). If the economic valuation of the additional stored carbon is estimated, it additionally
requires the price per metric ton of carbon, the annual market discount on the price of carbon in
%, and the annual rate of change in price of carbon in %.
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Parametrization of the Carbon Storage and Sequestration InVEST model

LULC current classification and scenarios
The current (2019) LULC map used is the one detailed in section 3.2.1. A future LULC map
was made assuming that all cells of classical agricultural systems from the current LULC were
converted to agroforestry systems, and has been used for the four implementation time scenarios.
The parameter changing in the scenarios is the future LULC calendar year. It defines the esti-
mated time to operate the conversion from classical agricultural systems to agroforestry systems,
following the procedure. Future calendar years have been set, respectively for the four scenarios to:
2024 (5 years shift), 2029 (10 years shift), 2034 (15 years shift) and 2039 (20 years shift), assuming
several implementation cases (from soft to harder engineering).

Carbon pools
For the sake of simplicity and coherence and due to the available data, I focused on aboveground
biomass and soil organic carbon. Both data have been extracted from Global Forest Watch portal.
The aboveground biomass corresponds to the Tree Biomass Density layer (Harris et al., 2021)
which identifies the aboveground live woody biomass density at a 30m resolution. Given that the
input carbon pools were necessary in carbon units, the values of this layer have been divided by
two (approximate conversion from biomass to carbon content) (Nair et al., 2010). The soil organic
matter corresponds to the Soil Carbon Density layer (Sanderman et al., 2018) which identifies
organic carbon density in the topsoil (0-30 cm depth) supposedly at a 30m resolution. However,
once downloaded, the grid cell resolution appeared to be 250m instead of 30m for the Soil Carbon
Density layer. I extracted mean values of both carbon pools layers for each (4) class of the current
LULC through a zonal statistic extraction (ArcMap 10.6). The missing carbon pools have been
set to zero, and thus did not account into the model.
According to Liang et al. (2017), the InVEST model uses Equ. (3.1) in order to calculate the
carbon storage Cm,i,j for a given cell grid (i, j) with the land-use type m; A representing the actual
area of each grid cell, C(a, b, s, d)m,i,j representing the densities of the carbon pools (aboveground
carbon density, belowground carbon density, soil organic carbon density and dead organic matter
carbon density) (in Mg C ha−1) for grid cell (i, j) with land-use type m. Note that Cbm,i,j and
Cdm, i, j were set to zero. Thus, for the entire region, carbon storage C can be calculated as in
Equ. (3.2) and carbon sequestration S between two given years as in Equ. (3.3); CT2 and CT1

representing the carbon storage in years T2 and T1 (T2 > T1), respectively

Cm,i,j = A× (Cam,i,j + Cbm,i,j + Csm,i,j + Cdm,i,j) (3.1)
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C =
n∑

m=1

Cm,i,j (3.2)

S = CT2 − CT1 (3.3)

The valuation
I chose the social cost of carbon (SCC) as referent for the price/metric ton of carbon, as recom-
mended by the InVEST model. Generally speaking, the social cost of a greenhouse gas (SC-GHG)
is the monetary value of the net harm to society associated with adding a small amount of that
GHG to the atmosphere in a given year. In principle, it includes the value of all climate change im-
pacts, including (but not limited to) changes in net agricultural productivity, human health effects,
property damage from increased flood risk natural disasters, disruption of energy systems, risk of
conflict, environmental migration, and the value of ecosystem services. The SC-GHG, therefore,
should reflect the societal value of reducing emissions of the gas in question by one metric ton
(IWG, 2021). More precisely, the SCC can be defined as an estimate of the economic and social
value of the emission of an extra ton of carbon in the atmosphere (in carbon dioxide) (IPCC,
2007) or as the social damage avoided by not releasing that ton of carbon (IPCC, 2007; Natural
Capital Project, sd). The SCC value varies depending on the authors and time: Wang et al. (2019)
estimated SCC to range from -13.36 to 2386.91 US$/tCO2, with a mean value of 54.70 US$/tCO2.
I selected a SCC value of 51 US$/tCO2, as mentioned by the Interagency Working Group on Social
Cost of Greenhouse Gases, at an annual market discount rate of 3% (IWG, 2021). The annual
market discount rate represents the preference society has for immediate benefits towards future
benefits. A higher value of the annual market discount reflects a higher preference for immediate
benefits, and thus reduces the value of the sequestration of carbon over time. Regarding the annual
rate of change in price of carbon, it adjusts the value of carbon sequestration over time, reflect-
ing the greater climatic (and thus social) impact of carbon sequestrated immediately over carbon
sequestrated in the future. If believed and expected that carbon sequestration today has more
impact on climate change mitigation than the sequestration of the same amount in the future,
then the annual rate of change in price of carbon should be set positively. Inversely, it should be
set negatively (Natural Capital Project, sd). A higher value reduces the value of sequestration
over time. I chose an annual rate of change in price of carbon of 3%, as suggested by Nordhaus
(2017).
The equation of the economic valuation of carbon sequestration (S) used by the InVEST Natural
Capital Project for a given area over a certain period of time is given in Equ. (3.4), where V
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represents the price per metric ton of carbon, Sx the amount of carbon in metric tons sequestrated
on parcel x, q the future year, p the current year, r the yearly market discount rate for the carbon
price, and c the yearly rate of change in the price of carbon.

S economic valuation (Sev) = V
Sx

q − p

q−p−1∑
t=0

1

(1 + r
100

)t(1 + c
100

)t
(3.4)

3.2.3 Intersection with a socioeconomic database

The purpose is to cross the values of the sequestrated carbon obtained by the model (values
per cell of 30m²) with data of the sampled farms. Indeed, the carbon pools extraction and the
assessment of carbon storage has been made on the basis of the average of the whole study area for
better accuracy. However, a landscape analysis of the economic valuation of the additional carbon
storage would be arbitrary and meaningless in this case, given that the total study area has been
broadened arbitrarily. The aim is to estimate the economic income through carbon sequestration
for each farm of the sample if they converted all their crop land into agroforestry. Therefore, I
first converted the value of sequestered carbon obtained from the InVEST model from US$ cell−1

to US$ ha−1. Secondly, I extracted the non-agroforestry area of each sampled farm and calculated
the value of sequestered carbon if this area was converted agroforestry. Using Equ. (3.5), it
gives an economic valuation for a given scenario for each farm; Sev being the economic value of
sequestration for a given scenario3 which is multiplied by a factor4 in order to pass from cell units
to hectare units, TFA being the Total Farm Area5, and AA the Agroforestry Area of the farm50.
Final results have been expressed in total economic valuation between the two calendar years of
the given scenario (as it is in the InVEST model’s output) and have also been expressed per year
and per month. This method has the advantage of being more realistic and of giving results able
to be incorporated in hypothetical carbon offset markets. In addition to providing area data, the
database also allowed for the analysis of several socioeconomic indicators of the sample, which can
subsequently be compared with literature.

US$

farm
= (Sev × 0.08989546027)× (TFA− AA) (3.5)

3Obtained by the InVEST model as indicated Equ. (3.4)
4Coming from the cell resolution of the output being 29.98257165m, which gives a cell surface of 898.9546027m²

or 0.08989546027 hectares (desired unit)
5Obtained from the database (Tennhardt, 2022)
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Chapter 4

Results

4.1 LULC classification maps

4.1.1 Current (2019) situation: LULC classification map

With a k (Cohen’s Kappa) coefficient of 0.8217, the LULC map including all spectral bands had a
greater accuracy than the case including a selection of bands (k = 0.7548). Classical agricultural
systems had the highest omission error with a rate of 0.25 (Table 4.1). The classification revealed
clear spatial patterns between agroforestry systems, classical agricultural systems, vegetated wet-
lands, and non-vegetated wetlands (Fig. 4.1). The major land cover in terms of surface in the
study area corresponds to the agroforestry system class with 46% of the total area, followed by the
classical agricultural systems with 32%, the wetlands with 18%, and the non-vegetated wetlands
with 4%. Water (two main rivers appearing in Fig. 3.1) has not been represented for the sake of
simplicity, but coincides with wetlands.

Table 4.1: Accuracy assessment results from the current LULC classification map.

LULC Verif.
points

Omission
error

Commission
error

Classes
accuracy

Wetlands 21 0.0952 0.1739 0.9048
Non-vegetated

wetlands 20 0.05 0.1364 0.95

Agroforestry
systems 54 0.0926 0.0926 0.9074

Classical agri-
cultural systems 32 0.25 0.1429 0.75

Overall accuracy : 0.8740
Kappa coefficient : 0.8217
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Figure 4.1: Land Use Land Cover classification map, based on 2019 Landsat 8 image.

4.1.2 Future situation: LULC classification map

As an extreme future landscape situation of the study area, all classical agricultural systems from
the current LULC have been converted to agroforestry systems, without taking into account any
environmental (topography, soil-type, soil moisture, ecological niches, etc) or social constraints. In
this situation, the landscape is dominated by agroforestry systems, representing 78% of the study
area. Wetlands and non-vegetated wetlands remain unchanged, thus corresponding to 18% and
4% of the study area, respectively (Fig. 4.2).
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Figure 4.2: Hypothetical extreme future Land Use Land Cover classification map. Calendar year
to reach it varies through the scenarios, respectively being 2024, 2029, 2034 and 2039.

4.2 Carbon storage and sequestration assessments through

InVEST Model

4.2.1 Carbon pools

The zonal statistics extraction represented in Table 4.2 indicates the carbon values extracted by
class from the Tree Biomass Density layer (Harris et al., 2021) and the Soil Carbon Density layer
(Sanderman et al., 2018). In general terms, wetlands had higher carbon content (in both pools),
followed by the non-vegetated wetlands, the agroforestry systems, and finally the classical agricul-
tural systems. To test for significant difference in the carbon pool values, I generated random point
samples across each class, from which I extracted carbon pool values. For all classes, aboveground
carbon density had higher standard deviation and more outliers than soil organic carbon (Fig. 4.3).
As tests of difference in means, I used Wilcoxon tests because the majority of the extracted data
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was not normally distributed (required condition for Student tests). Considering a significance
threshold α of 0.05, all combinations differed significantly, except agroforestry systems/classical
agricultural systems for the soil organic carbon (p=0.6055) and wetlands/non-vegetated wetlands
for the aboveground biomass carbon (p=0.1008) (Table 4.3).
Only mean values of the extraction (bold in Table 4.2) were used to build up the carbon pools
input table for the InVEST model, as single values are required. However, it is important to keep
in mind that there is a large variance. Carbon density of belowground biomass and carbon density
of soil have both been set to 0 (Table 4.4).

Table 4.2: Main statistics of the carbon pools storage value extraction by LULC class expressed
in MgC ha−1 and area (in ha) of each LULC class. AGB = aboveground biomass.

.
AGB carbon

density
Soil organic

carbon
Area (ha) Min Max Mean Std Min Max Mean Std

Wetlands 17424.26 2 178.5 44.19 19.82 49 70 58.83 3.51
Non-vegetated
wetlands 3792.87 11.5 151.5 40.17 11.92 52 69 58.12 2.89

Agroforestry
systems 43541.05 1 172.5 32.13 13.08 48 71 56.49 3.12

Classical agricultural
systems 29942.74 1.5 164 27.74 13.3 47 70 56.41 3.28

Total 94700.91

Figure 4.3: Boxplots of the extraction carbon pool values for each class. Aboveground biomass on
the left and soil organic carbon on the right. 1 = vegetated wetlands, 2 = non-vegetated wetlands,
3 = agroforestry systems, 4 = classical agricultural systems.

25



Table 4.3: Wilcoxon test statistics for each combination, and its associated p-values. H0 : µ1 = µ2.
* = significance considering α = 0.05.

Soil Organic Carbon

Wetlands Non-vegetated
wetlands

Agroforestry
systems

Classical
agricultural

systems
w p-val w p-val w p-val w p-val

Wetlands -
Non-vegetated
wetlands 5504 0.008593* -

Agroforestry
systems 12822 8.079e-10* 6984.5 0.002167* -

Classical agricultural
systems 13177 4.83e-11* 7220 0.0004956* 11560 0.6055 -

Aboveground Biomass Carbon

Wetlands Non-vegetated
wetlands

Agroforestry
systems

Classical
agricultural

systems
w p-val w p-val w p-val w p-val

Wetlands -
Non-vegetated
wetlands 5129.5 0.1008 -

Agroforestry
systems 13047 2.191e-10* 7582.5 2.118e-05* -

Classical agricultural
systems 14810 2.2e-16* 8863.5 1.982e-12* 14482 1.687e-05* -

Table 4.4: Carbon pools input table required by the InVEST model, expressed in MgC ha−1.
C_above = carbon density of aboveground biomass ; C_below = carbon density of belowground
biomass ; C_soil = carbon density of soil ; C_dead = carbon density of dead matter.

lucode LULC_name C_above C_below C_soil C_dead
1 Wetlands 44.19 0 58.83 0

2 Non-vegetaded
wetlands 40.17 0 58.12 0

3 Agroforestry
systems 32.13 0 56.49 0

4 Classical agricultural
systems 27.74 0 56.41 0
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4.2.2 Current (2019) situation: carbon storage assessment

The study area’s current stock of carbon is given by the InVEST model in the form of a map.
The initial values of the output were given into MgC by pixel, but have been converted here in
MgC ha−1 for better comparison (Fig. 4.4). Total carbon storage per unit area is the sum of the
aboveground carbon density mean and the soil organic carbon mean. Thus, regarding the values
of Table 4.4 and the output map (Fig. 4.4), the wetlands had the largest total amounts of carbon
stock (average of 103.02 MgC ha−1), followed by the non-vegetated wetlands, the agroforestry
systems, and finally the classical agricultural systems. The total value of the stock of carbon for
the whole area was estimated to 8 546 642.33 MgC.

Figure 4.4: Map of the current (2019) carbon storage of the study area assessed by the InVEST
model. Units are in MgC ha−1.
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Table 4.5: InVEST model’s estimation of the stored carbon values per class for the current situa-
tion. Units are in MgC ha−1 (except for the total stored carbon of the whole study area).

Current LULC
AGB Soil Total

Wetlands 44.19 58.83 103.02
Non-vegetated
wetlands 40.17 58.12 98.29

Agroforestry
systems 32.13 56.49 88.63

Classical agricultural
systems 27.74 56.41 84.15

Total stored carbon : 8 546 642.33 MgC

4.2.3 Future situation: carbon storage and sequestration assessments

Once all classical agricultural system cells have been converted by simulation to agroforestry sys-
tem cells, InVEST outputs a map of the future carbon stock (Fig. 4.5). Carbon stock values per
unit area respectively to each class were the same as for the current carbon storage map. Given
the changes in proportion, the total carbon stock value for the whole study area increased to 8
680 606.50 MgC. Net difference between the current and future carbon stock situations was thus
133 964.71 MgC for the whole study area. The only class that sequestrated additional carbon due
to the change applied was the classical agricultural systems (of the current situation), resulting
in an increase of 4.47 MgC ha−1 (Fig. 4.6). It corresponds to the Delta in MgC ha−1 between
the current and future situation (Table 4.6). Major contribution comes from the sequestration
in the aboveground biomass (4.39192 MgC ha−1) compared to the soil (0.08211 MgC ha−1). The
net Delta does not vary among the different scenarios as the same current and future situations
LULC maps have been given for all of them (Figs.4.1 and 4.2). This corresponds to the potential
additional carbon storage generated by a conversion to agroforestry compared to a situation where
nothing would have been changed. Among the 205 sampled farms, a total of 243.26 ha could be
potentially converted to agroforestry. Thus, integrated to the farms, a total amount of 1087.3
MgC could be potentially additionally stored.If we assume that such a change does not happen
instantly but progressively, we can formulate scenarios in time and asses the additional carbon
storage value that would be added on an ongoing basis until reaching the final net total Delta
value. The progressions are faster for shorter time scenarios, and slower for longer time scenarios
(Table 4.7); relations are assumed here in a linear way.
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Figure 4.5: Map of the future situation carbon storage of the study area assessed by the InVEST
model. Units are in MgC ha−1.

Table 4.6: InVEST model’s estimation of the stored carbon values per class for the future situation.
Units are in MgC ha−1 (except for the total stored carbon of the whole study area and the net
difference).

Future LULC Delta
(total)AGB Soil Total

Wetlands 44.19 58.83 103.02 0
Non-vegetated
wetlands 40.17 58.12 98.29 0

Agroforestry
systems 32.13 56.49 88.63 0

Classical agricultural
systems 32.13 56.49 88.63 4.47

Total stored carbon : 8 680 606.50 MgC
Net difference with current situation : 133 964.71 MgC
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Figure 4.6: Map of the additional storage of carbon between the current and the future situations.
Units are in MgC ha−1.

Figure 4.7: Summary plot of the stored carbon per class for the current and future situations.
’Delta total carbon’ corresponds to the sequestrated carbon between both situations.
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Table 4.7: Carbon sequestration rates following the different scenarios. Units are in MgC ha−1

yr−1.

Scenario Years Annual additional carbon storage
1 5 years 0.89
2 10 years 0.45
3 15 years 0.3
4 20 years 0.22

4.2.4 Economic valuation

Economic valuation returned by InVEST varied through the scenarios (due to discount rates):
total economic valuation ranged from US$ 203.55 ha−1 for the shortest time scenario (5 years)
to US$ 137.82 ha−1 for the longest time scenario (20 years) (Table 4.8). Initial outputs of the
model were given in US$ per pixel, but have been converted to US$ ha−1 for better comparison.
It represents the cost avoided by the storage of carbon through agroforestry systems. The total
valuation column Table 4.8 considers the carbon stored over the entire study area. However, as
mentioned in the methodology, valuation will instead be crossed with surface survey data of a
sample of farms (section 4.3).

Table 4.8: Economic valuation ($US) of the change from classical agricultural system to agro-
forestry system for the different scenarios.

Scenario Years Valuation

$US ha−1 $US ha−1 yr−1 $US (total
study area)

1 5 years 203.44 40.69 6 091 557.95
2 10 years 177.41 17.74 5 312 124.24
3 15 years 155.82 10.39 4 665 665.97
4 20 years 137.82 6.89 4 126 659.29

4.3 Valuation assessment per farm

4.3.1 Brief overview of the surveyed farms

Total area of the sample of the 205 surveyed farms varied between 0.17 and 24.71 ha, mean value
being 2.82 ± 2.96 ha and 75% of the farms being under 3.4 ha (Fig. 4.8). Main land use was
permanent cropland with a mean ratio of 0.67 ± 0.20 per farm, followed by arable land with a
mean ratio of 0.27 ± 0.19, permanent grassland with 0.03 ± 0.08 and woodland with 0.01 ± 0.04,

31



even though the latter two had more extreme values (Fig. 4.9).
The area under agroforestry practices also depended on the farms. The ratio (on the total area)
varied between 0 and 1 which means that some farms did not have any surface under agroforestry
practices, and some farms had their entire surface under agroforestry practices. 7.3% of the 205
farms had over 95% of their surface under agroforestry practices. This percentage rose to 9.7% for
a percentage of at least 90%. 1.9% did not have any surface under agroforestry practices. Mean
agroforestry ratio surface was 0.60 ± 0.24 (Fig. 4.10). There was no significant correlation between
the total farm area and the ratio of the farm area under agroforestry practice: Spearman (because
of the non-normality of the data) coefficient of −0.076, p-value= 0.2783.
Concerning the area of the farm dedicated to cocoa cultivation, ratios varied between 0.062 and
1, which means that all farms had at least part of their farm and some of them even their whole
surface dedicated to cocoa cultivation. Mean proportion of the farm dedicated to cocoa was 0.53
± 0.23. 5.8% of the farms were entirely or at least at 95% (in terms of surface) dedicated to cocoa
cultivation, and this percentage rose to 6.8% if we consider a dedication of at least 90%. The
Spearman correlation coefficient returned a slight negative relation between the total farm area
and share of cocoa cultivation of −0.325 (p-value= 1.998e−06), implying that larger farms tended
to have a smaller proportion dedicated to cocoa (Fig. 4.11).

4.3.2 Economic valuation per farm

The economic valuation of potential additional carbon storage per unit of area (ha) (Table 4.8)
was crossed with the area data of the sampled farms as shown in Equ.3.5. Some farms had an
additional economic valuation of US$ 0 . This is the case for the farms that already had their entire
surface (or nearly) under agroforestry practices. Highest economic valuation values for scenarios 1,
2, 3, and 4, were US$ 3518.99, US$ 3068.7, US$ 2695.27, and US$ 2383.89 respectively. The sum
values represent the total amounts that would have to be paid by a financier in a carbon-offset
frame for all farms and the entire project, following the scenario taken into account (Table 4.9).
Results have also been summarized following the size ranges of the farms (Table 4.10). These
values correspond to the amount that could be allocated (by a willing stakeholder in the context of
a carbon-offset market) to the farms if they switched their non-agroforestry surfaces to agroforestry
practices. These values have then to be integrated in global reasoning, taking into account the
price it would cost to technically make such change (and the management of it afterwards) and
the potential loss of income by the transition to agroforestry systems (change in the agricultural
yield for short-cycle crops and arable lands).
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Figure 4.8: Boxplots of the total and land uses areas per farm, expressed in hectars (ha).

Figure 4.9: Boxplots of the land use ratios per farm (expressed in % of the total area).
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Figure 4.10: Boxplot of the ratio of the farm area under agroforestry (on the left) and correlation
plot (+ trend line in red) with the farm area (on the right).

Figure 4.11: Boxplot of the ratio of the farm area dedicated to cocoa cultivation (on the left) and
correlation plot (+ trend line in red) with the farm area (on the right).
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4.3.3 Relation with cocoa production surface

Farms with greater share of land not currently under agroforestry practices could convert a larger
proportion of land to agroforestry practice and thus potentially receive higher payments. Thus the
quantification of the relation between the surface that is not currently under agroforestry practices
and the proportion of the farm dedicated to cocoa is important as it shows if the payment will
benefit major cocoa producers.
Among the sample of farms, 37% had 50% or more of their surface to be potentially converted of
which 20% had at least half of their surface currently dedicated to cocoa cultivation. 8% of the
205 farms could potentially convert 75% or more of their land to agroforestry practices, of which
only 19% had at least half of their surface dedicated to cocoa cultivation. In contrast, 40% of the
farms had 33% or less of their surface that could be converted to agroforestry (because the rest
already was) but among them, 75% already had at least half of their surface dedicated to cocoa
cultivation.
Spearman correlation test (because of the non-normality of the variables) revealed a significant
positive relation of 0.59 (p-value < 2.2e-16) between the agroforestry surface ratio and the cocoa
surface ratio of the farms. Fig. 4.12 shows a clear positive linear relation, meaning that farms that
did not have a large proportion of their surface under agroforestry practices yet, and thus that
would eventually receive a payment for the change made, were not strongly dedicated to cocoa
cultivation. For the observations that had almost perfect linear relation (in red), it is likely that it
means that all cocoa cultures were under agroforestry practices. This concerns 56% of the farms of
the sample. Removing the red observations, Spearman correlation test dropped to 0.15 and became
non-significant (p-value = 0.1603). Separating the farms according to whether they already had
their entire cocoa crop under agroforestry (as assumed from the statistics) (Group 1 = 56% of
the farms) or not (Group 2 = 44%), a significant difference (t-test, p-value=0.013) between the
averages of the proportions of potential area to convert became evident. The farms in Group 1 had
on average 36% of their area to ’be’ converted, and those in Group 2, 45%. This implies that even
though farmers with already more environmentally friendly cocoa practices (agroforestry) would
still receive a payment, farmers who could improve their cocoa practices would be candidates to
receive more, relatively to their area.
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Table 4.9: Main statistics of the economic valuation per farm. Units of the Total, Per year, and
Per month are in US$.

Scenario Years Statistic Valuation
Total Per year Per month

1 5 years Min 0.00 0.00 0.00
Max 3 518.99 703.80 58.65

1st quantile 82.33 16.47 1.37
Median 125.14 25.03 2.09

3rd quantile 312.85 62.57 5.21
Mean 241.41 48.28 4.02
Sum 49 488.85 9 897.77 824.81

2 10 years Min 0.0 0.00 0.0000
Max 3068.7 306.87 25.57

1st quantile 71.8 7.18 0.6
Median 109.1 10.91 0.91

3rd quantile 272.8 27.28 2.27
Mean 210.5 21.05 1.75
Sum 43 156.48 4 315.65 359.64

3 15 years Min 0.00 0.000 0.0000
Max 2695.27 179.68 14.97

1st quantile 63.06 4.20 0.35
Median 95.85 6.39 0.53

3rd quantile 239.62 15.97 1.33
Mean 184.90 12.33 1.03
Sum 37 904.63 2 526.97 210.58

4 20 years Min 0.000 0.0000 0.00000
Max 2 383.89 119.19 9.93

1st quantile 55.77 2.79 0.23
Median 84.77 4.24 0.35

3rd quantile 211.94 10.60 0.88
Mean 163.54 8.18 0.68
Sum 33 525.47 1 676.27 139.69
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Table 4.10: Table of the mean valuation per farm based on the area statistics of the surveyed
farms. Units of the Total, Per year, and Per month are in US$.

Scenario Years Farm area quantile Valuation
Total Per year Per month

1 5 years min to 1st 0.17 to 1.21 ha 66.68 13.34 1.11
1st to median 1.21 to 2.12 ha 127.74 25.55 2.13

median 3rd 2.12 to 3.44 ha 207.41 41.48 3.46
3rd to max 3.44 to 24.71 ha 562.31 112.46 9.37

2 10 years min to 1st 0.17 to 1.21 ha 58.15 5.814 0.48
1st to median 1.21 to 2.12 ha 111.4 11.14 0.93

median 3rd 2.12 to 3.44 ha 180.87 18.09 1.51
3rd to max 3.44 to 24.71 ha 490.36 49.04 4.09

3 15 years min to 1st 0.17 to 1.21 ha 51.07 3.40 0.28
1st to median 1.21 to 2.12 ha 97.84 6.52 0.54

median 3rd 2.12 to 3.44 ha 158.86 10.59 0.88
3rd to max 3.44 to 24.71 ha 430.68 28.71 2.39

4 20 years min to 1st 0.17 to 1.21 ha 45.17 2.26 0.19
1st to median 1.21 to 2.12 ha 86.53 4.33 0.36

median 3rd 2.12 to 3.44 ha 140.50 7.02 0.59
3rd to max 3.44 to 24.71 ha 380.93 19.05 1.59

Figure 4.12: Relation between the agroforestry surface ratio and the cocoa surface ratio of the
farms. Red observations concern the values for which the difference in absolute values between the
ratios of the two variables is < or = 0.01.
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Chapter 5

Discussion

5.1 Classification map

The obtained classification map showed relatively good Kappa Coefficient. The agroforestry sys-
tem and the classical agricultural system classes seemed to match the geomorphological features
of the area. Without taking into account (non-vegetated) wetlands, classical agricultural systems
seem to correspond to "lighter green" areas, and agroforestry systems to "darker green" areas
on the Landsat-8 satellite image (Fig. 3.1); "lighter and darker green" areas appearing to have
geomorphological structures marked by water processes. This suggests that the presence of agro-
forestry systems or classical agricultural systems is strongly influenced by the structure of the
geomorphological features of the area due to limiting environmental factors. An hypothesis of the
limiting factor was the soil water content: agriculture systems could have been implemented on
more humid lands to limit the need of irrigation, and perennial crops in agroforestry on drier lands
(as they can handle longer dry spells better). The identified classical agricultural system lands
coincides roughly with the seasonal wetlands identified by the World Resources Institute (WRI) in
an article about linking wetlands and sanitation (WRI, 2009) (see Appendix, Fig. 2). However, a
wetness index showed the opposite trend (see Appendix, Fig. 3), doubt hence remains. On another
note, what would be the rational for wanting to convert the current agricultural systems to higher
agroforestry cover? Would an increase of agroforestry cover be possible from both an environ-
mental as well as farming household’s with food crop requirements point of view? Even though
food crops growing in different strata of the agroforestry systems could be increased (like plantain,
fruit trees, taro cassava,...), they also have to keep food crops like beans and maize. Thus, the
two types of production should coexist anyway. Furthermore, Mukono being a peri-urban district
of Kampala is subject to inward migration flows. Therefore, Ekesa et al. (2015) stated that the
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district should focus on intensive crop-livestock production systems because of the high pressure
on land. This would go against the purpose of this study, although it does not necessarily apply
precisely to our study area.

5.2 Carbon storage assessment

5.2.1 Comparison with literature

Current carbon stock

Given the methodology, current carbon stock estimations per class have been assessed based on
literature layers (Harris et al., 2021; Sanderman et al., 2018). Taking into account only two of the
major carbon pools, it gave a carbon stock value estimation of 88.63 MgC ha−1 for the agroforestry
lands (32.13 MgC ha−1 of aboveground biomass carbon stock and 56.49 MgC ha−1 of soil carbon
stock). In comparison with agroforestry carbon stock estimations of other authors (see Appendix,
Table 1), my estimation was either within the value ranges or below. However, it is the case for the
four classes of the LULC classification map, and not only for the agroforestry class, which lowers
the relevance of such comparison. Indeed, the variation between the estimated carbon stocks of the
different classes is lower than expected. This could either be due to the simplified classification of
the land use area leading to less differentiated respective carbon values, to the not fine enough spa-
tial scale of the classification, or to a little spatial variation of carbon stock in the study area per se.

Note that in any case, it is hard to compare the obtained value of the agroforestry class to other
authors because values vary highly between different studies. Indeed large variabilities exist when
assessing the carbon stocks of complex agroforestry systems (understand here shaded perennial
crops like coffee or cocoa mixed with other trees) (Albrecht and Kandji, 2003). It is necessary to
pay high attention to what pool(s) is(are) being measured and to the units, and to mention them
clearly, as confusion between the values, misinterpretation, and inconsistency can occur. Nair
et al. (2010) underlines that procedures should be more rigorous and consistent when assessing
agroforestry carbon sequestration because current methodologies and related assumptions vary
widely. Consequently, even though a comparison with carbon stock values from other authors is
interesting, it will not be considered as a reference indicator of a good estimation. Nevertheless,
distribution of the carbon stock shown by the results among the aboveground biomass (36%) and
the soil (64%) corresponds to the approximations mentioned by Nair et al. (2010), i.e. 30% and
60% respectively (remaining 10% are due to the neglected pools).
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Additional storage of carbon

The results have shown that a conversion of all the classical agricultural lands to agroforestry
systems could increase the carbon stock of 4.47 MgC ha−1 for the converted lands. Knowing that
the current stock of the classical agricultural lands has been estimated to 84.15 MgC−1, it means
that it would increase of 5.3% per unit area. This is significantly lower than the IPCC’s meta-
analyses, showing that agroforestry store 20-33% more soil carbon than conventional agriculture
(IPCC, 2022a). Comparison with literature must be taken carefully, specially when considering
sequestration rates. Indeed, the carbon value given in output by the model is the amount of
carbon that could be additionally stored due to a certain change. But it does not take into
account the amount of continuous sequestration into the systems, even if there was no change or
after the change. Yet, the additional carbon amount can be converted to annual rates (MgC ha−1

yr−1) considering a certain period of time for the implementation (in our case the 4 different time
scenarios), like it has also been done for instance by Dargains and Cabral (2021).

5.2.2 Environmental impacts

Among the 205 farms, a total area of 243.26 ha could be potentially converted to agroforestry.
In addition to the mitigation effect that agroforestry systems have on global climate change (by
capturing atmospheric carbon) and on the enhancement of the local climate conditions (Humphrey
et al., 2017), it also has other environmental impacts.
The benefits to the soil from converting to agroforestry may not be as valuable as imagined. The
sampled farms did not seem to have large soil degradation problems. Only 4% of the sample
reported having signs of severe soil compaction due to livestock or machinery (average of the pro-
portion of agricultural area affected being 7.9%). And also 4% (different than the 4% previous
farms, except for one) reported having agricultural area that has been degraded over the last 20
years or that can no longer be used for farming (average of the proportion of agricultural area
affected being 9.7%). The low proportion of compaction problem could be explained by the low
livestock density and rare use of machinery. However, this is in contradiction with Ekesa et al.
(2015) who reported that there was a decline in Ugandan soil fertility (as a result of soil nutrient
depletion due to over-cultivation and soil mining) and an increase of soil erosion problems (mainly
due to wind during dry seasons, along with population pressure, poor methods of farming, over-
grazing and vulnerable soils). And at a district level, Masaka and Mukono seemed to have most
depleted soils among several close-located to Kampala districts (Ekesa et al., 2015).
The biological benefits could be of major interest for the farms, notably with regard to the pollina-
tion issue. 70% of the sample reported using active substances which are considered toxic to bees
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(with strongest toxicity of the substances used being in average rated to 3 on a 1-5 rating scale).
Whether a conversion to agroforestry may alleviate pressure on forests of the surrounding areas
have not been explored.
Water quality and hydrological cycles improvement can always benefit to farmers. Even if 57%
of the sample have declared taking steps to adapt to the consequences of climate change, non of
them is insured against natural hazards (including droughts and flooding). Existing agroforestry
systems of the sample of farms consist in average in 3 layers (range going from 2 to 6 layers). How-
ever, comparison at first sight with the fact that intermediate levels of canopy shade (40 to 60%)
could protect cocoa trees from drought (Middendorp et al., 2018) is difficult because of different
measurements.

5.3 Economic valuation assessment

5.3.1 Different time scale scenarios

Variation of the economic valuation

Although the assessment of the potential additional carbon storage was constant for the four time
scenarios, economic valuations did vary among them. For a sequestration of 4.47 MgC ha−1 (due
to a conversion to agroforestry systems), results have shown that farmers could receive US$ 137.82
ha−1 if the conversion to agroforestry is done in 20 years, and US$ 203.44 ha−1 if it is done in 5
years, which is about 1.5 times more. This means that the price ranges from US$ 30.83 to US$
45.51 MgC−1. Price decreases through time because of the annual market discount on the price of
carbon and the annual rate of change in price of carbon. First the market discount rates, even if
set lower than in other studies (e.g. 6% by Dargains and Cabral (2021)), still reduces the value of
carbon sequestration over time because of the preference of society for immediate benefits. Carbon
that can be stored immediately (or understand, soon) is preferred to carbon that could be stored
in the future. Therefore, short time scenarios have higher economic valuation. Note that these are
theoretical values, which do not take into account the practical constraints (biological, social, ...)
of the implementation. In the same way, the annual rate of change in price of carbon, set positively,
also reduces the economic value of carbon sequestration over time. The non-linear response of the
climatic system to atmospheric carbon concentrations implies that mitigation measures must be
undertaken at short timescale. Even if the meaning of threshold values as points of no return is
still being discussed, it reflects anyway the fact that the more we wait, the more impacts will be
harder to mitigate. This is why, in 15 years time scale (difference between scenario 1 and 4), price
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for carbon sequestration drops of US$ 65.62 ha−1 (or US$ 14.67 MgC−1) for conversion of lands
to agroforestry.
Note that the referred SCC (US$ 51), on the one hand was only one of the values recovered in
literature, and, on the other hand, is very likely to change through time due to the context of
current events (on a much smaller time scale than that of the scenarios). Therefore it might not
be up to date in the scenario time component.

Scenarios differentiation

In addition, even if short time scale scenarios return higher economic valuation because of their
faster implementations and thus effectiveness, it does not take into account the way such implemen-
tations are reached and their eventual associated externalities. For the 5 years time scale scenario,
we can imagine that a company could arrive with pre-grown trees and plant them simultaneously
and rapidly. This would lead to a faster implementation of agroforestry systems. Assuming this
project could practically completely take place in 5 years, carbon would be sequestrated earlier
and farmers would begin to perceive earlier the associated co-benefits production (fruits, timber,
firewood,...). Whereas having to wait 20 years for it might be a discouraging factor (Ekesa et al.,
2015). However, such fast project might go along with greater biological and environmental dis-
turbances. In contrast, planting seeds or seedlings, either by the farmers themselves or a company,
might be more of a soft eco-friendly planting type, better adapted to the environment. But waiting
time for good production benefits might be longer. Since I found little literature on the subjects,
it all remains however in the state of hypotheses.

In addition, even if short and longer time scale scenarios can be given hypothetically in the model,
the sequestration of the amount of carbon storage assessed might not follow biologically in practice
due to the different growth cycles of the plant necessary for carbon sequestration. Nair et al. (2009)
underlies that due to growth physiology, long periods of time are required to realize the potential
for additional carbon sequestration in soils. The IPCC recommends at least a 20 year period for
soil carbon sequestration accounting (Feliciano et al., 2018). Therefore, 5 years time period might
not be realistic nor adequate. Note that, no matter what scenario is considered, the systems has
limited potential in carbon sequestration, unless they are continuously significantly modified by
management interventions (like new tree planting or fertilization practices) (Nair et al., 2009).
The type of tree and their development cycle time are also determining for the feasibility of the
scenarios. Fast-growing species may accumulate more carbon than slow-growing species on short
term, but the trend is reversed when considering long term (Nair et al., 2010). In addition, whether
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native tree species are superior and/or better adapted to exotic ones, is still uncertain (Nair et al.,
2010). However, Vaast and Somarriba (2014) stated that agroforests trees shouldn’t be limited to
native species, and that functional diversity would be enhanced by mixing them with local or exotic
trees to target more specific functions. In Mukono, according to Ekesa et al. (2015), agroforest
tree crops such as ficus (Ficus natalensis), musambya (Markhamia lutea), jack fruit (Artocarpus
heterophyllus), or pawpaw (Carica papaya), are frequently used.

5.3.2 Socioeconomic impacts

When addressing sustainability, research is frequently limited to one dimension, social and governance-
related sustainability often receiving less attention than environmental and economic dimension.
A larger point of view integrating other sustainability dimensions and their interrelations is needed
to fully tackle cocoa production systems sustainability (Tennhardt et al., 2022).
An income diversification could be of high value to the smallholders, as only 32% of the sample
reported having other sources of income (related to agriculture and which contribute more than
10% of their income) besides farming. For them, the range of other sources of income varies from
1 to 4, with a median of 1. Thus, it could be a great opportunity to increase the income diversi-
fication of the farms, at least for the remaining 78% having no other source of income. Following
Ekesa et al. (2015), there is also opportunities due to available high yielding varieties of fruit trees
and given that there is reasonable local market in Mukono for fruit (and other tree products) that
could be enhanced by value addition. And agroforestry can lead to a more diverse diet and im-
provement of the nutritional status of Mukono’s populations. Also, such agroprocessing ventures
could contribute to creating employment for youth (Ekesa et al., 2015).
However, Tennhardt et al. (2022), from whom the socioeconomic database used comes and who
works (in part) on the same sample of farms, underlines that despite some important social and
economic co-benefits, there are also several social and economic trade-offs when implementing
environmentally-friendly production practices. As previously briefly mentioned in section 5.1, it
is important to keep in mind that optimum configuration of agroforestry systems (for maximum
carbon sequestration, like the extreme conversion scenario of this study) is unlikely to occur totally,
because communities strongly depend on other systems providing products and services. Farmers
operate under diverse socioeconomic, institutional, and ecological contexts. A systemic and co-
ordinated approach is needed, taking into account several types of ecosystem services, as well as
development goals and the interrelationships associated (Feliciano et al., 2018).
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Figure 5.1: Production Operating Cost Estimate - Eucalyptus. Concerning the assessment of land
use/cover changes and carbon dynamics at farm level in a Brazilian area. "Scenario 3" refers to
forest plantation and "Scenario 4" refers to silvopastoral system implementation. Source: Dargains
and Cabral (2021).

5.3.3 Integration of the economic valuation in the frame of an offset

carbon market

Comparison with average wage

According to the Global Living Wage Coalition (2021), average living wage for the Lake Victoria
Basin in rural Uganda is US$ 203 per month. The results have shown that farms willing to enter
an offset carbon market could be paid US$ 4.02, US$ 1.75, US$ 1.03 and US$ 0.68 in average
per month for implementation time scale scenarios of 5, 10, 15, and 20 years respectively. The
maximum amounts received by some farmers could be US$ 58.65, US$ 25.57, US$ 14.97 and US$
9.93 per month respectively. Thus, average and maximum additional income share could be of
2% and 29%, 0.9% and 13%, 0.5% and 7%, and 0.3% and 5%, respectively for the four scenarios
and taking as reference the average living wage for the Lake Victoria Basin. These low potential
payment amounts, especially when considering the average values, could be explained by the
fact that in most cases carbon pools are limited in their capacity and carbon accumulation rates
are relatively low in most agroforestry systems, restricting potential carbon payments (Luedeling
et al., 2011). Moreover, this income-augmenting effect is to integrate in a broaden vision taking
into account several costs related to this adoption.

Associated costs

Implementation
In their study, Dargains and Cabral (2021), in addition to assessing the economic valuation of
carbon storage through InVEST for a Brazilian region, also estimated the production operating
cost per ha: planting, land annual cost, maintenance of the first year, and maintenance (annual
cost) after the first year (Fig. 5.1). Dixon et al. (1994) gathered estimations of investment costs
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per ha for small farm fuelwood and agroforestry systems in Ghana, Malawi, Nigeria and Senegal:
US$ 20, US$ 35, US$ 45 and US$ 30 ha−1 for each country respectively (estimation of 1994). This
would equal to US$ 39.02, US$ 68.28, US$ 87.79 and US$ 58.52 ha−1 nowadays (by converting
1994 to 2022 US$). Similarly, Henry et al. (2009) recalled the estimation of carbon sequestration
costs per MgC made by Woomer et al. (1998) for smallholder farms of East African highlands: US$
47 MgC−1 (estimation of 1997), which would equal to US$ 83.77 MgC−1 nowadays (by converting
1997 to 2022 US$). In another order of magnitude, the IPCC ranks agroforestry in the high costs
of implementing adaptation options, considering its implementation costs to be over US$ 5000
ha−1 (IPCC, 2022b). Obviously these assessments are difficult to compare directly, even among
themeselves, notably because of the different methodologies and units, case studies, and countries
(thus implying different costs, tree species, etc.), but it provides examples of similar approaches.

Certification
If farmers are willing to convert to organic production, they will also have to pay for the associated
certification costs to be recognized as such. Along with foreign certification bodies operating in
the country, since 2004 Uganda accounts for its own internationally accredited local certification
body: The Uganda Organic Certification Limited (Ugo Cert). Most of farm smallholders in Africa
are ‘organic by default’, and wouldn’t have to make major changes theoretically in their processes
to get the certification (without taking into account the administrative side). Yet, due to the low
economic level, certification costs typically have to be met by the buyer (Jones and Gibbon, 2011);
certification costs are still very high for most smallholders (GIZ, 2021). Group certification systems
could reduce certification costs by an estimated ten times (Preissel and Reckling, 2010). Improving
PES, extent of carbon markets, rise of carbon prices, and certification schemes are key elements
to incentivize and reward smallholders for the environmental benefits their shaded agroforestry
systems provide (Middendorp et al., 2018).

Income potential loss
Finally, another component of the financial budget is the potential farmers’ income loss due to
reduction of cocoa yield (in comparison with full-sun and high inputs monocultures). But it is
difficult to assess quantitatively given the data at disposal.

Integration

The associated costs (even if averaging and smoothing out the trends and values due to the high
possibility of non full comparability of the studies) can be considered as greatly exceeding the esti-
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mations of potential financial compensations through carbon markets (US$ 137.82 to US$ 203.44
ha−1 / US$ 30.83 to US$ 45.51 MgC−1, following the time scenario). 33% of the surveyed farms
reported that the income generated during the five last years did not cover their costs at all. There-
fore, taking on the total finance of the implementation may be complicated - if not impossible -
for a large proportion of smallholders. This goes along with Luedeling et al. (2011) stating that
the poorest households are likely to benefit least from carbon sales because of the initial invest-
ments required by the implementation. To benefit from carbon sequestration as a mean to reduce
poverty, focus should rather be pro-poor oriented than based on purely market-based approach
(Luedeling et al., 2011). A big knowledge gap among the studies focusing on carbon sequestration
is "the lack of efforts to estimate the transaction costs for implementing carbon projects, as well as
the costs of measurement, reporting and verification of the sequestered carbon" (Luedeling et al.,
2011). Agroforestry systems deliver many other added benefits, like yield increases and additional
marketable products. Therefore, economic analysis should focus on carbon credits in whole farm
budgets (see Appendix, Fig. 4) (Luedeling et al., 2011).

The amount received by the farms for the sequestration compensation would be paid by an entity or
company wishing to compensate for their emissions. The costs related to the implementation and
maintenance could either be paid by the same latter entity or company, by the chocolate company
Schöki, or by a public fund. Suggesting the smallholders as funder would be a non-incentive for the
project to proceed. Complete and thorough economic budgets for each farm could be considered
for future research in order to see if at least compensation and at best benefit can be reached.

5.4 Practical implementation constraints

To achieve any ’carbon sequestration through reforestation’ type of project, there are different
components of potentials (biophysical, technical, economic, and practical potentials), but also
constraints that go along with them (see Appendix, Fig. 5). Many studies, when assessing the
carbon sequestration potential of agroforestry, miss one or more components (Luedeling et al.,
2011) and therefore deviate one step away from reality. This implies that in most situations the
practical carbon sequestration is lower than the economic calculations (Luedeling et al., 2011).
A typical dimension that is not taken into account in the valuation results of this study, is the
willingness of farmers to take part in it. Whether farmers accept to try new land management
options might depend on the economic outcome but also on a variety of other factors. And even
after a trial, it is not said that they will adopt those management options. Indeed, pests, drought,
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bush fires, damage by livestock, and other biotic and abiotic factors can affect the performance of
trees in the initial trials (Luedeling et al., 2011). Other factors that may influence adoption include
land tenure, cultural norms, and household power structures of many regions. Other factors that
may influence carbon sequestration potential include lack of management options information and
adequate input. Also, farmers may be reluctant to plant trees with long gestation periods, and
problems between neighbours may arise if trees are planted along farm boundaries (Ekesa et al.,
2015).
Thus, interventions should be thought in a comprehensive way (Tennhardt et al., 2022). Even
if socio-psychological factors play indirect (or hidden) roles in agroforestry management, it has
key consequences on the management decisions taken and thus the sequestration (Luedeling et al.,
2011). Finally, Roshetko et al. (2007) underlines that, in order to implement, for example, a CDM1

project, the following elements must be present beforehand: "areas of underutilized, low-biomass
landuse systems that are available for rehabilitation; smallholders interested in tree farming; ac-
cessible markets for tree products; a supportive local government and sufficient infrastructure; and
a transparent and equitable relationship between project partners".

We can see that a conversion of all classical agricultural systems to agroforestry systems is prob-
ably not adoptable because not realistic and most likely not profitable for the farmers in current
context. A solution could be the conversion of a limited share and to set aside a proportion of
monoculture, as suggested by Middendorp et al. (2018). This way, farmers could continue to ben-
efit from a sufficient income and products and services associated, while also having increasing
agroforestry benefits. Some beneficial impacts on the environment would still occur (like greater
forest connectivity (Middendorp et al., 2018), and carbon stock would increase, if we are willing
to accept that it will occur at smaller scale. One last point to acknowledge, is whether funding
would also be established if the farm already has all of its cocoa production under agroforestry,
but not necessarily the rest of its area. This situation clarification is important as it could concern
about 56% of the sample of cocoa farmers, who in average still have 36% of their surface (other
than cocoa) which are not under agroforestry practices.

1Clean Development Mechanism comes from the Kyoto Protocol (Article 12), and has as objectives both reducing
greenhouse gas emissions and contributing to sustainable development (Roshetko et al., 2007).
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Figure 5.2: Model linear carbon sequestration path vs. actual nonlinear carbon sequestration path.
Source: Natural Capital Project (sd)

5.5 Methodological reflection

InVEST Carbon Storage and Sequestration model’s limitations

First, the model considers that none of the LULC classes gains or looses carbon over time. It
assumes an average fixed storage level for each class (on basis of the carbon pools), and only takes
into account the additional carbon that is stored or released due to a LULC conversion, when
pixel values change. This means that if a pixel value does not change, the model will consider a
sequestration value of 0. Thus, it neglects natural succession. An alternative to this limitation
could have been to differentiate, within the classes, sub-classes based on the age (for example tree
age for forest, and plantation age for perennial crops), and to elaborate time scenarios based on age-
differentiated maps (Natural Capital Project, sd). Secondly, the model does not take into account
variations within the LULC classes. It takes the average values of the carbon pools for each class.
Depending on how large are the surface areas of the classes, temperatures, elevation, and climate
bands could influence carbon storage values within a same class. An alternative solution would
be to refine the classification by making sub-classes taking into account those variations. But it
requires a certain detail level of the data (Natural Capital Project, sd). Finally, InVEST considers
a linear carbon sequestration, which clearly deviates from reality, as actual carbon sequestration
follows a nonlinear path (Nair et al., 2010) until a level of equilibrium is reached (Fig. 5.2).

Input’s limitations

The LULC shows a clear spatial pattern between the classical agricultural systems and agroforestry
systems. In addition to a geomorphological induced hypothesis, it might also suggest that classes
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separation was reflecting another differentiation than the agroforestry systems/classical agricul-
tural systems one, and that they have been incorrectly established and interpreted. It is also
important to acknowledge that all farms location from the sample fall into the agroforestry system
class. This does not necessarily mean that they are all fully dedicated to agroforestry, as the
database confirms. This resolution scale problem is one of the limitation I encountered during
the conception of the LULC map with a Landsat-8 imagery. Land-use at farm-scale was not ob-
servable and differentiable on the imagery. Another reason could eventually be that location data
was given in single points. Exact polygons of the areas of the farms might have included classical
agricultural system areas. Moreover, the component of agroforestry tree species has not been taken
into account in the analysis, whereas it affects largely carbon storage and sequestration processes
(Humphrey et al., 2017). For example, instead of increasing the agroforestry cover, I could have
considered improving existing agroforests, including through the species of trees considered. To
get closer to the reality of the field, classes and their conversion could have been elaborated with
the help of a local stakeholder (e.g. smallholder), like in Dargains and Cabral (2021). Even if it
would have been a little beyond the scope of this study.
Concerning the carbon pools, due to the fact that the belowground and dead organic matter were
set to zero, it has increased the degree of simplification and the deviation from reality. Missing
carbon pools could have either been found in literature, or assessed by assuming a linear relation
with other pools, like Dargains and Cabral (2021) assuming dead organic matter carbon content
to be 10% of the aboveground biomass carbon content. Also, the aboveground biomass carbon
values coming from Harris et al. (2021) refer to year 2000. In twenty years time, changes have
probably taken place. With regard to the soil organic content, the data used (Sanderman et al.,
2018) only takes into account the first 30 cm of the soil, and neglects deeper layers.

Being aware of these limitations, it is important to keep in mind that this study is an hypothetical
extreme case to detect major trends, and does not pretend to consider each farm’s specifications.

To go further

Methodological focus could have also been turned towards other types of ecosystem services which, to

my knowledge, have been less addressed in literature than carbon storage and sequestration assessments.

Other beneficial ecosystem services are often mentioned, but rarely quantified. In addition Luedeling et al.

(2011) noted that environmental trade-offs between the retention of trees for carbon sequestration or using

them as fuel, fodder, and fertilizer, have not yet been explored sufficiently. This point could also be further

explored.
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Chapter 6

Conclusion

Converting farming lands to agroforestry systems is a way to sequester additional atmospheric
carbon, and thus to contribute to climate change mitigation. Cocoa production, which has a high
global demand and is becoming increasingly important in Uganda, can typically take place in agro-
forestry schemes. If cocoa farmers adopted more sustainable production practices and consequently
stored more carbon in their land, they could receive compensation for the increased provision of
this ecosystem service through carbon markets.
This study aimed at assessing the potential economic benefit of 205 Ugandan smallholder cocoa
farmers in conversion to organic certification through participation in a carbon-offsetting scheme.
Results from the InVEST model showed that conversion of short-cycle crop land to shaded agro-
forestry systems could result in an increase of 5.3% per unit area of the actual carbon stock; al-
though not easily comparable with other values in the literature. Further economic valuation pointed

to an associated positive financial compensation for such storage; higher compensations corresponding

to faster implementations, and vice versa. Farmers could receive US$ 137.82 ha−1 if the conversion to

agroforestry is done in 20 years, and 1.5 times more if done in 5 years. Carbon storage benefits on a global

scale, decreasing global warming, but also on a local scale to farmers, bringing several environmental and

socioeconomic co-benefits. Nevertheless, additional funding must be considered to address the associated

costs (e.g. implementation, maintenance and certification) without loss of income to the farms.

However, converting all of the farms’ remaining land to agroforestry systems seems neither rational
nor possible, taking into account the farmers’ needs of staple food production. Furthermore, the
short theoretical time scenarios may not be realistic or feasible in practice. Therefore, biological,
environmental, social, and economic constraints of the field reality should be incorporated into fur-
ther more detailed analysis. This study, far from pretending to propose a specific plan of carbon
offsets implementation, offers a general approach to assess the potential for a certain sample of farms.
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Appendix

Figure 1: Trade flows of the largest producer countries in 2016, in metric tons. These five countries
represents the 80 per cent of total cocoa production in 2016. The % in brackets for each country
represents the proportion of the total volume of cocoa exported in 2016 by the five countries. The
% in brackets for each region represents the proportion of the total volume of cocoa imported in
2016 from the 5 countries. Source : International Institute for Sustainable Development (IISD,
2009).
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Table 2: Table of the most produced commodities for 2020 in Uganda. Source: FAOSTAT (2022)

Item Value (tons)
Fruit Primary 7457778
Plantains and others 7401579
Roots and Tubers, Total 6053251
Sugar cane 5778187
Sugar Crops Primary 5778187
Cassava 4207870
Cereals, Total 3436305
Maize 2750000
Milk, Total 1766386
Milk, whole fresh cow 1766386

Figure 3: Wetness index. Elaboration with the Landsat-8 imagery bands, following: (Band 5–Band
6)/(Band 5+Band 6).
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Figure 2: Elements of interest : permanent and seasonal wetlands. Red polygon on the upper
right map shows the approximate study area. Source : World Resources Institute (WRI, 2009)
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Figure 4: Factors determining the economic potential of agroforestry systems to sequester carbon.
Source: Luedeling et al. (2011).

Figure 5: Schematic illustration of the different types of carbon sequestration potentials, and the
constraints that are encountered in their quantification. Source: Luedeling et al. (2011)
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