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Abstract

The success of sustainable Theobroma cacao (cocoa) production depends on the physical
and chemical properties of the soils on which they are established but these are possibly
moderated by the management approach that farmers adopt. We assessed and compared
soil physico-chemical properties of young, mature and old organic and conventional
cocoa agroforestry systems at two depths (0–15 and 15–30 cm) and evaluated the produc-
tion of cocoa pods, banana and plantain in the two farm types. Cocoa farms under
organic management had 20, 81, 88 and 323% higher stocks of soil organic carbon, P,
Mn and Cu, respectively, compared to those under conventional management. Higher
soil moisture content, electrical conductivity and pH were found on organic systems
than the conventional farms. Annual cocoa pod production per tree was similar in
both cocoa systems (Org. 10.1 ± 1.1 vs Con. 10.1 ± 0.6 pods per tree). The annual produc-
tion of banana and plantain was higher on organic farms (186.3 ± 34.70 kg ha−1 yr−1)
than conventional systems (31.6 ± 9.58 kg ha−1 yr−1). We concluded that organic manage-
ment of cocoa agroforestry systems result in soils with the greater overall quality for cocoa
production than conventional management and it increases the yield of co-products.
Studies focusing on the impact of organic management on cocoa agroforestry systems
at the landscape and regional scales are urgently needed to further deepen our under-
standing and support policy.

1 Introduction

Although Ghana and Côte d’Ivoire produce over 60% of the world’s Theobroma cacao
(cocoa) beans, productions in these countries are constrained by declining soil fertility
which has resulted in poor cocoa yield (Wessel and Quist-Wessel, 2015; FAO, 2017).
Declining soil fertility under cocoa farms has been cited as a driver of deforestation in
Ghana as farmers tend to abandon old cocoa farms and establish new ones in existing forests
(FAO, 2017; Benefoh, 2018). The regional frontiers of cocoa production in Ghana is asso-
ciated with forest clearance by farmers in search of rich soils for the establishment of
cocoa plantations (Knudsen and Agergaard, 2016; Benefoh, 2018). Continuous production
without proper soil fertility management coupled with intensification (i.e. replacing the
shade trees with cocoa trees to increase cocoa yield) leads to nutrient depletion and poor
soil quality. Attempts to resolve this problem with synthetic chemical fertilizers have not
been successful due to the socio-economic context of cocoa farmers (Gockowski et al.,
2013; Hütz-Adams et al., 2016). Cocoa is predominantly produced by poor rural smallholder
farmers who are unable to access or afford synthetic fertilizers (Hütz-Adams et al., 2016;
Benefoh, 2018).

Faced with the challenge of ensuring soil fertility and the lack of robust data on soil
physico-chemical properties of cocoa farms under organic and conventional management in
West Africa, there is an urgent need to provide such data to guide decision making and policy
formulations. Our study which compared two cocoa farming systems in Ghana (organic vs
conventional) would contribute in bridging the research gap. We evaluated the influence of
organic management on soil physico-chemical properties of cocoa agroforestry systems across
the entire crop production stages. We examined cocoa pod, banana (Musa sapientum
L. f. thomsonii King ex Baker) and plantain (Musa paradisiaca L.) production in the two
farm types as an assessment of productivity. Finally, we explored the relationship between
soil nutrient stocks, stand characteristics and productivity. We posit that organic systems
would manifest greater soil nutrient stocks as well as cocoa pod, banana and plantain yields
compared to conventional systems and that stand characteristics will influence soil parameters
and productivity.
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2 Methods

2.1 Study area

Suhum Municipality (Fig. 1; located at N 6o 5′ and W 0o 27′ and
about 400 km2) has an agrarian economy based on rain-fed agri-
culture with cocoa being the main cash crop; other cultivated
crops include banana, plantain and cocoyam (Cocos nucifera
L.). Located in the semi-deciduous forest zone, Suhum has a
mean annual temperature and precipitation range of 24–29°C
and 1270–1651 mm, respectively (Ghana Statistical Service,
2014). The relative humidity is low during the dry season (48–
52%) and high during the wet or rainy season (87–91%). The
soils are classified as forest ochrosols (Nsaba-Swedru series),
formed from granite parent material and are well-drained, deeply
weathered, moderate fine granular in structure and friable in con-
sistency (Cartographic Staff of Soil Research Institute, 1990;
Adjei-Gyapong and Asiamah, 2002).

Cocoa plantations in the district were established as agrofor-
estry systems (cocoa cultivated under shade trees/shrubs) and
are managed with or without synthetic chemical inputs such as
fertilizer, pesticides and herbicides. Whereas the conventional sys-
tems use synthetic chemicals to improve soil fertility, control pest
and suppress weeds, the organically certified cocoa systems use an
integration of diverse shade tree species, neem (Azadirachta
indica A. Juss.) extracts and organic fertilizer to maintain soil fer-
tility, control pests and suppress weeds (Appendix Table 1).
Specifically, the conventional systems applied ‘Asaasewura’, a spe-
cially formulated cocoa fertilizer (0-22-18 + 9Ca + 7S + 6MgO)
and ‘Nitrobor’ (Nitrogen + Boron) at the rate of 375 kg ha−1

and 125 kg ha−1, respectively (Ghana Cocoa Board, 2018;
Asigbaase et al., 2019). The organic farmers were encouraged to
maintain shade trees on their farms to exploit their ecological
benefits and to use organic fertilizer (e.g. Elite organic fertilizer,
NPK 3:4:4 + 9Ca + 1Mg + 0.04B + 0.08Zn + 11organic matter) at
a rate of 988 kg ha−1 as an alternative to synthetic chemical
input (Djokoto et al., 2016; Ghana Cocoa Board, 2018;
Asigbaase et al., 2019). The cultivation practices and biophysical
characteristics of the two systems are presented in detail in
Asigbaase et al. (2019) and Appendix Tables 1 and 2. The organic
farms obtained their certification from Control Union, an inter-
national certification body that is present and active in over 70
countries.

2.2 Selection of cocoa farms

Suhum Municipality was purposely selected because organic
cocoa certification in Ghana was pioneered in the Municipality,
thus it has the oldest certified organic cocoa farms. A list of
organic and conventional cocoa farming communities within
the Municipality was obtained from Ghana Cocoa Board
(COCOBOD), the regulator of the cocoa sector in Ghana and
seven cocoa communities were randomly selected (Fig. 1).
Separate lists of organic and conventional cocoa farmers in the
selected communities were obtained from the local offices of
the regulator and 24 organic and 24 conventional cocoa farms
(i.e. eight farms per farm type per cocoa temporal phase) were
randomly selected for the study. The selected organic and conven-
tional farms were categorized into three cocoa temporal phases,
young (≤15 years), mature (16 to 30 years) and old (≥31
years). One plot (25 m × 25 m) was established per farm; mean
farm size in organic systems was 1.9 ha and that of conventional
systems was 1.2 ha. The location of each plot was determined by

dividing each selected farm into six equal parts and randomly
selecting one. The research was conducted on private land and
farmers gave oral consent; there was no need for additional
permission.

2.3 Soil sampling

Soil samples were collected from two depths (0–15 cm and 15–30
cm). In each plot and for each depth, five soil samples were col-
lected using an Eijkelkamp soil auger with a 5 cm blade diameter;
the soil auger was marked at the respective soil depths and manu-
ally driven into the soil to collect samples. The five samples for
each layer in each plot were pooled, thoroughly mixed for each
soil depth and subsampled for chemical analysis. Two soil sam-
ples per plot per depth were collected with 139 cm3 bulk density
cylinders for soil bulk density determination. The samples were
collected from the soil wall after digging. Soil subsamples were
oven-dried (105°C for 48 h), sieved (2 mm mesh) and milled
(agate ball mill at 290 rpm for 15 min) prior to chemical analysis.
The collection of soil samples was conducted on the same day.

2.4 Crop yield and stand characteristics

We used data collected by Asigbaase et al. (2019) to estimate the
stand characteristics (cocoa and shade tree species densities and
shade tree basal area, richness and Shannon diversity) of the
two farm types. Surface litter was collected by randomly throwing
a 50 cm × 50 cm wooden quadrat five times within the plots (e.g.
Soto-Pinto and Aguirre-Dávila, 2015). The cocoa yield was esti-
mated in terms of cocoa pod production by counting the number
of small (<5 cm long), medium (5–10 cm) and large (>10 cm)
cocoa pods in August and January which coincides with the
major and minor cocoa seasons, respectively. The cocoa pod cen-
sus was conducted in 25 m × 25 m plots established in the selected
organic and conventional farms. The annual amount of banana
(M. sapientum) and plantain (M. paradisiaca) production was
estimated as the sum of the weight of each harvested bunch per
farm over a 12-month period. In Ghana, including Suhum,
cocoa trees are generally planted at 3 m × 3m (resulting in a
planting density of approximately 1100 trees ha−1) with the
majority of the farms having the recommended 12–18 shade
trees ha−1 (Asare and Anders, 2016). Thus, we estimated cocoa
pod production at the plot level and the production of banana
and plantain at the farm level.

The gross potential income for both organic and conventional
farmers was estimated assuming: 10% premium for organic farm-
ers, GH₵ 7.6 (equivalent to US$ 1.53) kg−1 (for the 2017/2018
and 2018/2019 cocoa seasons), and a conversion factor of cocoa
pods to beans of 0.04 (Mahrizal et al., 2012; Rainforest Alliance,
2018). A price range of GH₵ 10.00–GH₵ 25.00 (US$ 2.01 - US
$ 5.03) for a bunch of bananas and a range of GH₵ 20.00–GH
₵ 30.00 (US$ 4.03–6.04) for a bunch of plantains provided by
farmers was applied. Based on our data, an average bunch of
banana and plantain were 13.3 kg and 13.1, respectively; thus,
unit price ranges of GH₵ 0.75–GH₵ 1.88 (banana) and GH₵
1.53–GH₵ 2.29 (plantain) were estimated. Gross potential
income from cocoa was estimated as a product of an overall num-
ber of cocoa pods, a factor for conversion of cocoa pods to beans
and unit price of cocoa plus premium for organic farmers and
without the premium for conventional farmers. Gross potential
income from banana and plantain were estimated as a product
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of their unit price and quantity. Overall gross potential income
was estimated as sum of income from cocoa, banana and plantain.

2.5 Data processing and chemical analysis

2.5.1 Soil moisture content and physical properties
Soil water content (%WC) was calculated as WC = [(S1 – S2)/
S2] × 100, where S1 is the fresh weight of soil and S2 is the weight
of oven-dried (at 105°C for 48 h) soil. Soil bulk density was esti-
mated as BD (g cm−3) = [(W1 - W2)/V] × (100 - %CF)/100, where
CF is coarse soil fraction, BD is bulk density, W1 and W2 are the
weights of empty trays and oven-dried soils in trays respectively,
and V is the volume of the bulk density cylinder. Soil particle
size distribution was assessed via laser ablation (Bechman
Coulter LS 200) and classified into textural classes based on the
USDA soil triangle (Soil Survey Division Staff, 1993).

2.5.2 Soil chemical analysis
Soil pH was determined in a 1:2.5 soil:solution slurry with a pH
meter (pH 209, Hanna Instruments), calibrated with pH 4.01
and 7.00 buffer solutions. The electrical conductivity (EC, mS
cm−1) of the soil was measured in the same soil slurry using a
portable electrical conductivity meter (Combo pH and EC,
Hanna Instruments) calibrated with 1413 μS cm−1 standard

solution. To determine Olsen extractable P (hereafter P), soil sam-
ples (2 g) were extracted with 30ml of 0.5M sodium bicarbonate
thoroughly mixed with 0.05% w/v polyacrylamide, well shaken
and centrifuged at 3500 rpm for 15 min. Phosphorus in the extract
was estimated at 880 nm in a 1 cm cell using a spectrophotometer
and the blue phospho-molybdate method with ascorbic acid as
reducing agent. Total soil organic carbon (SOC) and total nitrogen
(N) were determined using a CN analyzer [Thermo Scientific™

Flash™ 2000 Organic Elemental Analyzer (OEA)]. Extractable
Ca, Mg, K and Na and the concentrations of Mn, Al, Cu and
Zn were determined using ICP-MS (Thermo Scientific™ iCAP™

TQ) after extracting 2 g of each soil sample with 20 ml of 1M
NH4NO3, centrifuging at 3500 rpm for 30 min, filtering and dilut-
ing 1ml of the supernatant with 9ml of 2% HNO3. Effective cation
exchange capacity (ECEC) was determined as the sum of
exchangeable bases and exchangeable acidity. Nutrient stocks
(Mg or kg ha−1) were estimated as the product of nutrient concen-
tration, bulk density, depth and unit conversion factor.

2.6 Data and statistical analysis

Soil physical and chemical properties were analyzed using two-
way analysis of variance (ANOVA) with farm type and cocoa tem-
poral phase as factors. A general analysis of variance was

Fig. 1. Map of the study area (modified from Asigbaase et al., 2019).
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conducted with soil depth as a factor. Where applicable, the
ANOVA was followed by Fisher’s Least Significant Difference
(LSD). Yield and gross potential income data (cocoa, banana,
plantain and overall) and farm characteristics (farm size, standing
litter stock, cocoa and shade tree species densities, basal area, rich-
ness and diversity) were analyzed via two-way ANOVA with farm
type and cocoa temporal phase as the independent factors. All
variables, which were not normally distributed, were Box-Cox
transformed to meet the normality assumption and those which
remained non-normally distributed were analyzed using
Kruskal–Wallis ANOVA. Where interaction terms were not sig-
nificant, only main effects were considered in results and discus-
sion. Spearman’s rank correlation was used to analyze the
relationship between soil physico-chemical properties and nutri-
ent concentrations as well as between nutrient stocks, crop
yield, and stand characteristics (standing litter stock, cocoa tree
density and shade tree species density, basal area, richness and
diversity). Differences in means were considered significant at
p < 0.05.

3 Results

3.1 Farm characteristics, soil moisture content and soil
physical properties

The organic systems had greater shade tree species richness, diver-
sity, density and basal area than conventional systems (Appendix
Table 2). Standing litter stock, total basal area and the density of
food and fruit shade trees/shrubs were greater on organic farms
whilst cocoa tree density and total shade tree density were greater
on conventional farms. Although organic farms were larger than
conventional systems, it did not differentiate stand characteristics,
soil properties or farm productivity.

The water contents of the soils were influenced by farm type
and depth, but not the temporal phase of cocoa. Soil water con-
tent was 33% and 13% greater on organic farms than conventional
farms in topsoils ( p < 0.001) and subsoils ( p = 0.025), respect-
ively, and decreased with soil depth ( p < 0.001) (Table 1). Soil
gravel content (> 2 mm) was significantly higher in the topsoils
of conventional farms compared to organic farms ( p = 0.043),
subsoil compared to topsoil ( p = 0.006) and similar for cocoa
temporal phases. Soil bulk density was similar between organic
and conventional farms in the topsoils, greater in subsoils of con-
ventional farms ( p = 0.029), similar across cocoa temporal phases
and increased with depth ( p < 0.001). Clay, silt and sand contents

were similar in both organic and conventional farms and were
classified as loamy for the 0–30 cm depth.

3.2 Soil chemical properties

The effect of farm type on soil electrical conductivity was more
pronounced than pH (Fig. 2). Both pH ( p = 0.010) and electrical
conductivity ( p < 0.001) were higher on organic farms than con-
ventional farms in topsoils and decreased with soil depth (pH;
p = 0.002; EC, p < 0.001). Effective ECEC was similar for cocoa
farms under organic and conventional management, and it was
similar across cocoa temporal phases. However, ECEC decreased
with soil depth ( p < 0.001). The ratios C:N, Ca:Mg, Ca +Mg:K
and Ca +Mg:Na + K were similar for both farm types, cocoa tem-
poral phases and soil depths (Appendix Tables 3 and 4).
Extractable cations (Na+, Mg2+, Ca2+ and K+) were similar on
both farm types and across cocoa temporal phases. The cations
Ca2+ ( p < 0.001), K+ ( p = 0.035) and Mg2+ ( p < 0.001) decreased
with soil depth.

3.3 Soil nutrient stocks

Cocoa farms under organic management had 20, 81, 88 and 323%
higher stocks of soil organic carbon ( p = 0.040), P, Mn and Cu
( p < 0.001 in each case), respectively, compared to those under
conventional management (Fig. 3). The differences in nutrient
stock between organic and conventional farms were more pro-
nounced in the topsoils than subsoils, with significant differences
in SOC, Ca, Cu, Mn, and P (Appendix Tables 5 and 6). That not-
withstanding, organic farms had higher stocks of P, Mn and Cu in
subsoils than the subsoils of conventional systems. The stocks of
soil organic carbon were 45% greater in topsoil than subsoil and
similar across the different cocoa temporal phases, P was 16%
greater in topsoil than subsoil ( p = 0.015) and 44–54% greater
on mature and old cocoa farms compared to young systems
( p = 0.006), and Mn was 19% higher in the subsoil than topsoil
( p = 0.021) and similar across cocoa temporal phases. Soil depth
had a significant influence on Cu stocks ( p < 0.001). Cocoa
farms under organic management had similar overall N, Ca, Mg
and K stocks as those under conventional management and
there were no differences in mean stocks of these nutrients across
cocoa temporal phases. That notwithstanding, Mg ( p = 0.041)
and Ca ( p = 0.024) stocks in subsoils were both greater in mature
and old cocoa farms compared to young farms (Appendix Tables

Table 1. Soil water content and selected soil physical properties (Mean ± SEM) of farm types (organic vs conventional) and cocoa temporal phases (young, ≤15
years; mature, 6–30 years; old, ≥31 years) at 0-30 cm as well as the topsoil (0–15 cm) and subsoil (15–30 cm) of cocoa agroforestry systems at Suhum.

Parameter

Farm type Cocoa temporal phase Soil depth (cm)

Organic Conventional Young Mature Old Topsoil Subsoil

Clay (%) 12.08 ± 0.92 12.62 ± 1.43 11.86 ± 1.32 9.73 ± 1.17 15.47 ± 1.71 12.71 ± 1.22 11.99 ± 1.18

Silt (%) 48.05 ± 2.21 41.05 ± 2.68 42.83 ± 3.11 42.92 ± 2.96 47.91 ± 3.1 45.25 ± 2.5 43.86 ± 2.52

Sand (%) 39.88 ± 2.93 46.32 ± 3.93 45.31 ± 4.29 47.36 ± 3.87 36.63 ± 4.5 42.05 ± 3.5 44.15 ± 3.49

Water content (%) 29.88 ± 0.93 24.05 ± 0.9 25.33 ± 1.26 26.77 ± 1.26 28.79 ± 1.11 29.34 ± 1.1 24.58 ± 0.77

Bulk density (g cm−3) 1.28 ± 0.04 1.15 ± 0.03 1.17 ± 0.05 1.29 ± 0.05 1.17 ± 0.03 1.15 ± 0.03 1.28 ± 0.04

Gravel (%) 9.24 ± 1 13.25 ± 1.28 14.42 ± 1.76 8.67 ± 1.16 10.64 ± 1.21 9.62 ± 0.99 12.87 ± 1.32

Soil type Loam Loam Loam Loam Loam Loam Loam
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5 and 6). Nitrogen stocks decreased with soil depth ( p = 0.026)
and so was Mg ( p < 0.001) and Ca ( p = 0.003), but K increased
with depth ( p = 0.001). Whereas overall Zn stocks were independ-
ent of farm type, greater in young cocoa farms than both mature
and old farms ( p = 0.024), and increased with soil depth ( p =
0.035), Na stocks were independent of farm type, cocoa temporal
phase and soil depth.

Spearman’s rank correlation between soil nutrient stocks and
stand characteristics (cocoa density and shade tree species dens-
ities, and shade tree species basal area, richness and diversity)
showed that P was negatively related to the cocoa density and
positively correlated with shade tree basal area (Fig. 4). Mn was
positively correlated with shade tree species diversity (Shannon
diversity) while Cu was negatively related to cocoa tree density

Fig. 2. Soil chemical properties on organic and con-
ventional cocoa farms (0–15 cm and 15–30 cm) and
across cocoa temporal stages (0–30 cm) at Suhum.
Panels: 1) electrical conductivity (EC), 2) effective cat-
ion exchange capacity (ECEC), 3) pH and 4) C:N ratio.
Mean ± SEM are shown and bars with different letters
indicate a significant difference ( p < 0.05).

Fig. 3. Nutrient stocks (Mean ± SEM) to the depth 0–15
cm and 15–30 cm in organic and conventional cocoa
agroforestry systems at Suhum. The panels represent
soil nutrient stocks of 1) P, 2) soil organic carbon
(SOC), 3) Mn, 4) N, 5) Cu, 6) Ca, 7) K, 8) Mg, 9) Zn
and 10) Na, respectively.
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but positively correlated with total standing litter stocks and shade
tree species density (r = 0.296, p = 0.041), basal area and richness
(r = 0.309, p = 0.033).

3.4 Crop yield and potential income

Although the production of the medium, large and total (sum of
small, medium and large) cocoa pods (number ha−1 yr−1) was 28,
58 and 30% respectively, greater in conventional cocoa farms than
organic cocoa systems (Fig. 5, p = 0.010, p < 0.001, p = 0.002,
respectively), the production of these cocoa pods per tree were
similar between organic and conventional farms. The mean
annual production of banana was 570% greater in cocoa systems
under organic management compared to those under conven-
tional management (Fig. 5, p < 0.001). However, plantain produc-
tion was similar in both farm types. The total annual production

of banana and plantain was 490% greater in organic farms than
conventional farms (Fig. 5, p < 0.001). The mean annual banana
production per plant was more than two times greater on organic
farms than conventional farms (Org. 0.69 ± 0.14 kg plant−1 vs
Con 0.27 ± 0.12 kg plant−1; p < 0.001) while plantain production
was similar. Thus, the gross potential income of organic farmers
was four times higher for banana production than conventional
farmers (Table 2). Although the gross potential income from
cocoa was 18% lower on organic farms, the overall gross potential
income (sum of income from cocoa, banana and plantain) was
similar for both farm types.

Spearman’s rank correlation between total cocoa pod produc-
tion and annual banana and plantain yield with stand character-
istics and soil nutrient stocks showed that annual banana
and plantain yield was positively correlated to P (r = 0.335, p =
0.020) and Cu (r = 0.432, p = 0.002) stocks. Shade tree basal

Fig. 4. Correlations between soil nutrient stocks and stand characteristics of organic and conventional cocoa systems at Suhum. The panels represent correlations
between 1) soil Cu stocks and cocoa tree density, 2) soil P stocks and shade tree basal area, 3) soil Mn stocks and Shannon diversity, 4) soil P stocks and cocoa tree
density, 5) soil Cu stocks and shade tree basal area and 6) soil Cu stocks and standing litter stock.

Fig. 5. Annual cocoa pod (panel 1), banana and plan-
tain (panel 2) production (Mean ± SEM) in organic and
conventional cocoa agroforestry systems at Suhum.
Small (< 5 cm), medium (5–10 cm), large (> 10 cm)
and total (sum of small, medium and large).
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area (r = 0.518, p < 0.001) and fruit species density (r = 0.680, p <
0.001) positively correlated with annual banana and plantain
yield, but cocoa tree density was negatively related to banana
and plantain yield (r = −0.413, p = 0.004). Total cocoa pod pro-
duction was negatively correlated to Cu stocks (r =−0.335, p =
0.020) and shade tree species basal area (r =−0.367 p = 0.010).

4 Discussion

4.1 Effect of organic management on selected soil physical
and chemical properties

We found that soil water content was greater (24%) in organic sys-
tems than conventional systems and decreased (by 19%) with soil
depth as reported by other workers (Reganold, 1988; Suja et al.,
2017; Di Prima et al., 2018). Soil water content affects the moisture
and amount of nutrients available to plants (Appendix Table 7;
Kyereh, 2017). Cocoa is sensitive to drought hence high soil
water content is crucial in regions with pronounced dry seasons,
such as our study area (Wessel, 1971; Zuidema et al., 2005;
Kyereh, 2017); the organic farms are promising in this context.
That notwithstanding, it should be noted that soil moisture con-
tent varies with time/season. The application of organic fertilizer,
high in organic matter content, coupled with the greater levels of
standing litter stock on the organic farms (Appendix Tables 1 and
2) possibly enhanced moisture retention. Organic farmers were
keen in maintaining greater levels of shade tree species density,
richness and diversity, possibly with the aim of exploiting their
ecological benefits (e.g. suppression of weeds and contribution
to soil fertility through litterfall) (Asigbaase, 2019). The integration
of shade trees might have enhanced microclimatic conditions and
reduced soil moisture loss through evaporation.

Cocoa farms under organic management had higher (39%)
electrical conductivity than those under conventional manage-
ment, indicating a greater potential for nutrient uptake since
increasing electrical conductivity when it is below the range 1–4
dS m−1 means a higher amount of nutrients availability for
crop uptake (Fig. 2; Heinen et al., 2002; Aban, 2014;
Buggenhout, 2018). Electrical conductivity (EC) is an indicator
of soil health, suggesting improved soil health for the organic
farms. EC influences crop yields as well as the activity of soil
microorganisms, which play a critical role in nutrient recycling
(Heinen et al., 2002; Aban, 2014; Brito-Vega et al., 2018). The
greater levels of soil moisture and P concentration on organic
farms than conventional farms as well as their interaction with
other physico-chemical properties may explain the differences
in mean electrical conductivity (Peralta and Costa, 2013).

Organic management enhanced pH at the 0–15 cm soil depth
than conventional management. The integration of diverse woody
plants with dense and deep root system found in the organic

systems (Asigbaase et al., 2019) possibly captures leached nutri-
ents and return them to the soil through litterfall and decompos-
ition thereby offering a buffer capacity, which enhances soil pH
(Hartemink and Donald, 2005; Arévalo-Gardini et al., 2015).
Furthermore, abundant litter on the floor, a characteristic of
cocoa systems, acts as a permanent soil cover thereby reducing
nutrient loss through surface runoffs and leaching (Dawoe
et al., 2014; Arévalo-Gardini et al., 2015). Contrary to the report
that cocoa cultivation leads to soil acidification, i.e. lowering of pH
(e.g. Ahenkorah et al., 1987; Hartemink and Donald, 2005), our
results showed that pH remained similar across the different
cocoa temporal phases (Appendix Tables 3 and 4) which is con-
sistent with other workers (Ofori-Frimpong et al., 2007;
Arévalo-Gardini et al., 2015). The lack of consensus in these
reports in relation to the effect of cocoa cultivation on soil pH
as the cocoa system mature may be due to differences in soil fer-
tility management regimes.

4.2 Effect of farm management type on the stocks of soil
nutrients

Cocoa farms under organic management had greater stocks of the
macro-nutrient P compared to those under conventional manage-
ment (Fig 3; Appendix Table 6); this corroborates with literature
(Aban, 2014; Wortman et al., 2012; Suja et al., 2017). Adequate P
is important for increased cocoa root development, which in turn
increases the capacity of cocoa trees to absorb nutrients for
growth and productivity (van Vliet et al., 2015). West African
soils are known to have inherently low P levels, limiting its avail-
ability to plants (Boyer, 1973; Nziguheba et al., 2016) but organic
management of cocoa agroforestry systems demonstrate the
potential to enhance its availability possibly due to increased P
mineralization resulting from greater soil moisture content
(Table 1), diverse litter as a result of diverse shade tree species
(Asigbaase et al., 2019) and well-adapted soil biota (Stockdale
and Watson, 2009; Kremer and Hezel, 2013; Domínguez et al.,
2014; Lori et al., 2017). The fact that P stocks was positively cor-
related with shade tree basal area, but negatively related to cocoa
tree density may indicate the role shade tree species play in con-
tributing to P stocks in the two systems through litterfall.
Furthermore, P availability in the soil depends on several factors
such as SOC, pH, EC and moisture content (Appendix Table 7;
Ahenkorah, 1981); these factors and their interaction possibly
explain the greater availability of P on organic farms. That not-
withstanding, soil fertility management in the organic systems
such as the application of organic fertilizer which slowly release
nutrients into the soil may account for the greater levels of
P. The fact that organic cocoa farms maintained greater stocks
of SOC compared to conventional farms (Fig 3) show their poten-
tial to sustain cocoa production.

Table 2. Potential gross income from cocoa, banana and plantain production under conventional and organic management in agroforestry systems at Suhum.

Potential gross income (ha−1)

Organic Conventional

US$ US$ P-value

Cocoa 643.62 760.97 0.043

Banana income range 26.03–65.09 6.57–16.44 <0.001

Plantain income range 52.90–79.33 7.47–11.20 0.106

Overall income range 676.30–716.51 767.02–773.61 0.111
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According to Boyer (1973), 30-year-old cocoa trees required
3–4, 0.1, 4–5, 4.5–6 and 1–1.5 kg ha−1 yr−1 of N, P, K, Ca and
Mg respectively, for growth. Landon (2014) estimated that to pro-
duce 560 kg ha−1 of dry beans, which is relatively closer to the
average cocoa yield of 450 kg ha−1 in Ghana, the nutrient uptake
of the crop is 25 kg ha−1 N, 4.5 kg ha−1 P, 36 kg ha−1 K. Based on
these figures and assuming similar nutritional demand and cocoa
planting density, the nutrient stocks reported in our study (Fig. 3)
could sustain cocoa growth and production for several years with
P and K contents possibly being the main limiting factors (Boyer,
1973; van Vliet et al., 2015; Arthur et al., 2017; Kongor et al.,
2019). The incorporation of cocoa pod husk compost, wood
ash, incorporation of pruned materials and management practices
(e.g. cover cropping or zero-tillage) which protect the soil from all
forms of leaching and erosion might minimize the limiting effects
of P and K (Boyer, 1973; van Vliet et al., 2015; Arthur et al., 2017;
Kongor et al., 2019). Nutrient recycling through litterfall, root
turnover and rainwash (i.e. stemflow and throughfall) may poten-
tially reduce the limiting effect of P and K contents (van Vliet
et al., 2015), making the systems sustainable in the long run with-
out synthetic fertilizers.

Organic management enhanced the stocks of the micro-
nutrients Mn and Cu compared to those under conventional man-
agement (Fig 3) possibly due to the greater mobilization of these
nutrients on the organic farms or greater immobilization in
cocoa trees on conventional farms (Arévalo-Gardini et al., 2015).
The combined effect of micro-nutrients scarcity in the soil and
other factors such as pH affects their availability for uptake by
plants and their deficiencies in African soils have been reported
(Baligar et al., 2006; Zingore et al., 2008). Organic management
demonstrates the potential to increase the availability of micro-
nutrients especially Cu and Mn probably as a result of the use
of compost from organic residues such as cocoa pod husks
(Zingore et al., 2008; van Vliet et al., 2015; Buggenhout, 2018).
Furthermore, the fact that Mn was positively correlated with
shade tree species diversity and Cu was positively related to
shade tree species density, basal area and richness possibly
shows the importance of rich and diverse shade tree species in
increasing the availability of micro-nutrients. Given the fact that
decline in soil fertility is a major driver of low cocoa yield and
deforestation in West Africa (Wessel and Quist-Wessel, 2015;
FAO, 2017; Benefoh, 2018), the potential of organic management
to enhance soil nutrients seems promising in this context.

4.3 Farm management type and crop yield

Our results demonstrate that although total cocoa pod production
was 30% lower in organic systems compared to conventional
farms, cocoa pod production per tree was similar on both
farms, which indicates that the greater total cocoa pod production
on conventional farms was due to differences in cocoa tree density
(Fig. 5; Appendix Table 2; Asigbaase et al., 2019). Moreover, the
fact that total cocoa pod production was negatively correlated to
shade tree species basal area possibly further suggests that conven-
tional cocoa farmers replaced shade tree species with cocoa trees,
which resulted in an overall greater cocoa pod production. The
replacement of shade trees with cocoa trees reduces their contri-
bution to soil nutrient replenishment (Asigbaase, 2019) and
their removal has been linked to increased use of synthetic chemi-
cals (Nunoo et al., 2014). In the cocoa systems we evaluated,
Asigbaase (2019) reported that shade trees accounted for 30–
47% of all annual macro-and micro-nutrient return (except Ni

and Zn) on organic farms vs 20–35% on conventional systems.
Schneider et al. (2017) reported similar cocoa yield on both
organic and conventional agroforestry farms in Bolivia whilst
Jacobi et al. (2015) reported greater yields in organic agroforestry
systems compared to conventional systems in Bolivia. Organic
farmers, on the other hand, had 490% greater annual banana
and plantain yield compared to conventional farmers indicating
the potential for a more diversified approach to cocoa production
(Fig. 5; Badgley et al., 2007; Jacobi et al., 2015).

The idea that organic farmers sought to diversify farm output
is confirmed by the significant positive correlation of annual
banana and plantain production with shade tree species basal
area and fruit species density and its negative correlation with
cocoa tree density. That is, conventional cocoa farmers replaced
shade tree species with cocoa trees, whereas organic farmers
incorporated more fruit species and shade tree species. Our
study demonstrates that organic cocoa management was achieved
with a higher overall yield of co-products (i.e. banana and plan-
tain) and lower overall cocoa pod production. Other workers
have described organic farming as climate smart (Bandanaa
et al., 2014) and resilient farming systems (Jacobi et al., 2015)
due to their greater shade tree species diversity. The organic sys-
tems we evaluated had greater shade tree densities, basal area,
richness and diversity than conventional farms (Appendix
Table 2). Furthermore, the production of co-products such as
banana and plantain which has the potential to diversify income
and reduce shocks is important in the discussion about adapta-
tion to climate change and climate change mitigation (Scialabba
and Müller-Lindenlauf, 2010; Jacobi et al., 2015; Schneider
et al., 2017). For example, organic farmers’ overall potential
income was comparable to conventional farmers when banana
and plantain production was considered (Table 2). That notwith-
standing, the net ecological and economic benefits of organic
cocoa cultivated under diverse shade trees must outweigh that
of the conventional farms to make them attractive to farmers
(Badgley et al., 2007).

5 Conclusions

Organic management of cocoa agroforestry systems enhanced the
moisture content and chemical properties of the soil than conven-
tional management. The soils of organic cocoa agroforestry sys-
tems had high nutritional content and were suitable for
sustainable cocoa production. Organic cocoa producers diversi-
fied farm output by incorporating more shade tree and fruit spe-
cies which resulted in greater annual banana and plantain
production while conventional farmers replaced shade tree and
fruit species with cocoa trees which resulted in greater total
cocoa pod production. Organic management demonstrated the
potential to enhance P stocks, a major nutrient which is often
limited in African soils. We conclude that organic management
of cocoa agroforestry systems results in soils with the greater over-
all quality for cocoa production than conventional management
and that it increases the yield of co-products from shade trees/
plants which farmers were keen to maintain on their farms as a
soil fertility management strategy. Future studies may explore
the impact of organic management of cocoa agroforestry systems
at the landscape and regional scales to further improve our under-
standing and support policy.

Acknowledgment. Special thanks to the cocoa farmers and field assistants
who supported us during field data collection. We thank Mr. Kofi Mark

262 Michael Asigbaase et al.

https://doi.org/10.1017/S1742170520000290 Published online by Cambridge University Press

https://doi.org/10.1017/S1742170520000290


and Mr. Eric Odei for facilitating our engagement with the farmers. We also
thank Saul Vazquez Reina and Li Dongfang for offering technical support
on chemical analysis. We appreciate COCOBOD for facilitating our contact
with cocoa farmers.

Funding. This work was supported by the Ghana Education Trust Fund
(GET FUND, http://www.getfund.gov.gh/) as part of a doctoral study at the
University of Nottingham, UK. The funder had no role in study design,
data collection and analysis, decision to publish, or preparation of the
manuscript.

Conflict of interests. On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1742170520000290

References

Aban JL (2014) Comparison of the physico-chemical properties as soil quality
indicators (SQI) influenced by organic and conventional farming systems in
Nueva Ecija, Philippines. The Philippine BIOTA 47, 1–14.

Adjei-Gyapong T and Asiamah RD (2002) The interim Ghana soil classifica-
tion system and its relation with the World Reference Base for Soil
Resources. World Soil Resources (Report No. 98). Rome: Food and
Agricultural Organization.

Ahenkorah Y (1981) The influence of environment on growth and production
of the cacao tree: Soils and nutrition. Proc. 7th International cocoa res
conference, Nov. 4-12, 1979, Douala, Cameroon, 167–176.

Ahenkorah Y, Halm B, Appiah M, Akrofi G and Yirenkyi J (1987) Twenty
years’ results from a shade and fertilizer trial on Amazon cocoa (Theobroma
cacao) in Ghana. Experimental Agriculture 23, 31–39.

Arévalo-Gardini E, Canto M, Alegre J, Loli O, Julca A and Baligar V (2015)
Changes in soil physical and chemical properties in long term improved
natural and traditional agroforestry management systems of cacao geno-
types in Peruvian Amazon. PLoS ONE 10, e0132147. https://doi.org/10.
1371/journal.pone.0132147.

Arthur A, Afrifa AA and Dogbatse JA (2017) Assessment of soil fertility sta-
tus of cocoa farms around the Ankasa National Park in the Jomoro District
of the Western Region of Ghana. International Symposium on Cocoa
Research (ISCR), Lima, Peru, 13–17 November, 2017.

Asare R and Anders R (2016) Tree diversity and canopy cover in cocoa sys-
tems in Ghana. New Forests 47, 287–302.

Asigbaase M (2019) Contribution of organic cocoa agroforestry to sustainable
land management. PhD thesis, School of Biosciences, University of
Nottingham, UK.

Asigbaase M, Sjogersten S, Lomax BH and Dawoe E (2019) Tree diversity
and its ecological importance value in organic and conventional cocoa agro-
forests in Ghana. PLoS One 14, e0210557. https://doi.org/10.1371/journal.
pone.0210557.

Badgley C, Moghtader J, Quintero E, Zakem E, Chappell M, Avilés-Vázquez
K, Samulon A and Perfecto I (2007) Organic agriculture and the global
food supply. Renewable Agriculture and Food Systems 22, 86–108. https://
doi.org/doi:10.1017/S1742170507001640.

Baligar VC, Fageria NK, Machado RC and Meinhardt L (2006)
Concentration and uptake of P, Zn and Fe as influenced by soil acidity,
and levels and forms of N, P and Fe in cacao. 15th International Cocoa
Research Conference. COPAL, Cost Rica.

Bandanaa J, Egyir IS and Asante I (2014) Cocoa farming households in
Ghana consider organic practices as climate smart and livelihoods enhan-
cer. Agriculture and Food Security 5, 29. https://doi.org/10.1186/s40066-
016-0077-1.

Benefoh DT (2018) Assessing land-use dynamics in a Ghanaian cocoa land-
scape. PhD thesis. der Landwirtschaftlichen Fakultät, der Rheinischen
Friedrich-Wilhelms-Universität Bonn.

Boyer J (1973) Cycles de la matière organique et des éléments minéraux dans
une cacaoyère camerounaise. Café Cacao Thé 18, 3–30.

Brito-Vega H, Salaya-Domínguez JM, Gómez-Méndez E, Gómez-Vázquez
A and Antele-Gómez JB (2018) Physico-chemical properties of soil and
pods (Theobroma cacao L.) in cocoa agroforestry systems. Journal of
Agronomy 17, 48–55. https://doi.org/10.3923/ja.2018.48.55.

Buggenhout E (2018) Assessment of soil quality for organic cocoa cultivation
in southern Sao Tomé. Masterproef voorgelegd voor het behalen van de
graad master in de richting Master of Science in de biowetenschappen:
land- en tuinbouwkunde. Universiteit Gent.

Cartographic staff of Soil Research Institute (1990) Ayensu-Densu basin
soils. Available at: https://esdac.jrc.ec.europa.eu/images/Eudasm/Africa/
images/maps/download/PDF/afr_ghadbs.pdf [Accessed on: March 7, 2020].

Dawoe EK, Quashie-Sam JS and Oppong SK (2014) Effect of land-use con-
version from forest to cocoa agroforest on soil characteristics and quality of
a Ferric Lixisol in lowland humid Ghana. Agroforest Syst 88, 87. https://doi.
org/10.1007/s10457-013-9658-1.

Di Prima S, Rodrigo-Comino J, Novara A, Iovino M, Pirastru M, Keesstra S
and Cerdà A (2018) Soil physical quality of citrus orchards under tillage,
herbicide, and organic managements. Pedosphere 28, 463–477.
doi:10.1016/S1002-0160(18)60025-6.

Djokoto JG, Owusu V and Awunyo-Vitor D (2016) Adoption of organic
agriculture: evidence from cocoa farming in Ghana. Cogent Food and
Agriculture 2, 1242181. http://dx.doi.org/10.1080/23311932.2016.1242181.

Domínguez A, Bedano CJ, Becker AR and Arolfo RV (2014) : organic farm-
ing fosters agroecosystem functioning in Argentinian temperate soils: evi-
dence from litter decomposition and soil fauna. Applied Soil Ecology 83,
170–176.

FAO (2017) FAOSTAT. Available at: http://www.fao.org/faostat/en/#data/QC
[Accessed on: January 1, 2019].

Ghana Cocoa Board (2018) Manual for cocoa extension in Ghana. CCAFS
manual. Ghana Cocoa Board, Ghana. Available at: https://ccafs.cgiar.org/
publications/manual-cocoa-extension-ghana#.XkD8cyOnzIU [Accessed on:
February 29, 2020].

Ghana Statistical Service (2014) 2010 population and housing census–
Suhum Municipality analytical report. Ghana Statistical Service, Ghana.

Gockowski J, Afari-Sefa V, Sarpong DB, Osei-Asare YB and Agyeman NF
(2013) Improving the productivity and income of Ghanaian cocoa farmers
while maintaining environmental services: what role for certification?
International Journal of Agricultural Sustainability 11: 331-346 11, 331–
346. http://dx.doi.org/10.1080/14735903.2013.772714.

Hartemink AE and Donald LS (2005) Nutrient stocks, nutrient cycling, and
soil changes in cocoa ecosystems: A review. Advances in Agronomy. San
Diego: Academic Press, , pp. 227–253.

Heinen M, Marcelis LFM, Elings A, Figueroa R and del Amor FM (2002)
Effects of EC and fertigation strategy on water and nutrient uptake of
tomato plants. Acta Hortic 593, 101–107. https://doi.org/10.17660/
ActaHortic.2002.593.12.

Hütz-Adams F, Huber C, Knoke I, Morazán P and Mürlebach M (2016)
Strengthening the competitiveness of cocoa production and improving
the income of cocoa producers in West and Central Africa. SÜDWIND
e.V. Kaiserstr., Bonn, Germany.

Jacobi J, Schneider M, Mariscal MP, Huber S, Weidmann S, Bottazzi P and
Rist S (2015) Farm resilience in organic and non-organic cocoa farming
systems in Alto Beni, Bolivia. Agroecology and Sustainable Food Systems
39, 798–823.

Knudsen MH and Agergaard J (2016) Ghana’s cocoa frontier in transition: the
role of migration and livelihood diversification. Geografiska Annaler: Series
B, Human Geography 97, 325–342. https://doi.org/10.1111/geob.12084.

Kongor JE, Boeckx P, Vermeir P, Van de Walle D, Baert G, Afoakwa EO
and Dewettinck K (2019) Assessment of soil fertility and quality for
improved cocoa production in six cocoa growing regions in Ghana.
Agroforestry Systems 93, 1455–1467.

Kremer R and Hezel L (2013) Soil quality improvement under an ecologically
based farming system in northwest Missouri. Renewable Agriculture and
Food Systems 28, 245–254. https://doi.org/doi:10.1017/S174217051200018X.

Kyereh D (2017) Shade trees in cocoa agroforestry systems in Ghana: influence
on water and light availability in dry seasons. Journal of Agriculture and
Ecology Research International 10, 1–7. https://doi.org/10.9734/JAERI/
2017/31227.

Renewable Agriculture and Food Systems 263

https://doi.org/10.1017/S1742170520000290 Published online by Cambridge University Press

http://www.getfund.gov.gh/
http://www.getfund.gov.gh/
https://doi.org/10.1017/S1742170520000290
https://doi.org/10.1017/S1742170520000290
https://doi.org/10.1371/journal.pone.0132147
https://doi.org/10.1371/journal.pone.0132147
https://doi.org/10.1371/journal.pone.0132147
https://doi.org/10.1371/journal.pone.0210557
https://doi.org/10.1371/journal.pone.0210557
https://doi.org/10.1371/journal.pone.0210557
https://doi.org/doi:10.1017/S1742170507001640
https://doi.org/doi:10.1017/S1742170507001640
https://doi.org/doi:10.1017/S1742170507001640
https://doi.org/10.1186/s40066-016-0077-1
https://doi.org/10.1186/s40066-016-0077-1
https://doi.org/10.1186/s40066-016-0077-1
https://doi.org/10.3923/ja.2018.48.55
https://doi.org/10.3923/ja.2018.48.55
https://esdac.jrc.ec.europa.eu/images/Eudasm/Africa/images/maps/download/PDF/afr_ghadbs.pdf
https://esdac.jrc.ec.europa.eu/images/Eudasm/Africa/images/maps/download/PDF/afr_ghadbs.pdf
https://esdac.jrc.ec.europa.eu/images/Eudasm/Africa/images/maps/download/PDF/afr_ghadbs.pdf
https://doi.org/10.1007/s10457-013-9658-1
https://doi.org/10.1007/s10457-013-9658-1
https://doi.org/10.1007/s10457-013-9658-1
http://dx.doi.org/10.1080/23311932.2016.1242181
http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
https://ccafs.cgiar.org/publications/manual-cocoa-extension-ghana#.XkD8cyOnzIU
https://ccafs.cgiar.org/publications/manual-cocoa-extension-ghana#.XkD8cyOnzIU
https://ccafs.cgiar.org/publications/manual-cocoa-extension-ghana#.XkD8cyOnzIU
http://dx.doi.org/10.1080/14735903.2013.772714
http://dx.doi.org/10.1080/14735903.2013.772714
https://doi.org/10.17660/ActaHortic.2002.593.12
https://doi.org/10.17660/ActaHortic.2002.593.12
https://doi.org/10.17660/ActaHortic.2002.593.12
https://doi.org/10.1111/geob.12084
https://doi.org/10.1111/geob.12084
https://doi.org/doi:10.1017/S174217051200018X
https://doi.org/doi:10.1017/S174217051200018X
https://doi.org/10.9734/JAERI/2017/31227
https://doi.org/10.9734/JAERI/2017/31227
https://doi.org/10.9734/JAERI/2017/31227
https://doi.org/10.1017/S1742170520000290


Landon JR (2014) Booker Tropical Soil Manual: A Handbook for Soil Survey
and Agricultural Land Evaluation in the Tropics and Subtropics.
New York and London: Routledge Taylor and Francis Group.

Lori M, Symnaczik S, Mäder P, De Deyn G and Gattinger A (2017) Organic
farming enhances soil microbial abundance and activity—A meta- analysis
and meta-regression. PLoS ONE 12, e0180442. https://doi.org/10.1371/jour-
nal.pone.0180442.

Mahrizal L, Nalley L, Dixon BL and Popp J (2012) : necessary price pre-
miums to incentivize Ghanaian organic cocoa production: a phased,
orchard management approach. HortScience 47, 1617–1624.

Nunoo I, Owusu V and Darko BO (2014) Cocoa agroforestry a bridge for
sustainable organic cocoa production. Rahmann, G. and Aksoy, U.,
(Eds.). Proceedings of the 4th ISOFAR Scientific Conference. ‘Building
Organic Bridges’, at the Organic World Congress, 2014, 13–15 October,
Istanbul, Turkey (eprint ID 23519).

Nziguheba G, Zingore S, Kihara J, Merckx R, Njoroge S, Otinga A,
Vandamme E and Vanlauwe B (2016) Phosphorus in smallholder farming
systems of sub-Saharan Africa: implications for agricultural intensification.
Nutrient Cycling in Agroecosystems 104, 321–340. doi: 10.1007/s10705-015-
9729-y.

Ofori-Frimpong K, Asase A, Mason J and Danku L (2007) Shaded versus
unshaded cocoa: implications on litter fall, decomposition, soil fertility
and cocoa pod development. Symposium on multistrata agroforestry sys-
tems with perennial crops, CATIE Turrialba, pp. 17–21. Costa Rica.

Peralta N and Costa JL (2013) Delineation of management zones with soil
apparent electrical conductivity to improve nutrient management.
Computers and Electronics in Agriculture 99, 218–226. https://doi.org//10.
1016/j.compag.2013.09.014.

Rainforest Alliance (2018) Guidance document; estimating certified volumes
(version 2.0). Rainforest Alliance. Available at: https://www.utz.org/wp-
content/uploads/2016/09/Guidance-document-UTZ-%E2%80%93-Certified-
Volume.pdf [Accessed on: May 23, 2020].

Reganold JP (1988) Comparison of soil properties as influenced by organic
and conventional farming systems. Reprint from the American Journal of
Alternative Agriculture 3, 144–155. doi: 10.1017/S0889189300002423

Schneider M, Andres C, Trujillo G, Alcon F, Amurrio P, Perez E, Weibel E
and Milz J (2017) Cocoa and total system yields of organic and

conventional agroforestry vs. Monoculture systems in a long-term field
trial in Bolivia. Experimental Agriculture, 53, 351–374. https://doi.org/10.
1017/S0014479716000417.

Scialabba N and Müller-Lindenlauf M (2010) Organic agriculture and cli-
mate change. Renewable Agriculture and Food Systems 25, 158–169.
https://doi.org/10.1017/S1742170510000116.

Soil Survey Division Staff (1993) Soil survey manual. U.S. Dept. of
Agriculture Handbook No. 18. U.S. Govt. Printing Office, Washington, DC.

Soto-Pinto L and Aguirre-Dávila CM (2015) Carbon stocks in organic coffee
systems in Chiapas, Mexico. Journal of Agricultural Science 7, 1916–9760.
https://doi.org/10.5539/jas.v7n1p117.

Stockdale E and Watson C (2009) Biological indicators of soil quality in
organic farming systems. Renewable Agriculture and Food Systems 24,
308–318. https://doi.org/10.1017/S1742170509990172.

Suja G, Byju G, Jyothi AN, Veena SS and Sreekumar J (2017) Yield, quality
and soil health under organic vs conventional farming in taro. Scientia
Horticulturae 218, 334–343.

van Vliet JA, Slingerland M and Giller KE (2015) Mineral Nutrition of
Cocoa. A Review. Wageningen: Wageningen University and Research
Centre, 57 pp.

Wessel M (1971) Fertilizer requirements of cacao (Theobroma cacao L.) in
south-western Nigeria. Communication 61, 104, Koninklijk Instituut voor
de Tropen, Amsterdam.

Wessel M and Quist-Wessel PMF (2015) Cocoa production in West Africa, a
review and analysis of recent developments. NJAS - Wageningen Journal of
Life Sciences 74–75, 1–7.

Wortman S, Galusha T, Mason S and Francis C (2012) Soil fertility and crop
yields in long-term organic and conventional cropping systems in Eastern
Nebraska. Renewable Agriculture and Food Systems 27, 200–216. https://
doi.org/10.1017/S1742170511000317.

Zingore S, Delve RJ, Nyamangara J and Giller KE (2008) Multiple benefits
of manure: the key to maintenance of soil fertility and restoration of
depleted sandy soils on African smallholder farms. Nutrient Cycling in
Agroecosystems 80, 267–282.

Zuidema PA, Leffelaar PA, Gerritsma W, Mommer L and Anten NPR (2005)
A physiological production model for cocoa (Theobroma cacao): model pres-
entation, validation and application. Agricultural Systems 84, 195–225.

264 Michael Asigbaase et al.

https://doi.org/10.1017/S1742170520000290 Published online by Cambridge University Press

https://doi.org/10.1371/journal.pone.0180442
https://doi.org/10.1371/journal.pone.0180442
https://doi.org/10.1371/journal.pone.0180442
https://doi.org//10.1016/j.compag.2013.09.014
https://doi.org//10.1016/j.compag.2013.09.014
https://doi.org//10.1016/j.compag.2013.09.014
https://doi.org//10.1016/j.compag.2013.09.014
https://www.utz.org/wp-content/uploads/2016/09/Guidance-document-UTZ-%E2%80%93-Certified-Volume.pdf
https://www.utz.org/wp-content/uploads/2016/09/Guidance-document-UTZ-%E2%80%93-Certified-Volume.pdf
https://www.utz.org/wp-content/uploads/2016/09/Guidance-document-UTZ-%E2%80%93-Certified-Volume.pdf
https://www.utz.org/wp-content/uploads/2016/09/Guidance-document-UTZ-%E2%80%93-Certified-Volume.pdf
https://doi.org/10.1017/S0014479716000417
https://doi.org/10.1017/S0014479716000417
https://doi.org/10.1017/S0014479716000417
https://doi.org/10.1017/S1742170510000116
https://doi.org/10.1017/S1742170510000116
https://doi.org/10.5539/jas.v7n1p117
https://doi.org/10.5539/jas.v7n1p117
https://doi.org/10.1017/S1742170509990172
https://doi.org/10.1017/S1742170509990172
https://doi.org/10.1017/S1742170511000317
https://doi.org/10.1017/S1742170511000317
https://doi.org/10.1017/S1742170511000317
https://doi.org/10.1017/S1742170520000290

	Influence of organic cocoa agroforestry on soil physico-chemical properties and crop yields of smallholders&rsquo; cocoa farms, Ghana
	Introduction
	Methods
	Study area
	Selection of cocoa farms
	Soil sampling
	Crop yield and stand characteristics
	Data processing and chemical analysis
	Soil moisture content and physical properties
	Soil chemical analysis

	Data and statistical analysis

	Results
	Farm characteristics, soil moisture content and soil physical properties
	Soil chemical properties
	Soil nutrient stocks
	Crop yield and potential income

	Discussion
	Effect of organic management on selected soil physical and chemical properties
	Effect of farm management type on the stocks of soil nutrients
	Farm management type and crop yield

	Conclusions
	Acknowledgment
	References


