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Introduction

Cocoa is Ghana’'s major cash crop, providing employment to 800,000 smallholder farmers [103]and supporting the liveli-
hood of about six million people representing 25-30% of Ghana’s population [12]. Cocoa cultivation accounts for a large
proportion of Ghana’s economy and thereby contributes significantly to the nation’s economic development. On-farm yields
are highly variable [37] and often decline over time as the soil becomes depleted, which sometimes leads to farmers mi-
grating to new lands and clearing forests to establish new farms.

In this narrative review article, we first provide background and context to cocoa farming in Ghana and outline the
political, socioeconomic, and biophysical circumstances that have led to land management practices that increase the gap
between actual and potential yields. We outline the evidence to support our assertion that soil health has been neglected
during the drive to introduce innovations that rely on external inputs to achieve profitable yields and that improving soil
health is key to closing the yield gap. Our objective was to focus on recent novel research advances that provide strategies to
monitor and increase soil health on cocoa farms in Ghana with the aim of highlighting practices that could be implemented
or promoted by policy makers to increase the sustainability of Ghanaian cocoa farms.

The key interventions that we critically review in our article that have the potential to increase soil health and elevate the
sustainability of cocoa production systems in Ghana, and neighbouring countries, are (i) the re-establishment of agroforestry
systems, (ii) the implementation of site-specific mineral fertiliser formulations and rates, and (iii) the use of cocoa pod husks
(CPH) to create composts that return nutrients to the soil. We focus primarily on research outputs published in the last 10
years to illustrate the efficacy of these approaches, but occasionally cite older research to provide background and context.
Improving the soil health of Ghanaian cocoa soils by implementing these interventions will help in addressing the United
Nations sustainable development goals of zero hunger, decent work and economic growth, responsible consumption and
production, and life on land.

Overview of cocoa production in Ghana

Cocoa production in Ghana is mainly concentrated in the forested areas of the country where the climatic conditions are
favourable for growing cocoa [28]. Globally, there has been an increasing demand for cocoa since the early nineties and pro-
ducing countries, including Ghana, have responded to this demand by putting measures in place to increase production [57].
In 1947, the Government of Ghana established the Ghana Cocoa Board (COCOBOD) which is the main agency that oversees
the cocoa industry in Ghana [44]. In contrast to many major cocoa producing countries, where government involvement in
the sector is minimal, COCOBOD has established structures which consist of rehabilitation programs for old cocoa farms,
spraying programs to control pests and diseases, supply of subsidized fertilisers on credit, and improvements in extension
systems to encourage adoption of new technologies and improved varieties [10,30,95].

The yield gap of cocoa production in Ghana

Ghana and Cote d’Ivoire, together produce around 60% of the world’s cocoa, and neighbouring Cameroon and Nigeria
(who are the third and fourth largest producers in Africa) share similar climatic conditions. As depicted in Fig. 1 [45], it is
clear that increases in production over time have been driven largely by an increase in the area of cultivated land.

In Ghana, an increase in the area of cultivated land contributed to increases in production from 2002 to 2004, but the
area declined from two million hectares in 2004 to 1.8 million hectares in 2006 (Fig. 1). This decrease may be due to farmers
succumbing to production constraints and growing less capital-intensive crops or selling their lands to illegal miners (known
locally as “Galamsey”) to use as capital for more profitable ventures. Illegal small-scale mining has been identified as a factor
contributing to recent decline in cocoa productivity due to almost irremediable damages to farms and water bodies [28].
However, the area of land used to grow cocoa in Ghana has remained fairly constant since 2006 and, despite increases
from 400 kg per hectare in 2006 to 550 kg per hectare in 2012, yields have since plateaued, resulting in stagnated national
production at around 870,000 tonnes per year (Fig. 1). Similar trends of stagnant or declining yields are observed in other
cocoa growing nations in West Africa (Fig. 1).

Cocoa cultivation has gradually taken over about 14-15 million ha (1.5 million ha in Ghana) of tropical forests globally.
Since forestland is limited and rapidly disappearing, further expansion is environmentally costly, socially unacceptable, and
inherently unsustainable. Deforestation has become a global environmental concern and is pushing cocoa buyers and con-
suming countries to commit to reducing deforestation associated with cocoa production by developing strategies to increase
yields on existing farmlands. Therefore, increasing cocoa production to meet growing demand, without expanding the area
cropped, has become a global challenge [98]. Increasing the sustainability of cocoa production in Ghana depends largely on
reviving production in the Ashanti, Central, and Eastern regions where soil quality is most degraded [58] before moving to
other regions, such as the Western, Brong Ahafo and Volta regions to prevent these soils from facing the same declines.

The national average yield in Ghana between 2015 and 2019 of 525 kg ha~! [45] was only 30% of the yield potential
of 1,889 kg ha~! estimated by Aneani and Ofori-Frimpong [10], resulting in a large yield gap between the actual and po-
tential yields. There is a need to understand the reasons for the yield gap to realise yield potential [23]. Factors identified
as determinants of cocoa yields in Ghana and elsewhere include the varieties grown, soil fertility, pest and diseases, and
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Fig. 1. Temporal trends in area harvested, production quantity, and yield of cocoa in the major West African cocoa producing countries of Ghana (a), Cote
d’Ivoire (b), Nigeria (c), and Cameroon (c) between 1961 and 2019. Data source: [45].
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Fig. 2. Depiction of the unsustainable cycle of cocoa production systems in Ghana whereby virgin forest is cleared to establish cocoa farms which are
initially productive, but then decline in productivity, eventually leading to abandonment and further clearance of more virgin forestlands.

maintenance and agronomic practices; the latter of these can be linked with access to credit, and infrastructure [3]. Re-
search directed towards addressing these challenges, to bridge the huge yield gap identified in the cultivated areas, should
be exploited to ensure sustainable cocoa production in Ghana. We make this recommendation because meeting demand by
continuing to expand the area of cocoa cultivated is inherently unsustainable.

Cocoa shifting cultivation systems

Cocoa farms in Ghana were traditionally established under a carefully cleared canopy of typical primary or secondary
forest, or under that of established shade trees, close to the natural conditions under which the cocoa plants are adapted to
survive [42]. Traditional land preparation involves slash and burn, which returns nutrients from the forest biomass, in the
form of ash, to the soil [34]. Cocoa grown on cleared virgin forestlands, or even secondary forest, produces higher yields
than cocoa grown on previously cropped or deforested lands due to a phenomena known as the “Forest Rent” [84]. This
refers to the rich nutrients readily available to the cocoa crops when grown on cleared forestlands, thereby reducing the
requirement for farmers to purchase and apply fertilisers. Farmers therefore prefer to acquire virgin forestlands to start
cocoa production rather than rehabilitating old unproductive farms, which require higher inputs such as labour (especially
for clearing old crops and controlling weeds) and fertiliser [84, 102]. This preference, however, is not ecologically sustainable
since the “Forest Rent” eventually becomes exhausted after 20-30 years [34]| when productivity declines and production is
maintained by clearing another area of virgin forest (Fig. 2). Whilst the focus of this paper is on cocoa production in Ghana,
issues of soil degradation are applicable to many other countries where cocoa is grown, such as Cote d’Ivoire [67], and so
the focus here on Ghana represents a case study of a global issue.

The traditional agroforest cocoa production system, utilising remnant forest or planted shade trees, has been promoted
to compensate for the deforestation caused by cocoa expansion [20,21,59]. Cocoa agroforestry provides a range of environ-
mental benefits, including carbon storage [19,63], biodiversity [20,96], soil fertility [98], and greater economic security to
farmers through the provision of forest products that are of commercial and domestic value [11]. However, the introduction
of early yielding cocoa varieties that are suited to low or no canopy shade has facilitated the growing of cocoa trees in full
sun or with fewer shade trees [102]. This development therefore results in a variety of practices along a spectrum that spans
two extreme circumstances; (i) the traditional extensive production with low inputs and mostly shaded farms, and (ii) the
more intensive production using hybrid varieties with little or no shade trees. Farms can therefore be categorised according
to their shade levels and the species richness of shade trees [83].

Higher yields have been observed under full sun cocoa production with fertiliser applications [3] than under shaded
systems. On-station trials formed the basis for adoption of the no-shade intensive cultivation system, which has been well
adopted (especially in the Western Region), but with insufficient (or without) use of fertiliser [3,49,71]. Consequently, on-
farm yields fall short of the theoretical yields based on the on-station trials. Other studies have reported the greater yield on
unshaded cocoa farms to be short-lived, compared to shaded farms. Yield in unshaded farms has been observed to decline
after 10 to 15 years, and farms become virtually unproductive after 18 to 29 years whereas, in the traditional shaded system,
yield only starts to decline after 25 years [3,71]. Furthermore, the short-term benefits of full sun cocoa cultivation in Ghana
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Physical and chemical properties and recommended management of World Reference Base for Soil Resources (WRB) reference soil groups cropped with
cocoa in Ghana. Compiled and modified from: [18,24,82,104]. CEC = Cation Exchange Capacity

WRB reference Physical properties Chemical properties Management
soil groups
Acrisols High subsoil clay content Low CEC (< 24cmol kg~! clay) Prevent erosion
Topsoil has low aggregate stability Base Saturation <50% at 25-100cm Preserve organic matter
Low pH (5.66) Regular fertilisation required
Low nutrients Agroforestry recommended for low
input farming
Lixisols High subsoil clay content Low CEC (< 24cmol kg~! clay) Prevent erosion
Topsoil has low aggregate stability Base Saturation <50% within Preserve organic matter
25-100cm Regular fertilisation and liming
Low pH (5.88) required
Fairly leached
Low nutrients
Luvisols High subsoil clay content High CEC (>24cmol kg~ clay)
Base Saturation > 50% at 50-100cm
Fertile soils
Nitisols Clayey subsurface horizon P-fixation Application of slow release P
Low activity clay, with iron oxides Fertile soil, rich in Fe fertilisers
High aggregate stability
Deep well drained soil
Fair water holding capacity
High organic matter
Ferralsols Deeply weathered, red or yellow soils Low pH (5.01) and water holding Manuring, mulching and/or adequate
of the humid tropics dominated by capacity fallow periods or agroforestry
kaolinite and iron / aluminium Poor chemical fertility practices
oxides Strong P-fixation Application of slow release P
Good soil depth and permeability fertilisers
Stable microstructure
Fluvisols Developed in alluvial deposits Severe acidity and high levels of Al Water management required

Poorly drained

toxicity

Drought stimulates microbial

activity and organic matter
mineralization

are largely due to the initially fertile forest soils [3]; especially in the Western Region which is the youngest cocoa growing
region, still benefiting from the “Forest Rent”.

Shaded cocoa competes with shade trees for nutrients, water and sunlight, which may affect its yield during the first
few years following establishment. However, in the long term, the trees in the shaded cocoa system can create an environ-
ment similar to that of a secondary forest and maintain important soil processes that improve soil quality [31,36]. Although
both intensive and extensive cultivation systems could benefit equally from the “Forest Rent”, it seems that the traditional
agroforestry cocoa is better able than the full sun system to self-regulate soil fertility in the absence of fertiliser applica-
tion. These ecosystem functions provided by the shade trees could explain why the shaded system has a longer production
period.

Traditional cocoa agroforestry systems with the optimal shade species mix and density can be a more sustainable option
for cocoa production in Ghana since smallholder farmers who cannot afford fertiliser (a major requirement for productive
full sun cultivation) produce the majority of the country’s cocoa. Notwithstanding, the majority of farmers, unaware of
this fact, are still driven by the short-term benefits of full sun cultivation. However, the economic benefits of other forest
products derived from the traditional shade system remains the motivation behind some farmers’ decision not to shift to full
sun cultivation. There are risks and costly production constraints induced by ecological stresses on the cocoa plants when
grown without the shade.

In this opening section we have provided context that outlines the challenges facing cocoa production in Ghana and
made the case for why a stronger focus on the health of soils is required to close yield gaps. These observations have led to
a renewed interest (both national and international) in the establishment of sustainable shaded cocoa.

The quality and health of cocoa soils in Ghana

The majority of Ghana’s cocoa is grown in the semi-deciduous forest agroecological zone on six soil classes recognised
as suitable for cocoa production; Acrisols (66%), Lixisols (18%) and Luvisols (7%) and about 7.5% on Nitisols, Ferralsols and
Fluvisols combined [89] (Table 1). Cocoa adjusts to a wide range of soil classes and types, but good yield depends on the
soil’s quality. In the case of cocoa farms, it is the ability of the soil to sustain cocoa yield while maintaining environmental
quality within the ecosystem. An increasing recognition of the importance of soil health and quality has led to the devel-
opment of myriads of soil quality indexes and assessment frameworks [5,13,79]. In cocoa production systems, soil physical
and chemical properties are commonly used as indicators of soil quality. However, while biological properties as indicators
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have gradually been explored, this has seemingly not yet been applied in Ghana. To determine the soil quality of cocoa soils
in Ghana, we need a better understanding of how soil properties, particularly the underexplored soil biological properties,
vary in space and time, are impacted by land management, and how they relate to crop yield.

Physical and chemical properties as indicators of cocoa soil health

Most Ghanaian soils cropped to cocoa are formed from heavily weathered parent materials (with kaolinitic clay mineral
components) and thus have low pH (5.35 + 0.027), low cation exchange capacity (< 24 cmol kg~!), and low organic carbon
content (0.39 + 0.009 g/100 g) with nitrogen and phosphorus being the most limiting nutrients [82,104] (Table 1). The
transition from forests to cocoa farms, especially the no-shade systems, impacts soil physical and chemical properties. The
cocoa plant adapts very well to many soil types but soils cropped to cocoa should have sufficient available nutrients to
meet the minimum nutrient requirements, have a soil depth of about 1.5m that allows good root development without any
obstructions, and preferably a texture of approximately 30 % clay, 50 % sand, and 20 % silt [90]. Nutrient availability and
absorption are primarily affected by soil water availability, acidity, aluminium toxicity, and the organic matter content of
soils [22,90]. Cocoa is sensitive to both droughty (sandy) and waterlogged (clayey) soils, and since production in Ghana is
purely rainfed, well drained soils that hold enough water to make nutrients available is essential. Water deficit has been
estimated to account for about 50% of the cocoa yield gap [105].

High rates of Al saturation in cocoa soils negatively affects the growth of cocoa. Aluminium reduces root and shoot
growth and, subsequently, nutrient uptake. Soil Al concentration is negatively correlated with pH; the lower the pH, the
higher the Al availability to plants. Cocoa growing soils in Ghana have low pH, with 83.3% of soils surveyed across all cocoa
growing regions having pH lower than 5.5, indicating that they are suboptimal for cocoa farming [82]. Soil pH is lowest in
the southwestern part of Ghana [82] and these soils are thus most susceptible to Al toxicity. Acidification may be occurring
due to the application of nitrogenous fertilisers without concurrent applications of liming agents to compensate for the
decrease in pH that accompanies plant root uptake of ammonium.

Soil nutrient status and diagnostic methods for assessing cocoa nutrient requirements

There have been many studies on the nutrient status of cocoa-growing soils and the use of mineral fertilisers in cocoa
production, as reviewed by Snoeck et al. [90], but few on the use of organic fertilisers [4]. Most studies supported the
requirement for mineral fertiliser application to maintain sustainable yields, but recent findings indicate that different soil
types require site-specific fertiliser formulations instead of the nationwide fertiliser formulation recommended across all
cocoa growing regions [40]. In Ghana, a single fertiliser formulation (N:P:K 0:22:18 + 9CaO + 7S + 6MgO) referred to as
‘Asaase Wura’ is recommended at a rate of 375 kg ha~! by the Cocoa Research Institute of Ghana (CRIG) to cocoa farmers
across all cocoa growing regions despite the fact that the cocoa growing regions vary in soil properties [89].

Recommended fertiliser formulations and application rates in most cocoa producing countries have been based on fer-
tiliser response trials (to determine the required nutrient thresholds), the nutrients retained in the crop, the nutrient balance
(between supply and export through harvest), and a soil nutrient status assessment [90,99]. Site-specific fertiliser formula-
tions in Ghana can be developed using a soil diagnostic tool to calculate the fertiliser needs of cocoa. This tool was first
developed by Jadin and Snoeck [54], and updated much later by Snoeck et al. [87], based on numerous fertiliser trials [90].
The diagnostic tool compares actual and optimal soil nutrient levels and calculates the quantity of key nutrients needed to
rectify any nutrient imbalance [40]. This approach has been used to diagnose soil nutrient deficiencies and calculate the
nutrients required to balance nutrient loss after harvesting [39,40,67].

Snoeck et al. [89] developed a method that maps the nutrient requirements of cocoa to the soil nutrient status in all
growing regions in Ghana by combining Geographic Information System (GIS) technology with soil diagnostic modelling.
Through this study it was discovered that the fertiliser formula recommended by CRIG suits only 6% of the land cropped
to cocoa. This discovery may imply that the fertiliser programme promoted by COCOBOD to improve soil quality and boost
production is not optimised in 94% of the area over which it is adopted. It was recommended in the study that at least 30
different location-specific fertiliser formulations are required; this recommendation was based on soil nutrient thresholds
and ratios of some specific nutrients. However, the recommendation is still yet to be adopted.

Biological indicators of quality and health of cocoa soils

Biological indicators of soil quality have gained research attention quite quickly even though little evidence has been
provided to link the indicators to aboveground productivity. Similar to their physical and chemical counterparts, no single
biological parameter can be used in isolation to holistically represent soil quality or health [47]. Factors frequently measured
are soil microbial biomass and activity, nitrogen mineralisation, rate of litter decomposition and soil organic matter content.
Soil organic matter (SOM) represents a key indicator for soil quality, and its importance is well understood by Ghanaian
cocoa farmers [6]. SOM is the main determinant of biological activity because it is the primary food source for soil organisms
and has a major influence on the physical and chemical properties of soils; this makes it a key integrated indicator of soil
degradation [70].

SOM provides an important link between biological and physico-chemical indicators that needs to be considered for sus-
tainable fertility management of cocoa soils. Land use change from forests to cocoa farms affects soil functional biodiversity
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and ecological processes such as the decomposition of organic residues and nutrient cycling [29,36,50]. Evidence of historic
nutrient mining and SOM depletion can be observed in cocoa growing regions across Ghana [82]. However, higher carbon
storage capacity has been observed in cocoa agroforests than in unshaded cocoa [63].

Research linking the ecological functionality of cocoa soils with the soil biota within Ghanaian cocoa production systems
is lacking. However, a few studies have quantified changes in carbon and nutrient stocks with time under cocoa systems,
either via chronosequences or the monitoring of long-term plots [3,15,34,53,75]. Some studies have observed that the rate of
litter decomposition in cocoa farms decreases following forest conversion because litter quality changes [34,75]. Soil fauna
play a major role in converting cocoa litter into useable forms of nutrients for plants. In Bahia, Brazil, the adoption of
cocoa agroforestry systems has increased the abundance and diversity of soil and litter fauna [33]. However, experiments
to understand how cocoa management systems in Ghana influence the abundance, diversity, and activity of soil fauna are
lacking.

In this second section of the review we have provided context for the soil physical, chemical, and biological properties of
Ghanaian cocoa soils and highlight the need for a greater focus on soil biological properties. The consequences of a failure
to develop site-specific fertiliser formulations and the use of acid-forming fertilisers on soils susceptible to acidification has
resulted in very low pH (<5.5) in the soils of some cocoa growing regions, particularly in southwest Ghana [82]. Organic
inputs are required to build SOM and encourage nutrient cycling in Ghanaian cocoa farms.

Relationships between shade, litter, and soil quality

Research is currently being undertaken to devise shade management strategies designed to both increase productiv-
ity and optimise ecological benefits [4]. While little evidence exists to quantify the ecological benefits of shade trees, the
functional benefits to cocoa are known to include favourable microclimate, erosion control, and soil quality improvement
[3,14,86,97]; these benefits are particularly important to farmers during long severe dry periods in Ghana. The quantita-
tive effects of shade on cocoa yield have been established in most cocoa producing countries [2,26,64], including Ghana
[4,14,16,17,90]. The consensus is that well managed agroforestry farms with the appropriate levels of shade have long term
positive effects on yield; possibly because of enhanced delivery of ecosystem services in the shaded farms, compared to
monoculture farms. The density of shade levels adopted by farmers in Ghana has been categorised as low, medium or high,
by different researchers using a range of metrics, such as canopy cover, tree density, and tree diameter at breast height [3].
CRIG recommend shade cover (defined as percentage light interception) of 40% [77]. However, Abdulai et al. [1] highlight
the need for recommendations of optimum shade levels to be climate region specific.

The ability of cocoa agroforestry systems to survive with little or no fertilisation is attributed to enhanced nutrient cy-
cling through the decomposition and mineralisation of nutrients entering the soil from litter fall. Both litter quality and
decomposer diversity decrease with decreasing shade [27,33,36,42,48,101]. In Ghana, litter quality (C/N ratio) is decreased
when native forest is converted to shaded farms. This decline in litter quality correlates with a reduction in litter decompo-
sition rate [35]. Likewise, changes in soil quality along a chronosequence of cocoa agroforestry systems has been observed in
a number of studies. The release of nutrients from litter in older cocoa farms (35-55 years old) was reported to be enough
to recover the nutrients extracted by the cocoa crop [80]. Litter decomposition rate and Cation Exchange Capacity (CEC)
was significantly greater in a >25-year-old cocoa agroforestry system than in 1-4 year old farm, and vesicular arbuscular
mycorrhizal fungi spores were twice as abundant and more diverse in the older farms [88]. These findings demonstrate that
shade and litter are important drivers affecting soil quality, and more studies are required to quantify their contribution to
improving the physical, chemical and biological properties of cocoa soils in Ghana.

This third section has highlighted the vital role that shade trees, and in particular, shade tree litter, play in maintaining
soil health in cocoa farms. We demonstrate the negative consequences that the introduction of hybrid varieties grown in
monoculture have had on soil health and nutrient cycling. Mitigating these negative consequences will be difficult because
uncertainties about the optimum species and density of shade trees and tenure rights represent barriers to agroforestry
adoption [68]. Other soil management strategies that are easier and faster to adopt are required to achieve sustainable
management of cocoa production in Ghana.

Soil management strategies for sustainable cocoa production in Ghana

Poor soil fertility in cocoa soils worldwide has been a major concern for all stakeholders. Research for sustainable pro-
duction has called for a shift away from soil management strategies that exclusively provide inorganic fertiliser application
rates towards strategies aimed at improving soil structure and supporting soil ecological functions while reducing nega-
tive environmental impacts. The gradual reduction in the rates of inorganic fertilisers use and the introduction of organic
fertilisers is being researched in several cocoa producing countries [46,66,93]. Organic fertilisers increase SOM content; an
important soil attribute that has a major influence on soil properties and ecological functions such as soil water conservation
and nutrient cycling [9,32,69].

The use of both organic and inorganic fertilisers as an integrated nutrient management strategy is gaining research at-
tention in cocoa production systems. However, information on the dynamics of the types of organic amendments, their
application rates, and their effects on soil quality in cocoa cropping systems is very much limited. Organic fertilisers offer
an important opportunity to enhance the sustainability of cocoa production, particularly in Ghana where soils cultivated
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with cocoa have low SOM content [82], and nutrient stocks [62], due to many years of nutrient mining through harvest-
ing. Knowledge regarding the benefits of organic fertilisers to cocoa soils in Ghana is mostly confined to the use of poultry
manure and the ash from burnt cocoa pod husks, which is an option recommended by CRIG to Ghanaian cocoa farmers [77].

Cocoa pod husks (CPH), a major source of organic matter on cocoa farms, contain 1000 mg N kg1, 3000 mg P kg~!, and
48571 mg K kg=! [90]. Their use as a soil amendment has revealed significant improvements in soil properties and plant
growth [7, 46,65,66,74,92]. Yet, the potential to use CPH as an organic fertiliser in cocoa farms has been underexplored in
Ghana; largely because it is believed that spreading husks may contribute to the spread of black pod disease (Phytophthora
spp.) [7,77], and so CPH are treated as farm waste that must be disposed of. However, there is evidence to suggest that ap-
plication of CPH-based compost reduces black pod disease both by reducing Phytophthora spores and by raising the nutrient
status of the cocoa plants to induce resistance [41].

Research into the valorisation of CPH for alternative off-farm uses [61], such as feedstock for bioenergy [51,73,85,94], an-
imal feed [72], traditional soap making [78], chemical extracts for pharmaceutical and food processing [100], and as biosor-
bent and bioremediation agents [38,60,76] has attracted far more interest than research into the use of CPH as a soil organic
amendment. The little research that is undertaken has focused more on the use of CPH composts as organic amendments on
arable and horticultural fields rather than on cocoa farms where it may be of greatest use to return the nutrients mined to
grow the husks. Since husks are generally piled up on farms and not returned to soils as an organic fertiliser, the nutrients
that they contain, particularly K, are susceptible to leaching and loss during rainfall events [52]. Thus, there is an urgent
need for fundamental research on the suitability of CPH-based soil amendments that combines nutrient management with
integrated pest and disease management in Ghanaian cocoa farms.

Composting, one of the most conventional and environmentally suitable means of valorising agricultural and household
waste, has been suggested as a means for farmers in Ghana to recycle CPH into organic fertilisers [77,99]. However, this has
not been widely adopted in Ghana, unlike in Indonesia, Papua New Guinea, and Cameroon, where an increase in on-farm
composting of CPH has been observed [66]. The application of CPH composts could considerably reduce inorganic fertiliser
use, thereby saving costs and improving soil quality and health.

Composting CPH without any co-amendments results in reduced N availability through immobilisation. Therefore, some
studies have looked at the effects of various co-amendments to CPH-based compost on soil nutrient fluxes. Co-composting
CPH with other amendments such as poultry manure or nitrogen rich green leaves (such as Neem, Tithonia, and Moringa)
enhances the fertilising potential of CPH [43,56,66]. Poultry manure performs better than the leaves since the former is
richer in nutrients, especially N, P and K. Nutrient release from compost is slower than inorganic fertilisers and, therefore,
is not made immediately available to plants [25,99]. In some situations (such as on a typical Ghanaian cocoa farm) sourc-
ing these co-amendments is challenging as they are not widely available. Some studies have assessed the efficacy of CPH
enriched with inorganic fertilisers. The growth of cocoa seedlings was enhanced when CPH compost was used as a potting
media than when NPK 15-15-15 was added to topsoil or to the CPH compost [74]. However, when CPH was composted with
urea or triple superphosphate, the former supressed plant height while the latter improved growth [46]. The emphasis for
future research on organic amendments for cocoa farms in Ghana should be on finding the optimal balance of nutrients in
terms of their release and plant availability. Therefore, the study of integrated organic (CPH) and inorganic fertility manage-
ment in cocoa production systems is needed to find the optimum proportions that combine to increase the sustainability of
cocoa production.

In this section we highlight a key ‘low hanging fruit’ that could enhance the soil health and fertility of cocoa farms. The
widespread adoption of CPH compost across all cocoa growing regions of Ghana could help to return nutrients to soils. The
use of organic amendments for integrated soil fertility management is more likely to occur on older (21-30 years) monocrop
farms and can be encouraged by disseminating information, providing education, and raising awareness [81]. The authors
are engaged in such activities as part of a Global Challenges Research Fund project; ‘Remediation of Cocoa Soils in Ghana as
a Route to more Sustainable Cocoa Production’.

Conclusions

Ghanaian cocoa soils are acidic and have low SOM [82], and the major intervention adopted by farmers to increase soil
fertility is the use of mineral fertilisers applied as a single formulation at a nationwide recommended rate. Unfortunately,
this approach is suitable for only 6% of the cocoa growing areas. Soil quality of Ghanaian cocoa farms is assessed by measur-
ing physio-chemical properties, based on the assumption that supplying sufficient nutrients to balance the cocoa nutrient
requirement alone will increase the quality of the soil. There is currently no consideration of the biological component of
soil health in Ghanaian cocoa cropping systems. We recommend development of soil biological indicators that can be used
to benchmark interventions that improve soil health and fertility. It is evident that the supply of mineral fertiliser is most
effective in soils with high organic matter content [55] and that shade trees on farms increase the supply and mineralisation
rate of decomposable organic matter. SOM levels of at least 3% are optimal for cocoa growth [90,91]. The adoption of cocoa
agroforestry systems which incorporates an appropriate species mixture and density has the potential to increase the sus-
tainability of cocoa production [17,27,86] and, in farms that are rarely fertilised, the potential of litter fall in these systems
to supply nutrients to the cocoa crop should be exploited [8]. However, it is acknowledged that complexities associated with
identifying the optimal shade tree species and density, as well as issues associated with shade tree tenure [68], mean that
other means to raise SOM levels, increase soil health, and encourage nutrient cycling are required. Site-specific fertiliser rec-
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ommendations should be implemented that are appropriate to regional soil types and, if possible, integrated with organic
amendments that recycle the nutrients in the CPH back into the soil. It is clear that CPH are an important and underutilised
resource that have a potential to improve soil health. CPH composting should be encouraged to return nutrients to the soil
and decrease the impact of nutrient mining in Ghanaian cocoa production systems.
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