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Propositions

1. Fertilizer is great for agronomists, but not for old stands of cocoa trees in smallholder
Nigerian farms.
(this thesis)

2. Mother nature covers up nutrient mismanangement in cocoa fields.
(this thesis)

3. Engineering nitrogen-fixing maize cultivars for African farmers goes against at least
three Sustainable Development Goals.

4. Achieving circularity at global scale is a pipe dream.

5. A reduction in the global supply of luxury food ingredients would benefit both
smallholder farmers and consumers.

6. Our society is zealous in fighting the negative impacts of climate change, but puts
blinkers on to address its major causes.
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Abstract

Cocoa yields in West Africa have stagnated at about 300-400 kg ha! mainly because the crop is
produced in low-input systems. Integrated soil fertility management (ISFM) is proposed to sustainably
increase current yields, but its implementation options are poorly defined in tree crop systems. This
thesis aimed to explore the potential of ISFM to increase cocoa yields and to deepen the understanding
of nutrient cycling in smallholder cocoa farms. A literature review was combined with laboratory

experiments, farm surveys and on-farm trials.

The use of improved germplasm, an adequate combination of mineral fertilizers and organic inputs, best
crop management, and local adaptation aiming at maximising agronomic use efficiency of the applied
nutrients and improve crop productivity form the basis of ISFM. But do these principles apply to tropical
tree crops? Based on the large amounts of carbon cycled through leaf litter in mature cocoa crops and
the limited availability of on-farm organic resources in smallholder farms, I argue that the core principle
of ISFM i.e., combining organic and mineral nutrient inputs, needs to be re-interpreted. Moreover,
knowledge gaps on crop nutrition and characteristics of existing cocoa fields impose constraints to
effectively implement ISFM. As such, partial application of ISFM in typical West African farms can
only result in modest yield increases. How large and how variable are the yield increases associated with
fertilizer application? Logically, nutrient supply is the main way to halt nutrient mining and boost
productivity in low-input systems. However, an on-farm trial demonstrated that in the short term, none
of the three tested fertilizer formulations is the best entry-point for cocoa yield increase in south-western
Nigeria. Large between-farm variations in fertilizer yield responses were observed along with
inconsistent effects of farmer practices, which further complicates formulation of fertilizer

recommendations in the study area.

What ISFM practices can deliver in existing cocoa farms is to improve nutrient cycling, especially
regarding the management of organic residues. How much do litterfall and cocoa pod husk management
contribute to improved nutrient cycling? Returning commonly abandoned cocoa pod husks to trees can

tighten nutrient loops, but the laboratory experiment showed that timing was critical to recover most of



the potassium (K) and reduce on-spot nutrient losses. Besides, the ecological significance of litterfall
was confirmed. Litterfall ensures considerable above to below-ground nutrient flows; but nitrogen (N)
and phosphorus (P) transfer rates are poorly estimated when the effect of macrofauna is not accounted

for as in previous cocoa litterbag studies.

In conclusion, the current knowledge of the cocoa nutrition is limited and insufficient to adequately
address the yield gap challenge through ISFM. Testing ISFM practices during establishment or in young
mature trees is valuable as it may yield more promising results than in old trees. Since ISFM is not the
sole path to sustainable intensification, other approaches must concurrently be explored and possibly

integrated.
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General Introduction

1.1. Changing views on cocoa and soil fertility

1.1.1. Soil fertility management paradigms in sub-Saharan Africa
“To forget how to dig the earth and to tend the soil is to forget ourselves” said Mahamat Gandhi to
acknowledge the often overlooked hard work of farmers. It further reminds us of the link between soil
resource management and societal development. This thought is particularly relevant in sub-Saharan
Africa (SSA), where agriculture remains the backbone of national economies and the main provider of
employment (Shimeles et al. 2018; FAO et al. 2021). For West African countries, the potentially
available cropland is estimated at less than 15 million ha under some profitability assumptions
(Chamberlin et al. 2014). Under current management, the projected land availability will no longer
match the unprecedented population growth (Deen-Swarray et al. 2020); hence, soil fertility decline has
become a major concern in achieving food security and eradicating rural poverty in the region (Tully et
al. 2015; Vanlauwe et al. 2015b). Cereal yields in SSA have stagnated at about 41% of the world average
over the last 20 years (FAO 2022), even though soil fertility research in Africa has been a major focus
since colonial times (Mutsaers et al. 2017; Ross 2017). Guidelines evolved to manage African soil
fertility better, with noticeable paradigm shifts over time. Vanlauwe et al. (2017) summarized these
changes over the last fifty years. At first the primary task of soil fertility researchers in SSA was to map
soil resources and identify which crops could grow best where and with what technology. It quickly
became essential to propose an alternative to swidden agriculture to improve food self-sufficiency and
sustain the extractive economy of cash crops (Nye and Greenland 1960). Given the success of the Green
Revolution in other regions, fertilizers were introduced to boost crop productivity. The paradigm of
“external inputs” was thus the mainstream in the 1970s but faced practical challenges in implementation,
including the lack of investment and adequate markets, high transaction costs, inaccessibility, and low
returns due to soil constraints and/or climatic risks (Dawson et al. 2016; Otsuka and Muraoka 2017;
Voortman 2013). The “low external input” approach took ground in the 1980s and sought to replace the
unavailable fertilizer nutrients with locally available organic resources: mostly cover crops, manure and

compost.
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Unfortunately the production, collection, and application of the enormous required quantities of organic
resources took much work. Besides, organic manures were not as effective as mineral fertilizer in the
short term. Interestingly, the combination of organic and mineral resources proved to ensure the highest
yields compared to the sole application of either (Miao et al. 2010; Bationo et al. 2012b) by virtue of
improved demand-supply synchrony and additional functions performed by organic matter (Vanlauwe
2004). This combination of several approaches was the base of “integrated nutrient management”, which
has several variants nowadays (Wu and Ma 2015; Kebenei et al. 2021 ; Ayeni 2011; Blesh et al. 2022;
Drinkwater and Snapp 2022) of which “Integrated Soil Fertility Management” (ISFM) is the most

prominent (Bado and Bationo 2018; Bekunda et al. 2022).

The definition of ISFM provided by Vanlauwe et al. (2010) will be used throughout this thesis. The
paradigm of ISFM has become a cornerstone of the soil fertility management literature (Figure 1.1).
Implementing ISFM practices aligns with climate-smart agriculture (Gram et al. 2020; Gebreyohannes
and Reda 2019) and falls under broader themes such as Integrated Natural Resources Management and
Sustainable Intensification (Kihara et al. 2022; Oborn et al. 2017; Vanlauwe et al. 2014). The success
of implementing ISFM is undisputed (Bationo et al. 2007; Tittonell et al. 2008; Kihara et al. 2022), and
it is appealing to extend its domain to new contexts. Maize-based cropping systems were the origin of
the ISFM concept (Vanlauwe et al. 2005), but other cereals (Kebenei et al. 2021; Adamou et al. 2012;
Oikeh et al. 2008) and grain legumes followed (Njira et al. 2020; Goswami et al. 2022). Next, ISFM
was applied in cropping systems based on roots and tubers (Pypers et al. 2011), and even fruit crops are
nowadays included (Srivastava et al. 2021). Tropical tree crops received less attention from soil fertility
researchers than most of the staple crops, which appeared to be more important for food self-sufficiency
in SSA. Since the global chocolate industry aims at sustainable cocoa production intensification, ISFM

has become the ideal means promoted to improve current yields.
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Figure 1.1: Number of “Integrated soil fertility management” citations per year in three major search
engines.

1.1.2. Global challenges in cocoa production
According to the legend, when Ferdinand Colombus first saw cocoa beans in 1502, he recorded them as
“almonds” (Coe and Coe 2013). At that time, cocoa was only an edible forest product in Mesoamerica,
and crop yields were certainly not the major concern of the privileged Maya and Aztec peoples who
savoured its beverage. Even though cocoa beans already served as a regional currency (Vail 2009),
locating forest patches hosting large numbers of cocoa trees was probably the best one could aim for.
Ferdinand and his father, Christopher, probably did not imagine that the indigenous “almonds” would

lead to an economy worth hundred billion dollars five centuries later.

Nowadays, five million tons of cocoa beans are traded annually (ICCO 2021), and the demand is
projected to increase steadily, thanks to an emerging market formed by a growing middle class in
developing countries. The current demand is met by producers all located between latitudes 20° South
and 20° North. Smallholder farmers are responsible for 90% of the global production, and four African
countries (Cote d’Ivoire, Ghana, Nigeria, Cameroon) provide 70% of it. However, the challenge is that

smallholder farming in SSA is confronted with several constraints, of which low yields are only one
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facet. The main challenges of the global cocoa industry are intricately embedded in one another and may
be described as wicked problems (van Bueren et al. 2014). Poor farming practices, ageing of tree stocks,
land degradation, pests and diseases, yield decline, instability of cocoa prices, poverty of cocoa farmers,
child labour, deforestation and loss of biodiversity, and vulnerability to climate change are the most
cited (Clough et al. 2009; Matissek et al. 2012; Macek et al. 2018; Fold and Neilson 2016; Bunn et al.

2017).

Until now, cocoa production was able to meet the global demand through crop expansion, causing
deforestation in areas with high biodiversity value. The forest land conversion rate to cocoa in West
Africa was estimated at 83,000 and 132,000 ha! year! during the 1986-2000 and 2000-2013 periods
respectively (Ordway et al. 2017). Even recently, considerable forest loss was mainly attributed to cocoa
cultivation in Ghana and Céte d’Ivoire (Brobbey et al. 2020; Ashiagbor et al. 2022; Renier et al. 2022).
Cocoa-driven deforestation has become a political issue (Sassen et al. 2022), with tensions between
development objectives and conservation efforts. Chocolate consumers in developed countries have
gained awareness of the sustainability challenges in the cocoa sector and stimulated stronger
commitment by industry and policymakers. More stringent regulations are progressively set to eliminate
deforestation directly linked to cocoa expansion (e.g., Fermeglia 2022). However, different cocoa
production systems coexist, which are not all responsible for deforestation, at least not to the same
extent. For instance, the so called “full-sun cocoa” (monoculture) established on forest land requires a
complete replacement of the native vegetation with cocoa trees only (in the mature phase) whereas cocoa
agroforestry often involves keeping some native trees and/or planting other tree species (Maney et al.
2022). Cocoa can also be established on degraded pasture or farmland, which could be seen as an
afforestation process (Jagoret et al. 2012; Nijmeijer et al. 2019b). Monitoring cocoa-driven deforestation

can be difficult in many instances. A better knowledge of cocoa production systems is therefore required.
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1.2. Cocoa production systems in West Africa

1.2.1. Overview of farming practices
The ecology and agronomy of cocoa are described in great detail in textbooks (e.g., Hebbar et al. ; Nair
2009; Dand 2011; Guastella et al. 2017; Diby et al. 2017). I only present how cocoa is grown in this
section, referencing smallholder farming in West Africa. Practices that are related to soil fertility
management are presented in section 2.2. Data presented hereafter are mainly drawn from the Royal
Tropical Institute’s (KIT) survey in Cote d’Ivoire and Ghana (Bymolt et al. 2018b) and the CocoaSoils
programme' baseline study conducted in Céte d’Ivoire, Ghana, Cameroon and Nigeria. The CocoaSoils
baseline survey (2019) ran with 3170 smallholder cocoa farmers, essentially to update current status of
cocoa farming in West Africa. Sampling was led by a research team in collaboration with private
partners (companies) involved the program. The results presented in this chapter are based on a
preliminary data analysis; figures may vary slightly when the final report is published. Daymond et al.
(2022) identified a diversity of cocoa production systems and proposed simple criteria for smallholder
cocoa farm typology, including the planting materials, the intensity of management (crop husbandry),
the structure of the tree population in the mature phase, land tenure, and the income portfolio of the

growers.

Cocoa is often established on arable farmland and degraded pastures, or, as often observed in African
countries, in old fallows and forests. Fallows and forestlands were the previous land-uses for 73, 68, 73
and 76% of cocoa fields in Cameroon, Ghana, and Nigeria, respectively (CocoaSoils baseline survey
2019). In the latter case, the forest trees can be completely cleared. However, usually, smallholder
farmers proceed by progressive thinning, which provides the necessary shade needed in the early
development stages of cocoa plantlets (Fowler 2009). As cocoa trees grow, the shade requirements
decrease, but the final shade level is system-dependent. There is a continuum from full-sun (with only
cocoa trees in monoculture) to heavily shaded agroforestry systems (characterized by large diversity and

abundance of tree species with usually a low density of cocoa trees). Full-sun cocoa is usually more

L A description of the programme is available at https:://cocoasoils.org/
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intensively managed than agroforestry systems. Shade trees are not only large forest remnants that
cannot be cut, but farmers can plant fruit trees, timber trees, and/or leguminous species such as Gliricidia
sepium Jacq. to improve soil fertility. Farmers also actively manage natural regrowth so that the tree
composition is dynamic, as shown by Jagoret et al. (2018). The tree configuration greatly influences
light interception and its distribution through the canopy, which determines the potential of carbon
assimilation per stratum and affects the micro-climate (relative humidity, temperature). Long-term
management of cocoa agroforestry systems is associated with rehabilitation and/or renovation of the
initial cocoa tree stocks. Ageing of cocoa trees is often cited as a major cause of yield decline (Voora et
al. 2019; Vekua 2013), especially in the oldest settlements also known as “pioneer fronts” (Cilas and
Bastide 2020). However, current farmers do not maintain the fields they have inherited only, and the
acuteness of the ageing problem is country-specific (Figure 1.2). Therefore, claims about ageing of

cocoa fields must be relativized.
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Figure 1.2: Age of cocoa farmers (blue) and of cocoa trees (red) on smallholder farms as reported by
interviewees. 7 is the number of surveyed cocoa fields.
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In Africa, cocoa fields are mainly planted with seedlings: the use of clonal material is still uncommon,
unlike in Latin America. Seeds are planted directly in outfields (planting at stake) or raised in a nursery
first and later transplanted. Improved varieties (mostly hybrids) are claimed to be used by more than
50% of farmers in Cote d’Ivoire and Ghana (Bymolt et al. 2018a), but performances of national breeding
programs vary from country to country, and formal dissemination channels often prove ineffective.
Consequently, the CocoaSoils baseline survey revealed that 54% of farmers in these two countries
exclusively acquired planting materials from their own fields or from peers. Since cocoa is an
allogamous species, superior traits are poorly maintained during farmer-to-farmer seed exchanges, and

genetic heterogeneity characterizes their plantations.

As previously mentioned, cocoa is usually established under the shade of other plants because young
plantlets are sensitive to heat and water stress (Balasimha et al. 1991). When previous land use does not
provide the required shade, other crops are established during the first years of cocoa seedling growth
to provide shade. Preferred crops in West Africa are bananas and plantains, but cassava and cocoyam
are also used as temporary shade (Gockowski 2019). During this period, farming practices are mainly
determined by the dominant crop. The sensitivity of the young cocoa trees to drought determines the
need for replacement, which is not systematic in smallholdings: this often leads to a more or less
pronounced heterogeneity in tree age after establishment and irregular spatial gaps within the fields. In

this thesis, I generally attribute the modal age of trees in a field to the whole field for simplicity.

From an age of 2-5 years, cocoa trees progressively enter a productive phase and the vegetative growth
rate decreases. Once the cocoa canopy reaches its full closure, the trees are considered mature. At
maturity, cocoa management generally involves weed, pest, and disease control, pruning, and harvest.
Weed pressure decreases with a higher and denser tree canopy. Weeds are controlled with herbicides or
manually, done once or twice a year. Pest and diseases are geographically distributed, with black pod
disease (mainly caused by Phytophthora palmivora and P. megakarya) being the major cause of yield
loss under moist environments. Mirids (Saklbergella singularis Hagl., Distantiella theobroma Distant)
are more present in drier areas (Mortimer et al. 2017; Afoakwa 2014). The cocoa swollen shoot virus

(CSSV) disease is a serious threat to production, especially in Cote d’Ivoire and Ghana (Amon-Armah
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et al. 2021). Breeding for resistance in a tree crop is a costly and time-consuming process; therefore,
farmers usually employ cultural practices and apply pesticides: mainly insecticides in Cote d’Ivoire and
Ghana and fungicides in Cameroon and Nigeria (Table 1.1). A large number of active ingredients are
available on a poorly regulated market and are often misused by farmers with low literacy (Aidoo et al.
2019), with foreseeable consequences on the environment and human health (de Silva et al. 2010; Fosu-
Mensah et al. 2016; Vaikosen et al. 2019). Pruning is an important management practice that applies to
both young and mature phases for cocoa trees and shade trees when possible. Mature cocoa trees are
pruned to regulate vegetative growth, reduce pest and disease incidence, and ease other farm activities
such as harvest. Shade-tree pruning increases light penetration into the cocoa canopy and accelerates
nutrient return to topsoil. On average, West African farmers prune cocoa trees once or twice per year;
however, there is a large variability in the quantity and quality of pruning. During flowering, cocoa trees
may be hand-pollinated to increase yields. However, despite growing evidence of the benefits of hand-
pollination (Groeneveld et al. 2010; Toledo-Hernandez et al. 2020), this is not common among
smallholder farmers in West Africa (Umeh et al. 2022). A cocoa crop produces pods with beans year-
round, with seasonal peaks. Ripe cocoa pods are picked at harvest, gathered in piles, and broken to
extract the cocoa beans. In Cote d’Ivoire, Ghana, Cameroon and Nigeria, farmers first ferment and then

dry cocoa beans before sale.
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Table 1.1: Average use of agrochemicals in 7 surveyed fields in four West African countries on 3170

cocoa farms in total.

Countries
Type of inputs Cameroon Cote d’Ivoire  Ghana Nigeria 4 countries
(n=1193)  (n=953) (n=1894) (n=1256) (n=5296)
Fertilizer (%) 51 48 38 7 36
Fungicide (%) 85 29 57 90 66
Insecticide (%) 61 68 86 61 70
Herbicide (%) 12 6 25 6 13

1.2.2. Current soil fertility status and management in cocoa
Various indicators are used to describe soil fertility in cocoa, of which pH, cation exchange capacity
(CEC), macro-nutrient concentrations (especially P), and soil organic carbon content (SOC) are
considered the most relevant (Kongor et al. 2019; Quaye et al. 2021b; Adeniyi et al. 2018; Abdulai et
al. 2020). However, there has yet to be a consensus about desirable ranges and thresholds. For
smallholder farmers in SSA, the most important descriptors are related to crop growth, yields and
selected physical and biological soil properties, including soil colour, workability, water-holding

capacity, and macrofauna abundance (Wartenberg et al. 2018; Dawoe et al. 2012).

Understanding of soil fertility management practices by smallholder cocoa farmers in West Africa
requires a more consistent methodology across studies to allow fair comparisons (e.g., Adiyah et al.
2021; Nunoo et al. 2014). Nonetheless, some patterns can be recognized: farmers value the abundance
of litter and mainly pruning residues, which are left to decompose in situ (Kenfack Essougong et al.
2020). Full-sun cocoa is less preferred than agroforestry systems (Figure 1.3). Management of cocoa

pod husks is heterogeneous among farmers (Figure 1.4) not only because of the labour requirement but

11
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also because it may be an important secondary source of black pod disease spread (Ndoumbe Nkeng et
al. 2016; Ndoungue Djeumekop et al. 2021). Alternatives such as composting are proposed (Kaba et al.
2021; Ogunlade et al. 2012; Ogunlade et al. 2019b; Ogunlade and Orisajo 2020) but have yet to be
implemented at scale. Farmers’ perceptions and measured effects of mineral fertilizers on cocoa yields
and soil quality are also disputed (Lokin 2020; Asare et al. 2017). In addition, limited access to mineral
fertilizers and the unavailability of organic amendments hamper widespread adoption among farmers.
Traditional cocoa cultivation does not involve nutrient supply (Fowler 2009). However, intensification
programs run in Cote d’Ivoire and Ghana have progressively led to changes in farming practices (Ali et
al. 2018). Approximately 36% of farmers apply fertilizers (Table 1.1), but actual rates, frequency, and
application periods are not well described in large-scale surveys. Nevertheless, a recent trend is that

farmers prefer foliar fertilizers whose contents could not be ascertained during the survey.
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Figure 1.3: Diversity of tree species in West African cocoa fields. # is the number of surveyed cocoa
fields.
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Figure 1.4: Relative importance of different cocoa pod husk management options undertaken by farmers
in West Africa. n is the number of surveyed cocoa fields.

1.3. Sketching ISFM in cocoa

1.3.1. ISFM as a path to sustainable cocoa intensification
Large cocoa yield gaps are prevalent in West African cocoa production systems and are caused by
several intricately linked factors (Wessel and Quist-Wessel 2015; Asante et al. 2022; Daymond et al.
2020). The absent or limited nutrient supply to compensate for continuous offtakes has been identified
as the primary cause of low productivity (Baah et al. 2011). Therefore, an adequate nutrient supply is a
logical first entry point to maintain and improve cocoa yields. However, fertilizer application rates
should not cause adverse environmental effects. Hence, ISFM is an appropriate paradigm to increase

cocoa yields sustainably.

Increasing yields and maximising nutrient use efficiency of applied nutrients are the goals of ISFM in
cocoa. The expected yield increase leads to better incomes and livelihoods for smallholder cocoa
farmers. The causal chain further suggests that improved livelihoods will reduce pressure on remnant

forest areas and contribute to reverting the current trend of forest loss and land degradation due to cocoa

13
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cultivation. This hypothetical scenario falls under the “land-sparing” approach to sustainable

intensification and forms the rationale of the CocoaSoils programme (Box 1.1).

Land tenure and
labour market

| Poor germplasm |

Input market
<_

| Nutrient mining | | Poor management |

—>| Climate change |
Poor yields | | Low cocoa price |
Deforestation

A

Low income

—>| Cocoa abandonment Ii

Cocoa expansion

Sustainable intensification of cocoa framed around ISFM

“The overall objective of CocoaSoils is a sustainable cocoa supply sector with increased
productivity of cocoa farms, efficient use of agricultural inputs and improved rural
livelihoods while reducing the risk of cocoa-driven deforestation. The main focus of the
project includes development of relevant ISFM products...

The CocoaSoils Initiative is therefore built around the lack of appropriate knowledge on
fertiliser recommendations (commonly considered as part of ISFM), other agronomic
components and practices, and also includes the use of improved disease-tolerant
germplasm and the use of other amendments....

The CocoaSoils Theory of Change is therefore constructed around the demand for R4D
products required to intensify cocoa production which in turn will increase productivity of
cocoa on existing cultivated land, increase incomes of smallholder cocoa farmers and help
reduce pressure on forests.”

CocoaSoils monitoring, evaluation and learning plan (internal document)

Box 1.1: Causal diagram of the low cocoa productivity in West African smallholder cocoa farms (top)
and the theory of change in the CocoaSoils programme’s framework (bottom).
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1.3.2. Missing links in cocoa ISFM
Some studies provide recommendations on soil fertility management in cocoa, insisting on the use of
organic amendments, mineral fertilizers, or both (e.g., Dogbatse et al. 2021; Amponsah-Doku et al.
2022). However, disagreements on the current methods to assess cocoa nutrient requirements revealed
a serious knowledge gap (van Vliet and Giller 2017) and questioned the existing blanket fertilizer
recommendations. Appropriate knowledge of soil fertility to inform about proper fertilizer

recommendations is a logical entry point of ISFM in cocoa (Box 1.1).

The central principle of ISFM is to combine organic and mineral nutrient inputs, but such a requirement
is taken for granted and has yet to be evaluated in tree crops. For instance, litter production is abundant
in mature cocoa, roughly estimated at 5 Mg DM ha! year! (Hartemink 2005). The large amount of litter
questions the relevance of further supply of organic inputs, especially when availability is limited.
Likewise, there are conflicting opinions regarding the optimal management of cocoa pod husks.
However, the implications of current farmer practices (including husk abandonment in piles) on
temporal nutrient immobilisation are largely unknown. Overall, the array of ISFM recommendations
may only be suitable for some cocoa production systems, and selecting the most relevant to a context is
not straightforward. Therefore, it is fundamental to evaluate the principles of ISFM and how to

implement them coherently in existing smallholder cocoa production systems.

1.4. Objectives and outline of the thesis
As part of the CocoaSoils programme, this thesis aims to better understand nutrient cycling in existing
smallholder cocoa farms and explore the biophysical potential of ISFM to enhance current yields and
nutrient use efficiency. Both the theory and practice of ISFM are examined. Three research questions

were addressed:

e Do the principles stated in ISFM apply to existing smallholder cocoa production systems in
West Africa (Chapter 2)?
e How much N, P, and K is recycled through selected organic residues generated in cocoa farms

(Chapters 3 and 4)?
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e Under current farmer management, what is the expected yield response to fertilizer application

in mature cocoa fields (Chapter 5)?

In Chapter 2, a comprehensive description of carbon and nutrient stocks and flows in cocoa is proposed
to identify knowledge gaps in empirical studies and to evaluate how ISFM principles are aligned with
the generic characteristics of tree crop systems. The application of each ISFM principle in cocoa is
further discussed, considering the current knowledge and resource availability in smallholder farms. An
outcome of the review is the importance of the above to below-ground transfers. Therefore, factors
influencing nutrient mobility in litter and in decaying cocoa pod husks during decomposition are

assessed in the subsequent chapters.

Chapter 3 focuses on litterfall over which farmers have little control, whereas Chapter 4 is concerned
with cocoa pod husks which can be manipulated to some extent. Two hypotheses are tested: (a)
macrofauna modifies dynamics of nutrient losses from the litter layer, and (b) rainfall regime determines
nutrient losses from abandoned piles of cocoa pod husks. The significance of these losses for cocoa

nutrition is discussed.

There is a panoply of ISFM practices of which fertilizer application represents the fastest way to offset
negative nutrient balances and potentially increase system productivity. The yield increase in response
to the application of fertilizer N, P and K is evaluated in Chapter 5 using an ongoing on-farm experiment.
Finally, the general discussion (Chapter 6) integrates the various findings, which are placed in the wider

perspective of alternative paths to the sustainable intensification of cocoa.
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Abstract

Integrated Soil Fertility Management (ISFM), focused on making efficient use of mineral fertilizers and
organic resources to enhance crop productivity is a widely-accepted approach in arable cropping systems
in Africa. The core principles of ISFM are: (a) the use of improved germplasm; (b) management
according to sound agronomic principles; (c) alleviating local site and soil constraints; (d) efficient use
of mineral fertilizer; and (e) the use of organic resources. Here, we explore to what extent the principles
of ISFM are relevant in cocoa production. Our analysis highlights the large amounts of carbon and plant
nutrients that circulate within a mature cocoa plantation, with positive effects on maintenance of soil
organic matter and other soil properties and consequences for nutrient availability. The lack of flexibility
in renewing germplasm in mature plantations — unless for replanting — prevents smallholder cocoa
farmers from reaping the full benefits of implementing the other components of ISFM. Attention to
pruning and crop sanitation is key to ensuring healthy and nutrient-responsive cocoa trees. The very
nature of tree crop systems complicates accurate assessment of nutrient needs. A simple model is
introduced to calculate additions of nutrients needed for balanced nutrition of cocoa based on nutrient
removal. Recycling of cocoa pods is important to reduce nutrient removal. Beyond this, few organic
resources such as compost or feedstock for biochar are available for use on cocoa in smallholder
production systems. Insufficient knowledge of the tree physiology and poor understanding of the
impacts of combinations of practices are major barriers to derive generic guidelines for nutrient

management in cocoa.

Keywords: perennial crops; agroforestry; carbon stocks; nutrient recycling; soil fertility; biochar;

compost.
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2.1. Introduction

Yields of cocoa (Theobroma cacao L.) in West Africa, the heartland where more than 70% of the
world’s cocoa is produced, have stagnated around 400-500 kg ha! (Wessel and Quist-Wessel 2015), a
tenth of what is possible (Asante et al. 2022). Declining soil fertility has been highlighted as a major
constraint to cocoa production (Hartemink 2005). Substantial nutrient inputs are needed to replace
nutrient offtakes and maintain productivity (van Vliet and Giller 2017). Concurrently, there are calls for
more ‘regenerative’ approaches in cocoa production, to reduce the C footprint by enhancing C storage
and reducing greenhouse gas (GHG) emissions and to safeguard soil health and to protect and enhance
biodiversity. Maintaining and enhancing ‘soil health’ and soil fertility in cocoa production systems is an

important challenge (Amponsah-Doku et al. 2022).

With regard to annual cropping systems, a consensus has emerged around the approach of integrated
soil fertility management (ISFM) which is a “set of soil fertility management practices that necessarily
include the use of fertilizer, organic inputs and improved germplasm, combined with the knowledge of
how to adapt these practices to local conditions” for improved nutrient use efficiency and productivity
(Vanlauwe et al. 2010). The goal of ISFM is to maximize nutrient use efficiency of applied nutrients,
and thereby to ensure adequate nutrient supply for crop growth, maintain soil fertility, and prevent
nutrient losses to the environment. The approach focuses on five components: (a) the use of improved
germplasm; (b) management according to sound agronomic principles; (c) alleviating local site and soil
constraints; (d) efficient use of mineral fertilizer; and (e) the use of organic resources. Together these
five principles aim to maximize the agronomic use efficiency of the applied nutrients and improve crop
productivity. There is now an established body of ISFM research in arable crops (Bationo et al. 2007,
Matusso et al. 2014; Mugwe et al. 2019; Vanlauwe et al. 2017; Vanlauwe et al. 2015a), but ISFM is yet

to be evaluated for perennials.

In cocoa production systems in West Africa, farmers use limited amounts of fertilizer, or none at all.
Cocoa farmers often rely on the so-called ‘forest rent’ (Ruf et al. 2015) which is the native fertility of

soil after forest clearance; but this is not a sustainable practice, as nutrients are removed from the system
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without being replaced (Appiah et al. 1997; Smaling et al. 1997). Improving soil fertility in cocoa
through ISFM could contribute to sustainable intensification (Pretty 2008) and increased carbon storage
in cocoa plantations when shade trees are maintained. But to the best of our knowledge, no study has
adapted and tailored the principles and practices of ISFM for perennial cropping systems and in
particular to cocoa production systems. Adapting ISFM for perennials is challenging because trees differ
from annual crops in several important ways. These include, among others, a larger biomass
accumulation, the presence of a thick litter layer, a large internal nutrient storage capacity and
physiological mechanisms that result in delayed responses, and a long period between replanting cycles.
It is likely that these differences will affect how ISFM principles and practices translate to tree crop

systems.

The few studies of ISFM in tree crop systems have focused on coffee (Chemura 2014), coconut (Margate
et al. nd), and various fruit tree species (Srivastava 2020). All highlighted the benefits of combining soil
amendments, organic inputs, and mineral fertilizers. In cocoa, the term ISFM has been used to
emphasize the use of organic residues, including the pod husks, and their combination with synthetic
fertilizers to increase productivity (Fungenzi et al. 2021; Ogunlade and Orisajo 2020; Quaye et al.
2021a). While these studies have examined responses of tree crops to organic and mineral fertilizers,

the theoretical basis of ISFM in perennial crops remains unexplored.

The aim of this review is to explore how the concept of ISFM matches with systemic characteristics of
perennial crops, and how it can further be operationalized (Figure 2.1). Given the above, central
questions are: (a) What components of ISFM are relevant to perennial cropping systems?; (b) How does
nutrient and carbon cycling operate in such systems?; and (c) What nutrient and organic matter
management interventions are needed in the short and long-term? We explore these questions by
providing a mechanistic insight of carbon and nutrient cycles in tree crops with a focus on existing
smallholder cocoa production systems in West Africa whose characteristics are described elsewhere
(Bymolt et al. 2018a; Daymond et al. 2022). This paper is organized in three broad sections. First, we
evaluate differences between annual crops and perennial cocoa that require a reinterpretation of the

ISFM concept. Second, we assess the key components of the nutrient (N, P, K) and carbon cycles in
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cocoa. Third, we discuss how these insights might shape the application and practice of ISFM in

perennial cocoa systems in future.
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Figure 2.1: Two aspects of ISFM in cocoa: (a) Pruning residues and uninterrupted litterfall in mature
cocoa plantations ensure continuous carbon and nutrient flows to soil, questioning the relevance of
further organic input application as stated in ISFM principles. Cocoa pod husks (b) abandoned in piles
at a fringe of a plantation highlight trade-offs between nutrient recycling, spread of pod-borne diseases,

and labour requirements.
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2.2. Principles of ISFM in perennial cropping systems

There are multiple ways in which perennials differ from annuals, and some of these strongly affect the
principles and practices of ISFM. Key ISFM-related characteristics of perennials include: (a) the
production cycle and the associated biomass accumulation; (b) the deep and extensive root system with
access to a large volume of soil; (c) the modified micro-climate and the subsequent soil protection; (d,
e) the large recycling of leaf litter, its impacts on soil organic matter (SOM) accumulation and associated
soil biological activity; and (f) the uninterrupted carbon and nutrient cycling. In addition, (g)
agroforestry is a common practice among cocoa smallholder farmers which further implies tree-tree
interactions. These characteristics are discussed in detail below, while Section 3 is exclusively dedicated
to carbon and nutrient cycling in the cocoa agroecosystems. The connection with ISFM practices is
explored in Section 4. We anticipate that the implementation and the outcomes of ISFM are age-

dependent in tree crops, but hereafter, unless explicitly specified, we mainly focus on mature cocoa.

2.2.1. Production cycle and biomass accumulation in cocoa

The lifespan of individual plants and of the production cycles are probably the most striking differences
between annual crops and tree crops. This has implications for above- and below-ground biomass
(carbon) accumulation and for the long-term perspective of crop management, which are both key
aspects of ISFM. Similar to other perennial crops such as oil palm (Woittiez et al. 2017), the life cycle
of cocoa trees is characterized by three main phases: establishment, the mature phase, and ageing/
production decline (Niemenak et al. 2010). In the early stages, the relative growth rate increases rapidly
as vegetative organs are formed. Leaves appear in successive flushes on the main stem and later on fan
branches following jorquette® formation, while apical growth is ensured by staggered chupon*
development. The establishment phase lasts about 3-5 years (Asante et al. 2017; Quaye et al. 2021a)
during which water stress can lead to high mortality rate under rainfed conditions (Acheampong et al.

2019; Padi et al. 2013). High planting densities and replacement are often adopted by smallholder

3 The “point at which the vertical stem changes to fan growth on the cocoa tree” (Wikipedia)
4 A basal shoot sprouting from the main stem, usually undesirable
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farmers to mitigate establishment stress, which has implications on tree growth and tree density at later
stages in the life of the plantation. Management practices, especially formation and structural pruning
operations strongly regulate tree height, canopy shape and volume, vegetative growth, and carbon and
nutrient cycling within the system. Whether grown in full-sun or in agroforestry systems, cocoa requires
shade during establishment which is provided either by companion crops such as banana or plantain,
planted trees (often leguminous species such as Erythrina spp. or Gliricidia sepium (Jacq.)), or remnant
forest trees that are selectively thinned. Hence during establishment, the net primary productivity (NPP)
of cocoa is marginal and the standing biomass depends more on the existing vegetation or the planted

temporary shade.

After establishment, cocoa biomass increases steadily during the immature phase and asymptotically
levels off to plateau around 8-20 years after planting (Figure 2.2a). During the mature phase, biomass
remains relatively stable, in part due to pruning. In Ghana, Dawoe et al. (2010) found a significant
increase of stem diameter, leaf litterfall, and litter stock from 3 to 15 years, but differences between 15
and 30 year old plantations were insignificant. Depending on the germplasm, cocoa pod production
starts 2-6 years after planting, and follows successive phases of increase, plateau and decline (Obiri et
al. 2007). These generic growth patterns are highly modulated by environmental resources (mainly water
and nutrients), and management, especially pruning. In mature plantations, the cocoa canopy is closed
which maximizes the amount of radiation intercepted. There is no evidence that photosynthesis rate per
unit leaf area declines with tree age (de Almeida et al. 2018). However, reducing factors such as pests
and diseases become more prevalent (Juhrbandt et al. 2010) which potentially constrain NPP (Santoso
and Zakariyya 2019). In mature cocoa, NPP stabilizes at variable rates and stocks, as a result of long-
term management. Since tree root biomass is often predicted from above-ground biomass (Waring and
Powers 2017), the root biomass of tree crops is also expected to increase until tree maturity, and stabilize

thereafter.
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Figure 2.2: Above-ground biomass in cocoa trees and its partition between leaves and wood. (a) Age-
dependence of above-ground biomass of individual cocoa trees grown under various conditions; a single
value above 200 kg DM tree! (Morel et al. 2019) was omitted. (b) The relationship between leaf to
above-ground biomass ratio and age of individual cocoa trees. In both panels, each colour represents a
distinct dataset. Estimation methods were both destructive (solid symbols) and non-destructive (open
symbols). A fitted piece-wise linear-plateau regression (estimate + 95% confidence interval) shows that
leaf to above-ground biomass ratio decreases from 0.50 in seedlings to about 0.10 at 08-10 years, and
stabilizes thereafter. The data were obtained from eleven publications (Asigbaase et al. 2021a; Beer et
al. 1990; Fisher 2018; Isaac and Kimaro 2011; Isaac et al. 2007b; Jaimez et al. 2018; Leuschner et al.
2013; Morel et al. 2019; Calvo Romero 2018; Smiley and Kroschel 2008; Subler 1994) and two
unpublished studies that used destructive sampling methods in Cote d'Ivoire and Nigeria (courtesy
Ambra Tosto and Olusade A. Ajibona).

26



The paradigm of ISFM in perennials

2.2.2. Root system: size and distribution

Most annual crops are known for their shallow roots, unlike deep-rooted trees. For instance, the effective
rooting depth of maize is often less than 80 cm (Kayser et al. 2012), and much less in presence of soil
physical or chemical constraints. By contrast, tree root systems tend to be deeper to ensure physical
anchoring, acquire water from deeper layers, and take up more nutrients for some species (Callesen et
al. 2016). At seedling stage, a ring of lateral rootlets emerges from the nascent tap root of cocoa tree,
and grow superficially (maximum 1 m depth), spreading up to 4-6 m from the stem within 4-6 years. In
mature cocoa trees, tap roots are massive, representing up to 84% of the total root system biomass (Carr
and Lockwood 2011). Tap roots are usually 1-1.5 m deep (Dand 2011; van Vliet and Giller 2017), but
can reach 2.5 m in well drained soils (Mommer 1999). They usually play a marginal role in nutrient and
water uptake (Hartemink 2005), but can absorb water from deep soil horizons under dry conditions
(Dand 2011). Cocoa trees are characterized by a shallow root activity (Lehmann 2003) with more than
50% of the fine roots located in the surface 0-30 cm of the soil (Abou Rajab et al. 2018; Borden et al.

2019).

Despite their shallow root activity, cocoa trees efficiently explore horizontal space. Average diameter,
root biomass density, and specific root length of fine roots measured at three distances from the cocoa
stem (below, at the dripline, and beyond the tree canopy) showed no significant difference in various
cocoa production systems (Niether et al. 2019). The average root system length was 2.9 =+ 1.42 m from
the tree base in a 3 m x 3 m spaced cocoa plantation (Nygren et al. 2013), with a complete overlap with
roots of adjacent trees. Fine root (<2 mm) biomass of cocoa trees ranges from less than 1 to 3.55 Mg DM
ha’!, across studies (Mufioz and Beer 2001; Nygren et al. 2013). Unless tree density is critically low,
cocoa fine roots are thus well distributed horizontally to intercept and capture nutrients and water. The
permanent presence of tree root systems further minimizes nutrient losses through leaching from the
topsoil. However, pruning may decrease root uptake activity as observed in other species (Peter and

Lehmann 2000), although this has not been evaluated in cocoa.
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An extensive and dense root system increases plant uptake capacity and soil water holding capacity, and
thereby reduces risks of excessive drainage and leaching. Therefore, nutrient losses are thought to be
minimal in tree crop systems, with N losses through leaching estimated to be 30-50 times less in
perennials than in annuals (Zhang et al. 2011). In the light of the relative superficial rooting depth of
cocoa, variations in cocoa production systems, management practices, and nutrient mobility, studies to

assess nutrient losses through leaching and erosion in cocoa are required.

2.2.3. Permanent soil cover

The closed canopy of cocoa plantations significantly modifies and buffers the micro-climate, especially
air temperature and relative humidity (RH), more so in the increasing complexity of cocoa agroforestry
systems. In cocoa, annual litter inputs range from 2 to 20 Mg ha™! (Hartemink 2005; van Vliet and Giller
2017) which further protect the soil against high temperatures and desiccation (Sari et al. 2022). Mean
daily air temperature under canopy of different cocoa production systems was found approximately 3°C
less than in open space in Ghana (Asare et al. 2017). In addition, relative air humidity and temperature
at ground level were relatively stable in Cameroon, with daily records in the range of 29.5-33°C and 68-
78% for the most fluctuating system (Saj et al. 2021). The potential benefits of the litter layer with
respect to improved water infiltration into the soil, reducing surface run-off and soil erosion, and its
overall effect on water balance remain poorly evaluated in cocoa. Nevertheless, Niether et al. (2017)
noted high seasonal variations (about 41% at 0-10 cm depth) of the volumetric water content in the
topsoil under cocoa, which was also influenced by amount of shade cover and plantation management.
Soil under mature cocoa benefits from a protected environment, and is less exposed to moisture and

temperature fluctuations, which favours biological activity.

2.2.4. Soil biodiversity

Soil biodiversity under tree crop systems and agroforestry is strongly determined by the specific habitat
created by the trees (Marsden et al. 2020), especially the tree phenology (e.g. deciduous nature, root

turnover rate). As a consequence of the protection offered by the litter layer and minimal physical
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disturbance of the soil (e.g. tillage, compaction) and high C inputs, the abundance and richness of soil
fauna were similar in cocoa agroforestry systems and in natural forest in Brazil (da Silva Mogo et al.
2009). Microbial biomass is also positively impacted by continuous C inputs through litterfall. In cocoa
agroforestry systems in Brazil, the microbial biomass carbon (MBC) averaged 265 mg kg™! soil (Zaia et
al. 2012). More abundant MBC was recorded in Bolivia (in the range of 300 to 800 mg kg™') especially
in complex cocoa agroforestry systems (Alfaro-Flores et al. 2015). However MBC is not correlated with

microbial activity (Zuber and Villamil 2016).

An advantage of low soil disturbance is an increased diversity of the fungal community and the
consolidation of its structure (Mbuthia et al. 2015; Cho et al. 2017). As compared with forest soil,
increased abundance and diversity of arbuscular mycorrhizal fungi (AMF) has been observed under
cocoa (Edy et al. 2019) which presumably facilitates P uptake. Positive effects of AMF colonization
have been demonstrated on cocoa seedlings (Aggangan et al. 2019a; Aggangan et al. 2019b), and we
assume that the same may apply to mature plantations. Fungicide application is common in cocoa, which
may be detrimental to soil fungi, particularly if persistent chemicals such as blue or red copper are used
(Afolabi and Muoghalu 2018). The suggested adverse effects of fungicide application on soil lack

empirical evidence (K&hkola et al. 2012; Norgrove 2007).

Another consequence of low disturbance is the stratification of the soil organic layer (Barreto et al.
2011), which is counterbalanced by the activity of invertebrates contributing to bioturbation of the soil
surface horizons. Soil physical characteristics including increased aeration and hydraulic properties due
to greater porosity are advantages of macrofauna activity. Soil bulk density is significantly less in
complex agroforestry systems than in cocoa monoculture (Niether et al. 2020), more so when comparing
cocoa to arable lands. Besides effects on soil physical properties, soil biological activity influences the

formation of soil organic matter.

29

Chapter 2



Chapter 2

2.2.5. SOM under cocoa

Soil organic matter (SOM) contents are the result of their initial value (dictated by previous land-use),
the subsequent flow of C inputs (mainly related to management), and the decomposition rate which is
modulated by soil texture (Six et al. 2002), aeration, temperature, pH, moisture regime, and decomposer
communities. SOM contents usually do not exceed saturation thresholds (Stewart et al. 2007) which are
strongly influenced by the soil texture (Feller and Beare 1997) but are difficult to predict. During
establishment of cocoa production systems, SOM decreases are recorded upon forest opening, but
thereafter usually increase, up to or close to the contents found in adjacent secondary forests (Dawoe et
al. 2014; Norgrove and Hauser 2013; Saputra et al. 2020). As with litterfall, cocoa has a large fine root
biomass production (approximately 2.9-3.3 Mg ha™! year! in 10 year old plantations) with high turnover
rates (Mean Residence Time, MRT of 6-9 months) (Hertel et al. 2009). During the establishment phase,
this abundant input of annual carbon contributes to progressive SOM build-up until the maturity phase.
A recent meta-analysis on a global scale found soil organic carbon (SOC) contents in the top soil at
1.7 £ 0.5% in various cocoa production systems (Niether et al. 2020). Forest conversion to plantation
and arable crop generally implies a SOC decrease by less than 20% and more than 40% respectively
(Guo and Gifford 2002). Arable crop productivity is often associated with nutrient mineralization from
SOM, especially in SSA where SOC contents are less than 1.1% in general (Lorenz et al. 2019) and
rates of fertilizer use are limited. There is no data available on SOM changes associated with land-use
conversion from arable to cocoa, which we suspect to lead to progressive SOM increase. Given the
above mentioned characteristics, we may conclude that generally speaking, soil under tree crops
contains more SOC than under annual crops (Schroth et al. 2001). The soil degradation sometimes
attributed to cocoa cultivation presumably occurs where cocoa is established on previously forested land

(Ruf et al. 2015).

2.2.6. Continuous carbon and nutrient recycling

Perennial systems like cocoa are characterized by continuous internal cycling of carbon and nutrients.

In most annual cropping systems of the tropics, dry seasons mark cyclic interruptions of plant growth
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both above- and below-ground. By contrast, cocoa trees only partially shed their leaves during the drier
parts of the year. The superficial lateral root system may undergo a relative quiescence, but does not dry
out, while the tap root is more important for water uptake from deep soil horizons. These features
structurally reduce opportunity for nutrient leaching. Likewise, during drought, soil biota benefit from
water recharge from deeper horizons, as evidenced by soil and litter CO; efflux measured in cocoa
agroforestry systems (van Straaten et al. 2010). This hydraulic lift (Alagele et al. 2021) is potentially

improved if shade trees associated with cocoa have deeper root systems.

2.2.7. Agroforestry

Agroforestry is a common practice in cocoa, and a necessity during the immature phase as the seedlings
cannot tolerate full sun. With mature plantations, the continuum of cocoa production systems ranges
from monocrop to complex agroforestry systems. In its simplest form, agroforestry is cocoa intercropped
with a single or limited fruit/service tree species, with regular planting patterns. Leguminous species
add the advantage of fixing atmospheric nitrogen. More complex cocoa production systems comprise
various tree species, including forest remnants, and planted (indigenous and/or exotic) species, in

general with low cocoa tree densities.

Agroforestry may have multiple benefits and trade-offs related to the utilization of key resources: light
(Agele et al. 2016), water (Moser et al. 2010), and nutrients (Isaac et al. 2007b). It also affects other
aspects of production such as incidence of pest and diseases, biodiversity conservation, and soil
characteristics (Niether et al. 2020). In cocoa agroforestry systems, C accumulation in the associated
trees occurs at the expense of cocoa trees. In general, photosynthesis rate and leaf area of cocoa trees
are limited at increasing shade levels. Plasticity in these characteristics has been observed, modulated
by genotypic traits (Acheampong et al. 2013). Water and nutrient use are complementary when shade-
trees develop deeper root systems which reduces the effect of competition with cocoa roots in topsoil

(Niether et al. 2017).
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One key benefit of agroforestry is the opportunity to include N»-fixing leguminous tree species in the
system. Biological nitrogen fixation (BNF) adds highly variable amounts of N (tens to hundreds kg N ha
'year!) to agroforestry systems, depending on the density of Ny -fixing trees, the pedoclimatic
conditions, management, and tree physiology (Isaac and Borden 2019). Although the amounts of N,
fixed may be substantial, the contribution to cocoa N nutrition is likely to be modest: only 0 to 24% of
the legume N coming from nitrogen fixation was transferred to cocoa trees, as measured in rare studies
reviewed by Munroe and Isaac (2014). In addition, experimental trials tend to adopt high densities of
leguminous trees (69-428 trees ha') (Abou Rajab et al. 2016; Bai et al. 2017; Leuschner et al. 2013).
By contrast, cocoa agroforestry systems managed by smallholders across continents tend to be more
complex, with fewer legume trees and more utilitarian species (Cerda et al. 2014; Sari et al. 2020; Sonwa
et al. 2019). Therefore, to evaluate the contribution of leguminous species to cocoa agroforestry, studies
need to be scaled-up at field level, and N-transfer rates should be adjusted for actual tree densities and

pruning practices as implemented in farmer-managed cocoa plantings.

2.3. Carbon and nutrient cycling in cocoa

In order to maximize nutrient use efficiency, which is a central goal of ISFM, a thorough understanding
of nutrient cycles in the agroecosystem and the identification of potential bottlenecks towards improved
crop nutrition are required. Here, we highlight the ecological mechanisms that are critical to cocoa
nutrition and potentially guide crop management. First, we describe carbon (C) and selected nutrient (N,
P, K) cycles for generic mature cocoa trees and their immediate surrounding, regardless of the presence
of weeds or associated trees (other crops and shade trees). To do this, we build on an earlier schematic
representation of nutrient cycling in cocoa (Hartemink 2005). Secondly, we review specific flows of C
and nutrients in relation to crop nutrition. Since C and N cycles are tightly coupled in many respects,
the C cycle is considered first. The P and K cycles are only discussed to highlight unique characteristics.
When possible, we infer values for unmeasured components of the cycles to compensate for data

scarcity.
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In Figure 2.3, generic stocks or pools (boxes) and flows or fluxes (arrows) in soils (adapted from
Hartemink 2006, p. 184) are extended to cover the above-ground part of the agroecosystem. Three types
of flows are distinguished: the above-ground flows, the below-ground flows, and internal flows within
the cocoa. The first two flows are external to the trees. The main entry-points are atmospheric CO», soil
minerals and fertilizers for nutrients. Carbon enters the system through photosynthesis in the leaves and
is lost through respiration in the plant, removal of plant materials, and by decomposition of organic
matter and minor losses via erosion and leaching. Wet and dry deposition add small amounts of N to the
system, and further P and K are gained through weathering of soil minerals. These inputs can be
substantially complemented through organic and/or mineral fertilizer application. Nutrient exports occur
by means of harvesting (beans and sometimes whole pods) and losses. Losses such as burning of organic
materials and removal of other tree parts (e.g. branches for firewood) are infrequent or marginal, and

are not included in the scheme.

2.3.1. Internal and external C and nutrient cycles

In the next paragraphs we discuss the internal cycles (within the cocoa tree) and two external cycles:
above-ground and below-ground. Wherever possible, we have quantified the magnitude of the stocks

and flows in the cocoa system (Table 2.1).
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The paradigm of ISFM in perennials

2.3.1.1.  The cocoa tree internal cycle

We mainly consider nutrient uptake via fine roots, although some foliar absorption of nutrients also occurs
in cocoa (de Souza Junior et al. 2019). Nutrients are channelled from the roots through the vascular system
to aerial organs for maintenance, growth, and various metabolic functions. Carbon and nutrients from leaves
and fine roots are recycled within the system (Figure 2.3). Growth of other organs (either vegetative or
reproductive) is a permanent sink of C and nutrients, as accumulation results in substantial immobilization.
Since metabolites are synthesized, translocated and utilized or stored in various organs, C and nutrients that
are not part of structural materials are potentially redistributed within the tree (Figure 2.4). An important
feature of trees is that considerable amounts of carbohydrates and other metabolites are purposively stored
to buffer future stresses including limitation of the photosynthetic capacity, bud burst, defoliation after
drought event, etc. To capture this complexity, we create a virtual pool (i.e. the cocoa reserve pool) in

Figure 2.3 that represents these non-structural and available products.

This reserve pool is physically split among bark and sapwood of stems, branches, tap and lateral coarse
roots, but also in twigs and leaves (or shoots). Non-structural carbohydrates, proteins, free amino-acids,
polyphosphates, and phospholipids are common forms of storage (Chapin et al. 1990). Both short-term and
long-term storage co-exist, which can either be active or passive (Dietze et al. 2014). A well-documented
mechanism of nutrient reallocation in tree species is resorption from leaves during senescence (Brant and
Chen 2015), adding nutrients to the reserve pool. Resorption efficiency is often measured in foliage only,

and thus there are no estimates from cocoa fine roots despite their presumably rapid turnover.
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Figure 2.3: Carbon and nutrient cycling in a mature cocoa plantation. Flows of mainly organic carbon
(blue), nutrients (green), and both (C and nutrients) are shown in relation to the cocoa tree only. Internal
flows linking the various tree organs to the conceptual reserve pool are not represented here, but further
detailed in Figure 2.4.
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»| Recent hardwood > Old hardwood

---»| Sapwood || Avail.Cand nutrients [¢—p| Leaves & fine roots

A

Reproductive organs

Figure 2.4: Simplified representation of flows of C and nutrients within the cocoa tree. Available assimilates
and nutrients (newly formed/absorbed or products of resorption) originate from leaves and roots (resource
acquisition), and are distributed to all organs for maintenance, vegetative growth (fine roots, leaves and
wood), reproductive growth, and/or storage in vegetative organs. The stored products can sooner or later
be remobilized for the same metabolic purposes if supply is less than demand (e.g. soil nutrient deficiency,
reduced photosynthesis under low radiation, after defoliation, or water stress). A hypothetic mechanism for
tree resilience involves remobilizing resources from heartwood in case of extreme events (dash line).
Vegetative growth, especially wood growth increases storage capacity while leaf flushing and fine root
growth increase assimilation capacity. Stored products are irreversibly immobilized in hard wood, which is
also considered as part of wood growth. Regulatory mechanisms (sink competition and source-sink
relationships) are not represented here.

2.3.1.2.  The external above-ground cycle

The external nutrient cycling includes C and nutrient transfer from plant to soil through litterfall, pruning,
rain-wash, and cocoa pods and husks that drop from the tree or are returned to the soil after harvest. The
passage of nutrients through the litter layer represents a main transitory step with nutrient MRT varying
with the mobility of each element. Thus, N and P experience much longer MRT than K since the latter is
mostly present in the vacuole and is released much sooner, when cell wall breakdown is initiated or during

rain-wash (Hougni et al. 2021). The MRT of P in the litter layer is thought to be longer than that of N due
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to strong immobilization of P in tropical soils (Bai et al. 2022); however findings are inconsistent (Fontes

et al. 2014), possibly due to differences in methodology.

Carbon lignification and abundance of polyphenols in residues control the breakdown of organic material
and the release of most macronutrients. Initial litter quality is modulated by intensity of pruning, nutrient
resorption efficiency for fallen vegetative organs, and management of reproductive organs (pod husks and
mummified pods). Specifically, management of cocoa pod husks can either increase nutrient losses (if
removed from the field), amplify spatial heterogeneity (if abandoned in piles after beans extraction), or
promote nutrient transfer to the soil (if incorporated after beans extraction). If applied, organic fertilizers
further enlarge the size of the nutrient pools in the litter layer. The extent to which mineral fertilizers can
alter the decomposition rate of litter is still unclear and hard to predict (Camenzind et al. 2018; Knorr et al.

2005), but it is probably negligible when nutrients are applied in a ring around the stem, as recommended.

2.3.1.3.  The external below-ground cycle

Carbon and nutrient cycles are poorly studied below-ground, mainly due to methodological limitations.
Nutrients mainly flow from various sources (above-ground litter and SOM decomposition, adsorption-
desorption from soil particles, rain-wash and percolation, mineral weathering, fertilizer application) to the
soil solution and to roots. Conversely, carbon flows from roots to soil (exudation, root litter decomposition),
and from litter to soil to fuel biological activities. Fast nutrient transfer to the soil solution originates mainly
from mineral fertilizers when applied, but also from products of rain-wash and atmospheric deposition that
have been enriched when passing through the litter layer. Slow and steady nutrient supply to the soluble
soil pool is ensured by the exchange with the cation and anion exchange complex and organic matter
decomposition, complemented by weathering of soil minerals, and long-term release from organic inputs.
Microbial mediation in the soil-root interactions is omitted in Figure 2.3, for simplicity. Vertical nutrient
transfers between soil layers include percolation and capillary rise of soil solution, and activity of soil biota

(e.g. termites). Nutrient losses in the soil are due to run-off, soil erosion, leaching, denitrification and
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volatilization, with occasional gaseous losses when fires occur. For simplicity, only leaching is included in
Figure 2.3, as this is the most studied process. Soil hosts the most complex processes linked to C and
nutrient cycling; but simplification has often led to focus on above-ground litter and SOM decomposition,

overlooking the bidirectional root-soil interactions, including root nutrient absorption.

2.3.2. Quantification of key stocks and flows

The overview of the cycles prompts to two main questions: (a) what are the largest stocks and flows, and
(b) which are the most conducive to increase cocoa NPP in general, and crop yield in particular? Table 2.1
summarizes major C and nutrient stocks and flows in cocoa agroecosystems. On average, the largest
quantified pools of C and nutrients are soil (with 30 Mg C ha'! in 0-30 cm depth), cocoa tree above-ground
biomass (15 Mg C ha!), and cocoa litter (5 Mg C ha™'). Most intense C and nutrient flows include cocoa
litterfall (2.6 Mg C ha! year™), pruning (2.2 Mg C ha' year), and harvest (0.74 Mg C ha! year'). Rain-
wash and atmospheric deposition are less studied, probably because they are modest (Table 2.1) and
strongly depend on location. By contrast, pruning, which potentially induces as large a nutrient transfer as

litterfall (Schneidewind et al. 2018), deserves more comprehensive evaluation.

Detailed data on C and nutrient partitioning among tree organs are less available as they often require
destructive sampling, with large tree to tree variability. Roots, stem and branches, and leaves respectively
accounted for 22-25%, 65-69%, and 9-10% of total biomass of 10-20 year old trees measured in Ecuador
and Cote d'Ivoire (Fisher 2018; Calvo Romero 2018). Mechanistic growth models such as SUCROS-Cocoa
(Zuidema et al. 2005) rely on empirical allometric relations to allocate assimilates among tree organs, which
can be updated as more data become available (e.g. Figure 2.2b). For example, in a semi-quantitative
diagram, Dand (2011, p. 44) allocated 2-3 times more carbohydrates to vegetative growth (especially stem
growth) than reproduction in a 15-year old cocoa tree. However, a comparison across studies reveals some
plasticity in NPP partitioning (Figure 2.5). In most systems, 40-60% of NPP is allocated to pod formation

while total NPP was found to be in the range of 3-15 Mg ha™! year™! in the compiled dataset. Large variations
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in NPP and its partitioning make it challenging to identify generic and accurate allometric relations among

tree organs that help to quantify reallocation of assimilates.

Estimating nutrient uptake by cocoa trees is not easy. Even if nutrient stocks in soils can be estimated, these
may not help predicting bioavailability or actual uptake by trees. The actual nutrient uptake has never been
measured except in the seedling stage (Oberthiir et al. 2018; Ruseani et al. 2022). In doing so, the effect of
fertilizer application on seedling growth has been demonstrated. In mature trees, measurement of either
nutrient absorption rate (at root level) or uptake (at leaf or even tree level) are more challenging due to tree
size, the time-scale, and inadequate sampling techniques. Accurate assessment of resource capture and
partition within the tree are a bottleneck to advance our understanding of ISFM in cocoa. But simple

measurements in the external cycle such as pruning are possible yet mostly undocumented.

Changes in N:P:K stoichiometry from vegetation to litter and to soil indicate two main features. First, N:K
ratio increases from approximately 1 in trees to 3 in litter, and 6 in soil, indicating K impoverishment in the
external cycle (inferred from Table 2.1). This is likely due to progressive removal by rain-wash (above-
ground) and deep percolation (below-ground). We conclude that either K undergoes a shorter cycle or K
losses through run-off and leaching are probably much higher than reported in previous studies: 1.2-1.5 kg
K ha'! year in absence of fertilizer application (Hartemink 2005). Indeed, since soil structure is modified
during lysimeter installation, and suction cups are too small in size, these studies can only account for
matrix flow, but not for preferential flows. Besides, there are currently no available data on the surface and
subsurface lateral flows, especially at the peak of the rainy season. These limitations may have masked K
losses in previous studies. The second feature is an increase in N:P ratio from 14 in vegetation to 134 in
soil (inferred from Table 2.1) which also suggests strong P limitations in soil. Since it was available P that
was reported, we believe that strong P adsorption in tropical soils, modulated by soil pH, strongly competes
with plant uptake. If these hypotheses are validated, P and K applications should be carefully monitored to

reduce system inefficiencies.
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Figure 2.5: Net primary production (NPP, white circular dots) and its relative allocation between organs
(coloured bars) of cocoa trees (6-50 years old, on the y-axis) in various agroforestry systems, estimated
from literature (Abou Rajab et al. 2016; Leuschner et al. 2013; Morel et al. 2019; Moser et al. 2010). Main
assumptions are as follow: leaves represent 80% of litterfall (unpublished data); pod index is set at 25 (dos
Santos et al. 2018); and cocoa beans represent 50% of whole pod mass (Daymond et al. 2002). Increased C
assimilation is required, but is not sufficient to improve cocoa yields in assessed production systems. Large
NPP allocation to wood is unproductive, and could reflect unexploited potential to increase yields.
Therefore, knowledge to increase NPP allocation to reproductive organs is as important as knowledge to
increase NPP. A modest allocation to leaf biomass characterize the most productive systems, suggesting
high photosynthesis rates at leaf level. Soil nutrient deficiency (which can be materialized by excessive C
investment in fine roots) can limit NPP.

The diversity of tree species in cocoa agroforestry systems implies that the stocks and flows of C and
nutrients are affected by the presence of associated trees. Agroforestry trees contribute substantially to
carbon accumulation and to carbon and nutrient cycling in cocoa agroforestry systems (Table 2.1). Overall,
across cocoa agroforestry systems (from less than 20 shade trees ha™! to more than 200 trees ha™'), the
above-ground C pool of associated trees (28 =33 Mg C ha') is twice as large as that of cocoa trees

(15 £ 11 Mg C ha"). Leaf litterfall from associated trees (1.7 + 1.1 Mg C ha'! year, 65 = 44 kg N ha'! year
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1) is similar to that of cocoa trees (1.4 = 1.1 Mg C ha™! year™, 50 = 55 kg N ha'! year™!). Nevertheless, since
fallen cocoa leaves decompose less quickly, the standing litter C is richer in cocoa leaves (1 = 0.4 Mg C ha
1) than in other tree leaves (0.6 = 0.5 Mg C ha!). Woody materials in the standing litter could be substantial,

so that the total litter amounts to 3.3 + 1.8 Mg ha™..

2.4. Implementation of ISFM in cocoa

In this section, we discuss implementation of the five key components of ISFM in cocoa systems: the use
of improved germplasm and implementation of good agricultural practices; alleviating local site and soil
constraints; mineral nutrition of cocoa (particularly the estimation of correct quantities and application
according to the 4R principles); and the use of organic fertilizer sources from within and from outside of

the plantation.

2.4.1. Improved germplasm and crop management as components of ISFM

Integrated soil fertility management requires the implementation of sound agronomic practices and the use
of improved germplasm that will efficiently make use of organic and mineral nutrient inputs. The use of
suitable cultivars is therefore the first prerequisite for the success of upgraded nutrient management. Major
cocoa producing countries host breeding programs to advance genetic gains (Bekele and Phillips-Mora
2019; Monteiro et al. 2009), but achievements towards yield improvement are poorly documented
(Adebayo et al. 2021; Adewale and Nduka 2020; Edwin and Masters 2005). An important aspect of plant
vigour is the potential benefit of orthotropic over plagiotropic architecture for vegetative propagation,
which is still a disputed question lacking strong evidence (Tovar et al. 2022; Miller and Guiltinan 2003;
Sodré and Gomes 2019). Besides, adoption of improved cocoa planting materials remains marginal among
smallholders (Adebayo et al. 2021). Improved cocoa cultivar dissemination programs have been
implemented in major cocoa producing countries (Edwin and Masters 2005; Umaharan 2018). However,

smallholders mainly obtain seeds through informal channels. As observed in a baseline survey of the
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CocoaSoils program in 2019 over the four major African producing countries, 57% of the 5200 surveyed
cocoa fields managed by smallholders were exclusively planted with seeds obtained from own farms and/or
from neighbours. As a consequence, top-down efforts towards disseminating improved cultivars are often
not effective. Since cocoa plantations are maintained over decades, the majority of current smallholder
farms may not reap the full benefits of ISFM. Applying other best-management practices in such a context

is a clear compromise between ISFM principles and the quest for urgent increase in productivity.

For new and future cocoa plantations, not only planting material, but also good field establishment is
required. Even when nurseries can produce vigorous seedlings as compared to direct seed sowing method,
water and possibly heat stresses are unavoidable during field establishment in rainfed conditions. Drought
stress is prominent in most cocoa production environments, causing 20-55% plantlet mortality
(Acheampong et al. 2019; Ofori et al. 2014). Proper shading of seedlings reduces the severity of drought,
but cannot completely alleviate water stress. This often results in replanting schemes, failure to maintain
intended tree density, and age variation within the plantation. The stress imposed on a seedling during the
establishment phase can later impair growth of the tree (Zweifel and Sterck 2018). For other species,
extreme drought legacy last for more than three years in temperate forests (Wu et al. 2018). Nonetheless, it
has been argued that the initial stress events are necessary for tree acclimation and adaptation, as these help
to overcome more severe subsequent episodes (Kozlowski and Pallardy 2002). Environmental stress

including water deficit and heat can be exacerbated by poor crop management.

Pruning is a key aspect of cocoa management (Tosto et al. 2022). Not only can pruning influence nutrient
flows from plant to soil, but it also is the most practical way to regulate the balance between vegetative and
reproductive growth within the tree (Igbal et al. 2012). Pruning alters light interception through the canopy
and can lead to increased photosynthetic rate of the remaining leaves (Susanti et al. 2017) so that the
immediate reduction of leaf area can be compensated (Anten and Ackerly 2001). Pruning also induces new
leaf flushing (van Vliet and Giller 2017), allowing the tree to recover from defoliation within a season; this

results in rejuvenation of the canopy leaves. In turn, massive leaf flushing is said to precede flowering (Nair
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2010) although the underlying mechanism remains unclear. It is also unknown how the replenishment of
internal reserves utilized for new leaf flushing triggers further nutrient uptake. Beside nutrient cycling,
pruning increases aeration in the canopy which lowers relative humidity with consequences for insect and
disease management. In addition to sanitation, pruning is meant to ease general management of the
plantation, especially harvesting. These embedded effects of pruning make it a central farming practice in
cocoa for which recommendations are provided (Vos and Ritchie 2003). However, technical specifications

for pruning intensity are often poorly supported by experimental evidence.

In previous studies, various combinations of farming practices showed variable effects on yield and/or profit
in mature cocoa plantations (Akrofi-Atitianti et al. 2018; Aneani and Ofori-Frimpong 2013; Olujide and
Adeogun 2006; Toledo-Hernandez et al. 2020). Pest and disease control, nutrient supply, hand-pollination,
and pruning often ranked among the most critical practices (Danso-Abbeam and Baiyegunhi 2019;
Daymond et al. 2020; Kongor et al. 2017; Umeh et al. 2022). However, inconsistency among studies
suggests that no universal hierarchy can be established; rather, a context-specific prioritization of practices
may be valid. In addition, most studies did not clearly delineate the effect of biophysical and socioeconomic
determinants of cocoa yields. Besides, for each practice or set of practices, the required intensity or
frequency of application need to be determined considering returns to production factors such as capital
and labour (Scudder et al. 2022). Similar to environmental stress (Asante et al. 2021), we believe that
management practices exert a legacy effect on cocoa growth and productivity, which has yet to be
quantified. At any stage of development and for any production system, cocoa trees require attentive
management to optimize nutrient use efficiency under the constraints imposed by both germplasm,

environment, and market.

2.4.2. Alleviating soil constraints to ISFM

The most commonly reported soil related constraint in cocoa production is soil acidity (Amponsah-Doku

et al. 2022; Olasoji et al. 2022; Shamshuddin et al. 2011). Soil acidity is said to be a major challenge in
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some cocoa growing areas of Ghana (Doe et al. 2022), but the full extent of soil acidity problems across
West Africa is unclear. Soil pH values as low as 3.5 have been reported in Ghana (Quaye et al. 2021b).
However, it is unclear what degree of acidity can be tolerated by cocoa, given that it originates from tropical
forests. Aluminium toxicity - and rarely manganese toxicity - have also been mentioned in cocoa (Anda et
al. 2013; Baligar and Fageria 2005; Ribeiro et al. 2013). Other problems commonly associated with soil
acidity in tropical soils include poor availability of phosphorus due to strong P-fixation, and calcium and
magnesium deficiencies. Soil acidity may also affect the choice of N fertilizer to be used, for example
calcium ammonium nitrate may be useful to provide calcium and limit any increase in aluminium saturation
in acid soils that could be caused by long-term use of ammonium-based fertilizer. Disentangling the various
soil acidity problems is complex and although amendments such as lime may be effective, there is a danger

of over-application.

Soil erosion is of greater concern during establishment of the cocoa trees than in mature plantations due to
the lack of soil cover. Claims of low SOC content as a production constraint (Adeniyi et al. 2018) are often
made in the context of low-input systems, and remain inconclusive. Cocoa trees are susceptible to
waterlogging, so poor drainage can be a local production constraint. Water scarcity may also limit cocoa
growth, either due to growing cocoa under less favourable agroecological environments or the recurrence
of extreme climatic events. Prevalence and incidence of soil physical and biological constraints (limited
rooting depth, hard pan formation, soil-borne pests and diseases) on cocoa production are yet to be
documented, at the exception of the black pod disease mainly caused by Phytophthora palmivora and P.
megakarya (Afoakwa 2014). The primary source of inoculum is the soil, and initial dispersion occurs
through rain splash (Raju et al. 2021), while abundant litter significantly reduces contamination of low-
hanging pods (Surujdeo-Maharaj et al. 2016). However, soil fumigation did not reduce disease incidence
on pods (Ndoungue et al. 2018), probably because of the larger importance of secondary sources of

inoculum including aerial organs and debris and the multitude of vectors (aerosols, insects, rodents). When
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cocoa trees are severely attacked by pests and/or diseases, the tree nutrition can be affected either through

a reduced nutrient uptake, or productive resources are mainly diverted for defence metabolism.

2.4.3. Mineral nutrition

Nutrition of cocoa has been extensively discussed, and it is clear that there are many approaches to
determine crop nutrient requirements (van Vliet and Giller 2017). Few long-term experimental studies on
nutrient responses in cocoa have been conducted since the 1960s and there is little agreement on fertilizer
recommendations. On the other hand, mechanistic cocoa growth modelling is still in an early development
stage (Asante et al. 2022; Schroth et al. 2016; Zuidema et al. 2005), and there is insufficient empirical
knowledge to model nutrient limitations in cocoa dynamically. Here, we briefly describe the basics for
developing a nutrient balance model in cocoa, which can be used to estimate nutrient requirements. We

then discuss methods of organic and mineral fertilizer application, and how these can match crop demands.

2.4.3.1. Modelled nutrient demand of cocoa

A nutrient balance model is based on the premise that nutrients which leave the system or are immobilized
in woody biomass need to be replaced (van Vliet and Giller 2017). Such a model is useful for several
reasons: (a) it allows for estimating nutrient requirements as a basis for experimentation; (b) it allows to
derive site-specific recommendations, taking into account factors such as the age of the trees, soil
characteristics (including native soil fertility), and potential of germplasm; and (c) if sufficient data are
available to make realistic offtake estimates then a model may achieve better nutrient balancing, and
increase nutrient use efficiency. But there are also several pitfalls (van Vliet and Giller 2017) including
over-estimation of nutrient requirements (because soil pools are not taken into account sufficiently), and
nutrient concentrations in pod husks and vegetative biomass are highly variable, which strongly affect the

model predictions.
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When developing a cocoa nutrient balance model, the following data is required. First, nutrient
concentrations in different organs must be known; usually estimates are based on destructive measurements
(Fisher 2018; Calvo Romero 2018). Second, general tree growth patterns must be known or estimated; this
is necessary to account for immobilization in wood, investment into leaves and root turn-over, nutrient
removal in pods, etc. (e.g. Figure 2.2b). It is important to note that cocoa, like other perennials, does not
have a stable harvest index, so the allocation of biomass to pods needs to be estimated unlike in annual
crops. Third, information must be available regarding on-site biomass and nutrient management,
particularly the management of cocoa pod husks, pruning residues, and leaf litter, to determine if nutrients
are removed from the system or recycled. Fourth, short- and long-term nutrient recovery needs to be
estimated. This is critical because it directly relates to nutrient input requirements. However, recovery is
difficult to estimate precisely because it is affected by crop demand, soil water and sorption capacity and

availability of other nutrients.

A cocoa nutrient balance model has been developed and is being tested (Vasquez-Zambrano et al. in
preparation). For an elaborate and very detailed example of a nutrient balance model in a perennial crop

(oil palm), see Goh and Po (2004).

2.4.3.2. Nutrient supply through mineral fertilizers

Mineral fertilizers provide nutrients in a readily available form and can ensure synchrony between nutrient
availability in soil and crop demand, resulting in expected high uptake and use efficiency and minimization
of losses. However, most current fertilizer recommendations lack a strong empirical grounding. The 4Rs of
nutrient stewardship (Johnston and Bruulsema 2014) provide an important framework and guidelines on
the types of fertilizers to be used, amounts, timing, and methods (where) to apply the fertilizer. In addition,
site-specific factors affecting efficiency of fertilizer use must be considered. Depending on the location, the
fertilizer market offers multiple formulations which potentially increases flexibility for site-specific

application, but also complicates a farmer’s choice; so far, decision-support tools lack to fill this gap.
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The amount or right rate of fertilizer in cocoa is tree age-dependent, and affected by the cropping system
used, with mono-cropped cocoa having higher yield potentials and hence higher nutrient needs (Arthur et
al. 2022). In light of the physiological role of each nutrient (van Vliet and Giller 2017) and plausible nutrient
interactions (Rietra et al. 2017), the main strategy is to ensure vigorous early growth, high yields, and to
maintain those high yields for the long term. In terms of balance among the nutrients, K is needed in larger
quantities than N, and P is required in considerably smaller quantities (Snoeck et al. 2016; Thong and Ng
1980). Thus, unlike in most annual crops where the N:P:K fertilizer notation often depicts the order of

importance of the nutrients, in cocoa, a different balance may be expected, which could also be site-specific.

The most common fertilizer application methods are the ‘ring method” (Asare and David 2011), and
broadcasting to a lesser extent (Cudjoe et al. 2016). The ring method consists in clearing a band 0.1-0.5 m
wide, in a radius of 0.7-1 m from the cocoa tree trunk, by pushing aside the mulch, applying the fertilizer
and covering with mulch (Nlend-Nkott and Asare 2021). The specific ring dimensions and distance from
the tree are essential to target areas of active roots to ensure high capture and uptake efficiency, especially
in younger plantations. The thick mulch layer in cocoa plantations may prevent substantial losses of
nitrogenous fertilizers such as urea through volatilization. However, immobilization of N may occur

because of the wide C:N ratio of the leaf litter (Table 2.1) resulting in short term unavailability of N.

Foliar fertilizer are often applied in small quantities to supplement regular fertilizers (Kasran et al. 1991),
although their efficacy in cocoa remains unproven. A recent survey indicated variable use of foliar fertilizers
among West African smallholder cocoa farmers: more in Cameroon and Ghana than in Céte d'Ivoire and
Nigeria (Table 2.2). The target nutrients in foliar fertilizers are often K, Mg, Zn and B, and some
commercial products include N and P even though foliar P absorption is marginal (Boroughs et al. 1963).
Foliar fertilizers are mainly applied when there is need for quick correction of a deficient nutrient, which
may be effective in case of confirmed micronutrient deficiency. Correction of macronutrient deficiencies
(primary or secondary) through foliar fertilizers is unlikely given the vanishingly small application rates

that are recommended (about 6 L ha'! year™). Several foliar fertilizer products are on the market, but there
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is general lack of scientific data to prove their efficacy in terms of adsorption on plant organs, absorption

and translocation.

Chapter 2

Table 2.2: Average use of mineral fertilizers in n surveyed fields in four West African countries on in total
3170 cocoa farms. Data were retrieved from a preliminary analysis of the CocoaSoils baseline survey
(2019). More than one type of fertilizers was used in several fields. Differences between countries probably
resulted from technical preferences made by extension agencies and the recent developments in

agrochemical markets.

Countries

Indicators Cameroon Cote d'Ivoire  Ghana Nigeria 4 countries
(n=1193)  (n=953) (n=1894) (n=1256) (n=5296)

Proportion of cocoa fields in

which fertilizers were 51 48 38 07 36

applied (%)

Proportion of cocoa fields in

which foliar fertilizers were 50 05 27 04 23

sprayed (%)

Proportion of cocoa fields in
which broadcasting method 00 00 12 00 04
was used (%)

Proportion of cocoa fields in
which ring method was used 01 44 01 03 09
(%)
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2.4.4. Organic resource management

The recent discourse on regenerative agriculture places organic matter inputs at the centre of soil health
(Schreefel et al. 2020). There are two broad groups of organic inputs i.e. produced in-situ (pod husks,
pruned residues, litter) and ex-situ (animal manure, compost, biochar) whose management may require

similar approaches.

2.4.4.1. Readily available resources in the plantation

Considering the large amounts of litter found in cocoa plantations, its role in nutrient supply is important
(about 50 kg N ha'! year!, 3 kgP ha'! year!, 15kgK ha' year!) but restricted by the low nutrient
concentrations. Since the flow of nutrients from litter to soil may not meet the entire crop requirements,
balanced nutrition of cocoa requires additional inputs. The role of litter as a mulch is important to encourage
infiltration of rainfall and prevent soil erosion. During establishment, litter provided by temporary
vegetation is critical, and requires careful management. In mature cocoa, there is no obvious incentive to
actively manage litter. As compared to litter, pruned residues have not been studied, although leaves of
pruning residues contain more nutrients than senescent fallen leaves (Calvo Romero 2018) and are likely
to decompose faster. Spreading pruned residues of shade trees, especially from leguminous species, can
improve cocoa nutrition; although only the closest cocoa trees are likely to benefit. Probably of greater
concern is the management of woody materials (stem, branches, and stumps) at the end of a production
cycle, because these represent large nutrient stocks. Unlike oil palm trunks that are more fibrous and are
sometimes shredded and returned to soil (Uke et al. 2021), shredding cocoa wood may be less practical,
enhance CO» emissions, and spread disease. A residue which deserves a special management in cocoa is

the pod husk.

Cocoa pod husks are richer in nutrients (about 2% N, 0.15% P, 3% K) than cocoa litter but are not always

returned to the plantation. There are several options to recycle pod husks: they are often simply abandoned
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in heaps, but can be spread as mulch, and/or incorporated in soil. In most favourable decomposition
conditions, pod husks undergo 95% mass loss within a year or two. However, when cocoa pod husks are
exposed as usually observed, rainfall abundance and frequency further determine nutrient release patterns
(Hougni et al. 2021). Husks can also be composted or used to make biochar (see below). The heat generated
by composting or biochar production potentially reduces Phytophthora spp. inoculum abundance by 70-
100% (Doungous et al. 2018). However uncontrolled conditions of compost preparation (poor aeration and
temperature control, open storage) can lead to substantial nutrient losses (e.g. 8-60% N, 14-39% P, 1-38%
K) as observed with other substrates (Michel et al. 2004; Bernal et al. 2009). Insufficient heat will also
cause persistence of disease inoculum, so that the composted pod husks can become an important source of
disease spread. Similarly, untreated pod husks present the same unevaluated risk when reused as mulch in
cocoa. Indeed, propagules can survive up to 18 months (Bailey and Meinhardt 2016) and can spread over
7-9 m (Ndoumbe Nkeng et al. 2016). Safer cocoa pod husk treatment modes are complete incineration (ash

production), charring, or removal from fields with expected trade-offs about carbon and nutrient cycles.

2.4.4.2. Resources from outside the plantation and organic matter processing

techniques

The cost of mineral fertilizer and in particular recent price spikes, has led to suggestions that organic
manures should be promoted to supply nutrients for cocoa and to maintain soil fertility. Crop-livestock
integration is a key component of ISFM with arable crops to recycle nutrients within the farm system. This
has a number of benefits, not least in that some of the nutrients fed to livestock in crop residues are returned
to the fields. There has been relatively little attention to use of animal manures in cocoa. Indeed, livestock
are not a major component of the smallholder cocoa farm systems. The recent CocoaSoils baseline survey
of cocoa farmers in West Africa indicated that very few households (1% or less) own cattle, and only 15%
rear 3-6 sheep or goats (Table 2.3). As a rule of thumb, the excreta of one Tropical Livestock Unit (TLU)

kept under zero-grazing conditions can produce roughly 780 kg DM manure in a year (Rufino et al. 2007).
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For those rearing sheep or goats, this would result in approximately 350 kg DM year! of manure, or a
supply of about 6 kg N year™'. Poultry is the most common livestock kept by half of cocoa farmers, with a
median number of less than 20 chickens per farm (Table 2.3) which would deliver about
150 kg DM manure year . Poultry manure is not normally a resource collected on farm as most poultry is
free range, but even if all their manure was collected and assuming 5% N in the manure (Kirchmann and
Witter 1992), that would amount to only 3-6 kg N year! for a typical cocoa farm that raise chicken.
However, as the N is present as uric acid, which is readily hydrolysed to ammonium, much of the N is lost
by volatilization during aerobic decomposition (Kirchmann and Witter 1989). For plantations close to large
poultry farms, poultry manure can be an important resource, although the economics of its use in terms of
purchase and transport have not been investigated. Given that rates of application of animal manures
required are in the range of 5 Mg ha! or more, it is clear that only a small fraction of the cocoa growing
area could be fertilized with manure produced on farm. If manures are available, it is likely they will be

targeted to production of e.g. vegetable crops within the farm system.
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Table 2.3: Potential of on-farm manure to improve mineral nutrition of cocoa in West African smallholder
cocoa farms. See details in Table 2.2; here » indicates the number of farmers that answered the questions

about livestock.

Countries

Chapter 2

Indicators Cameroon Cote d'Ivoire Ghana  Nigeria 4 countries

(n=688)  (n=828) (n=827) (n=799) (n=3142)

Proportion of households reporting raising livestock in the household

All species (%) 45 60 67 35 52
Cattle (%) 00 01 00 00 00
Sheep (%) 02 19 19 02 11
Goats (%) 22 15 23 06 16
Pigs (%) 17 05 03 00 06
Rabbits (%) 00 00 01 00 00
Chicken (%) 30 46 52 32 40
Median size of the herd owned by households engaged in cocoa farming

Cattle 00 05 13 03 05
Sheep 04 05 06 04 05
Goats 03 04 06 04 05
Pigs 03 04 06 04 04
Rabbits 16 00 07 28 07
Chicken 10 15 18 10 13
Expected amounts of manure and N potentially produced in a typical smallholder cocoa farm’
Manure from cattle (kg DM year™) 00 3418 8544 2020 3418
Manure from sheep (kg DM year!) 273 342 410 239 342
Manure from goats (kg DM year™) 205 273 410 273 342
Manure from pigs (kg DM year™) 410 547 820 547 547
Manure from rabbits (kg DM year™) 106 00 48 192 178
Manure from chicken (kg DM year™) 68 103 123 68 89
N from cattle (kg N year™) 00 79 197 47 79
N from sheep (kg N year™) 06 08 09 06 08
N from goats (kg N year™) 05 06 09 06 08
N from pigs (kg N year™) 13 17 25 17 17
N from rabbits (kg N year™) 02 00 01 04 01
N from chicken (kg N year™) 03 05 06 03 05

! Calculations were based on the estimation of living animal mass for different species (Benoit and Veysset 2021),
the potential production of manure (Rufino et al. 2007), and the N content of manure (Kirchmann and Witter 1992).
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Other organic resources that can be used are compost and biochar, which could be produced on-farm or
imported from outside the farm. The quality of compost depends on the blend of organic materials used.
Nutrient concentrations are relatively small, but much larger than applying crop residues directly to soil,
because a considerable proportion of C is lost during composting. Effective composting requires compost
heaps to be at least 1 m?, so that thermophilic microorganisms take over and temperatures are raised to
ensure proper sanitation of crop residues. Guidance on making good compost suggests that heaps are turned
regularly to re-aerate the heaps, ensure mixing and to stimulate more complete and rapid decomposition
(Rynk 2022), but this is labour-demanding and rarely done on-farm. If compost heaps are not covered with
plastic or a layer of straw, gaseous losses of N during composting can be substantial. Organic mineral
fertilizer application has a great potential to increase cocoa seedling growth in nursery (Dogbatse et al.
2021; Fidelis and Rajashekhar Rao 2017; Salifu et al. 2020), especially because nutrient requirements are
modest. Combining compost made from pod husks and NPK fertilizer also gave greater yield responses in
Nigeria than compost or fertilizer alone, and appeared to reduce crop loss due to black pod (Ogunlade and
Orisajo 2020). Fungenzi et al. (2021) also found that compost applied at a rate of 10 Mg ha™! year™! together
with NPK fertilizer for seven years gave greater yield responses in cocoa than fertilizer alone. Although the
major benefit of compost is generally considered to be its role in maintaining SOM, these authors could

detect no significant change in SOM despite the large amounts of compost added.

Considerable research has focused on the production of biochar which is a more stable form of organic
matter than compost with a larger surface area and cation exchange capacity. Biochar (often referred to as
black carbon) is a solid, recalcitrant and high carbon material produced by pyrolysis of biomass under
controlled conditions. Biochar has been shown to have numerous benefits in soil (Hossain et al. 2020). For
instance, Pouangam Ngalani et al. (2022) concluded that biochar made from cocoa pod husks can increase

pH and the availability of phosphorus in soil. Given that the rates of biochar applied equate to 52 t ha! for
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the smallest and 208 t ha™ for the largest rate applied? in this study, this is hardly surprising. Thomazini et
al. (2015) demonstrated that biochar can reduce greenhouse gas emissions from soil in incubation studies,
although at rates added equivalent to 260 t ha™. Biochar also has potential to reduce cadmium uptake in
cocoa (Ramtahal et al. 2022). As with compost, the critical question is what feedstock can be used to
produce biochar. Substantial attention has been paid to production of small furnaces that can be deployed
in rural areas (Quansah 2021). Conversion rates of biochar from pod husks are about 32-38% (Quansah
2021); but in general, biochar yield ranges between 14 and 94%, with other feedstocks (Kalus et al. 2019).
Several studies have examined use of cocoa pod husks to produce biochar, although perhaps making biochar
from cocoa pruning residues deserves more attention. Hossain et al. (2020) highlighted the need for long-
term field studies to understand the impacts of biochar in soil, in relation to the biochar feedstock and

application rates. These recommendations are highly pertinent for cocoa.

If organic residues originate from within the farm, whether as animal manures or to make compost or
biochar, this is potentially a good way of ensuring effective recycling. However, it does not represent a net
contribution of nutrients or sequestration of carbon and is essentially a case of “robbing Peter to pay Paul”

when considered in the broader farm context.

2.4.4.3. Scope of using organic resources in cocoa

The above discussion clearly demonstrates that organic resources can be useful to provide nutrients and to
maintain SOM and soil fertility. Organic resources such as compost or biochar can be useful in seedling
production (Quansah 2021) and establishment of cocoa plants in the field. In mature cocoa, a thorough
analysis is needed at the farm and farming system level to fully understand the potential of managing
organic resources from both within and between farm systems in the same locality. This needs a fuller

understanding of the labour, equipment (in the case of biochar), and skills required for production and use

2 Assuming a bulk density of 1.3 kg dm?, one hectare of soil to a depth of 20 cm weighs 2.6 x 10° kg, a rate of
application of 20 g kg™! equates to 52 Mg ha™! and a rate of 80 g kg™! to 208 Mg ha™’.
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of organic amendments, including a full cost-benefit analysis. Greater attention to recycling of organic

resources within the cocoa plantation, and in particular cocoa pod husks, is clearly warranted.

2.5. Concluding remarks

Improving or maintaining soil fertility, ensuring adequate crop mineral nutrition, and effective nutrient
recycling are the core objectives of ISFM. While the basic principles are just as pertinent for perennial crops
as for arable crops, there are important differences related to the capacity to alter soil properties, carbon
accumulation, and nutrient cycling within the agroecosystem. In annual cropping systems, ISFM is focused
on crop rotations and crop-livestock integration, with crop residue management and organic inputs as key
entry-points. By contrast, nutrient cycling, essentially at plot level, is central to ISFM in cocoa. In particular,
nutrient immobilization in and remobilization from tree biomass must not be overlooked. Our analysis
highlighted challenges to estimate and match crop nutrient demand and supply, and shows that currently,
there is little scope for smallholder farmers to integrate livestock, composting or biochar production into

cocoa production.

Agronomic preconditions for increased nutrient uptake are numerous, starting from choice of planting
materials and establishment phase. Ensuring good establishment of cocoa with strong root systems has
long-term effects on growth and yield of the plantation throughout the production cycle — which means that
implementation of ISFM in current smallholder cocoa farms will de facto not achieve desired results. This
highlights the need for re-establishment to regenerate cocoa plantations, which would also allow the use of
improved cocoa germplasm. More insight in how pruning can be used to manipulate the balance between
leaf biomass and pod production, while maintaining optimal conditions to limit pest attacks, is required to
adjust farming practices as a first step to increase productivity. There are differences in flow rates and losses
of N, P, and K in the cocoa system which determine their availability when recycled. A better understanding

of flows, losses and limitations to crop growth are essential for balanced nutrient management.
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Although we focus our discussion on enhancing nutrient use efficiency and cocoa yield, sustainable
production of tree crops also requires consideration of pooled resource availability, use efficiency and
profitability at farm level. This implies valuation of other economic products and ecosystem services,
especially in agroforestry systems. Another challenge to soil fertility management in intensified tree crop

systems which we do not address here is to guarantee successive production cycles on the same site.

Chapter 2
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List of references in table 2.1.

No Citation No Citation

1. Dawoe etal. (2017) 20. Muoghalu and Odiwe (2011)
2. Gutzler et al. (2010) 21. Nijmeijer et al. (2019a)
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4. Beer et al. (1990) 23. Isaac et al. (2005)

5. Leuschner et al. (2013) 24. Picchioni et al. (2020)

6. Moser et al. (2010) 25. Vervuurt et al. (2022)

7. Ofori-Frimpong et al. (2007) 26. Asigbaase et al. (2021a)

8. Puentes-Paramo et al. (2016) 27. Borden et al. (2019)

9.  Morel et al. (2019) 28. N’Gbala et al. (2017)

10. Aranguren et al. (1982) 29. Calvo Romero (2018)

11. Fontes et al. (2014) 30. Isaac etal. (2007a)

12. Perez-Flores et al. (2018) 31. Fisher (2018)

13. Sajetal. (2021) 32. Madountsap Tagnang et al. (2018)
14. Yao etal. (2021) 33. Norgrove and Hauser (2013)
15. Owusu-Sekyere et al. (2006) 34. Somarriba et al. (2013)

16. Sreekala et al. (2001) 35. Sari et al. (2020)

17. Beer (1988) 36. Dawoe et al. (2010)

18. Sauvadet et al. (2020) 37. Schneidewind et al. (2018)
19. Schwendenmann et al. (2010)
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Abstract

The internal flows of nitrogen (N), phosphorus (P), and potassium (K) through cocoa systems are poorly
quantified, yet this is needed for effective nutrient management. The aim of this study was to better
understand N, P, and K cycling through litterfall in smallholder cocoa fields. Annual litter production,
relative mass loss and nutrient loss rates from cocoa leaf litter were assessed in three farms in South-

Western Nigeria.

Litterfall was measured fortnightly close to the base of the cocoa tree and at the edge of the tree canopies,
from January 2020 to December 2021. Leaf litter decomposition rates were determined over 388 days in 2
mm mesh litterbags to exclude macrofauna and in open frames on the ground with macrofauna access.
Concentrations of C, N, P, and K were measured in the remaining litter at 180, 244, 314, and 388 days after

incubation.

Annual estimates of litterfall (10 tons DM ha™') did not differ between the traps close to and away from the
cocoa trunk (P > 0.05). The annual nutrient removal from litter was roughly estimated at 101 kg N, 5 kg P
and 89 kg K ha'! year’!. Relative litter decomposition rates (k) were 2.33 x 107 and 1.70 x 103 day™ in
frames and litterbags respectively (P <0.05). Macrofauna access significantly reduced C:N ratio in the

remaining litter, and increased N and P loss by 28 and 69% respectively.

In conclusion, nutrient flows through litterfall are considerable, and N and P transfer rates to soil are likely

to be under-estimated in standard litterbag experiments that exclude macrofauna.

Key-words: soil macrofauna; fractionation effect; litter disappearance; spatial heterogeneity; nutrient
release.
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3.1. Introduction

Cocoa in West Africa is mainly produced in low-input systems (Wainaina et al. 2021; Daymond et al.
2022); therefore farmers rely largely on natural biogeochemical processes to maintain or improve the
inherent soil fertility (Appiah et al. 1997; Duguma et al. 2001; Kenfack Essougong et al. 2020). In
production systems where nutrients are to be provided, balanced nutrition of the cocoa trees must account
for the soil nutrient supply. Henceforth, a deeper understanding of the recycled flows of nutrients in litter
is needed to improve fertilization strategies and to better supplement naturally-available nutrients. This
poses questions on how to best measure litterfall, litter decomposition rates and nutrient cycling through

the litter.

Natural sources of nutrient inputs in low-input systems are atmospheric deposition, nitrogen fixation and
soil mineral weathering, all of which may be negligible in tropical environments (Hartemink 2005; Ossohou
et al. 2020). Substantial amounts of nutrients are recycled and returned to the soil in litterfall. The
accumulated litter progressively decomposes and releases nutrients which can later be available for
microbial and plant uptake. Therefore, the flow of nutrients through litterfall and litter decomposition plays
a major role in maintaining soil fertility and productivity of smallholder cocoa fields. The variability in
cocoa litterfall and litter turnover rates have not been studied in detail. Hence, the contribution of litter

decomposition to nutrient mineralization and soil nutrient availability is poorly understood in cocoa.

Only a few authors studied cocoa litterfall in West Africa, and these have not addressed spatial and temporal
variations in detail. We found only two peer-reviewed papers from Ghana (Asigbaase et al. 2021b; Dawoe
et al. 2010) and Nigeria (Muoghalu and Odiwe 2011; Ogunlade and Iloyanomon 2009), and a single one
each for Cote d’Ivoire (Yao et al. 2021) and Cameroon (Saj et al. 2021). In these studies, annual litterfall

was quantified, but without a clear and consistent link to the amounts of transferred nutrients.

Assessing spatiotemporal variation of litter stocks and the related nutrient flows in forests and tree crop

systems is inherently challenging due to methodological limitations. Protocols for litterfall experiments
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vary strongly between studies: litter trap size, number and spatial distribution of litter traps, and duration
of the experiment are not standardized, which affects the conclusions. In cocoa agroecosystems, the optimal
position of litter traps relative to cocoa trees is often not clear. When specified, litter traps are set either
randomly (e.g. Fontes et al. 2014) or at a fixed distance to the cocoa trees in systems where cocoa is planted
at regular spacing (e.g. 0.5 m, Schneidewind et al. 2018). Regular shifting of litter traps may increase spatial
representativity (Dawoe et al. 2010; Schroth and Sinclair 2003). Cocoa trees are typically pruned into a
“cup shape” (Tosto et al. 2022) which should reduce branch interlocking between adjacent trees. This shape
likely results in a gradient in litterfall from the stem of the cocoa trees to the edge of the canopy. In practice,
it is unclear how heterogeneous the litter is under cocoa trees, meaning that positioning of the litter trap
may have a large effect on amounts of litter trapped. The extent to which the position of the litter trap
influences the accuracy of litterfall estimation is unknown, especially in traditional cocoa agroecosystems

characterized by irregular planting patterns.

Litter decomposition is affected by various soil organisms, which are broadly classified according to their
size: macro- (larger than 2 mm), meso- (from 100 um to 2 mm), and micro-fauna (less than 100 pm)
(Centenaro et al. 2018). Macrofauna is diverse and abundant in soils under natural ecosystems and in no-
till agricultural systems (Maria de Aquino et al. 2008; Smith et al. 2008); this is also expected under cocoa.
Macrofauna greatly contributes to litter fragmentation, ingestion, and mixing with soil particles, but they
also control microbial communities and activities (Lavelle et al. 2006), thus affecting litter decomposition
and nutrient mineralization rates. However, to our knowledge, their relative contribution to litter

transformations and nutrient release in cocoa has not been quantified yet.

The choice of litterbag mesh size determines which organisms can access the substrate. Standard incubation
trials partially or totally exclude macrofauna. Usually, the size of litterbag mesh varies from 0.5 to 2 mm,
which excludes macrofauna (e.g. beetles, earthworms, ants, and termites) normally present in cocoa litter

(da Silva Mogo et al. 2009). Mesh sizes reaching 10 mm are used in other systems (Lecerf 2017), but those
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are not included in cocoa litter studies. Therefore, most cocoa litter decomposition studies have not

accounted for macrofauna activity and its role in cocoa litter decomposition is largely unknown.

The aim of this study was to better understand nutrient cycling through litterfall in smallholder cocoa fields.
The first objective was to evaluate differences in annual amounts of litterfall close to- and away from- the
stem of cocoa trees. The second objective was to quantify the effect of macrofauna on the rate of cocoa leaf
disappearance from the litter layer, and on changes in N, P, and K concentrations of the remaining litter.
We hypothesized that (1) litter fell more abundantly close to the stem than at the edge of the canopy, and
(2) macrofauna increased the litter mass loss rate (disappearance) as well as N and P loss from the cocoa
leaf litter (nutrient removal rates). An experiment was conducted in southwestern Nigeria that involved
litterfall measurements over two consecutive years, and an incubation trial of cocoa leaf litter with and

without access of macrofauna over one year.

3.2. Materials and Methods

3.2.1. Study area and site description

The study area falls in the sub-humid agroecological zone characterized by average monthly temperatures
in the range of 23.5°C (September) to 27.7°C (January) and 45.5 to 97.6% relative humidity (RH). The
annual rainfall is unimodal with a long rainy season with a total between 1377 mm and 1965 mm while the
dry season runs from December to March. Occasionally, a dry-spell occurs in August, as it happened during

the first year of data collection.

The experiment ran from January 2020 to December 2021 in South-Western Nigeria, in three farmer-owned
cocoa fields of about 1.5 ha each (hereafter named “Ago-Owu”, “Akowonjo-Akoko”, and “Ijebu-Itele”)
that were 100-300 km apart. The major soil types in all selected fields were predicted to be lixisols (Hengl
et al. 2021). The texture was sandy loam to sandy clayey loam (Table 3.1). Cocoa was established on forest

lands. The fields are representative of low-shade cocoa agroforestry systems managed by smallholders in
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the region. Oil palms (Elaeis guineensis Jacq.), cola trees (Cola nitida Schott & Endl.) and few forest-
remnants form the upper canopy while cocoa and Citrus spp. share the lower canopy. Other field

characteristics are shown in Table 3.1.

3.2.2. Data and observations.

In each field, all observations were made in two plots (21 m x 21 m) established 30-50 m apart (Figure 3.1).
Interpolated monthly rainfall and daily air temperature for the three sites were obtained from the National
Aeronautics and Space Administration (NASA) agroclimatology predictor

(https://power.larc.nasa.gov/data-access-viewer/).

The cocoa tree aboveground biomass was estimated using a cocoa-specific allometric equation (Eq. 3.1)
developed for nearby cocoa plantations of similar production systems in Oyo state (Ajibona O.,

Unpublished MSc thesis).

AGB = 0.055 D?267 (Eq. 3.1)

where AGB (kg) is the aboveground biomass of the cocoa tree, and D (cm) the stem diameter measured at

about 30 cm above the ground surface.

The gap fraction, the percentage of incident radiation intercepted by the whole canopy, was estimated based
on hemispherical photographs taken in November 2020 at 1 m aboveground, under the canopy of five
randomly sampled cocoa trees. The images were processed using default settings of the Gap Light Analyzer

(GLA) software (Frazer et al. 1999).
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Figure 3.1: Layout of an experimental plot in a farmer’s field.
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Litterfall was estimated based on the standard litter trap method (Anderson and Ingram 1993). Within each

plot, five cocoa trees were randomly selected, and paired litter traps (0.8 m x 0.5 m) were placed: one at a

distance of 20 cm from the cocoa tree (hereafter “close”), and the other half-way between the tree and an

adjacent cocoa tree, at an average distance of 1.38 = 0.5 m from the stem (hereafter “away”). The away

litter traps fell within the area under interlocking branches of two adjacent cocoa trees. All litter traps were

set regardless of the position of shade-trees. However, litter trap positions never fell directly under the

canopy of a shade tree. Litterfall was collected fortnightly, from January 2020 to December 2021. Due to

travel restrictions at the onset of the Covid-19 pandemic and at times of civil unrest, we were unable to

collect litter from April 2020 to June 2020 and from February 2021 to March 2021 in any field. At

Akowonjo-Akoko, the 2021 civil conflicts were more intense, and the farm was not accessible from

February 2021 to May 2021. At the end of these periods, the entire litterfall was quantified.
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All litter samples extracted from the litter traps were oven-dried at 65°C to constant mass and sorted into
cocoa leaves, shade-tree leaves, and other fragments (mostly twigs). Each component of the litterfall, i.e.

cocoa leaf litter, shade-tree leaf litter, and other fragments, was aggregated per year for analysis.

3.2.2.2.  Soil and litter analyses

Ten soil samples from 0 to 30 cm depth were randomly collected in each plot using a soil auger. These
samples were pooled for each field, air-dried, mixed thoroughly, and sub-sampled for physical and chemical
analysis. Soil texture was determined by the hydrometer method (Dane et al. 2002). Soil pH was determined
in 1:2.5 (w/v) soil to water suspension (McLean 1983). Exchangeable cations, Ca?", Mg?" and K* were
extracted by the Mehlich-3 procedure. Cation concentrations were determined by atomic absorption
spectrophotometry (AAS) and phosphate content by the molybdate blue procedure (Bray and Kurtz 1945).
Organic carbon content was determined using the Walkey-Black chromic wet oxidation method (Nelson
and Sommers 1996). Total nitrogen content was determined by the Kjeldahl digestion method using
concentrated sulphuric acid and sodium copper sulphate catalyst mixture and distillation in boric acid. Soil

bulk density was determined using two randomly sampled cores per plot (Grossman and Reinsch 2002).

Concentrations of N, P, and K in cocoa leaf litter were determined after pooling samples per field (Table
3.1). Total N, P, and K contents in cocoa leaf residues were respectively analysed with Kjeldahl method,
molybdate blue colorimetry, and AAS after digestion. Carbon and nutrient flows through cocoa leaf
litterfall were estimated annually by multiplying concentrations estimated in freshly fallen cocoa leaf litter

(as collected in December 2019) with the dry mass of cocoa leaf litterfall aggregated per year.

3.2.2.3.  Cocoa leaf litter disappearance and nutrient losses

Cocoa leaf litter mass loss and nutrient loss from the litter layer were assessed in situ through the incubation
method (Anderson and Ingram 1993). Forty grams of freshly fallen cocoa leaves were collected in

December 2019 and enclosed either in 40 cm x 30 cm litterbags of 2 mm mesh size or placed directly on
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the soil surface within a frame of equal size covered by 2 mm mesh to prevent mixing with foreign materials
such as subsequent litterfall or disturbance by wind and animals. The initial mass of cocoa leaves (40 g per
sample) was set to simulate a total leaf litter mass of 3300 kg ha™'. Before the incubation, the soil surface
was cleared from pre-existing residues and the frames and litterbags were gently placed, labelled, and fixed
with bamboo pegs to avoid undesired movements. Litterbags and frames were placed side by side. A total
of twenty four sets of litterbags and frames were placed per plot, each under a randomly selected cocoa
tree. Between January 2020 and January 2021 and starting at 14 days after incubation (DAI), one set of
litterbag and frame was randomly retrieved at 14 day intervals during the rainy season and at 21 day

intervals during the dry season.

The residues from the litterbags and frames were oven-dried, soil particles brushed-off and their dry weight
was determined. Cocoa leaf litter mass loss data was used to estimate the relative decomposition constant
rate k for litterbags (ks) and for frames (kr), based on a first-order exponential decay model (Eq. 3.2, Olson

1963):
m, = me k¢ (Eq.3.2)

where m; and m; are the initial and residual cocoa leaf litter mass at ¢ days after incubation (DAI)

respectively, and £ is the estimated parameter.

Leaf litter was analysed to determine C, N, P, and K concentrations as in section 2.3. One sample per plot
was taken from the residues retrieved from litterbags and frames at 0, 180, 248, 314, and 388 DAI. The
amount of C, N, P and K in the litter residues was calculated from the elemental concentrations and the
dry mass of the residues. The effect of macrofauna on C and N, P, and K loss was estimated at 180, 248,
314, and 388 DAL by comparing the amount of nutrients in the residues (relative to the initial amount at
start) between litterbags and frames. The effect of macrofauna on the quality of the remaining litter was

assessed by evaluating nutrient ratios (namely C:N, C:P, and N:P) in the residues.
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3.2.3. Statistical analyses

Annual amounts of cocoa leaf litterfall collected close to- and away from- the cocoa tree stems were
analysed using a linear mixed-effect model. Fixed-effect factors were the distance to the stem (close vs
away) and year, without interaction. The random-effect factors included in the model were the fields, plots
within field, and the sampled trees within each plot. The two other components of the total litterfall, i.e.
shade tree leaves and other fragments, were analysed in the same way. Annual amounts of C, N, P, and K

that flow through cocoa leaf litterfall were only analysed by means of descriptive statistics.

The relative decomposition rates of cocoa leaf litter (k) were estimated as per equation (Eq. 3.2), i.e. by
calculating the slope of the relationship between time (¢) and the log-transformed residual mass of litter
(mi/m;). The values of kr and k » were estimated for each plot within each field using linear regression, and

compared through an analysis of variance (ANOVA).

The C, N, P, and K concentrations in the residual cocoa leaf litter, the nutrient ratios (C:N, C:P, and N:P),
and the relative loss were analysed with linear mixed-effects models, considering the sampling dates (0,
180, 248, 314, and 388 DAI), the elements (C, N, P, or K), the effect of macrofauna, and their interaction

as fixed-effect factors. Random-effect factors were the fields and plots within each field.

Differences between litterfall collected close and away, and between kr and k 5 were evaluated with a Wald-

type F test. All analyses were performed in R (R Core Team 2013).
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Table 3.1: Cocoa farm characteristics, soil physico-chemical and litter chemical properties of the study sites

Parameters

Coordinate (decimal degrees)

Elevation (m)

Sand (g kg™)

Silt (g kg™)

Clay (gkg")

Bulk density (Mg m™)
pH (H:20)

Organic carbon (g kg™')
Total Nitrogen (g kg™")
Available P (mg kg™!)
Potassium (cmol kg™!)
Calcium (cmol kg™

Magnesium (cmol kg™)

Age of plantation (years)
Shade tree density (trees ha')
Cocoa tree density (trees ha™')
Cocoa stem diameter (cm)
Cocoa canopy diameter (cm)

Tree height (cm)

Cocoa tree above-ground biomass (kg ha™')

Cocoa canopy cover (%)

Carbon (g kg™)
Nitrogen (g kg™)
Phosphorus (g kg')
Potassium (g kg™")
C:N

C:P

Location
Ago-Owu Akowonjo-Akoko Ijebu-Itele
4.2031 °E, 7.1482 °N 5.6203 °E, 7.4383 °N 4.3667 °E, 6.9833 °N
272 328 295
Soil properties
680 + 0.0 730+ 7.1 750 +£4.2
90+ 1.4 90+14 90+ 1.4
230+ 1.4 180+£5.7 160 +£2.8
1.11+£0.2 1.15+0.1 1.12+0.1
6.85+0.1 6.20+0.3 6.70+0.7
11.80 +0.7 8.53+£0.7 9.60+2.2
1.21+0.0 0.79 0.1 0.86+0.1
351+ 14 280+14 0.82+04
0.18 +£0.04 0.14+0.01 0.15+0.01
6.47 +0.79 5.25+0.49 1.63 +£045
0.87 +0.01 0.53+0.01 0.40 +0.08
Tree population characteristics
18 15 23
27 8 56
985 1087 1162
142+2.79 18.1+3.66 13.8+2.81
221+47.7 337+62 154 +61.1
488 £79.4 407+70.9 440 + 64.7

23407 + 10486

44801 £ 21076

25982 + 11864

77.70 +5.51 76.80 + 6.15 76.7+3.03
Initial litter quality
610+1.27 555+ 64.14 637 +1.04
10.80 + 0.00 9.25+0.17 11.15+0.87
0.65 +0.06 0.50 + 0.00 0.50 +0.00
11.80+0.12 5.80+0.23 11.30 +0.00
56.44+0.12 59.96 + 5.81 57.34+4.36
943 +81.83 1111+128.29 1273 £2.08
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3.3. Results

3.3.1. Carbon and nutrient flows through litterfall

On average 10.62 + 3.57 Mg ha'' dry matter of litterfall was recorded across sites. Approximately 93% of
this litterfall was senescent cocoa leaves. Shade tree leaves and other fragments (mostly twigs) contributed
very little to the litter under cocoa canopy (Table 3.2). For all fractions (cocoa leaves, shade tree leaves,
and other fragments), there was no significant difference in the amounts of litterfall collected close and
away from the cocoa trees (P > 0.05). Within field and even within-plot variations were much smaller than
between-field variation, accounting for 3, 16 and 59% of total variation respectively. Differences between
the two years were not significant (P > 0.05). Monthly variations were large as litterfall increased when

rainfall reduced in the drier period of the year (Figure 3.2).

Table 3.2: Mean (+ standard deviation, Mg ha!) annual mass of litterfall estimated close to- and away from-
the cocoa tree stems across years and study sites. Figures in brackets are the relative contribution (%) to the
total. No significant difference was observed between fractions collected close and away from the cocoa

trees.

. Fractions of litterfall
Position of

the litter trap

Cocoa leaves Shade tree leaves Other fragments Total
Close 10.04 £3.47 (92.4) 0.07 £0.27 (0.5) 0.75+0.60 (7.2) 10.83 +3.57
Away 9.70 £ 3.48 (93.1) 0.07 +0.20 (0.6) 0.63+0.53 (6.4) 10.40 +3.59

The annual transfer of cocoa leaves to the litter layer corresponded to a flow of 5.87 + 1.93 Mg C ha'! year’

!, The estimated N and K flows through cocoa leaf litterfall were considerable: 101 + 32 kg N ha™! year™
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and 89 + 27 kg K ha™! year™'. In contrast, the amounts of P transferred through cocoa leaf litterfall was small,

with an average of 5 + 2 kg P ha! year! (Figure 3.3).

3.3.2. Cocoa leaf litter disappearance

Macrofauna substantially enhanced cocoa leaf disappearance from the litter layer, as kr was 1.35 times
larger than k5 (P <0.05). The additional cocoa leaf litter mass loss that can be attributed to the presence

of macrofauna was about 8% at 388 DAI (Figure 3.4).

3.3.3. Stoichiometry of the decomposing cocoa leaf litter

Macrofauna also affected the quality of the decaying cocoa leaf litter. Carbon concentrations of the
remaining cocoa leaf litter slightly decreased from 60% at the beginning of the incubation (0 DAI) to about
55% at 248 DAL, with no significant differences between litterbags and the open frames (P > 0.05). At 314
DAI and at 388 DAI, C concentrations were lower in the frames than in the litterbags (P < 0.01, Figure 3.5).
These results suggested that microbial respiration occurred throughout the duration of the incubation, but

was only strengthened by macrofauna activity towards the second half of the experiment.

Access of macrofauna did not affect the observed gradual changes in N, P, and K concentrations of the
cocoa leaf litter during incubation (P > 0.05). As a result of decline in C concentrations and increase in N
and P concentrations, the C:N and C:P ratios decreased over time (P < 0.001). The N:P ratios also declined
(P <0.001) because C:P ratios declined more drastically than C:N ratios (Table 3.3). However, only C:N
ratios were reduced in the frames, as compared to the litterbags (P < 0.01). At 388 DAI, the average C:N

ratios were estimated at 34.4 with and 38.1 without access of macrofauna respectively.
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Table 3.3: Change in stoichiometry of decomposing cocoa leaf litter with (+) or without (-) access of

macrofauna. Non-significant differences (P > 0.05) are denoted ns, and time is expressed in days after

incubation (DAI).
Time (DAI) P-value for ANOVA F-test
Ratios Macrofauna
180 248 314 388 Time Macrofauna Interaction
+ 44.8 38.9 342 344
C:N P <0.001 P<0.01 ns
- 479 41.5 38.8 38.1
+ 967 568 335 290
C:P P <0.001 ns ns
- 975 623 397 311
+ 21.5 14.5 9.9 8.52
N:P P <0.001 ns ns

- 20.4 15.2 10.3 8.25

3.3.4. Nutrient loss from decomposing cocoa leaf litter

Carbon and nutrients were not lost from cocoa leaf litter at similar rates, with large differences in relative
amounts at 180, 248, 314 and 388 DAI. Between the start and the end of the incubation period, relative
amounts of C, N, and K were reduced by 56%, 33%, and 90% respectively (Figure 3.6). Amounts of P
increased by a factor 2 in Akowonjo-Akoko, and remained nearly constant in the two other sites. This
increase in Akowonjo-Akoko was unexpected. When data from the three sites were combined, an overall
increase in P amounts was found (P < 0.001). The increase in P contents in the remaining cocoa leaf
litter was less pronounced when macrofauna had access, especially at 314 DAI (P < 0.05) and at 388

DAI (P <0.001).

More than 64% of K was lost from the cocoa leaf litter at 180 DAI, irrespective of the access of
macrofauna (P > 0.05). Nitrogen loss was gradual, and significantly larger losses were observed when

macrofauna had access. At 180 DAI, 5% N was lost with no effect of macrofauna (P > 0.05). At 248
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and 388 DAI, 10 and 19% of N were respectively lost without access, against 27 and 47% when

macrofauna had access (P < 0.05).

Ago-Owu Akowonjo-Akoko ljebu-ltele
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Figure 3.3: Amounts (mean =+ standard deviation) of N, P, and K estimated in annual cocoa leaf litterfall
in three smallholder cocoa farms in South-Western Nigeria

3.4. Discussion

This study highlighted three main results. (1) There was a large amount (10 Mg ha™!) of dry mass
annually recycled through litterfall, and large variations were observed between fields, but also between
trees in the same field. (2) Considerable amounts of carbon and nutrients (101 kg N) were present in
litterfall in these cocoa fields; however only a small fraction of N and P may become available for uptake
by trees within a year. (3) Macrofauna access in frames resulted in 8% additional mass loss of leaf litter
per year when compared to incubation in standard litterbags only, and increased N and P loss by 28 and
69%, respectively. Phosphorus was strongly immobilized within the litter layer. Potassium (K) was
rapidly lost in both frames and litterbags, whereas N was first immobilized within the litter, and
subsequently released and lost during the second half of the year. Greater losses of N and P were

observed in frames than in litterbags towards the end of the experiment.
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Figure 3.4: Cocoa leaf disappearance rate from the litter layer in three smallholder cocoa farms in South-
Western Nigeria. The legend refers to the sampling methods, with frames and litterbags corresponding
to + macrofauna and — macrofauna respectively.

Recorded amounts of annual litterfall were close to estimates (5-10 Mg ha'! year) for various cocoa
production systems in Cote d’Ivoire (Yao et al. 2021), Cameroon (Saj et al. 2021), and Ghana (Dawoe
et al. 2010), but larger than estimates for Brazil (Fontes et al. 2014), Mexico (Perez-Flores et al. 2018),
and Indonesia (Sari et al. 2022). These differences between studies are likely due to climate, age of
cocoa trees and production system, but also management (Andivia et al. 2012). Results from this study
suggest that 34-186 kg N ha'! year!, 37-175 kg K ha! year!, and 2-10 kg P ha™! year! were likely
transferred from cocoa trees to soil through litterfall. For N and K, these estimates align with the ranges
(84-175 kg N ha! year! and 16-124 kg K ha™! year!) reviewed by van Vliet and Giller (2017). Observed
P contents in litterfall and hence flows to soil were smaller than observed in other studies (5.8-17 kg P
ha'! year!), which indicated that the cocoa trees in this study had less P in their senescent leaves. The
initial P concentrations in the senescent cocoa leaves (0.55 mg g™') were significantly smaller than the
reported values of 1.2 + 0.5 mg g! (Hartemink 2005), perhaps reflecting the very poor P status of the

soils (Table 3.1).
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Figure 3.5: Estimates (+ standard error) of C, N, P, K concentrations in decomposing cocoa leaf litter
enclosed in litterbags (- macrofauna) and frames (+ macrofauna) in three smallholder cocoa farms in
South-Western Nigeria. The legend refers to the sampling methods, with frames and litterbags
corresponding to + macrofauna and — macrofauna respectively.

Annual flows through cocoa litterfall represented about 34%, 18%, and 26% of nutrient stocks in the
cocoa trees, respectively for N, P, and K (Hartemink 2005). The relatively large amounts of N and K
that flow through litterfall contrast with fairly limited quantities exported through harvest offtakes. For
a yield of 1000 kg dry beans ha™! (approximately three times the average yield in West Africa), nutrient
removals in cocoa beans represent approximately 15% of N and K, and 35% of P amounts in litterfall

(Hartemink 2005).

Nutrient cycling through litter in cocoa has potential implications on nutrient use efficiency (NUE) and
nutrient management strategies as shown by Vonk et al. (2022) in cereals. After tree establishment, these
internal flows may be sufficient to cover a large part of the nutrient demand, and the influence of
fertilizers is relatively small, yet important to compensate offtakes. In addition, a major knowledge gap
in mineral nutrition of cocoa is the effect of fertilizers on the internal nutrient flows including litterfall,
pruning, throughfall and root turn-over. In order to quantify the long-term nutrient recovery in cocoa,
offtake measurements are needed in combination with evaluations of internal cycles in long-term

fertilizer trials (Sylvester-Bradley et al. 2022).
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Accurate estimation of nutrient flows through litterfall requires proper measurement of litterfall and of
nutrient concentrations in senescent leaves. In this study, the annual nutrient flows through litterfall were
estimated from the nutrient concentrations obtained from litterfall collected in December only. This
could lead to under- or overestimation of the nutrient flows, as Sreekala et al. (2001) found significant
seasonal variations in N, P, and K concentrations and in amounts of monthly cocoa litterfall. Therefore,
an accurate estimation of nutrient flows through litterfall should account for temporal variations in both

quantity (amounts) and quality (nutrient concentrations) of litterfall.

In this study, litterfall near the stem was not different from litterfall at the edge of the canopy. This
suggests that the position of the litter trap does not affect measurements, for fields with cocoa tree
densities comparable to this study (approximately 1000 trees ha'). West African cocoa farmers usually
adopt tree densities in the range of 1000-2500 trees ha! (Sonwa et al. 2019). In contrast, lower cocoa
tree densities (about 548 + 192 trees ha!) are preferred in Central America (Somarriba et al. 2013). In
fields characterized by lower densities and/or large gaps between cocoa trees (e.g. due to severe
mortality and insufficient replanting), significantly smaller amounts of litterfall may be found away than
close to the stems (Barnes et al. 2011). Accurate estimation of litterfall in these conditions may require

to account for area loss (large gaps without cocoa trees) and incomplete canopy closure.
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Figure 3.6: Carbon and nutrient loss from decomposing cocoa leaf litter in three smallholder cocoa farms
in South-Western Nigeria. The legend refers to the sampling methods, with frames and litterbags
corresponding to + macrofauna and — macrofauna respectively.

The amount of litterfall in this study varied strongly, with large differences between fields and between
trees within a single plot. Heterogeneity in litterfall causes variability in macronutrient availability in
forest soils (Xia et al. 2015). More studies are needed to identify what tree characteristics are best
correlated with the annual litterfall; this will allow rapid prediction of litterfall (Geng et al. 2022).
Ultimately, increasing the number of litter traps per plot and adhering to rigorous sampling protocols
can improve representativity and accuracy of litterfall measurements. The median number of litter traps
used in previous studies is three per plot (Yao et al. 2021; Saj et al. 2021; Dawoe et al. 2010; Sari et al.
2022) while in this study, we used five litter traps close to- and five away from- the base of the cocoa
trees. For example, increasing this number from three to ten can halve the standard error of the estimated

litterfall (data not shown).
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Shade tree density and diversity were not accounted for in this study, which was justified by the observed
low density of shade trees. In addition, their contribution to soil organic matter (SOM) and cocoa
nutrition is presumably marginal and limited to the area covered by their canopy (Barnes et al. 2011).
Only the cocoa trees in the vicinity of shade trees will be affected by resource competition (Schmidt et
al. 2022). In this study, the litter trap in which the contribution of shade tree leaves was largest, received

an amount equivalent to 0.95 Mg DM ha™! year™.

Litter decomposition rates can be measured in various ways, including the mass balance method
(combined measurements of standing litter stock and inputs through litterfall), the mass loss method
involving incubation in litterbags, litter-baskets or in tethered litter, or through respiration measurements
(Berg and McClaugherty 2014; Schroth and Sinclair 2003; Nadelhoffer and Blair 1999). Each
measurement method represents decomposition processes differently (microbial catabolism, physical
fragmentation and leaching). Hence, the selection of the appropriate method depends on the objective.
In cocoa, the two most used methods are the mass balance and the mass loss methods (Kaba et al. 2021;
Mohammed et al. 2019; Yao et al. 2021; Rojas-Molina et al. 2021). It is challenging to compare the
estimated decomposition rates because of variations in substrates (cocoa leaves, twigs, shade tree leaves,
and various combinations), protocols, analytical procedures, and calculated indices. Nevertheless, the
mean residence time (MRT), defined as the “time to replace the equilibrium amount of C by the (annual)
supply” (de Willigen et al. 2008), is a common measure of the average time of any particle (e.g. a freshly
fallen leaf) in a particular state (the litter layer). Mean residence time (MRT) of C and major
macronutrients have been estimated in the cocoa litter layer. For instance, Fontes et al. (2014) found
that N, P, and K had similar MRTs (about 1.5, 1.2, and 1.4 years respectively). Asigbaase et al. (2021¢)
also reported low MRT values and a fast release of N, P, and K from the litter layer (respectively 60,
55, and 70% losses within 6 months). In this study, a much larger MRT was found (> 1 year for N and
P) than previously reported. The large differences between these studies are probably related to the
diversity of systems and methods used, including the timing of the experiment relative to rainfall patterns

(Cusack et al. 2009; Yahdjian and Sala 2008) and environment conditions affecting litter decomposition.
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An unexpected result was the increasing P concentrations and P amounts in litter that was observed in
Akowonjo-Akoko. This is counter-intuitive because P amounts remain constant over time when
completely immobilized in microbial mass, or decline as a result of loss from the litter layer. An increase
in P amounts was also observed for leaf litter of cocoa and two shade tree species in a previous study
(Bai et al. 2022). The mechanisms driving such an increase in P amounts in litter are still unknown and

deserve to be further examined.

3.5. Conclusion

A better understanding of nutrient cycling in tropical tree cropping systems is needed. The amounts and
rates at which nutrients are transferred from vegetation to soil are poorly quantified in cocoa but are
important for nutrient management strategies. This study found that the position of litter traps under
cocoa trees did not affect the estimated amounts of annual litterfall; however, within-field heterogeneity
in litterfall can be substantial and expose estimations based on few litter traps to large inaccuracy. The
large amount of litterfall (10 Mg ha™! year!) represented a recycling within the cocoa fields of 101 kg N.
The estimated values for the relative litter decomposition rate (k) differed between frames and litterbags
(P <0.05). Macrofauna access significantly increased the litter and N and P loss rates from the litter
layer to the soil, but not for K. Macrofauna was also associated with a considerable reduction of carbon
concentration in the remaining litter, thereby narrowing its C:N ratio. Therefore, litterbag experiments

in cocoa probably underestimate rates of N and P loss from the litter layer.

In mature cocoa, relatively large amounts of nutrients are recycled through litterfall and other pathways,
when compared to offtakes in smallholder farms. These internal nutrient flows can be large and may
overshadow the short-term effects of modest fertilizer applications. Therefore, cocoa yield responses to
nutrient supply must be evaluated in the long-term to account for the expected increase in vegetative
growth and subsequent changes in nutrient flows. Likewise, crop nutrient management strategies should

be adjusted accordingly.
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Abstract

Recycling of cocoa pod husks has potential to contribute to mineral nutrition of cocoa. Yet little is
known of the nutrient content and nutrient release patterns from the husks. The potassium (K) rich husks
are usually left in heaps in cocoa plantations in Africa. We aimed to understand and quantify release
patterns of K and other nutrients from husks under varying rainfall regimes and assessed the effects of

partial decomposition and inundation on nutrient leaching rates.

We incubated chunks of cocoa pod husks to assess decomposition rates and we measured nutrient
leaching rates from two sets of husk chunks: one set was placed in tubes that were submitted to simulated

scheduled rainfall events while the second set was continuously inundated in beakers.

Decomposition of husks followed a second-order exponential curve (k: 0.09 day™' ; ageing constant:
0.43). Nutrient losses recorded within 25 days were larger and more variable for K (33%) than for other
macronutrients released in this order: Mg > Ca~ P > N (less than 15%). Potassium leaching was mainly
driven by rainfall frequency (P < 0.05) and reinforced by intense rainfall, especially at lower frequency.
Under water-saturated conditions, 11% of K was leached out within 48 h from fresh husks compared

with 92% from partially decayed husks.

Some initial decomposition of cocoa pod husks is required to expose K to intense leaching. As
decomposition progresses, abundant K losses are to be expected under frequent and/or intense rainfall

events.

Keywords: Nutrient cycling . Potassium. Cocoa pod husks . Leaching tubes. Farmer practices
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4.1. Introduction

Cocoa (Theobroma cacao L.) is a major source of income for about 5 million small-scale farmers
(Poelmans and Swinnen 2016). Approximately 74% of the global production originates from four
countries in West and Central Africa: Cote d’Ivoire, Ghana, Cameroon and Nigeria (ICCO 2020), where
the cocoa plantations are among the least productive in the world (Oomes et al. 2016). A recent survey
in the two countries that produce the most cocoa - Cote d’Ivoire and Ghana - set the average cocoa bean
yields at 352 and 423 kg ha™' respectively (Bymolt et al. 2018b). This is less than one-tenth of the
potential yield of cocoa in West Africa (Zuidema et al. 2005). The most often reported causes of this
poor productivity are high incidence of pests and diseases, sub-optimal farming practices such as
pruning and shade management, ageing of plantations, and the lack of adequate plant nutrient supply
(Wessel and Quist-Wessel 2015). The vast majority of cocoa plantations in West Africa is planted on
cleared forest land whose nutrient capital accumulated over a long period (Ruf et al. 2015). The fertility
of the forest soil is progressively depleted by continuous nutrient offtakes in the cocoa beans with

inadequate recycling or inputs of nutrients.

At cocoa harvest the ripe pods are plucked and taken to a work station located on the plantation or nearby
where the pods are split to extract the beans. The husks of the cocoa pods are most often simply left to
rot in heaps at the work station. The cocoa pod husks contain substantial amounts of nutrients, especially
potassium (van Vliet and Giller 2017). With an amount of nutrients estimated at 10.6-31.4 kg N ha™'
and 27.2-77.2 kg K ha™! for 1000 kg of cocoa beans harvested (Hartemink 2005), poor management of
the husks can cause fairly large losses from the plantations. The fresh cocoa husks weigh 10 times more
than the dry beans they contain (Khanahmadi et al. 2016; Mansur et al. 2014). Based on this ratio and
with an estimated 80% moisture content of the husks (Campos-Vega et al. 2018), the West African
production of 3.5 million tons of dry beans (ICCO 2020) corresponds to 35 million tons fresh matter
(FM) and seven million tons dry matter (DM) of cocoa husk generated in 2019, most of which is not
actively managed. Active management of the cocoa pod husks thus provides a great opportunity to

improve nutrient cycling in cocoa plantations.
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Recommended Good Agricultural Practices (GAP) for cocoa plantations include active husk
management (e.g. composting, mulching). When the pods are infected with black pod disease due to
Phytophthora spp., they should be incorporated in soil or burnt to avoid inoculant dissemination through
aerosols and insects. For healthy pods, it is recommended that farmers should use the husks to mulch
the plantation (Asare and David 2011). Yet we lack a thorough understanding of how rapidly nutrients
are lost from the husks or how they should best be managed as mulch. The initial high moisture content
of the husks and humid climate in which cocoa is grown are conducive to rapid decomposition, and

leaching losses from the soil can be further exacerbated by abundant rain.

Knowledge of the nutrient value and nutrient release patterns from cocoa pod husks is lacking, yet
essential to improve plantation management. Although previous studies have revealed that rainfall is the
main driver of nutrient leaching from various crop residues (Calonego et al. 2005; Rosolem et al. 2005;
Saletes et al. 2004), little is known about cocoa pod husks which have a thick and highly differentiated
pericarp (Lu et al. 2018). Indeed, most experimental designs did not differentiate the effect of the amount
of rainfall from that of its frequency. Besides, when cocoa is grown in lowlands, heaps of cocoa pod
husks may be exposed to temporary inundation. The speed and magnitude of nutrient leaching under
such conditions remain poorly understood. Our research objective was to describe the kinetics of nutrient
leaching from the husks and evaluate the effects of rainfall amounts and frequency, biomass decay, and
inundation on nutrient leaching patterns. We hypothesized that leaching rates of K depend on water
saturation, rainfall frequency and amounts, but not on biomass decomposition. To test this hypothesis,
three laboratory experiments were conducted. The first experiment quantified the decomposition rate of
cocoa pod husks at ambient temperature, high relative humidity, and in absence of biotic manipulation;
the second experiment assessed the effect of the size of husk chunks and the amount and frequency of
rainfall on nutrient loss rates from the chunks inserted in leaching tubes; and the third experiment tested
the rate of nutrient leaching from husks in conditions of permanent water saturation that simulated

inundation.
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4.2. Materials and methods

Thirty freshly-harvested cocoa pods were collected from a smallholder cocoa farm in Cote d’Ivoire.

After splitting the pods and removing the beans and pulp, the husks were packed and shipped to the

Netherlands where they were stored at 4 °C. All the husks were delivered as half-pod, broken

longitudinally. Before using any husk, we discarded 2 cm from both proximal (close to the peduncle)

and distal ends, as well as 1 cm from the longitudinal edge to reduce any potential gradient in nutrient

partitioning as observed in pears (Saquet et al. 2019) and to avoid bruised areas. We carried out a

preliminary analysis of the husk nutrient content and the values were well within indicative ranges

(Table 4.1).

Table 4.1: Composition of cocoa pod husks

Measured values (average

Ranges reported in

Component + standard deviation, %) literature (%) References
40.9-50.23 1,3,8
N 1.21£0.38 0.17-2.23 1,3,8
P 0.14+0.04 0.15-0.32 2,3,4,8
K 2.89+0.84 2.52-3.8 2,3,4,8
Mg 0.26+0.06 0.11-0.28 2,3,4,8
Ca 0.26+0.10 0.18-0.46 2,3,4,8
S 0.14-0.97 1,3,8
Cellulose 12.9-35 3 36
Hemicellulose 8.7-12.8 2,4,7
Lignin 14-38.8 2,4,6,7

(1) Adjin-Tetteh et al. (2018) ; (2) Campos-Vega et al. (2018); (3) Fidelis and Rajashekhar Rao (2017);
(4) Lu et al. (2018); (5) Mansur et al. (2014); (6) Thomsen et al. (2014); (7) Titiloye et al. (2013);

(8) Tsai and Huang (2018)
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4.2.1. Experimental setup

We conducted three laboratory experiments. To analyse the relation between decomposition and
leaching kinetics, an incubation experiment (Experiment 1) was established to measure the
decomposition rate of husks. We ran two separate leaching experiments which differed in the degree of

water saturation and duration of saturated conditions (Experiments 2 and 3).

4.2.1.1. Experiment 1: decomposition of cocoa pod husks

In the first experiment the decomposition rate was analysed. Six replicate husks were sliced into 10
chunks of 25 g, giving a total set of 60 chunks that were used to quantify biomass loss over 63 days. At
the onset of the experiment, the weight of each chunk was measured while the initial moisture contents
of the husks were assessed from additional pieces. All the 60 chunks were incubated in the dark at 20 °C
and a relative humidity (RH) of 100%, in aerobic conditions. To realize these conditions, the chunks
were placed in individual aluminium crucibles, floating in a tray filled with water, the whole apparatus
being enclosed in a plastic foil, with an ample headspace. At 0, 2, 4, 6, 8, 12, 16, 28, 49 and 63 days,
one chunk per replicate was randomly selected and both fresh and dry weight (after 48 h in a 105 °C

oven) were recorded.

4.2.1.2. Experiment 2: nutrient leaching from leaching tubes

The treatments applied in this experiment were the size of the chunks, the frequency of the simulated
rainfall, and the rainfall amount per rain event. We selected 16 husks of 400—600 g each, which were
sliced into chunks of 2 g, 5 g or 25 g (hereafter referred to as small, medium, and large, respectively).
Fifty grams fresh matter (FM) of chunks of the same size from each husk were used to fill individual
PVC cylinders of 10 cm diameter to a height of 20 cm. Chunks from a given husk served to fill entirely
one or more tubes. Two leaching treatments with demineralized water were used to simulate either a
heavy (50 mm per event) or a light rain shower (12.5 mm per event). The water was sprinkled over each
tube at 2, 4, or 8 day intervals. A treatment was a unique combination of either level of the three above-

mentioned factors (e.g. “2 d, 50 mm, small” represented a tube containing small chunks that received
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every other day the equivalent of 50 mm of water, see Appendix Table 4.3). A blank treatment (leaching
tube with no cocoa pod husk) was also included to detect any background nutrient contamination. The
experiment ran for 31 days and was arranged in a 3 x 3 x 2 completely randomized design with three
replicates. Room temperature was maintained at 20 °C throughout the experiment, while a paper-cup

placed on the top of the leaching tube raised the RH inside the tubes to about 100%.

The leaching tubes (Figure 4.1) were blocked at their base with a flat rubber-stopper perforated in the
centre to create a small outlet. A filter-paper (20 um mesh) was inserted in the tube, and mounted on the
top of the rubber-stopper. The top of the tube was loosely covered with a perforated paper-cup used as
dripper that delivered 1-1.6 mL/min. All leachates were collected until 48 h after water had been
sprinkled; the volume was measured for each tube. A leachate sample was taken for each tube and
analysed for K content. In addition, selected samples (Appendix Table 4.3) were analysed for other
nutrients (N, P, Ca, Mg). At the end of the experiment (day 31), residual DM weight of chunks was

determined.

4.2.1.3. Experiment 3: potassium leaching under water saturated conditions

In this experiment two batches of husks were subjected to permanent water-saturation: the first batch
had only fresh husks while the second one consisted of husks that already decayed for three-weeks to
reflect the initial phase of husk decomposition. Three husks served as replicates, and were sliced into
chunks of 25 g. Individual chunks (one per husk) were maintained at 15 cm depth in a beaker containing
2 1 of distilled water. Over the first 48 h, a sample of the solution (10 ml) was taken at 20 min, 40 min,
1,1.5,2,3,4,6,10,20, 36, and 48 h and each sample was analysed for its K content. The same procedure
was repeated 3 weeks later with the second batch, using chunks from the same pods that had been kept

in the incubator at 20 °C at a relative humidity of 100%.
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Figure 4.1: Sketch of an individual leaching tube in Experiment 2.

Nutrient contents of leachates and of the initial husks were estimated. Potassium (K), Ca, and Mg were
determined using Atomic Absorption Spectroscopy (AAS), whereas N-NOs~, N-NH," and P-HPO4*
were measured spectrophotometrically with a segmented-flow analyser as described by Houba et al.
(2008). Due to the relatively limited presence of ionic forms of N, P and Ca in the cell, we refer to these

as “structurally-bound” elements in contrast with K and to a lesser extent Mg.

4.2.2. Data analysis

We expressed the residual amount of nutrients in husks and the residual weight (DM) as percentage of
the values at the start of the experiments. The data were analysed for each experiment, with weight
losses in experiments 2 and 3 estimated from curves developed using data from experiment 1 (explained
below). Model performance was evaluated using the Akaike Information Criterion (AIC), the Schwarz

Bayesian Criterion (BIC), the residual mean square error (RMSE), and the likelihood ratio test.
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4.2.2.1. Experiment 1

To describe the decomposition of the chunks, we used a second-order exponential model (Eq. 4.1, Yang
and Janssen 2000). It expressed the percentage residual dry weight (C) as a function of time ¢ (days),
and was characterized by a constant decomposition rate & (day!) and a rate-modifier termed the ‘ageing

coefficient’ (@) which basically allows for decrease of parameter k over time.

C;=e " forthe ith husk; i € [1, 6] (Eq. 4.1)

A decomposition curve was fitted to observations with a non-linear mixed-effects model with pod as the
random factor to account for non-linearity of most biological processes and the expected pod-to-pod
variability in initial nutrient concentration. In doing so, we determined the model’s parameters and

estimated the loss in weight of husks over time.

4.2.2.2. Experiment 2

We first compared losses of the different nutrients, by plotting the average residual amounts observed
in the husks. We found that K losses followed curvilinear patterns for most leaching tubes, whereas
trends were unclear for the other nutrients. Since we did not observe losses larger than 20% for the
structurally-bound elements (N, P, Ca, Mg), we only compared their respective losses on day 25. For
these elements we ran an analysis of variance (ANOVA) based on a linear mixed-effect model,
considering only four contrasted treatments: ‘2 d, 12 mm, large”, “2 d, 50 mm, small”, “8 d, 12 mm,

large”, and “8 d, 50 mm, small” (see Appendix Table 4.3 for detail of treatments).

Potassium (K) was lost in larger and more variable amounts than the other nutrients. All the treatments
were thus taken into account in the following analyses. We used a non-linear mixed-effect regression to
describe K loss kinetics over a period of 50 days and to analyse the variations among treatments. This
model (see details below) described residual K as a logistic function of time, but it also involved a

multiple linear regression of the estimated parameters on the predictors (rainfall amount, frequency, size
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of chunks). Because the effect of chunk size was minimal in the full model that explained variation of

one of the parameters, it was excluded from the set of explanatory variables for that parameter.

We compared the residual amount of the structurally-bound nutrients on the 25th day of experiment 2,
based on a linear model (Eq. 4.2). The explanatory variables were the type of nutrient (X;) and the

treatment (X»).

Yiifj = Bo + B1X1 + B2 X5 + B3X, X, (Eq. 4.2)

where Y, was the residual amount of the kth nutrient, measured on the jth tube on which the ith

treatment was imposed, withj € [1, 12], k € [1,4], and i € [1, 4];
X; was the macronutrient analysed;

X> was the treatment imposed on the chunks in the jth tube;

Lo was the global intercept of the model;

b1, b2, and B3 were the estimated coefficients associated to the individual effects of the

macronutrient, the treatment and their interaction, respectively.

In order to describe patterns and evaluate variance of K loss through leaching, a non-linear regression
(including a logistic function) was fitted to data from experiment 2. The logistic function (Eq. 4.3) was
required to fit the general model which included two imbricated sub-models (Eq. 4.4 and Eq. 4.5) that
were multiple linear regressions. The parameters Xmid (time to 50% K loss, days) and RL (leaching
rate, day ') were regressed on rainfall, rain frequency, and size, while the parameter Asym (unitless) was

kept constant throughout with a unique estimated value of 1.16 +0.02 (P < 107%).

Asym (Eq. 4.3)

oRLap|jX—Xmidgpc))

Yabc|j = it

with Xmidabclj = Bo + B1Xq + BoXp+ B3Xct+ BaXoXp+ BsXpXct+ BeXaXc + B7XaXp X, (Eq. 4.4)

and RLgp|j = Bg+BoXatBroXp+B11XaXp (Eq. 4.5) as sub-models,
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where Y was the percentage residual K measured on the jth tube at X days, j € [1, 54];
Asym was the coefficient describing the asymptotic value of initial K content (unitless);
Xmid was the coefficient describing the inflexion point or time at 50% K loss (days);
RL was the coefficient describing the leaching rate (day™');
Xa was the frequency at which rainfall events were scheduled, with a € [1, 2];
Xy was the amount for individual rainfall events, with b € [1, 2];
X. was the size of the chunks, with ¢ € [1, 3];
Lo and fs were the global intercepts of the sub-models;

Li-f7, and Bo-Bi1 were coefficients associated to the individual and combined effects of either

predictor.

4.2.2.3. Experiment 3

In inundated husks, K loss through leaching was expected as result of the strong concentration gradient
between the immersed husks and the surrounding water, in line with Fick’s first law of solute diffusion.
To test if different rates of cocoa pod husk decay resulted in similar trends of K loss, we compared K
leaching kinetics from fresh chunks with a set of chunks that was allowed to decompose for a 3-week
period in an incubator at 20 °C. Loss of K under water-saturated conditions was described using Eq. 4.1,
where C now represented the residual K (%) in the chunk at time t (hours). Similar to decomposition,
the second-order decay curve was fitted to the data, using a non-linear mixed effects model. The

estimated coefficients were compared using Welch’s modified t-test (Welch 1947).

All the models were fitted in R (R Core Team 2013) via restricted maximum likelihood (REML) using
the ‘nlme’ package (Pinheiro et al. 2019) whereas t-tests were run with the ‘BSDA’ package (Arnholt

and Evans 2017). The mixed-effects models included a random-intercept (husks for Experiments 1 and
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3, and tubes for Experiment 2) with unconstrained variance-covariance matrices obtained via Log-

Cholesky parametrization (Pinheiro and Bates 1996).

4.3. Results

4.3.1. Decomposition of cocoa pod husks

Cocoa pod husk decay was described satisfactorily by a second-order exponential function (R?= 0.77,
Figure 4.2). The fitted second-order exponential model showed a sharp decrease with 24% and 32% DM
weight loss after 14 and 30 days respectively, gradually followed by a phase of slower weight loss and
reduced decomposition rates. Extrapolating this model to a year suggested that more than 33% of the
initial DM weight of the husks would remain in absence of exogenous factors such as human
manipulation, macrofauna activity or fluctuating environmental conditions. The second order model was
more accurate (RMSE of 0.05%) than the first-order model (RMSE = 0.11%) which had a smaller

coefficient of determination (R>= 0.71, Appendix Table 4.4).

100 1

|
Ccoegl 0.09t%42)

o0 ¥ R?=0.77
g
=
=
] ]
2 80
=
o
E
e 70
w
]
o

60

4’{) E-.fl
Time (days)

o
n }
(=]

Figure 4.2: Fitted decomposition model to observations from chunks of cocoa pod husks left at 20°C,
100% RH. Each replicate is represented by a different symbol.
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4.3.2. Overview of nutrient leaching under scheduled rain simulations

Of all the nutrients tested, K losses were strongest and most variable across the treatments (e.g. 33 +
21% on day 25). More structurally-bound nutrients N, P, Ca, Mg recorded average losses of less than
15% at the end of the experiment (day 31, Figure 4.3). Nutrient losses on day 25 significantly differed
among the more structurally-bound nutrients (P < 0.05), with Mg being the most leachable among these
(10 = 9%). On the contrary, N was hardly released throughout the experiment, with less than 1% lost
from any of the treatments, suggesting that the inorganic N content of the husk cells was either very

small or that any N released was strongly immobilized. Treatments did not affect nutrient losses (P >

<
0.05, Appendix Table 4.5). 3
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Figure 4.3: Average (+ standard deviation) nutrient losses from cocoa pod husks (n=3) for selected
treatments in a scheduled leaching experiment (Experiment 2). For each row, the minor y-axis was
labelled after the treatment with, in this order: rain frequency (2-day versus §-day intervals), rainfall
amount (12.5 versus 50 mm per event), and size of the chunks (small versus large).
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4.3.3. Effects of the size of chunks, amounts and frequency of rainfall on

potassium leaching

4.3.3.1. Leaching curves

For most combinations of rainfall amount (12.5 and 50 mm) and frequency (2, 4 or 8 day intervals) the
size of the chunks did not consistently influence K leaching patterns over the simulated period (050
days, Figure 4.4), with exception of 12.5 mm rainfall at an 8-day interval. For this latter treatment,
leaching curves were very dissimilar across chunk sizes, with the smallest chunks losing 33% more K

than the largest chunks on day 50 (Figure 4.4c).

The effect of the interaction between frequency of rainfall and rainfall amount on K leaching was
significant (P < 0.05, Table 4.2). The rainfall frequency did not affect K loss patterns when 50 mm
rainfall events were provided. Treatments with 50 mm and 2, 4 and 8-day rainfall frequency intervals
did not differ more than 18% in the total amount of K lost on day 50 (Figure 4.4b and c). The estimated
effect of rainfall frequency was larger at 12.5 mm rainfall. Treatments with 12.5 mm and 8-day intervals
lost 12-45% K on day 50 while the treatments with 12.5 mm and 2 day intervals lost 80-82% K (Figure

4.4a and c).

The amount of rainfall per rainfall event intensified K losses, more so for less frequent rainfall events
(Figure 4.4). The differences between the treatments with 12.5 mm and 50 mm per rainfall event at 2, 4

and 8-day intervals were 4-5%, 10-23% and 22-56% respectively.

We also compared rainfall regimes, 12.5 mm every 2 days with 50 mm every 8 days, with the same
cumulative amount of rainfall (200 mm at day 31).The total K lost did not differ between rainfall
regimes, with largest differences about 13% on day 47 (Figure 4.4). Based on the model, it was expected
that these differences would become smaller if the experiment were run for a longer period of time, to

less than 5% by day 83 (not shown).
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Figure 4.4: Simulated effects of the chunk size of cocoa pod husks (line type) and rainfall (line colour)
on K leaching patterns at different scheduled rain frequencies (subplots) over a period of 50 days.
Treatments are indicated in the legend in this order: rainfall frequency (day intervals), rainfall amount
(mm), and size of the chunks (small, medium or large).

4.3.3.2. Model parameters

The rainfall frequency had the largest effect on the estimated values of time to 50% K loss (Xmid) and
K leaching rate (RL, Figure 4.5). Potassium leaching from cocoa pod husks increased with rainfall
frequency. Reducing rainfall frequency from 2 to 8-day intervals, resulted in increased Xmid value of
19 days (P < 0.001), decreasing leaching rates by 54% (P < 0.001). Overall, quadrupling the amount of
water did not have a significant effect on the parameters Xmid and RL (Table 4.2). However, at 8-day
rainfall intervals, Xmid decreased by 15 days (P < 0.05), and RL increased from 0.03 to 0.05 day™! (P <
0.05) for the 50 mm when compared to the 12.5 mm treatments. The effect of the size of chunks was
not significant, except for Xmid at a rainfall frequency of 8 days with 12.5 mm, with the largest chunks

retaining more K than the smallest (P < 0.05, not shown).
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Table 4.2: Significance (probability of Wald F-tests) of the effects of rainfall frequency, rainfall amount,

and size of the chunks on K leaching patterns from cocoa pod husks in a scheduled leaching

(experiment 2).

Main and Interaction terms of

Estimated parameters

regression Asymptotic leachability =~ Time to half K (Xmid) Leaching rate (RL)
Intercept <0.001 <0.001 <0.001

Rain frequency (‘Frequency’) <0.001 <0.001

Rainfall ns ns

Size ns

Frequency x Rainfall <0.05 <0.05

Frequency x Size <0.01

Rainfall x Size ns

Frequency x Rainfall x Size <0.01

ns: non-significant. Empty cells indicate terms for which selected coefficients were not available as a

consequence of constraints imposed on the model structure.
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Figure 4.5: Estimated main effects (+95% confidence intervals) of rainfall frequency (a, d), rainfall
amount (b, e), and size of chunks (c) on time to 50% K loss (a, b, ¢) and K loss rate (d, e) from cocoa
pod husks in a scheduled leaching experiment (experiment2). All interaction effects are displayed in
Appendix Table 4.6.

4.3.4. Effect of decomposition on K leaching from cocoa pod husks under water-

saturated conditions

Fresh husks under water retained most of their K with less than 11% of K lost after 48 h (Figure 4.6),
partially accounting for nutrient release due to bruising during chunk slicing. The observed K loss
followed an exponential pattern, with a small leaching constant (k = 0.03 day"). A protective jellified
layer of hydrated pectates was formed around the chunks immersed in water, temporarily preventing
husks from further water absorption. In comparison, K leaching from husks was much faster, with 81%
and 92% losses recorded within 24 and 48 h respectively when inundated after a period of 3 weeks of
decay (Figure 4.6), corresponding to a weight loss of only 28% in aerobic conditions (Figure 4.2). The
estimated values for both the k and a coefficients were significantly larger (P < 0.001, not shown) for

these partly decayed husks when compared with fresh husks.
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Figure 4.6: Changes in the residual K under saturated conditions for fresh and partially decomposed
cocoa pod husks after a 3-week incubation at 200C and 100% humidity. The changes in the percentage
of residual K as a function of time were described with a second-order exponential model. Circles and
triangles (replicates in grey-scale) represent fresh and partially decayed (3-week) husks, respectively.
Fitted models are shown with dashed and solid lines for fresh and partially decayed husks, respectively.
Coefficients are estimated in Appendix Table 4.7.

4.4. Discussion

To gain insights into the temporal availability of nutrients in cocoa pod husks, we analysed the losses of
K, Mg, Ca, N and P in leaching experiments. The husks contain large amounts of K with concentrations
of about 3%. Potassium is a yield-limiting nutrient in many cocoa plantations, especially in more
demanding environments with limited shade conditions (Ahenkorah et al. 1987). We observed that K
leached rapidly from the husks, with leaching rates varying as a function of rainfall amount and
frequency (Figure 4.4). Under frequent and abundant rainfall events (2-day interval, 50 mm per event),
we recorded less than 11% K losses after 10days, and up to 45% K losses after 31 days. Our fitted
regression model predicted that 78% K will be lost after 50 days. By contrast, more structurally-bound
nutrients in the husks (such as Ca, P and N) did not leach in large amounts during the same period (less

than 15% after 31 days for all treatments, Figure 4.3). Under inundated conditions, K leaching from
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decomposed husks occurred rapidly when compared to fresh husks (92% versus 11% K respectively
lost within 2 days, Figure 4.6). Therefore, inundation occurring during the first days after pod breaking
would likely not deplete a husk pile of K. This is likely because the cocoa pod has a waxy, water repellent
epicarp which needs to be broken down before K can leach rapidly. Although the artificial conditions
imposed in our experiments limit extrapolation of the leaching rates to on-farm contexts, they show the
relative importance of the factors tested when assessing kinetics of nutrient leaching. Our results
highlight the need for a proper on-farm management of fresh husks to reduce K losses from cocoa farms,

even more if there are risks of inundation.

To describe K leaching patterns under successive rainfall events, we used a logistic function (S-shape)
since the exponential function (with initial drastic decrease) poorly fitted our data. We only observed an
exponential K release from cocoa pod husks under water-saturated conditions, reflecting a rapid initial
loss of K. Extremely rapid release of K has been reported for other crop residues (Talgre et al. 2014).
We did not find literature reporting on K leaching from cocoa pod husks. Nutrient leaching from various
organic materials such as cereal straw (Li et al. 2014; Lupwayi et al. 2006; Rosolem et al. 2005), legume
residues (Lupwayi et al. 2006); oilseeds, roots and tubers, and farm manure (Kolahchi and Jalali 2012;
Ranjbar and Jalali 2012), weeds, household compost, fruit and vegetable wastes (Ranjbar and Jalali
2012), wood chips and pruned materials (Ordofiez-Fernandez et al. 2014) have been studied in the past.
The associated loss kinetics varied strongly, depending on the crop residues and the experimental
conditions. Potassium loss curves from cereal straw, legume residues and prunings under intermittent
rainfall events were described by power or exponential functions (Lupwayi et al. 2006). Similar patterns
were proposed for empty fruit bunches, the major residues from oil palm milling (Caliman et al. 2001;
Lim and Zaharah 2000). However, these functions do not account for the limited initial K loss that was

observed in the very first days of the second experiment we ran.

We hypothesized that waterlogging provoked fast K losses from fresh and decayed husks. Water
saturation provoked substantial K release for partially decomposed husks, but not for fresh husks (Figure
4.6) suggesting that some decomposition is required to allow release of K. This is in contrast to

Vanlauwe et al. (1995) and Lupwayi et al. (2006) who found that K leaching is independent of
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decomposition. The findings align with observations from Calonego et al. (2005) that K losses from
leaves increase with senescence. Similarly, Li et al. (2014) recorded K losses of 80% in fully senesced

rice straw in the first two hours and 90% after 3 days of inundation.

Potassium leaching is not restricted to pod husks in a cocoa plantation, but also occurs from canopies in
forest environments (Moslehi et al. 2019). Rain droplets collected at the forest floor contain 10—40 times
more K than rain droplets above the canopy (McDowell et al. 2020). Foliar K leaching (rain-wash minus
direct rainfall) in 15-30 year old cocoa plantations was estimated at 23.1-39.7 kg ha! year !, two to
three times more than in sole rainfall (13.6 kg ha ! year ') (Dawoe et al. 2017). Although the quantity
of K leached from canopies is larger than from cocoa pod husks, it remains in the system in contrast to

poorly managed husks.

As hypothesized, the amount and frequency of rainfall altogether determined K loss patterns in our
scheduled rainfall simulations (Appendix Table 4.2). The effect of rainfall frequency was more
prominent than that of rainfall amount, and their interaction was significant. In general, rainfall has a
large effect on K leaching from crop residues (Cavalli et al. 2018; Schreiber 1999). In a single rain event,
K losses from millet straw gradually increased with rainfall amount and reached a plateau as from 40
mm (Rosolem et al. 2005). Our results show that rainfall amount interacted with rainfall frequency, with
significant differences (P < 0.05) between large and small rainfall amounts at low but not high rainfall
frequencies. At times of recurrent rainfall, delayed management of cocoa pod husks would result in
rapid K release from the residues. Likewise, when rainfall amounts are high, regardless of the frequency,

cocoa husks need to be actively managed to avoid large K losses.

We did not find significant differences in husk weight at the end of the scheduled leaching experiment
(P >0.05, not shown), suggesting that microbial decomposition was not affected by the amount or
frequency of rainfall, contrasting with the findings of Joly et al. (2019). This similarity in decomposition
rates was likely due to the constantly moist environment in the leaching tubes which Joly et al. (2019)
did not observe. Since water content of the husks is high (80%, Lu et al. 2018), the conditions in heaps

of cocoa pod husks are likely to be similar to our tubes with a high humidity in a moist environment,
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and we expect therefore that decomposition of heaped husks is not strongly affected by rainfall

frequency and amounts.

Beside K, the husks also contain other nutrients which are relevant to cocoa nutrition. We found that
more structurally-bound nutrients that are less abundant as free ions in the vacuole and cytosol were lost
at much slower rates than K (P < 0.05). Macronutrients were lost in this relative order K >> Mg >
Ca =~ P > N, aligning with the findings of (Ranjbar and Jalali 2012). However, these authors found faster
loss rates for Mg and Ca than we observed, which may be related to tissue composition and the state of
the residues used (dryness, stage of decomposition). For cocoa pod husks, limited losses were observed
for Mg, and even less for Ca. The relative immobility of Mg and Ca in the husks can be related to their
abundance in cell wall pectins and sparingly soluble salts (Gerendas and Fiihrs 2013). However, Mg
appeared more mobile than Ca probably because it is also stored in ionic form in the vacuoles. Together,
Mg and K also play an important role in osmotic regulation and the cation-anion charge balance
(Marschner 2012), therefore their abundance in the vacuoles makes them more leachable than the other
nutrients. In addition, K" has the lowest valence and thus moves more freely through disintegrating plant

tissue.

To what extent does husk management contribute to K recycling and cocoa nutrition? For current
regional mean cocoa bean yields of 400 kg ha ' in west Africa, about 17-31 kg K ha™! can be expected
in cocoa pod husks (Hartemink 2005). These are modest amounts in relation to crop requirements (up
to 300 kg K ha™!, (von Uexkiill and Cohen 1980) and husk recycling alone is insufficient to meet the K
needs of cocoa, highlighting the importance of K fertilizer additions. Yet, over the life time of a
plantation, poor husk management can remove large amounts of K. Indeed, when heaps of cocoa pod
husks are piled repeatedly at the same location, the local soil K reserves will progressively be
concentrated and lost, benefiting only a few neighbouring trees. Unfavourable drainage will worsen the
K losses from the production system. Ideally, the husks should be redistributed over the whole
plantation, although yield benefits are expected to be small while the labour required would be
substantial. Instead, rotating the pod breaking station and sequential mulching of small field patches

would reduce labour requirements while contributing to improved K recycling and reduce K fertilizer
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requirements in these resource-constrained smallholdings. In addition to the spatial aspects of cocoa pod
husk management, asynchrony between nutrient release from residues and uptake by trees also needs
consideration. Despite the lack of reports on the temporal dynamics of K demand in cocoa, uptake can
be thought of as a continual process, characterized by steady uptake when soil moisture is satisfactory
and the tree is growing actively, increased rates during pod enlargement, and declines under water stress.
K supply from cocoa pod husks is primarily governed by the seasonality of production through the major
and minor crops. The major crop coincides with the dry season in most production zones in West Africa,
and therefore desiccation followed by rapid rewetting of the cocoa pod husks will likely provoke a fast
release of K. The minor crop harvest coincides with the rainy season, and our analysis would be relevant
to describe kinetics of nutrient release. As K is released from the cocoa pod husks, its availability for
absorption by the root system will depend on several soil characteristics, including hydrology, sorption
capacity, texture and mineralogy (Alfaro-Flores et al. 2015; Freitas et al. 2018; Najafi-Ghiri et al. 2017,
Rosolem and Steiner 2017). Of these properties, the cation exchange capacity will play a strong role in

buffering nutrient fluxes.

4.5. Conclusion

Cocoa pod husks are rich in potassium and their potential contribution to tree nutrition is significant.
Since risks of K losses through leaching are high, optimizing nutrient cycling in cocoa requires improved
management compared with current practices of heaping and abandonment. We found that early-stage
decomposition of the husks, water-saturation, and rainfall regime (amount and frequency) significantly
altered K leaching patterns and the resulting nutrient losses. Knowledge about the kinetics of nutrient
leaching from decaying husks can guide timely management of the husks, provided that accurate

meteorological predictions are accessible to farmers.

We have briefly explored innovative methods of handling and disposing the husks to improve nutrient
cycling, but more insight is needed both in terms of the outcomes on nutrient budgets, technical
requirements, and farm resource utilization. For instance, we suggest that on-farm estimation of nutrient

leaching from the husks under diverse climatic conditions and management practices is needed to better
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inform field management. Further, there is a paucity of knowledge about the fate of K as it leaches from
the husks into the topsoil. Effective leaching study designs are required to capture the effect of the root

system, soil characteristics, and pod management on K spatial distribution in soil and its temporal

availability to cocoa trees.

Acknowledgements

This research was funded through a grant from NORAD to the CocoaSoils project

(www.CocoaSoils.org). We are sincerely grateful to Hennie Halm, Bert Rijk, Wandji Njankoua, Lucette

Chapter 4

Adet, Ambra Tosto, an anonymous farmer, and many others who helped us to design and run the lab

trials. We thank Joost van Heerwaarden for advice on the statistical analysis of the experimental data.

109



(BN ®D ‘d N) SIuaLINU IOYJ0 10J PIsARUE SI JUSUIBAI] UQAIS B JO 91BYIR2[ J) YIIYM J& ABp B
s1usaIdar () JSLIRISE UY JUSW)BAL], USAIS B J0J SUIYORI] JO SABP 9ANIJJd 03 puodsariod pjoq ut samsy ym s[[2)) “A[oAndadsar ‘(sAep § A19A9) SJUIAD [[ejurel
Ie[n3oLn pue ‘(SAep § A19A9) JuonIuIdIul ‘(Aep JoT30 A19A9) Je[nN3a1 0} 10Jo1 P] § PUe ‘py ‘P ‘Aouonbaiy [Tejurer 10,1 "A[9A10adsa1 JuaAd SuIyoRS[ WS PUL JUIAD
Suryoea]/UIG 7 03 19JoI WU ()G PUE W 7] ‘JUNOWE [[eJulel 10 "A[9A1102dsa13 g7 pue G z JO Syunyd 03 10J21 2318] pu. WNIPIW [[BUS ‘DZIS 0] :9P0J JUAW)B ],

00¢ 00C 00T #00C  0SI 0S1 0S1 «0ST 001 001 001 =001 0S 0S 0S =08 o3[ ‘ww(g ‘pg
0oy 00y 0S¢ 08¢  00¢ 00€  0SC =0T 00T 00C 0SI  =0ST 001 001 0S =08 o3[ ‘ww(g ‘py
008 0SL  00L #0859 009 0ss  00s 0S¥y 00% 0s€  00€ =0ST 007 0sT 001 =08 a51e[ ‘ww(g ‘pg
0S 0S 0s =08  G'LE SLE SLE =§°LE 194 94 94 «§C Gl STL  SCL  =ST1 o8re[ ‘wwig| ‘py
001 00 S'L8 =S°L8 SL SL S7T9 %879 0S 0§ GLE «S'LE 194 ST GT1 x8T1 a81e[ ‘wwg| ‘py
2000  =S°L8T  =SLT  =S7T9L  «0ST  «S°LEL  «STL  «S°TIL =001 =S°L8  =SL =579  «0S «S°LE  =ST «S°CI a81e[ ‘wwig| ‘pg

00T 00C  00C 00T  0SI 0S1 0S1 =0ST 001 001 001 =001 0S 0S 0S =08 wnipauw ‘wiwi)g ‘pg
001 00¥ 0S¢ #0S€  00€ 00€  0SC x08T  00C 00 0SI  «0SL 001 001 0¢ %08 Wwnipaw ‘ww(g ‘py
008 0SL  00L #089 009 0ss  00S =08v  00¥ 0s€  00€ <0ST 007 0ST 001 %08 wnipauw ‘ww(g ‘pg

0s 0¢ 0s 08  G'LE SLE  SLE #§°LE 4 4 94 «§C Gl §TL STl =STL wnipaw ‘wwz| ‘pg
001 00 S'L8 =§°L8 SL SL S7T9 %809 0S 0§ GLE «S'LE 94 ST STI «8T1 wnipaw ‘wwg| ‘py
00T SL8T  SLI «ST91  0SI SLEL  STL  «S°TIT 001  S°L8 SL =879 0 SLE ST «S7TI wnipaw ‘wwig| ‘pg
00¢ 00C  00¢ #00T  0SI 0SI 0S1 x0ST 001 001 00T =001 0s 0S 0¢ %08 [[BWS ‘Wwiog ‘pg
001 00¥ 0S¢ #0S€  00€ 00€ 0S¢ «08T 00T 00 0SI  «0SL 001 001 0¢ %08 [[eWs ‘Ww(g ‘piy
008 #0SL  «00L 089 009 0SS «00S =08y «00F  x0S€ «00€ «0ST +00T «0SL =001 %08 [[eWs ‘Www(g ‘pg
0s 0¢ 0s 08  G'LE ¢Le SLE #S°LE 194 194 194 «§C  C'Cl STL  SCL  =STL I[eWs ‘wwz| ‘pg
001 00 S'L8 =S°L8 SL SL  S79 %§C9 0S 0§ GLE «S'LE S¢ ST ST x8C [[ews ‘wwig| ‘py
007 SL8L  SLI «ST91  0SI SLEL  STL  «S°TIL 001  S°L8 SL =879 0 SLE ST «S7TI [[ews ‘Wiz ‘pg
§3 6T LT 94 €C Ic 61 L1 Sl €l It 6 L S € . I SuOUnEAIL
skeq

Chapter 4

“7 JuowLadXy Ul JUSUIedT} Yoed IO} $aqn) JOA0 PapuLIds (W) I9jem JO JUNOWE dAIR[NWINY) :€'f J[qRL

xipuaddy

110



Nutrient leaching from decaying cocoa pod husks

Table 4.4: Comparison of 1% and 2™ order exponential models used to describe cocoa pod husk

decomposition with estimates (+ 95% confidence intervals).

Predictor/Model evaluation 1st order exponential model 2nd order exponential model
criterion (Olson) (Yang and Janssen)
Decomposition rate (k), day! 0.01 +£0.00 0.09 +0.01
Ageing constant (a), unitless NA 0.42 +£0.04
AIC -69 -131
BIC -60 -119
<+
RMSE 0.11 0.05 !
&
2 =
R 0.71 0.77 5

NA: not applicable

Table 4.5: Effects of treatments (combination of rainfall frequency, rainfall amount, and size of chunks)

and type of structurally-bound nutrients on the total losses (+95% confidence intervals) estimated on

day 25 of the scheduled leaching experiment (experiment 2). Note that the probability indicates the P-

value for differences between treatments based on the Wald F-test.

Nutrient losses (% of initial value in the husks) Probability
Treatments across
N P Ca Mg
treatments
2d,12mm, large 0.02+522 527+£522 491+£522  11.12+5.22
2d,50mm, small 0.06 522 572+522 8.89+5.22 1336+522
0.99
8d,12mm, large 0.02+522 1.56+522 1.92+522  1.92+£522
8d,50mm, small 03£5.22 14.09+522 6.78+522 1547+5.22
Probability across
0.03 0.17

nutrients
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Table 4.6: Effect of rainfall amount, rainfall frequency, and size of chunks on K leaching model’s

parameters (see Eq.3 in main text). The intercept of the model were set for ‘2d, 12mm, small’ treatment.

Estimate (£95%

Parameter Rainfall Frequency  Size Treatment label confidence intervals)
Asym All All All All 1.16 £ 0.04
Xmid 12.5 mm 2 days Small 2d, 12mm, small 27.68 £5.6
Xmid 12.5 mm 2 days Medium 2d, 12mm, medium 30.35+10.14
Xmid 12.5 mm 2 days Large 2d, 12mm, large 25.95+10.13
Xmid 50 mm 2 days Small 2d, 50mm, small 29.11 +£13.58
Xmid 50 mm 2 days Medium 2d, 50mm, medium 28.46 +24.68
Xmid 50 mm 2 days Large 2d, 50mm, large 28.04 +£24.79
Xmid 12.5 mm 4 days Small 4d, 12mm, small 32.67 +13.52
Xmid 12.5 mm 4 days Medium 4d, 12mm, medium 31.01 +24.68
Xmid 12.5 mm 4 days Large 4d, 12mm, large 36.71 £ 24.54
Xmid 50 mm 4 days Small 4d, 50mm, small 24.25+32.82
Xmid 50 mm 4 days Medium 4d, 50mm, medium 27.51 £60.21
Xmid 50 mm 4 days Large 4d, S0mm, large 25.57 + 60.09
Xmid 12.5 mm 8 days Small 8d, 12mm, small 46.77 £ 14.27
Xmid 12.5 mm 8 days Medium 8d, 12mm, medium 59.86 +31.22
Xmid 12.5 mm 8 days Large 8d, 12mm, large 83.87 £50.57
Xmid 50 mm 8 days Small 8d, 50mm, small 33.18 +34.63
Xmid 50 mm 8 days Medium 8d, 50mm, medium 32.7+72.53
Xmid 50 mm 8 days Large 8d, 50mm, large 32.13+110.3
RL 12 mm 2 days All 2d, 12mm 0.07+0.01
RL 50 mm 2 days All 2d, 5S0mm 0.07 £0.03
RL 12 mm 4 days All 4d, 12mm 0.06 = 0.03
RL 50 mm 4 days All 4d, S50mm 0.07 £ 0.06
RL 12 mm 8 days All 8d, 12mm 0.03 +£0.03
RL 50 mm 8 days All 8d, 50mm 0.05 £ 0.06
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Table 4.7: Comparison of model coefficients and parameters (estimates £95% confidence intervals) for

fresh and partially decomposed cocoa pod husks exposed to simulated inundation (experiment 3).

Partially decayed
Estimate/Criterion Fresh husks
husks
Leaching rate (k), day! 0.03 +£0.01 0.22 +0.04
Ageing constant (a), unitless 0.35+0.05 0.63 £0.05
AIC -252.14 -177.22
BIC -243.53 -167.56
<
RMSE, % 0.22 1.32 5
2
R? 0.995 0.992 &
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Abstract

Nutrient requirements for cocoa and yield responses to fertilizers in smallholder fields are poorly
understood. Our objective was to evaluate cocoa yield responses to fertilizer application in relation to
current productivity and disease pressure under farm management. Experimental plots were established
in 10 representative smallholder fields with 15-20 years old cocoa trees that had never received
fertilizers. Yield responses were compared using a randomized complete block design (RCBD) in an
on-farm trial located in the south-west of Nigeria in 2020 and 2021. Modest PK rates (22 kg P ha! and
42 kg K ha'!) were annually applied combined with 0, 50, and 100 kg N hal. Soil properties were
measured at the start, while management practices (pruning, weeding, pest and disease management)
were assessed monthly. The number of healthy and diseased pods, pod index and cocoa bean yields were
determined per plot. In each plot, 25 trees were monitored over the experimental period. Linear mixed
models were used to estimate the effect of management practices, field productivity and treatment on
cocoa bean yield responses and yield components. Average cocoa bean yield responses were estimated
to be 94, 55, and -54 kg ha! for PK fertilizer treatments combined with 0, 50, and 100 kg N ha!
respectively, but these were not significantly different from the control (without fertilizer) due to large
variability among the fields. Weeding, and pest and disease management inconsistently affected the
yield response, the number of pods per tree, and the proportion of diseased pods per tree. We conclude
that use of fertilizer in existing cocoa plantations in south-western Nigeria did not increase yield under

smallholder management and should not be the first entry-point for intensification efforts.

Key-words: cacao; farm heterogeneity; soil fertility; yield response; farming practices; step-wise
approach.
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5.1. Introduction
Achieving balanced crop nutrition is essential to maintain soil fertility and improve cocoa (Theobroma
cacao L.) yields (Uribe et al. 2001), especially in low-input low-output systems found in West Africa
smallholder farms (Wartenberg et al. 2018; Wessel and Quist-Wessel 2015). Negative nutrient balances
were observed in cocoa fields in Ghana and Nigeria (Appiah et al. 1997; Chianu et al. 2012) which
threaten sustainability when offtakes are larger than inputs over longer periods of time. Nutrient offtakes
with harvested beans are generally estimated at 19-39 kg N, 3-4 kg P, and 7-10 kg K per ton of dry cocoa
beans (Hartemink 2005). Additional nutrients are needed to compensate offtake by cocoa pod husks and
nutrient immobilization in the woody biomass. However, there is uncertainty about the right amount of

nutrients that should be supplied to sustain or increase cocoa yields (van Vliet and Giller 2017).

Cocoa nutrition research has a long history in West Africa (Ahenkorah et al. 1981; Wessel 1971). Over
decades, blanket recommendations (unique rates of blended fertilizers) have been proposed at country
level for a large population of famers. Such recommendations usually emanate from experimentation in
few locations (van Rooyen et al. 2021) followed by extrapolation to larger areas e.g. (Tesfahunegn and
Wortmann 2017). For instance, "Asaase Wura” (containing 22% P»0s, 18 % K50, 9% CaO, 7% S and
6% MgO) and “SuperCao” (23% P20s, 19% K-0, 10% CaO, 5% S, 6% MgO, 0.9% Zn, and 0.25% B)
are recommended in Ghana and Cote d'Ivoire, respectively (Koko 2014; Amponsah-Doku et al. 2022).
Other recommendations are available in Cameroon and Nigeria (Nlend-Nkott and Asare 2021). The
Cocoa Research Institute of Nigeria (CRIN) recommends annual applications of 150 kg ha! of “NPK
20:10:10” (containing 20% N, 10% P»0s, and 10 % K>0) and 333 kg ha™! of “NPK 15:15:15” (15% N,
15% P20s, and 15 % K,0) for cocoa trees of 4-10 years and older than 10 years respectively (Moses O.
Ogunlade, personal communication). In order to decide whether to use fertilizer, smallholders need
strong evidence that it will be profitable for their farms (Denkyirah et al. 2016; Fosu-Mensah et al.

2022).

Criticism arose about the inadequacy of these blanket fertilizer recommendations for two main reasons.
First, blanket fertilizers do not acknowledge the diversity among cocoa farms (Amponsah-Doku et al.

2022; Dossa et al. 2018), which would result in large variability in yield response to fertilizer
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application. Second, it has been suggested that the first generation of fertilizer trials was set on relatively
fertile soils (van Vliet and Giller 2017). Usually, these trials were set upon cleared forest lands with high
soil organic carbon (SOC) contents and a relatively large soil nutrient supply that may have been enough
for cocoa demand, known as the *forest rent” (Ruf et al. 2015). This potentially underestimates nutrient

requirements for current smallholder fields.

Site-specific fertilizer recommendations have been released (for cocoa as in other crops) that promise
tailored recommendations to local conditions, intending to lower the financial risks of fertilizer
investments. These tailored recommendations are suggested to be most effective at field level (Espinosa
et al. 2006). However, site-specific recommendations require accurate knowledge about crop nutrient
demand and soil supply at the corresponding spatial scale. Current estimates derive from soil and climate
maps, but these are unavailable or unreliable because of limited observations (Zhu et al. 2015a).
Moreover, physiological underpinnings for proper cocoa nutrition are still missing, which further
complicates the development of field-specific recommendations. Therefore, field-specific

recommendations are currently a bridge too far.

A middle-ground between nationwide poorly fitted “blanket recommendations” and “fine-tuned field-
specific recommendations” is to adapt recommendations to regional requirements. In Céte d'Ivoire,
currently two fertilizer rates are recommended by the “Centre National de Recherche Agricole”
(CNRA): one for the Eastern and Central regions, and another for the Western region (Konan et al.
2015). In Nigeria, work is in progress to develop regional cocoa fertilizer recommendations, considering
agroclimatic zones and soil types (Ogunlade et al. 2019a). Surprisingly, the Ghana cocoa board
(COCOBOD) recommends a number of fertilizers that differ in composition for Ghana, but without
regional specification (Cudjoe et al. 2016). These attempts to set regional fertilizer recommendations
are made on the premise that regions substantially differ in crop demand or soil fertility (nutrient supply,

limitations, and nutrient-related soil constraints).

Cocoa nitrogen (N) requirements have been studied since the 1970s, but current knowledge is still
incomplete. N is the most frequently limiting plant nutrient (Agren et al. 2012; Sainju et al. 2019). Local

N yield response curves were established mainly for cereals (e.g. Zhu et al. 2015b), but not yet for cocoa.
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Cocoa requires larger N supply under low or no shade, and less under heavy shade (Evans and Murray
1953). A light shade regime is often recommended to maximize yields (Dohmen et al. 2018), resulting
in a larger N uptake when compared to shaded conditions. Cocoa yields respond to N application only
if other nutrient deficiencies (especially P) are eliminated (Wessel 1971). More recently, concurrent
with regional cocoa fertilizer recommendations, cocoa nutrient requirement maps were developed for
Cote d'Ivoire and Ghana (N'Guessan et al. 2017; Snoeck et al. 2010). A similar map is under
development in Nigeria (Ogunlade et al. 2019a). The main feature of these maps is that they delineate
areas where N is required and areas where it is not. However, conclusions concerning N requirements
from on-farm trials set in Cote d'Ivoire (Ruf et al. 2016) contradicted the proposed map (N'Guessan et
al. 2017). Such contradictions suggest that cocoa N requirements are subjected to variations even within
the regions defined in the maps. In practice, the fertilizer suppliers swiftly adjusted and produce PK
compound fertilizers which can be mixed with urea or other N fertilizers by individual farmers.

Nevertheless, farmers have no information about whether they should apply N or not, and at what rates.

Based on the above discussion, it is clear that regional cocoa fertilizer recommendations are claimed to
be better than the national blanket recommendations (e.g. Dossa et al. 2018), but have not been tested.
In addition, cocoa N requirement maps lack estimates of uncertainty. Hence, it is critical to assess
within-region variations of N requirements and explore their causes. We aimed to understand cocoa
yield response to selected combinations of macronutrients and its variability between farmers’ fields in
Nigeria. Our objective was to compare yield response to PK combined with three rates of N (0, 50, and
100 kg N ha!), and to explore possible interactions among yield responses, soil fertility, and disease
pressure under farmers’ management. We hypothesized that in low-shade cocoa agroforestry systems
and under variable field conditions, the yield response to N supply increases for application rates below
100 kg N ha™!. Here, we report results from an on-farm trial under farmers’ management in south-west

of Nigeria.
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5.2. Materials and methods

5.2.1. Study area
An on-farm fertilizer trial was initiated in 2020 in smallholder cocoa fields with 15-20 year old trees.
Our aim is to continue the trial for at least five years. Crop response data for the first two years is
presented here. The study area was situated in Owo Local Government Area, Ondo State, Nigeria. The
climate is characterized by an annual rainfall of 1398 mm with a monthly peak in September (Appendix
Figure 5.4); the annual mean temperature is 25.6°C with small seasonal fluctuations (Abatzoglou et al.
2018). Lixisols developed on quartz schists and gneisses are the dominant soils in the area (FAO 2015;

Hengl et al. 2017).

Key-informant interviews revealed that cocoa has been grown in the study area for about 50 years and
is the main source of cash income for smallholder famers. From these interviews, we learned that farmers
usually plant “Amazon” cultivars (without a particular layout), upon selectively clearing a secondary
forest. Management of cocoa fields in the production phase usually includes one or more annual rounds
of manual weeding, depending on the degree of canopy closure. Pesticides (insecticides and fungicides)
are typically applied 2-3 times per year, less than frequently recommended (Afoakwa 2014). Systematic
pruning is performed once in 1-3 years, while lighter pruning is completed several times in a year as

part of general field maintenance.

Prior to field selection, a survey was conducted in September 2019 to rapidly characterize cocoa farming
the study area. The results of the survey served as a basis for field selection. The survey engaged a total
of 110 farmers proposed by the ‘lead-farmers’ in 11 rural communities, and involved a structured
interview and on-farm measurements. Lead-farmers were asked to prepare a list of potential candidates.
The list of cocoa farms obtained from the ‘lead-farmers’ in their communities was used because registers
were not available. The interview captured the types of cocoa production systems (full-sun, simplified
agroforestry, low-shade, and heavy-shade complex agroforestry systems), the ages of present cocoa
trees, the previous land-use, and the major perceived production constraints. Field measurements

included the field perimeter using GPS receivers, cocoa tree count on three equilateral triangular
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assessment plots of side 20 m each, soil textural class, terrain slope, and a rapid cocoa yield estimation

through a pod count on all trees in the triangular plots. Field areas and cocoa tree density were calculated.

After interviewing farmers and visiting fields, the coefficient of variation (CV) of all quantitative
variables was evaluated; cocoa tree density was the most variable. Then, farms were sorted on cocoa
tree density. Farms within 5-95% of the observed cocoa tree density were short-listed. The shortened

list served as basis for farm sampling.

Table 5.1: Soil physical and chemical characteristics (mean + standard deviation) for n=10 fields

Soil property Unit Estimate
Clay content % 104 +£1.36
pH 6.91 = 0.40
SOC % 1.41+0.35
Total N % 0.14 £ 0.05
C:N 10.82 £ 1.63
P mg kg! 528+2.14
K cmol kg'! 0.37+0.18
Ca cmol kg! 4.93+£1.95
Mg cmol kg'! 1.57+0.40
Na cmol kg'! 0.14 +£0.05

5.2.2. Selected experimental fields
Ten fields, located each on a different farm, were selected randomly from the shortened farm list. All
fields were located between 7° 12° 55” N and 7° 14’ 22” N, and between 5° 41” 14” E and 5° 43” 01”
E, with elevation varying from 175 to 436 m.a.s.l. These fields were 15-20 years old and had never

received organic or mineral fertilizers before this study. In all fields, palms and shade trees were present,
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most of them being remnant forest trees and a few planted species. The most frequently found species,
in decreasing order of relative abundance were Elaeis guineensis, Cola nitida, Triplochiton scleroxylon,
Gliricidia sepium, Citrus spp., and Milicia excelsa. The average (+ standard deviation) cocoa tree
density was measured at 1338 =+ 188 trees ha’!, while the shade tree density was 61 + 27 trees ha™! (Figure

5.2 ¢).

In June 2020, before fertilizer treatments were applied, composite soil samples were taken at 0-30 cm
depth in each experimental plot, pooled at field level, air-dried, sieved at 2 mm, and analysed following
routine procedures (Table 5.1). Soil texture was determined based on the hydrometer method. Soil pH
was measured in a 1:2.5 soil-water ratio. For soil organic carbon (SOC) and total nitrogen contents, the
chromic acid oxidation (Walkley-Black) and the Kjeldahl digestion methods were used respectively.
Available P contents were quantified with the Olsen extraction method, while exchangeable bases (Ca,
Mg, K, Na) and micro-nutrients (Zn, Cu, Mn, Fe) were determined through Mehlich III extraction and

inductively coupled plasma-optical emission spectrometry (ICP-OES).

5.2.3. Experimental design and field measurements
The effects of three fertilizer treatments, differing only in their N contents, were evaluated on cocoa
yield and yield components. The experimental unit was a plot of 21 m x 21 m (441 m?). In each field, 4
plots that were at least 5 m apart were delineated and randomly assigned to treatments: “control” (no
fertilizer), “P22K42” (22 kg P ha'! and 42 kg K ha!), “N50P22K42” (50 kg N ha'!, 22 kg P ha! and 42
kg K ha'!), and “N100P22K42” (100 kg N ha!, 22 kg P ha'! and 42 kg K ha™"); these rates were supplied
annually. Treatment NSOP22K42 corresponded to the national recommendation for trees older than 10
years and assuming a cocoa tree density of 1333 trees ha™!. Treatment P22K42 was required to study the
response to N. It was assumed that rates of P and K in the national fertilizer recommendation were
adequate to potentially suppress deficiencies for the study area. Fertilizers (urea, triple super phosphate
and muriate of potash) were weighed per plot, manually mixed, and equally distributed over all present
cocoa trees, in a circle of 0.7 m radius around the stem of each tree (Nlend-Nkott and Asare 2021).
Following national recommendations in Nigeria, dosages were equally split between June and

September. Except fertilizer application, all the farm management was implemented by farmers. The
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trial was laid out following a Randomized Complete Block Design (RCBD) with one complete block

per farm.

Measurements were taken at both plot and tree levels. At plot level, we evaluated farming practices,
counted healthy and diseased pods at harvest, and weighed sun-dried beans extracted from healthy pods.
Three agronomic practices known for their influence on cocoa yields were assessed monthly: pest and
disease management (Kongor et al. 2017), pruning (Leiva-Rojas et al. 2019; Vega et al. 2021), and weed
management (Konlan et al. 2019). These practices were scored on a 4-point Likert scale (0-3) with the
maximum score corresponding to the most desirable situation (Appendix Table 5.3). Each plot was

scored separately to account for spatial heterogeneity in smallholder farmer fields (Tittonell et al. 2013).

In smallholder cocoa farming, pod harvest is spread throughout the year, with seasonal peaks. In this
area, the main harvest period is from October to December. At each harvest event, all ripe pods were
harvested; the number of healthy and diseased pods were counted. Counts were aggregated from
September to December 2020 and from January to December 2021. Once in the October-December
period, a sub-sample of healthy pods, all harvested from twenty-five trees, was counted and processed
by pod breaking, cocoa bean fermentation and sun-drying. Weights of corresponding fresh cocoa beans

and sun-dried beans were determined.

Data were also collected at tree level to capture the tree-to-tree variability in response to fertilizer
treatment. At the beginning of the study, a subset of 25 trees located at the centre of each plot were
identified and labelled for detailed measurements for each tree of the total number of harvested pods
and the percentage of diseased pods. During the above-mentioned harvest events, pods plucked on these
labelled trees were first gathered and counted per tree before information was recorded at plot level.
Tree data were also aggregated from September to December in 2020, and from January to December

in 2021.

5.2.4. Data processing

At plot level, we calculated the cocoa yields, the yield responses to fertilizer treatments, and the pod

indices by summing data collected for each tree in the plot. At tree level, we assessed the total number
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of harvested pods per tree and the proportion of diseased pods. The “pod index” was calculated as the
number of healthy pods required for 1 kg of sun-dried beans (Eq. 5.1, Maharaj et al. 2011). Dry cocoa

bean yield was calculated as in Eq. 5.2.

Number of healthy pods

PI =

~ Mass of sun—dried beans

(Eq.5.1)

. 1
Y = Density X Npygs X (1 — Pgiseased) X o (Eq.5.2)

where Y is the yield of sun-dried cocoa beans (kg ha'), Density the cocoa tree density (trees ha™),
N_Pods the total number of harvested pods per tree, P_diseased the proportion of diseased pods per

tree, and PI the pod index (pods kg™ beans).

The cocoa yield response to a given fertilizer treatment was calculated per year in each field as in Eq.

5.3.
Rijk = Yijk = Yeontrotjk (Eq.5.3)

where R;;« and Y, « represent the yield response to fertilizer treatment i and the yield of the plot in which
treatment i was applied in year j and field &, respectively. Yeonrorsk represents the yield in the control

plot, and was used to represent the field productivity.

At tree level, the total number of harvested pods resulted from a simple aggregation of all harvested
healthy and diseased pods in a year. The proportion of diseased pods per tree was calculated by dividing

the number of diseased pods by the total number of harvested pods.

As management practices were scored on a monthly basis, temporal variation was unavoidable as
observed in other production systems (Kitchen and Clay 2018). The probability of the highest score was
derived to capture the average annual management standard. It was calculated by dividing the frequency
of the highest score (3) for a given practice by the number of observations (scores from 0 to 3) over a

year (Eq. 5.4). All plots received the same number of visits.

N visitsg ; jk(score=3)
N visitsg ; j x(score €{0,1,2,3})

Probabilityg; ;. = (Eq.5.4)
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where a represents a farming practice (pruning, weeding, or pest management).

5.2.5. Statistical analysis
Neither soil properties (Table 5.1), nor tree densities strongly correlated with cocoa yield response to
fertilizer application; therefore, these variables were not further considered as predictors. At plot level,
linear mixed-effects models were used to analyse yields, yield responses, and pod indices. For yield, the
fixed-eftects factors were treatment and year, with fields used as random-effects. For the yield responses
and pod indices, the explanatory variables included the treatment, the yield in the control plot (Yeonror),
the probability of highest score for each management practice (weeding, pruning, pest management),

and the interaction between Yoo and treatment.

At tree level, the cumulative frequency distribution (CDF) was determined for the total number of
harvested pods per tree. The distribution curves were then compared between pairs of treatments, based
on the two-sample Kolmogorov-Smirnov test. The 50" and the 80" quantiles of the CDF were compared

among treatments, by fitting linear quantile mixed-effects model regressions (LQMM).

Generalized linear mixed models (GLMM) were also fitted to evaluate the effect of fertilizer treatment
on the total number of harvested pods per tree and the proportion of diseased pods per tree. The same
fixed-effects factors used for yield responses were employed: treatment, Yeouror, the probability of
highest score for the three management practices, year, and the interaction between Yeonror and treatment.
A hierarchical structure of random-effects was adopted with, in decreasing order: the field, the plot
(within the field), and the tree (within the plot). The analysis was repeated for each year, in which case
tree was no longer included as a random factor. It was observed that the distribution of the number of
pods per tree strongly deviated from normality and significant over-dispersion occurred. A negative
binomial distribution was thus assumed in the corresponding GLMM. Poisson, quasi-Poisson, and zero-
inflated distributions were tested for, but did not reduce the deviance of the models. For the proportion
of diseased pods per tree, a binomial distribution was adopted as data did not show significant over-

dispersion.
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Models were analysed by testing significance of explanatory variables, through F test following a type
I Analysis of variance (ANOVA) with a Satterthwaite’s approximation of degrees of freedom. When
this was not possible (GLMM), a Chi-squared test was used instead. In all models that included Yconor
as explanatory variable, we excluded the control treatment to ensure variable independence. Marginal
means were computed for all response variables to compare the effect size of explanatory variables. The
proportions of total variance explained by predictors were calculated using the marginal and conditional
pseudo-coefficients of determination (Nakagawa et al. 2017), and the unadjusted intra-class correlation
coefficients (Liidecke et al. 2021). Predictions were made based on fitted models while all random-
effects factors were set to zero. All analyses were implemented in R environment (R Core Team 2013),
using mainly glmmTMB, and glmm packages for model fitting, and emmeans and performance to

calculate marginal means, pseudo-coefficients of determination, and model predictions.

5.3. Results

5.3.1. Effects of fertilizer treatments on cocoa yields

Overall, annual cocoa yields were estimated at 422, 515, 476, and 368 kg ha! for control, P22K42,
N50P22K42, and N100P22K42 treatments respectively (Figure 5.1 a). There were no significant
differences (P>0.05) in cocoa yields between treatments. However, there was a significant year effect
(P<0.001) with higher yields in 2021 than in 2020. In both years, the highest and lowest average yields
were recorded in the P22K42 and N100P22K42 treatments, respectively. The total variance in observed

yields was mainly attributed to between-field differences (ICC=0.54, Table 5.2).

5.3.2. Cocoa yield response to fertilizer treatments under smallholder farm
management

A score of zero was never recorded for pruning and pest control, but did occur for weed control.
Following an unexpected change in rainfall patterns in August 2020 (Appendix Figure 5.4), all farmers

could not maintain the experimental plots in the best possible manner between August 2020 and January
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2021, resulting in scores below 3. In 2020, the probabilities of a score of 3 ranged between 0 and 0.5 for
pest control and pruning, and between 0 and 0.83 for weed control. In 2021, this probability ranged

between 0.36-0.91, 0.42-0.83, and 0.46-1.0 for pest control, pruning, and weed control, respectively.

Chapter 5
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Figure 5.1: Cocoa yields (a) and yield responses (b and c) to three different fertilizer treatments.
Predictions are represented with lines, while observed individual (circles) and mean values (diamonds)
are represented with open (2020) and solid (2021) symbols. The treatment colours of the dots match
with those of the lines; the grey line is treatment invariant.
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The cocoa yields in the control plots ranged between 107 and 1012 kg ha with a 62% coefficient of
variation (CV). Despite this variation, correlation in field productivity was strong between years
(=0.68), indicating that the most productive fields in 2020 remained very productive in 2021. In
comparison to field productivity, there was a larger variation in yield response to fertilizer application,
with a CV=807%. Yield responses to N50P22K42 treatment were more variable (95% confidence
interval between -83 and 192 kg ha!, CV=629%) than responses to P22K42 (95% confidence interval
between -55 and 221 kg ha™!, CV=203%) and N100P22K42 (95% confidence interval between -181 and

95 kg ha'!, CV=345%).

The effects of pruning and pest and disease management on yield responses were not significant
(P>0.05). There was an expected yield increase estimated at 3.8 kg ha'! for every 1% increase in the
probability of the highest weeding score (Figure 5.1 b). The effect of weeding on cocoa yield response
was significant in 2020 (5.4 kg ha™', P<0.05), but not in 2021 (1.3 kg ha™!, P>0.05, Appendix Table 5.4).
The yield response to N100P22K42 significantly decreased at increasing Yeomror (P<0.05, Figure 5.1 c),
meaning that an addition of 100 kg N ha™! resulted in lower yields in the most productive fields, when
compared to the P22K42 treatment. In a field with Y,ouor of 100 kg ha'!, predicted yields increased with
76 kg ha'! and 160 kg ha'!, for P22K42 and N100P22K42 treatments respectively. In contrast, at a Yeonsror
of 1000 kg ha™!, the predicted yield increased with 100 kg ha! when applying P22K42 and decreased

with 416 kg ha! when applying N100P22K42.
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5.3.3. Effects of fertilizer treatments and management practices on Yyield

components

Fertilizer application did not have the same effect on the different yield components. Most trees
produced very few pods in all treatments. In 2020 and 2021, respectively 16% and 10% of labelled trees
bore no harvestable pods (Figure 5.2 a-b). Furthermore, 2-6% of labelled trees produced no harvestable
pods over the two years. Thus, applying fertilizers did not result in production of harvestable pods on

all trees.

Trees in the most productive fields produced many more harvestable pods when P22K42 was applied
than when N50P22K42 or N100P22K42 was applied, more so in 2021. This was not observed in the
least productive fields (Figure 5.2 c-f). At all tested quantiles (50" and 80%), the number of harvestable
pods per tree was significantly highest (P<0.05) in treatment P22K42 at increasing Yconro. The largest

differences between treatments were observed at the 80" quantile, i.e. the most productive trees.

According to the GLMM (model 3, Table 5.2), the average number of pods per tree was not significantly
different between treatments, even at increasing Yeomro. An increased probability of the highest score for
pest management was associated with a significant decrease (P<0.001) in the total number of pods per
tree. This counter-intuitive result may have been due to the prominent role of mummified and diseased
pod removal as sanitation practice: fields in which this was observed (highest scores for pest
management) subsequently had a lower number of total pods at harvest. Year had a significant effect on

the number of pods per tree (P<0.001), with more pods produced in 2021 than in 2020.

In general, the number of harvested pods that were diseased was significantly higher in 2020 (17%
infected pods) than in 2021 (10%; P<0.001, Figure 5.3 a, b), corresponding approximately to 74 and
59 kg ha'! yields losses respectively. The proportion of diseased pods was slightly larger for trees that
received N100P22K42 (17%) than for trees in other treatments (14%). In 2020, the proportion of
diseased pods was significantly larger for trees that received N100P22K42 than for trees in other

treatments, irrespective of Yeomror (P<0.01). In 2021, more diseased pods were found on trees that
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received N100P22K42 when compared to other treatments, with significant treatment by Yeonsor

interaction effect (P<0.05, Figure 5.3c, d).
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Figure 5.3: Observed (a-b) and predicted (c-d) proporitons of diseased pods calculated per cocoa tree
under different fertilizer treatments. The treatment colours of the dots match with those of the lines.

Pod index significantly decreased at increasing Yeonror (P<0.05), meaning that higher yields in the most
productive fields were associated with larger cocoa bean weight per pod. However, there was no
significant change in the pod index as a result of fertilizer application (P>0.05). Management practices

did not significantly change pod index values either.
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5.4. Discussion

Overall, there were no significant differences in yield between control and fertilizer treatments
(P>0.05), contrasting with our expectations. Variability between fields and between trees in a field

were large. The results did clearly not support our hypothesis.

5.4.1. Unexpected lack of response to nutrient supply in low-input systems

Our results showed small positive but non-significant responses of cocoa trees to combined P and K
fertilizers (applied at recommended rates in Nigeria) across years. Cocoa yield responses to various
fertilizers have been assessed since the 1960s (Murray 1958). Smallholder cocoa production systems
likely suffer from negative nutrient balances, and nutrient deficiency is likely the major cause of low
productivity (Vaast and Somarriba 2014; Baah et al. 2011). After more than 10 years of crop growth
and continuous harvest with no organic or mineral inputs, nutrient balances are expected to be negative
in all the fields of our study. Most of the published work related to on-farm fertilizer trials in cocoa
reported significant positive responses to fertilizer application (Uribe et al. 2001; Asare et al. 2017).
Little attention was paid to variability in yield responses which may have occluded cases of no or

negative responses.

Absence of response of cocoa trees to fertilizer application could be due to other constraints that are
more important than nutrient deficiencies: (a) a lower than expected nutrient demand by trees, (b)
sufficient supply from soil or an unbalanced or poorly-timed fertilizer application, and/or (c) a delayed
response. The low nutrient demand of cocoa trees likely relates to various growth-defining, -limiting or
-reducing factors. Some possible limitations on cocoa nutrient demand were: germplasm quality,
constraints on flower pollination, reduced growth rate in old age, legacy-effect of past damage, and
physiological adaptations to low nutrient environments. The genetic materials used are probably not the
most productive since smallholder farmers generally rely on seeds from their own harvest or from

neighbours as planting materials. A survey conducted in four countries in 2002 showed that 9-42% of
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smallholder cocoa farmers used improved varieties, with the lowest percentage for Nigerian farmers

(Gockowski 2019).

A low nutrient demand for yield formation may also arise from constraints on other metabolic processes:
e.g., larger resource allocation to vegetative growth or defence against bio-aggressors, failure of
reproductive functions such as pollination. Visual observations of the cocoa canopy in our study hardly
support the hypothesis of strong leaf biomass response instead of yield response to fertilizers. Therefore,
excessive vegetative growth may not explain the lack of yield response. Total carbohydrate production
and its allocation between vegetative and reproductive growth is mainly driven by genetic factors
(Daymond et al. 2002), but also influenced by pruning (Gandhi et al. 2021; Leiva-Rojas et al. 2019;
Susanti et al. 2017). Pod set can also be limited by a low rate of pollination irrespective the tree’s
nutritional status. Groeneveld et al. (2010) and Toledo-Hernandez et al. (2020) suggested that a 13-40%
hand-pollination had a greater potential to increase cocoa yield than improving availability of light,

nutrients, or water.

Cocoa trees may have suffered irreversible damage in the past with negative legacy-effects on
subsequent growth and production. Such damage includes, among others: fire, flooding, heat, drought
(Medina and Laliberte 2017; Asare et al. 2017; Bar et al. 2019; Abdulai et al. 2017; Moser et al. 2010;
Lahive et al. 2021; Gateau-Rey et al. 2018). From seedling establishment, several environmental shocks
and stresses could have occurred with cumulative and/or delayed effect on production potential; these
are insufficiently analysed in cocoa. The most studied legacy-effect is that of drought on forest tree
species (Huang et al. 2018; Kannenberg et al. 2019; Wu et al. 2018), which could also occur in cocoa

with expected differences between varieties (Tezara et al. 2020).

The age dependency of growth and production in tree crop could limit nutrient demand. After 15-20
years, it is expected that the tree growth rate has reduced considerably as compared to trees in the
immature or young mature phase. Consequently, nutrient demand would be lower in old age than during
active growth phase. Besides, Fischer et al. (2014) have proposed that organism plasticity is age-

dependent. Progressive adaptation to nutrient-limited environment may result in poor response of cocoa
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trees to nutrient supply as tree plasticity would have decreased over time. This hypothesis seems
paradoxical as strong nutrient responses are expected after long periods of starvation, but is supported
by the accumulation of non-structural carbohydrates throughout the ontogeny of the tree, resulting in

better acclimation to environmental shocks and stresses (Niinemets 2010).

The hypothesis of sufficient soil nutrient supply in our study is hardly supported by soil chemical
properties and observed yields (lower than 2000 kg ha™'). Alternatively, ineffective nutrient supply could
lead to nutrients being lost, and is often linked to the 4R nutrient stewardship (Bruulsema et al. 2022;
Bruulsema et al. 2019). In particular, nutrient imbalances can be expected if deficiencies are not properly
identified and addressed. Nutrient imbalances have been observed in cocoa (Chinnappan 2021; Isaac
and Kimaro 2011) and are proposed as a major cause of limited fertilizer response in various crops
(Ndabamenye et al. 2013; Njoroge et al. 2017; Raghupathi et al. 2005). In strongly weathered tropical
soils where sesquioxides are abundant (Giresse 2008), availability of P for plant uptake can be strongly
limited as observed in this trial (Table 5.1). Another potential cause of ineffective supply is poor timing
of fertilizer application. Timing of nutrient application was done based on a calendar, following national
recommendations in Nigeria; but this could be improved provided that peaks of nutrient demands are
clearly identified. For example, leaf flushing and pod enlargement in cocoa is seasonal and likely to be

associated with increased nutrient demands.

Nutrient uptake by trees might be decoupled from nutrient use for growth and development (Rennenberg
and Schmidt 2010). One of the mechanisms of asynchrony relates to the nutrient reserve pool in the tree
that buffers future seasonal deficiencies and stress periods. As this reserve pool increases with biomass,
older trees may become less dependent on environmental resources, being less responsive to
environmental changes including nutrient supply. Refilling the tree reserve pool could cause delay in
response to fertilizer application. Handley (2016) proposed that additional assimilates generated from
enhanced photosynthesis are not immediately partitioned to pod growth, but this may occur as from the
second year in younger cocoa trees. The hypothesis of delayed response needs further tests with long-

term trials in which the year effect is controlled.
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5.4.2. Variable yield response to nutrient supply: the role of intricately linked

factors

In this study, cocoa yield responses spanned from -500 to +1000 kg ha™!, with 34% of the variability
explained by differences between fields, and only 24% explained by the fertilizer treatment, the
management practices, the year, and the field’s productivity. In total, 42% of yield response variability
remained unexplained by the linear mixed-effects model. Understanding yield variability has been a
constant objective of modern agronomy (Mulders et al. 2021; Maestrini and Basso 2018). Variability in
yield response to fertilizer application is key information to assess farmer’s economic risk to adopt
fertilizer use (Laajaj et al. 2020). Average yield responses to fertilizers are often reported in cocoa
(Mulia et al. 2017), but variability is often occluded. Between-farm yield variability has been found to
be about 30-60% in on-farm trials (Asare et al. 2017; Hoffmann et al. 2020). Fertilizer response
variability is much larger, with standard deviations as large as differences between treatments (fertilizer
versus control), even with ‘good agricultural practices’ (Hoffmann et al. 2020). Our results indicated
greater variability than observed by Hoffmann et al. (2020), and we see no scope for generalized

fertilizer recommendations to smallholders due to this large variability.

Time (year) was not a significant factor influencing cocoa yield response in our study, although there
were significant differences between annual yields (P<0.001). However, year was associated with
significant differences in the number of harvested pods per tree, and significant differences in the
proportion of diseased pods per tree. Temporal variation of cocoa yield was assessed in previous studies,
suggesting strong limitations of climate on cocoa yields. For instance, the dependence of rainfed cocoa
production on temperature and rainfall variability is clearly acknowledged (Ofori-Boateng and Insah
2014; Lahive et al. 2018; Wilson et al. 2019). Also, frequent precipitation and subsequent high air

relative humidity are key drivers of black pod disease pressure (Delgado-Ospina et al. 2021).

Management explained only a small amount of cocoa yield response variability: weeding was only
significant in 2020. Pest and disease management did not significantly influence the yield response to

fertilizer, but was important both for the total number of harvestable pods and the number of healthy
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pods per tree. Pruning did not show a significant effect on any response variable measured in this study,
while it is often considered a key determinant of cocoa yield (Chang et al. 2021; Laossi et al. 2022).
The overarching role of pest and diseases as a major cause of yield losses was confirmed (Adomako
2007; Bailey and Meinhardt 2016); however we had no evidence that better disease management would
improve the response to fertilizer per se. This finding supports the idea of a step-wise application of
ISFM practices (Vanlauwe et al. 2010) in which weeding and pest and disease management would be
a pre-requisite for improved nutrient management under the constraint of current germplasm. Weed

control may additionally increase the effectiveness of fertilizer application, but evidence is weak.

5.4.3. Yield response in the most productive fields

Cocoa yield responses to N100P22K42 were negatively correlated to field productivity. N demands are
larger under full-sun when compared to heavy shade (Murray 1958; Uribe et al. 2001). N requirements
under low-shade conditions received less attention in previous studies. Under NPK fertilizer application,
cocoa yields reached a maximum between 50-75% full daylight (Murray 1958; van Vliet and Giller
2017). The negative responses to N supply at increasing field productivity were unexpected under low
shade conditions as present in this study. We found that pest management played an important role in
reducing the number of harvested pods per tree in all fields. Further, the predicted number of harvested
pods per tree was consistently lower at N100P22K42 when compared to the other treatments. The
proportion of diseased pods was largest in trees that received 100 kg N ha’!, increasing with increasing
field productivity. This suggested that large N availability amplified the disease pressure on pods. Visual
observations did not suggest that more leaves were produced in the canopy, which could also have

increased air humidity and favoured black pod disease spread in N100P22K42 plots.

Our analysis reveals that nutrient supply is not the logical entry-point to achieve rapid improvements in
cocoa yields in smallholder cocoa farms in the study area, despite the presence of negative nutrient
balances. The large variability and the absence of a quick and significantly positive response contrasts
with the general advice to farmers to apply fertilizers as soon as possible. This paradox calls on deeper

reflections on the urgency of fertilizer application as a first step towards sustainable intensification in
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smallholder cocoa farms. Other farm management practices including weed control, pruning, and pest
and disease management need to be addressed first to ensure healthy cocoa trees with the capacity to

respond to nutrients, before NPK application.

5.5. Conclusion
There was no significant positive response to any of the three tested nutrient combinations after two
years of fertilizer application, although the trees had never received nutrient inputs in the past. The yield
response to fertilizers was highly variable primarily due to differences among the fields. The response
to NPK fertilizer with 100 kg N ha! was absent for very unproductive fields, but was increasingly
negative for the more productive fields. Diseases played a major role in reducing the number of healthy
harvestable pods per tree. This yield reducing effect was amplified by large N supply, as present in the

more productive fields that were fertilized with 100 kg N ha™!. These results suggest that, in the short-

Chapter 5

term, fertilizer application to old cocoa trees in nutrient-limited production systems is not a viable option

under smallholder management. We identified several possible explanations for this lack of response.

The observed variability in yield response highlights (a) the challenges in estimating nutrient
requirements at field-scale and (b) the importance of disease as a major yield-reducing factor. Therefore,
blanket fertilizer recommendations in the studied environment expose farmers to unevaluated risks of
yield losses. We conclude that for the studied systems, fertilizer cannot be the entry-point for
intensification in older stands of cocoa. First, other aspects of management need to be improved,

including proper weeding and pruning, disease control and use of responsive germplasm.
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potential evapotranspiration (lines). (b) Cocoa tree density and (c) shade tree density in experimental
plots.
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Table 5.3: Notation scale used to score farmers’ management practices in 15-20 year old cocoa

plantations
Scores
Practices
0 1 2 3
. more than 50% 25-50% weed 5-25% weed less than 5%
Weeding
weed cover cover cover weed cover
than 509 4 trees - 25% of
more .an o 25-50% trees ces . %0 less than 4 trees
trees with . trees with .
with chupons, with chupons,
. chupons, . chupons, .
Pruning . interlocked . interlocked
interlocked interlocked
branches, or dead branches, or dead
branches, or dead branches, or dead
branches branches
branches branches
than 50%
fmore z.1n ’ 25-50% of trees 4 trees - 25% of less than 4 trees
of trees infected . . .
Pest . infected or trees infected or infected or
with black pod or . . .
control . bearing bearing bearing
bearing mummified pods mummified pods mummified pods
mummified pods P P P
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6.1. Overview

The demand for cocoa, the main ingredient of chocolate, is increasing by 1-3% per year (ICCO 2021).
The bulk of cocoa is produced by smallholder farmers in West Africa who are often confronted with
low productivity, ageing of tree stocks, and declining soil fertility (Matissek et al. 2012; Macek et al.
2018). Since cocoa production has long been associated with deforestation (Barima et al. 2016; Sassen
et al. 2022), actors in the industry have committed to increase production in a sustainable manner
(Carodenuto and Buluran 2021; Castro-Nunez et al. 2020; Drew and Boal 2019). Their objective is to
meet the increasing demand, not through expansion of cultivated area, but through higher land
productivity. Yield gaps are currently large in cocoa (Asante et al. 2022; Abdulai et al. 2020), which
offers opportunities for yield improvement and production increase. The limited and inadequate use of
organic and mineral fertilizers by smallholder farmers (Nunoo et al. 2014; Ali et al. 2018) leads to poor
crop nutrition which is postulated as one of the most important constraints to cocoa yield increase
(Kongor et al. 2017; Wessel and Quist-Wessel 2015). Therefore, implementing integrated soil fertility
management (ISFM) in cocoa is attractive, and proposed as a path to sustainable intensification (SI).
However, since the paradigm of ISFM was initially developed for maize-based production systems, the
knowledge required to apply it to tropical perennial crops is lacking (Vanlauwe 2020). Implementation
of ISFM in tropical tree crops was understudied when compared to annual crops (Agegnehu and Amede
2017; Tabo et al. 2007; Bayu 2020; Chivenge et al. 2010; Pincus et al. 2016; Pypers et al. 2011). The
aim of this thesis was to explore the potential of ISFM to increase yields and to better understand nutrient
cycling in cocoa. Focusing on existing smallholder cocoa farms in West Africa, three research questions

were addressed:

- Do the principles of ISFM apply to smallholder cocoa production systems in West Africa?

- What is the contribution of litter production and decomposition and of cocoa pod husk
management to soil nutrient availability?

- What is the expected yield response to fertilizer application in mature cocoa fields under current

farmer management?
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In this chapter, I first summarize the key findings of the thesis (section 2). Reflections on the
methodological choices made throughout the studies are then presented to inform future research. A
distinction was necessary between constraints peculiar to this research (section 3.2) and more generic
limitations that apply to any field trial in mature smallholder cocoa fields (section 4.1). Since the latter
limitations had no obvious solutions, it spurred a discussion on alternative approaches to advance cocoa
nutrition knowledge (section 4.2). The limits of practising ISFM in cocoa are discussed by integrating
implications of key results with current views on ISFM and alternative or complementary approaches

to deliver sustainable intensification in cocoa (sections 5 and 6).

6.2. Key findings

The potential of ISFM to rapidly increase cocoa yields has not been demonstrated with experiments on
farms in this thesis. The relevance and applicability of ISFM principles were discussed in the context of
smallholder cocoa farming (Chapter 2), emphasizing the importance of carbon and nutrient stocks and
flows within tree crop systems. The large C stocks in mature cocoa, and the limited scope for smallholder
cocoa farmers to produce and collect additional on-farm organic resources question the relevance of
organic fertilizer use and application in cocoa. In addition, several knowledge gaps (e.g., crop nutrient
demand, optimization of pruning) were identified which limit our ability to precisely define fertilizer
needs in each context and to provide undisputed “sound agronomic” recommendations to current
smallholder farmers. The use of low-performance germplasms and sub-optimal management by
smallholders are not conceptual constraints but do limit the yield benefits expected from applying ISFM
practices in the current cocoa production systems. To achieve the desired yield increases, both
knowledge gaps and current practices need to be addressed; but above all, I advocate for a thorough re-
interpretation of ISFM principles in tree crop systems as a first step towards a meaningful

implementation of the paradigm.

To improve nutrient cycling, organic residues generated in cocoa fields need to be managed efficiently
(Turmel et al. 2015; Yadvinder et al. 2004). In Chapters 2 and 3, we showed that substantial amounts of

C were stored in various components of mature cocoa crops, with significant above- to below-ground
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flows (through e.g., litterfall, pruning, root mortality and decay), which ultimately influence nutrient
return to soil. While Chapter 2 suggests that internal stocks of C and nutrients are large, it does not
provide mechanistic understanding of the observed flows and their drivers. Chapters 3 and 4 partly
address this gap, by evaluating the effects of natural processes on two above-to-belowground nutrient
transfer paths. In both chapters, evidence was provided that the transfer rates from residues to soil were
nutrient specific. In particular, N and P were slowly released from the litter layer, which was attributed
to the poor quality of senescent cocoa leaves; however, soil macrofauna played a significant role in the
subsequent nutrient removal from the litter (Chapter 3). Unlike N and P whose cycles were tied to that
of C, potassium (K) flowed rapidly between system components, especially as leachates were lost from
decaying cocoa pod husks often abandoned in piles by smallholder farmers (Chapter 4). These studies
altogether show that different mechanisms govern N, P, and K flows from trees to soil, suggesting that
when residue management is possible, this should be nutrient-oriented. Hence, understanding nutrient
cycling is deepened by showing the role of some essential drivers which were previously overlooked in
cocoa: macrofauna for N and P release from litter, and rainfall patterns for K leaching from cocoa pod
husks. The main difference between Chapters 3 and 4 is related to the degree of control a farmer could
have over the nutrients contained in the residues: nutrient flows through litterfall (over which farmers

have no control) were larger than the moderate flows through cocoa pod husks.

Unlike Chapters 3 and 4 which were dedicated to cycling of nutrients within the system, Chapter 5
focused on nutrient addition to the system. A key point of Chapter 2 was that ISFM could only be sub-
optimal in current smallholder cocoa production systems because many prerequisites were not met.
Therefore, it was urgent to estimate the profit a farmer could expect from applying a single or any
combination of ISFM recommendations. In Chapter 5, we focused on fertilizer application, from which
we expected the largest response in farms that never received additional nutrient inputs from the from
organic or mineral sources since establishment phase. We evaluated the yield response to fertilizers in
15 to 20-year-old cocoa trees under farmer management in south-western Nigeria. Among the tested
treatments was the national fertilizer recommendation for trees of more than 10 years of age. After two

years of fertilizer application, we were surprised by a lack of response and the large between-field
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variation in yield responses found. Further, an imbalanced combination of nutrients (including a supply
of 100 kg N ha') was counter-productive and resulted in yield reductions when compared to PK only.
It was concluded that, in this case, fertilizer application was not the first entry-point of ISFM to achieve

larger yields in smallholder cocoa fields, despite nutrient mining being a major concern.

6.3. Methodological strengths and weaknesses

6.3.1. Revisiting the principles of a paradigm

A key message of this thesis is that ISFM, despite being a prominent paradigm for soil fertility
management in SSA, first needs to be questioned. Before testing isolated or combined practices in an
understudied cropping system, it was important to embrace the complexity of nutrient management by
analysing conceptual and practical aspects of ISFM. The necessary combination of organic and mineral
nutrient resources has become the primary principle of soil fertility management paradigms, which in
its interpretation, often involves an active manipulation of organic inputs (Akinnifesi et al. 2007,
Kearney et al. 2012; Ghosh et al. 2022). Even if this is clear in most cropping systems exposed to chronic
soil organic matter (SOM) losses, this thesis highlighted that mature cocoa stands, under certain
circumstances, represent an exception due to their large C stocks. Surprisingly, the method to

communicate this outcome has become a bone of contention.

During the writing process, an anonymous reviewer objected to the choice of a narrative review as
presented in Chapter 2. This opposition echoes the supremacy of quantitative research methods in
agronomic research. Since the development of meta-analytical tools, narrative reviews have been
portrayed as old-fashioned, lacking rigour and objectivity. Narrative reviews have also become less
feasible to summarize findings in fields with abundant literature (Gurevitch et al. 2018). However, the
breadth of the topic addressed in Chapter 2 and a focus on the concept made it ill-suited to perform a
systematic review or a meta-analysis which is more relevant to answer specific and narrow questions.
In addition, earlier studies in cocoa used a wide range of methods, so that setting restrictive literature

search criteria would yield fewer articles. Systematic reviews are perhaps more transparent than

150



General discussion

narrative reviews, but they are equally exposed to selection bias since literature exclusion criteria often
lack critical evaluation. On the other hand, the narrative review approach is rightly exposed to critics of
an unbalanced representation of the findings because the paper selection method is not reproducible
(Cook 2019). Nevertheless, the risk of a biased representation of the existing knowledge would be higher
if the review attempted to resolve contradictory research findings (e.g., the benefits of full-sun cocoa vs
cocoa agroforestry systems). I am convinced that the choice of a narrative review was justified, and that

the rigour of such a review relies on the diligence and honesty of the authors in evaluating the literature.

6.3.2. Trade-offs between internal and external validity in experimental studies

Internal validity is the extent to which a cause-effect relationship can logically be established from a
study, i.e. how confidently researchers can rule out alternative causes (non-studied factors) to the
observed effects (McDermott 2011). It is often associated with the degree of control exerted over the
confounding factors but does not require that the mechanistic explanation of the proposed cause-effect
relationship be provided. External validity refers to the generalizability of the results beyond the context
in which the study has taken place (Slack and Draugalis 2001; Kennedy-Martin et al. 2015; Dehejia et
al. 2019; List 2020). The study on nutrient leaching from cocoa pod husks (Chapter 4) was the most
internally valid of this thesis, because artificial conditions were provided in the laboratory experiments
to isolate treatment effects. No potential confounder or mediator variable which could alter the
conclusion was foreseen. Conversely, the degree of artificialization led to a poor external validity: the
simulated regimes of rainfall are unlikely to be observed in real world, nor do the size and number of

chunks in the tubes truly represent cocoa husk piles.
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Figure 6.1: Temporal and spatial (within-field) average (+ standard deviation) management scores

At the other extreme, the fertilizer trial (Chapter 5) deliberately minimized researcher involvement in
the trial management which resulted in a lack of control over several sources of variation affecting
yields. Representing farmer’s real conditions in a trial is a constant challenge to agronomists, and failure
to do so has often been identified as a symptom of limited external validity and a main cause of poor
innovation adoption (Laajaj et al. 2020; de Roo et al. 2017; Stevenson et al. 2019). The confounding
factors in this study were accounted for by measuring soil properties at the start of the trial and assessing
management practices throughout. However, an appropriate analytical method to grasp the complexity
of the data was lacking. There were several simplifications: (a) outcomes of farmer practices were
recorded as monthly scores and used to compute annual probabilities of best management, (b) linear
regression models were adopted, and (c) interactions between management variables were ignored.
Scoring farmer practices on a Likert-scale was a practical compromise between precision and cost of
data collection; but criteria and thresholds developed were arbitrary, needing further evaluation and
adjustment. Subjective scoring cannot be entirely ruled out. As expected, plots were not consistently
managed over time (Figure 6.1), but the temporal variation in management was not captured while
computing the probability of best management (see Chapter 5, section 5.2.4). Therefore, loss of

precision was inevitable as scores of 0, 1, and 2 indistinctly represented as sub-optimal management
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while a score of 3 represented the best possible management. To illustrate, a score of 2 for pest
management during the dry season (with little or no crop expected) has the same value as a score of 0
in September (wet season with large risks of disease spread and large crop expected). The expected yield
loss due to a benign incidence of black pod in March (scored 2) is intuitively less than a severe attack
(scored 0) observed in September; this is why fungicide spraying is usually recommended during the
rainy season (Afoakwa 2014). The adopted regression models implied linear relationships between
independent and response variables. Generic yield response curves to various production factors (water,
nutrients, soil properties, pest control) have proved non-linear for various crops (e.g. Wang et al. 2015;
van Dijk et al. 2017). Besides, interactions between management practices were ignored, mainly because
these are still poorly documented in cocoa, as in other crops (e.g. Kaur et al. 2018). Another internal
validity-related constraint is the possible selection bias due to the project-restriction over study areas
and relying on lead-farmers as key-informants during sampling. Therefore, external validity threats have
not being completely addressed despite low research involvement in trial management. Conclusions
from the fertilizer trial can hardly be generalized to other places and different production systems. In
addition, the small number of participants (10) limited generalizability even within the study area.
“Experimentation at scale” and “stratified experimentation” approaches (Kool et al. 2020) will
potentially improve generalizability of future cocoa nutrition research. More generic constraints that are

not peculiar to Chapter 5, but touch upon all field trials in cocoa are discussed in section 4.

6.4. The role of experimentation in advancing cocoa nutrition

6.4.1. Inherent challenges to measure yield response to fertilizers in smallholder

cocoa

Experimentation remains an important way to generate knowledge on crop nutrition. However,
measuring yields and yield responses to agronomic interventions are quite complex in smallholder cocoa
fields. Several sources of heterogeneity are common and occur simultaneously in smallholder cocoa
fields: tree age, germplasm, spatial variation of microclimate and soil. In Chapter 5, there was also some

within-field (spatial) and temporal variation in management (Figure 6.1). Because of the field
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heterogeneity, yields were highly variable as already was observed in uniformity trials in which
significant differences arose between adjacent plots (Lotodé and Muller 1974). Heterogeneity in the
average number of pods per tree and incidence of black pod disease were observed on both small and
large size plots (10 versus 200 trees per plot), challenging accurate estimations of yield and disease
incidence. Even if heterogeneity cannot be eliminated, defining an optimal plot size helps to find a
compromise between a better estimate of the mean (through increase in plot size) and logistical
constraints. Lotodé and Muller (1974) indicated that the error variance reduction beyond 20-25 trees per
plot is negligible. Data collected in Chapter 5 met this minimum requirement; but even with these large
plots, observed variances were large obscuring potential yield responses. Calculating yield responses
(as the yield difference between treated plots and control plots) proved to be problematic as uniformity
trials had not been conducted before treatments were applied. Uniformity trials would better inform plot
selection and thereby reduce within-field heterogeneity. Evaluating prior performances of cocoa trees
in smallholder farms before establishing a new fertilizer trial must be performed over a couple of years

to account for temporal variation in pod production.
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Figure 6.2: Hypothesized (grey band) versus estimated N responses (thick coloured lines) under
22 kg P ha'! and 42 kg K ha! annually applied over two years in ten cocoa fields in south-western
Nigeria. Individual N responses measured in three of the ten fields (represented with thin dashed, dotted,
and solid lines respectively) show variations in patterns.

Three rates of N (0, 50, and 100 kg N ha') with constant supply of P and K were tested in an on-farm
trial, with the aim of deriving a N-response relationship under farmer management. However, the results
were inconclusive (Figure 6.2). To my surprise, the expected yield increases due to small N application
rate (50 kg N ha'!) were not observed. The absence of responses (horizontal lines) suggest that the soil
N supply was satisfactory to meet the actual tree demand, or the trees accumulated enough reserves
before the trial started. This result supports the dominant role of tree reserves proposed in Chapter 2
(Figure 2.4). Scaling up nutrient response curves from on-farm trials is of limited relevance because of
unidentified site-specific characteristics and difficulty to reduce noise in data. Alternatively, response
curves may be inferred from on-station experiments with many more tested rates (e.g. at least 6, Sileshi
2021), in contrasting agroecological zones but on extremely poor soils, and under best possible
management. Such on-station trials have the potential to limit or control sources of variation, thereby

more accurately informing modelling studies.
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6.4.2. Can modelling circumvent experimental constraints?

Since agronomic experimentation can only handle a limited number of factors affecting yield, modelling
has received considerable attention to address complexity of agroecosystems (Jeuffroy et al. 2014;
Reynolds et al. 2018; Meinke 2019). On the other hand, model development relies on a deep
understanding of underlying mechanisms, and the capacity to formalize the existing knowledge. In
cocoa, few models have been developed of which SUCROS-Cocoa or CASE-2 addressed the
physiological growth and production of the crop (Zuidema et al. 2005). In the most recent development
of this model, growth limitation by climatic factors have been addressed: radiation, temperature, CO>,
and water availability (Asante et al. 2022). A major limitation of CASE-2 is that it does not currently
include nutrient dynamics and effects of nutrient limitations on yields (Tosto et al. 2023). How can

nutrient limitations be accounted for? Here, I propose two alternative approaches.

First, the CASE-2 model can be used to estimate annual nutrient demands of a tree per climatic zone,
provided that nutrient concentrations per organ are known and do not vary with age. A reasonable
fraction of the water-limited cocoa yield (output of CASE-2) can further be considered as a “target yield”
which is an input of the off-take model (Vasquez-Zambrano et al. in preparation) whose principles are
briefly presented in Chapter 2 (section 2.4.2). Indicative target yields are most valid at coarse spatial
scales (agroecological zones), but less relevant at finer scales. Another way to define target yields at
sub-regional level would be to record the highest farmer yields (Tittonell and Giller 2013). At field level,
target yield can be inferred from the annual pod production of the most productive trees (e.g., 80% or
90% upper percentile) corrected to some adjusted estimate of the cocoa tree density. This first proposal
uses CASE-2 outputs or farm-level data to improve accuracy of the site-specific fertilizer
recommendations derived from the off-take model. In the second proposal, a nutrient module can be
harnessed to the CASE-2 model, provided that the physiological responses of the crop to nutrients are

represented.
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max. -

Nutrient limited growth rate

min. Critical
Leaf nutrient concentration, %

Figure 6.3: Proposed form of the simulated nutrient response curve of cocoa

A common method to include nutrient limitations in crop growth models consists of parametrizing
nutrient response curves using non-linear regression analyses in distinct climatic zones (e.g. Mueller et
al. 2012). However, such response curves are not yet available in cocoa; therefore an ad hoc approach
is needed. I propose that such response curves are provisionally inferred from multi-level nutrient
omission trials in which young trees are raised in nutrient-poor growth media (e.g., pure sand or glass
beads), and nutrients are supplied at different rates via nutritive solutions. Based on such experiments,
minimum and critical leaf nutrient concentrations!” can be determined per cultivar. Leaf nutrient
sampling in mature trees (estimated in large-scale surveys) would provide means of calibration and
validation; but whole-canopy protocol development is needed (e.g., de Groot 2020). Minimum and
critical nutrient concentrations in mature trees can only be approximated from measurements of extreme
cases, i.e. with totally sufficient trees (demonstrating excellent growth rates) and with clearly identified
single-nutrient deficient trees. The nutrient response curves would initially be represented by simple

linear-plateau models in which the minimum and critical concentrations would correspond to “no

7 Under the minimum concentration, all growth ceases; between minimum and critical
concentrations, growth is nutrient-limited.
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growth” and “maximum growth” situations respectively (Figure 6.3). The nutrient-limited growth would
correspond to the potential growth estimated in CASE-2 reduced by a factor proportional to the severity
of leaf nutrient deficiency (only for the most limiting nutrient) if actual nutrient concentrations are
comprised between the minimum and critical levels (e.g., Lemaire and Gastal 1997; Singh and Porter
2020). This approach clearly ignores the age-dependency of cocoa response to nutrient availability. It
further ignores soil nutrient supply, physiological nutrient interactions, luxury consumption,
mechanisms of nutrient foraging (in case of soil nutrient deficiency) and reallocation to other organs
within the tree (including the existence of a tree reserve pool). Including dynamic nutrient partitioning
rules and modelling soil nutrient supply can resolve some of the limitations but increase the complexity

of the model.

6.5. The limits to ISFM in cocoa

6.5.1. Contested principles of ISFM

There is no consensus on a single definition of ISFM (e.g. Tittonell et al. 2008; Moshiri et al. 2021;
Fairhurst 2012; Srivastava 2020), and only the combination of organic and mineral fertilizers is
undisputed. The definition proposed by Vanlauwe et al. (2010) was adopted here for clarity and
relevance to the geographical context (Sanginga and Woomer 2009; Vanlauwe et al. 2015a). Other
aspects like the necessary use of microbial inoculants proposed (e.g. Srivastava et al. 2021) have been
ignored for lack of empirical evidence in cocoa, despite growing evidence on the underlying

mechanisms in other crops (Schmidt et al. 2021; Bargaz et al. 2018).

In cocoa, diverse options of combined organic and mineral nutrient supply were previously tested and
proposed to farmers (Agbeniyi et al. 2011; Dogbatse et al. 2021; Lambert et al. 2020; Fidelis and
Rajashekhar Rao 2017; Mulia et al. 2017), but without questioning their agronomic relevance to the
crop. Chapter 2 only offers a theoretical perspective to answer this question. What is the empirical
evidence that supports application of the first ISFM principle in cocoa? Two examples are reviewed for

brevity. Application of cocoa pod husk compost mixed with NPK fertilizers yielded more than sole NPK
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and sole compost in Nigeria (Ogunlade and Orisajo 2020). The difference was attributed to increased
incidence of black pod disease on trees that received either sole compost or sole mineral fertilizers; it is
worth noticing that there was no significant difference in total number of pods between sole compost,
sole fertilizers, and combined compost and fertilizers. It was also reported in Indonesia that yields under
combined compost and fertilizers were higher than under sole fertilizers, but equal to yields under sole
compost (Fungenzi et al. 2021). The effect of compost was associated with slow-release soil nutrients
and improvement of soil water holding capacity. Surprisingly, the authors noted that SOM decreased
the most under the compost treatment. More arguments could be stated to promote organic fertilizer
application including the improvement of SOM and soil physical properties, the provision of a wider
range of plant nutrients, the lower risks of acidification and salinization (Chatzistathis et al. 2021).
However, some of the functions of organic matter are already covered by the existing litter addition
which maintains SOM, adds nutrients (as shown in Chapter 3), and protects the soil against erosion.

Therefore, the benefits of additional organic inputs still need to be evaluated in cocoa.

Analysis of these results suggests that proposed mechanisms to explain observed responses are context-
specific, and experimental designs and subsequent analyses often do not allow for a fair comparison of
treatments. In the above-mentioned studies, the nutrient value of the mixture was always superior to
those of either component. Synergistic effects of organic and mineral fertilizer application are often
claimed (Akinnifesi et al. 2007) but can only be demonstrated if compared treatments provide equal
amounts of nutrients (Brunetti et al. 2019) or when the additive effects of single components are
deducted from mixtures (Giller 2002; MacLaren et al. 2022). In low-input systems, SOM is the only
source of nutrients. Accordingly, SOM contents and cation exchange capacity (CEC) are cited among
the most critical soil properties positively associated with cocoa yield (Adeniyi et al. 2018; Kongor et
al. 2019). Nevertheless, the challenge is to objectively quantify annual soil nutrient supply from
measured physical and chemical soil properties (e.g., through the use of pedo-transfer functions). Poor
correlations between soil properties and crop productivity are a justification for not including soil

properties in the yield data analysis, as presented in Chapter 5.
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Another principle of ISFM is “management following sound agronomic principles” which is often
interpreted as implementation of good agricultural practices (GAP) or best management practices
(BMP). Dissemination of GAPs has pervaded the whole history of agricultural extension in poor
countries, with the aim of improving yields and farmers’ livelihood (Bairagi et al. 2018; Nhamo et al.
2014; Jelsma et al. 2019; Woittiez et al. 2019). The maximum locally attainable yield (often obtained in
on-station trials or large-scale farms) usually serves as reference to define the GAPs which are
subsequently disseminated to smallholder farmers (Caliman et al. 2005). However, defining GAPs in
cocoa sometimes lacks clarity and objectivity, as shown for pruning (Obeng Adomaa et al. 2022; Tosto
et al. 2022) and cocoa pod husk management (Nlend-Nkott and Asare 2021; Srivastava and Singh 2022).
Such knowledge gaps justify (a) the need to assess husk management options (Chapter 4) and (b) the
use of a management scoring method in the field trial (Chapter 5). Moreover, applying GAPs may not
be economically viable or feasible to smallholder farmers (Srisopaporn et al. 2015; Veisi et al. 2021;
Woittiez 2019). If ISFM depends on practices which do not ensure maximum returns of scarce resources
or bears entry-barriers (Amekawa 2009; Burrell 2011), its adoption will certainly be hampered. The
search of an optimum for all resources used at field or farm level is desirable, but likely not associated

with the maximum use efficiency of a single resource (N-fertilizer for instance).

6.5.2. Practicing ISFM despite the current knowledge gap

Despite considerable knowledge gaps on cocoa nutrition, there is a growing demand for ISFM
recommendations in cocoa to improve current practices (e.g. Nlend-Nkott and Asare 2021). Here, I
discuss (a) adequate timing of fertilizer application, (b) increasing land productivity through
management based on individual tree performances, (c) management that influences natural processes

governing nutrient cycling, and (d) management of cocoa pod husks.

Even if we lack precise knowledge of the cocoa tree growth curve, it is likely that nutrient requirements

are largest during the establishment period and soon after during a period of active vegetative growth
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(Thong and Ng 1980; Snoeck et al. 2016). Therefore, moderate application of fertilizers at this stage
could stimulate root growth and soil exploration, preparing the tree to express subsequently large
nutrient demand. On the other hand, it is unknown if and to what extent stronger vegetative growth

during the establishment phase may affect cocoa production in later developmental stages.

An approach to increase nutrient use efficiency at plot level is to reduce nutrient uptake by the least
productive trees. In Chapter 5, a large between-tree variability was observed for annual pod production,
with approximately 1% of the trees producing no pods over two years. Long-term identification of
unproductive and over-productive trees can serve as entry-point for a tree-based management. A simple
rule would be to replace the unproductive trees with new cocoa plants or compatible shade-trees or some
shade-tolerant crops while maintaining the productivity of the most productive trees (e.g., through

moderate nutrient supply, enhanced crop protection).

The ecological significance of litterfall and litter decomposition was demonstrated in nutrient cycling
(Chapter 3). Farmers have no control over litterfall per se, but what are the implications of ISFM
practices on such nutrient flows? Fertilizer application potentially modifies litter chemistry and
influences decomposition rates and nutrient release, but its significance depends on initial litter quality,
nutrient types, and rates. Both N-inhibition and N-stimulation of soil processes were previously
observed in tropical forests (Camenzind et al. 2018; Knorr et al. 2005). In cocoa, in addition to nutrient
application rates, fertilizer placement will potentially influence the outcome on soil microbiology and
activity. Another practice that could alter cocoa leaf biomass and leaf longevity is pruning, with
consequences on above to belowground nutrient flows. Finally, resistant pesticide residues are expected
to accumulate in soil (Vaikosen et al. 2019; Afrane and Ntiamoah 2011), but the effects on soil
macrofauna are poorly studied, with only negative effects of cuprous oxide fungicides reported on
earthworm casts after four years of treatment (Norgrove 2007). The balance between immediate benefits
of crop protection and long-term disturbance of soil biota deserves more research to define optimal

pesticide application practices.
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As shown in Chapter 1 (Figure 1.3), abandonment in heaps and mulching to cocoa trees are the two most
common options of managing cocoa pod husks among West African smallholder farmers. A way of
improving nutrient cycling proposed in Chapter 4 is to rotate the pod breaking station with sequential
mulching of small patches of cocoa trees. This option would improve K recycling with little additional
labour cost; however, the trade-offs between nutrient recycling and disease spread would remain
unaddressed (Chapter 2). The decision to recycle nutrients contained in pod husks (e.g. through
mulching) can only be taken when risks of black pod disease spread are minimized. There are other
options of managing cocoa pod husks, each with its trade-offs. For instance, incineration involves
unavoidable N losses (Menzies and Gillman 2003; Kauffman et al. 1993; Kuhlbusch et al. 1991),
reduction of P bioavailability in the ashes (Pesonen et al. 2017; Sharifi et al. 2013), and greenhouse gas
(GHG) emissions (N'Dri et al. 2018; Keywood et al. 2011), but the ashes are a local ingredient in
cosmetics. Cocoa pod husk application to other crops or use as animal feed represents a model of system
integration with on-farm nutrient transfers, which often implies some losses during handling and
additional labour costs. When offtakes occur, it is important to compensate for the loss of nutrients in
the cocoa fields which must be ensured at the farm level. Balancing nutrient budgets in cocoa fields is

the key to prevent land degradation in the long-term through nutrient mining.

6.6. Options for sustainable intensification in cocoa

Sustainable intensification, defined as a means to increase yields in an environmentally-friendly way
(Pretty and Bharucha 2014), has become a commonly accepted goal for agricultural development in
SSA (Schut and Giller 2020; Petersen and Snapp 2015; Vanlauwe et al. 2014). Sustainable
intensification can also be achieved through a reduced environmental impact (e.g. lower use of
agrochemicals) even if levels of outputs (yields, revenues) are maintained (Heidenreich et al. 2022). A
third path to sustainable intensification in cocoa is to increase socio-ecological benefits (e.g., resilience
to shocks and stresses, increased biodiversity, income diversification) including “total system yields”

even at current levels of input-output ratios for cocoa production. Planting timber trees or fruit trees in
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a full-sun cocoa without severe cocoa yield decrease falls under the latter path (e.g., Niether et al. 2020;
Niether et al. 2019). Therefore, objectives must clearly be specified when sustainable intensification is

considered in cocoa.

Following Pretty and Bharucha’s (2014) definition, ISFM was selected by the CocoaSoils programme
as the pathway to sustainable cocoa intensification, as it proved to be effective in various other cropping
systems (Timsina 2019; Pypers et al. 2011; Bayu 2020). Nutrient supply is not always conducive to
immediate yield increase in existing smallholder farms (Chapter 5). Nevertheless, nutrient mining is
undesirable but prevails in traditional cocoa farms. The extent to which mining threatens production
remains questionable given the large internal nutrient flows compared to offtakes in low-output systems
(approximately 10 kg N ha!, 2 kg P ha' and 5 kg K ha™! for 500 kg cocoa beans), the soil nutrient supply
through mineral weathering, and the unevaluated changes in nutrient bioavailability under trees (Liu et
al. 2017; Yang et al. 2020). While biogeochemical nutrient cycles are still poorly understood in cocoa,
a cautious measure of sustainability (third path) is to replenish offtakes knowing that major tropical soils
under cocoa cultivation, i.e. Ferralsols and Acrisols (Bationo et al. 2012a), are typically strongly
weathered, and soil capital is limited and often already deteriorated. Building up soil capital can require

additional nutrients, depending on the extent at which nutrient losses to the environment are prevented.

Beside poor nutrition, other factors are responsible for low cocoa yields: in Chapter 5, black pod disease
incidence on harvested pods in control plots was estimated at 17 and 10% in 2020 and 2021, respectively.
Reducing this incidence to e.g., 5% would have contributed to yield improvement, even in absence of
fertilizer application. As ISFM focuses on maximizing nutrient use efficiency, Integrated Pest
Management (IPM) aims at an efficient use of pesticides. In addition to yield increase, there are clear
concerns to reduce environmental and health costs (Aidoo et al. 2019). In cocoa, the emphasis has been
on the use of biopesticides (Dormon et al. 2007), the adequate use of synthetic pesticides (Adu-
Acheampong et al. 2014), as well as the combination of several methods (Guastella et al. 2017) to control
main pests. Understanding the spatial and temporal dynamics of major pests and diseases is still in its
infancy (Ndoungue Djeumekop et al. 2021), but is required to develop effective early-warning systems.

The profitability of cocoa production and impact on the environment of ISFM or IPM practices will
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need to be assessed (Scudder et al. 2022). Other paths to sustainable cocoa intensification include
rehabilitation of existing plantations, optimizing cocoa agroforestry systems, and value-chain based

system transformation.

A major sustainability issue faced by the global cocoa industry is deforestation intertwined with poverty.
A strategy to limit deforestation in cocoa production areas is to prevent crop expansion by increasing
productivity of existing plantations (land sparing). But as yields increase, the crop becomes more
profitable, and farmers are likely to expand areas to reap larger benefits (Jevons’ paradox). If many
farmers can increase their production capacity, there is a risk of over-production that may cause price
collapse, and disincentivize production. Loss of interest in production, characterized by poor
maintenance and abandonment, will again create shortage and another boom-bust cycle. On the other
hand, cocoa agroforestry systems are proposed to increase biodiversity and ecosystem services on
farmland (land sharing). It is unclear whether and under what circumstances cocoa yields are improved
under agroforestry systems, but benefits associated with maintaining economic shade-trees (e.g., timber
or fruit trees) has often outweighed incomes from full-sun in comparative studies (Niether et al. 2020).
The on-farm diversification pathway (intercropping) may leave less room for cocoa yield improvement,
as resources (e.g. land, labour, nutrients) are utilized to produce other goods than cocoa beans (Aboah
and Setsoafia 2022). Synergies between tree species can also be beneficial to cocoa production if shade-
trees are kept at reasonable density. It has been suggested that the optimum canopy cover of shade-trees
cannot realistically exceed 30% without impeding productivity, biodiversity conservation and/or
adaptation to climate change (Blaser et al. 2018). Even if yields of cocoa are reduced in cocoa
agroforestry systems, the total economic and ecological benefits often outweigh that of monocrop,
especially when the associated trees are carefully selected (Asitoakor et al. 2022; Blaser-Hart et al. 2021;

Notaro et al. 2021) and the farm design is optimized.

Another intensification pathway for old unproductive cocoa plantations is rehabilitation whereby
production capacity of old cocoa trees is enhanced (Riedel et al. 2019; Yaconnelo-Hernandez et al.
2021). Rehabilitation is opposed to renovation which entails a complete replanting of cocoa (Somarriba

et al. 2021) either at once or in sequence. At a regional scale, promoting speciality cocoa for a niche
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market (e.g., fine flavour cocoa) is viewed as a path to sustainable intensification (Tscharntke et al.
2022). There are sustainable intensification options that focus on on-farm and off-farm diversification
to improve the livelihood portfolio, spread labour and risks, and secure additional financial resources
for cocoa farming (van Vliet et al. 2021). An emerging idea in line with the land sparing strategy is to
discourage inefficient cocoa production by raising entry-barriers so that fewer producers may continue
operating efficiently to meet market needs (quantity and quality). For instance, in Cote d'Ivoire,
distribution of improved cocoa varieties at no cost to farmers has been suspended. All these pathways
are associated with long-term and multifaceted decisions determined by social and economic aspects of

the farmers (Toledo-Hernandez et al. 2021) and the enabling environment (Effendy et al. 2019).

6.7. Concluding remarks

The potential of ISFM to boost cocoa yields is not obvious in current smallholder West African farms.
First of all, interpretation of the core principle of integration of mineral and organic fertilizers must be
adapted to the characteristics of the tree crop system to ensure meaningful implementation. Second,
nutrient cycling which is central to ISFM in cocoa depends on both natural processes (including
litterfall) and farming practices such as pruning and pod husk management. Finally, nutrient addition to
the system is required as a sustainability measure, but fertilizer application is not the first action that

guarantees short-term yield increase in south-western Nigeria.

The use of unimproved germplasms, heterogeneous soils and climates, unevaluated legacy effects,
varying management practices, and the large ignorance of their respective limits to crop nutrient demand
currently prevent formulation of fertilizer recommendations to smallholder farmers operating similar
cocoa production systems. Past field experiments (Fageria 2007) were often poorly designed and studies
lacked analytical tools to disentangle the various confounding effects. Controlled experiments are
urgently needed to identify overarching mechanisms that can inform modelling work to advance

understanding of cocoa nutrition.
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Sustainability of cocoa production can readily be improved by moderate nutrient supply to compensate
offtakes, but not with the promise of a systematic yield increase in the short term. When positive
fertilizer response is observed, long-term nutrient management should account for effects on major C
and nutrient cycles. Internal nutrient flows can additionally be altered through pruning and cocoa pod
husk management but need careful consideration of the implications to broader crop management and
farm resource availability. Even when nature-inclusive cocoa farming provides ecological benefits to
the society, it will further need to demonstrate direct benefits to farmers (Tennhardt et al. 2022) or will

need to be incentivized, calling for careful policies.

Alternative paths to ISFM deserve further research efforts to precede or complement balanced cocoa
nutrition. Such alternatives in the current production systems include IPM, rehabilitation, and income-
oriented agroforestry. The prospect of complete implementation of ISFM in cocoa can only be realized
in the future. In order to achieve zero deforestation in the sector, agronomy of cocoa replanting and new
cocoa planting on previous farmland must be considered for the next generation of cocoa farms. Key
issues to address under the cocoa replanting scheme will include management of old tree stumps,
management of soil organic matter during periods of bare soil and open canopy, avoidance of pest build-
up, and livelihood transition options. In case of cocoa planting on previous farmland, implications to

food security must further be considered.
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Summary

Chocolate consumers, through the downstream industry, put pressure on supply chain actors to improve
global sustainability of cocoa. West Africa, the heartland of cocoa production, is confronted with low
crop productivity and poverty of farmers who, having no control over fluctuating prices, are forced to
open new plantations in remaining forest patches to sustain their families, thus causing deforestation.
Expanding cocoa land in this manner, without adequate nutrient supply, exhausts soil fertility and results
in rapid yield decline and yield stagnation on established fields. A major initiative to address these
challenges was launched with the CocoaSoils programme, which aims to achieve sustainable
intensification of cocoa production through the development and dissemination of Integrated Soil
Fertility Management (ISFM) knowledge. Despite being long-established in arable farming, never
before was the ISFM paradigm applied at scale to a tropical tree crop system. The overarching objective
of this thesis was to explore how ISFM could be operationalized in West African cocoa farms and to
better understand nutrient cycling as a first step towards improved nutrient management. Four individual
studies presented in this thesis comprised a discussion of the paradigm, seeking meaningful adaptation
to cocoa, followed by assessments of two selected components of nutrient cycles, and a field test of

fertilizer application.

The guiding principles of ISFM are: (a) the use of improved germplasm; (b) management according to
sound agronomic principles; (c) alleviating local site and soil constraints; (d) efficient use of mineral
fertilizer; and (e) the use of organic inputs, all with the aim of maximizing agronomic use efficiency of
the applied nutrients and improving crop productivity. Are these principles aligned with the
characteristics and functioning of mature smallholder cocoa production systems? A literature review
quantified major stocks and flows of carbon (C), nitrogen (N), phosphorus (P) and potassium (K), and
insights were given into practical implementation of ISFM in cocoa. A large amount of C and plant
nutrients circulate within a mature cocoa crop, which enables maintenance of soil organic matter and
preserves other soil properties. This questions the common interpretation of the core principle of ISFM:

(e) the use of (external) organic inputs. Large knowledge gaps make an accurate estimation of crop
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nutrient requirements impossible and fertilizer recommendations inaccurate. Meanwhile, other crop-
specific management practices such as pruning and pod husk disposal strongly affect internal nutrient
circulation and biomass allocation to tree organs, and must be central to ISFM in cocoa. Managing an
existing plantation resembles to a situation whereby the farmer is limited by the legacy effects of
previous management, environmental conditions and unchangeable poor-quality genetic materials. In
addition, on-farm organic resource availability is limited beyond the cocoa field, hampering the
production of sufficient quantities of compost or biochar. Therefore, there is little scope to implement

radical changes, unless through replanting.

The farmer is further limited in that he/she has no control over large nutrient flows. A production of 10
ton ha'! year"! of litter was estimated in three farms located in south-western Nigeria, corresponding to
an annual transfer of approximately 101 kg N ha™', 5 kg P ha'!, and 89 kg K ha! from vegetation to soil
through litterfall. Apart from K, these nutrients are not immediately available for uptake by cocoa trees:
after a year of decomposition, 90% K, but only 33% N, and virtually no P was lost from the litter layer.
Macrofauna significantly increased relative litter decomposition rates and N and P flows from the litter

layer, but these effects were previously not estimated in cocoa.

Unlike litter, cocoa pod husks are subjected to a more flexible management by farmer. The husks are
rich in K, but are often abandoned to rot in heaps after cocoa beans are extracted, resulting in nutrients
concentrating in a few spots within or outside the field. Short-term nutrient release patterns during cocoa
pod husk decomposition were analysed in a laboratory leaching experiment whereby chunks were
submitted to two rainfall amounts and three rainfall frequencies in a full-factorial design. Potassium
losses recorded within 25 days were large and strongly affected by rainfall frequency. When fresh cocoa
pod husks were water-saturated, 11% of K was lost within 2 days; but such losses amounted to 92% for
partially-decayed chunks. This study showed that initial decomposition of cocoa pod husks was required
to expose K to rapid leaching losses; but considerable losses occurred thereafter, especially under higher

rainfall event frequencies.

202



Among the panoply of ISFM practices, only fertilizer application was tested because it had a priori the
greatest potential to combat nutrient mining and rapidly increase cocoa yields. The objective was to
measure fertilizer yield response and yield response variability under farmer management. Three
fertilizer schemes, only differing in the N rates applied, were tested in ten nearby smallholder farms in
fields with cocoa trees of 15-20 years. Large field-to-field and tree-to-tree variability combined with
limited treatment effects highlighted the challenges related to measuring yield responses on-farm.
Moreover, the overall lack of cocoa yield response indicates that we should question whether applying
fertilizers is the most logical entry-point to sustainable intensification of current smallholder cocoa

farms.

This thesis thus invites the research community to engage in a deeper reflection of how to sustainably
intensify the current cocoa production systems in West Africa. It recognizes that our current knowledge
of the systems is too limited to address the yield increase challenge adequately. To answer the many
remaining questions, further tests are needed on younger cocoa stands and methodological constraints
of field experiments should be leveraged by embracing complementary research methods and alternative

options to ISFM.
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