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Abstract
The intensely weathered nature of soils used for cocoa production in Ghana, and the long history of nutrient
depletion due to the absence of fertilization in this farming system have resulted in increased incidence of soil
nutrient deficiencies in cocoa farms. The paper discusses the use of a soil diagnostic model combined with
geographic information systems (GIS) to convert the current blanket fertilizer recommendations (0 N - 165 P O 200 K O kg ha ) into a more effective recommendation that accounts for local land resources and the actual
nutrient requirements of cocoa trees. A digital map of cocoa nutrient requirements was created based on climatic
and soil groups/associations data. The results showed that about 95% of the areas suitable for cocoa production
are developed on only seven soil groups and four sub-groups (FAO classification). As inputs, 201 soil chemical
analytic data were linked to land units to compute cocoa fertilizer formulae and doses. The number of fertilizer
formulae was reduced to 32 using a fuzzy classification. Six fertilizer formulae would be sufficient to cover
fertilizer recommendations for 52% of the cocoa growing areas, while 16 fertilizer formulae will cover 90% of the
cocoa area. The current blanket fertilizer formula is only suitable for 6% of the cocoa growing areas in Ghana. In
western Ghana, where rainfall is over 1800 mm, the climatic influence is predominant and high leaching of soils is
probably responsible for greater needs for P, than for K, Ca, and Mg. In eastern Ghana, where soils have high
exchangeable cation levels and base saturation, soil diagnostic method suggested application of N fertilizers. This
integrated method could provide precision agriculture techniques for cocoa farmers in Ghana, and beyond, in
order to sustain yields on cocoa farms.
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Introduction
In most cocoa producing countries, cocoa
trees (Theobroma cacao L.) are over 50
years old, and the cocoa industry is now
facing problems of aging trees and depleted
soils because of continuous cropping with
little or no added inputs (Hanak Freud et al.,
2000). This is particularly true for Ghana,
the second largest cocoa producing country
in the world, where cocoa production is
mainly due to the expansion of existing
farms or creation of new farms in areas
where tracts of forest still remain rather than
to an increase in yield per unit area
(Gockowski, 2007). When no fertilizer is
used to replace the nutrients removed from

the field through harvesting of pods, cocoa
nutrition can only rely on the stock of
available mineral nutrients in the soil and on
decomposition and mineralization of forest
biomass, resulting in the inexorable
depletion of soil fertility under the cocoa
trees (Afrifa et al., 2006). Only low yields
can be obtained due to the low nutrient
content of the soils.
In 1994, the Ghana Cocoa Board
estimated that about 72% of farmers in
Ghana produced less than 384 kg of cocoa
ha ·year without the use of fertilizers, while
in the same period, yields of 1,300 kg ha
year were reported from smallholder
farmers who applied fertilizers (Appiah et
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al., 1997). These authors concluded that if no
action was taken to promote the use of
fertilizer, the future outlook of cocoa
production in Ghana could be catastrophic.
Nevertheless, cocoa production has
increased regularly since 2004 (Ruf, 2007),
and studies have shown that new planting in
new areas (mainly in the Western Region)
were responsible for 15% of the increase,
while farmers’ efforts towards better use of
pesticides and adoption of fertilizers
accounted for 30%. Teal et al. (2006)
reported that during the same period, farmers
increased the recommended amount of
fertilizer from 22 to 230 kg ha . This suggests
that farmers appreciate the use of fertilizers
as a way of increasing the profitability of
their cocoa plantations.
Since the 1980s, the Cocoa Research
Institute of Ghana (CRIG) has recommended a single fertilizer formula, called
Asase Wura, for the whole country. This
formula contains 0 N – 165 P O – 200 K O kg
ha , and small amounts of calcium, sulfur and
magnesium. In a multilocal trial, Appiah et
al. (2000) observed that the use of this
standard fertilizer formula increased yields
by an average of 206%, but with major
variations among farmers. Similar results
were observed from 1958 to 1961 in the
“look see” responses to a standard NPK
fertilization applied in 56 cocoa farms in the
six main cocoa producing areas in Ghana.
Cunningham & Arnold (1962) observed 49
increases of cocoa from 20 to 120%, and
seven decreases from –6 to –40%, in
comparison with controls with no
fertilization. These observations underscore
the need for more precise fertilizer
recommendations that are based on the
natural fertility of the soils and the climatic
conditions of the area.
Since the 1980s, two very useful tools
have been developed to improve the
-1
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understanding of fertilization management.
They are Geographic Information System
(GIS) and Soil Diagnostic Model.
Geographic Information System technology
has distinct advantages for ecological
planning over traditional methods. First, a
variety of spatial parameters for a given
study region can be simultaneously
evaluated within a common geographic
frame of reference. Second, GIS technology
provides effective evaluation of spatially
integrated data, where the modeling of
ecological interactions and processes is
made explicit by overlaying and the
generation of ‘unique conditions’ maps that
are ideally suited for the evaluation of
ecosystem components such as fertilization
modeling.
Detailed soil maps were recently digitized
by the Soil Research Institute (SRI) of Ghana
(Boateng et al., 2001), enabling their use
with a GIS mapping tool. These soil maps
show geological and pedological
information previously reported in the soil
memoirs (Adu, 1992, 1995; Adu & Asiamah,
1992; Ahn, 1961). The soil maps also give
the results of physical and chemical analyses
for each land unit. A soil diagnostic tool was
also developed to determine the fertilizer
requirements of cocoa trees; thus, facilitating
further fertilizer recommendations without
the need for long-term and costly fertilizer
trials (Jadin & Snoeck, 1985). This tool was
recently adapted to Ghanaian conditions
(Snoeck et al., 2006).
In this study, GIS mapping and soil
diagnostic tools were combined to i)
demarcate the best agro-ecological zones to
grow cocoa, and ii), link the fertilizer
requirements of cocoa trees to the soil
analytical data depicted in the land units in
order to map precise fertilizer recommendations.
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Materials and methods
The study areas
Cocoa growing areas in Ghana are located in
the southern part of the country (latitudes
3°12’ W and 0°37’ E, and longitudes 4°54’ N
and 7°10’ N). The climate is tropical,
characterized by weak temperature
amplitudes (26–30 °C), and high humidity
(80–90%). There are two rainy seasons,
from March to July and September to
October, with a mean annual range of 12002000 mm. Cocoa is traditionally grown in
the forest areas where rainfall is > 1,300 mm
yr . The crop is grown in six administrative
regions: Volta (1%), Central (7%), Eastern
(10%), Ashanti (19%), Brong-Ahafo (10%),
and Western (53%). A total of 690,000 tons
of cocoa beans was produced in 2007 (FAO,
2009).
-1

Land unit mapping
The spatial inventory and database on
land resources were based on the GIS-based
FAO/IIASA agro-ecological zoning (AEZ)
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method described by the Soil Research
Institute of Ghana (Boateng et al., 2001).
The land units were compiled from multilayered GIS maps combining soil units
(geology and soil groups) and agro-climatic
units (Fig. 1). Areas with similar climate
(rainfall and temperature) and soil
conditions were pooled together. The
suitability of land for a specific crop is linked
to the performance of its land use system
which involves two components: the type of
land use and the soil resources. Soil
resources were computed from the soil
classification system used by the Soil
Research Institute of Ghana on a 1:250,000
scale digitized soil map of Ghana (Boateng
et al., 2001). The mapping land unit is the
soil association or soil complex where the
soils are developed within the same
geological formation, as described by the
FAO-90 soil classification system (ISRIC,
2006). For the study, a digital map of the
southern half of Ghana that includes the six
cocoa producing regions was used. This

Fig. 1. Diagram of the structure of the GIS database and soil diagnosis used to define cocoa fertilizer
recommendations.
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digital map contained 726 land units
characterized by their geological origin and
soil association or soil complex. For each soil
series, information was provided on i) the
presence of soil phases, ii) topsoil texture, iii)
total available water holding capacity, and iv)
soil profile data. The area and perimeter of
each land unit were also recorded.

cocoa growing regions: The areas are Eastern
(25 samples), Ashanti (25), Western (29),
Central (25), Brong-Ahafo (13), and Volta
(3). Locations for soil samples were
demarcated using a GPS device and were
recorded on a digital map. The soil samples
were supplemented with analytical data
available from 81 soil profiles in the Soil
Research Institute Memoirs (Adu, 1992,
1995; Adu & Asiamah, 1992; Ahn, 1961):
Eastern (18), Ashanti (14), Western (21),
Central (18), Brong-Ahafo (3), and Volta (7).

Agro-climatic suitability
Rainfall is a primary criterion to delimit
zones where fertilization will likely generate
a major increase in yield. Three rainfall zones
were delimited: not suitable (P < 1,200 mm
year ); moderately suitable (P = 1,200 to
1,400 mm year ), and suitable (P >1,400 mm
year ). The mean monthly temperature was
the second criterion used to demarcate the
zones that are suitable for cocoa. Two zones
were delimited: suitable, i.e. with a mean
annual temperature range of 26–27 °C, and
not suitable, when the mean monthly
temperature is below 26 °C or above 27 °C.
The total length of the growing period (LGP)
was also used to delimit suitable zones. The
LGP is the number of days when
precipitation and soil moisture exceed one
half of the potential evapotranspiration. Any
interval during the growing period with
temperatures that are too low for crop growth
is excluded. The total LGP refers to the sum
of all growing periods occurring in an
average year. Zones with a total LGP of more
than 270 days yr are suitable for cocoa
(Boateng et al., 2001).

Soil sampling and chemical analysis
Surface soil samples (0–20 cm) were
taken from the cocoa farms. Soil pH was
measured at a 1:2.5 soil:water ratio using a
glass electrode. Exchangeable cations were
extracted with 1 M neutral ammonium
acetate (1:50 soil extractant ratio for 2 h) and
filtered through Whatman No. 42 filter paper.
Calcium and Mg in the extracts were
determined using atomic absorption
spectrophotometer, whilst K and Na were
determined by flame photometer. Exchangeable Al was extracted with 1 M KCl (1:25
soil: extractant ratio for 1 h) and the
concentrations measured by the atomic
absorption spectrometry. Organic C was
analyzed by the Walkley & Black dichromate
oxidation procedure (Blakemore et al.,
1972). Available P was extracted from soils
using 0.5 M NaHCO pH 8.5 (Olsen et al.,
1954) and P in the extract was measured with
the molybdenum blue method.

Assessment of the fertilization require-ments
of cocoa
To establish the relationship between land
units and the fertilization requirements of
cocoa trees, 120 soil samples were taken
from agro-ecological zones located in the
most representative land units in the six main

Estimation of soil mineral balances and
fertilizer requirements for cocoa trees
To evaluate the fertilizer requirements of
the cocoa trees, the soil diagnostic computer
program adapted to Ghanaian conditions by
Snoeck et al. (2006) was used. The method
was developed by Jadin & Snoeck (1985)
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from long-term field fertilizer trials on
young and mature cocoa plantations
supplemented with pot experiments on
cocoa root nutrition. The user inputs the data
collected from the soil samples. The
software computes the optimum
recommended values of total N, total P, and
available P by comparing with the threshold
levels and the N/P O , and total exchangeable
bases (TEB)/N ratios at the soil pH. For
example, in Fig. 2, soils having a TEB/N
ratio above the optimum regression line will
show a positive response to N fertilization.
Next, the software computes the required
amounts of K, Ca, and Mg by comparing the
actual levels in the soil with both the
threshold levels and the optimum ratios
between them (optimum ratios are 8% K,
68% Ca and 24% Mg). Recommended doses
also depend on the levels of base saturation
(optimum: 60–100%). The user can accept
2

5

101

the suggested data or can adjust them
depending of specific local constraints.
When the soil nutrient levels are
corrected, additional amounts of fertilizers
are computed to compensate for increased
cocoa yields. In this study, the model was
set to maintain an average yield of 1000
kg ha of dry cocoa beans, considered a
reasonable target based on the results of a
smallholder cocoa farm trial (Appiah et al.,
2000).
Integration of the cocoa fertilization with
digital map
Fig. 1 shows the structure of the GIS
database. The layers used were thermal
zones, annual rainfall, zones with different
total length of growing periods, soil
resources (Ghana soil groups/associations,
as described in the FAO 1990 classification
manual). Optional layers added were
administrative divisions, hydrography,
-1
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Fig. 2. Soil N/P O relation. Dots are represented by letters: A (Ashanti), B (Brong-Ahafo), C (Central), E
(Eastern), V (Volta), W (Western). Soils below the optimum line N= 2 × P O representsoils where phosphorus
fertilization should be recommended.
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infrastructure and main towns and cities. A
free GIS software program (Quantum GIS,
2009) was used to edit and manipulate the
digital maps. Soil chemical analyses linked
to the land units were used to determine the
cocoa fertilizer formulae and doses, and to
create a cocoa fertilization map.
The soil map was then reduced to include
only areas within climatic zones suitable for
cocoa. Next, land units of less than 0.001
degree² (± 12 km²) and unsuitable land units
(lagoon, swamp, etc.) were also removed. In
the end, the cocoa zone comprised 284 land
units. These land units cover 98 soil
series/associations developed on 34
geological parent materials, which were
grouped in 13 main soil groups based on the
FAO (1990) classification (Table 1).
Land units with limiting factors were
eliminated: units in zones with unsatisfactory
climatic conditions, soils with unsuitable

physical structure, or very low chemical
fertility. In particular, soils with one or more
limitations based on FAO Standards (FAO,
1996) were discarded: Total exchangeable
bases lower than 1.6 cmol·kg soil, pH lower
than 4.6, base saturation below 20%, soil
organic matter content below 0.8%, or %N
below 0.06%.
Due to the importance of rainfall in the
nutrient requirements of cocoa trees, new
land units were created by intersecting
rainfall and soil layers. These new land units
contain an identical pedological profile, but
different rainfall data. A total of 397 new
land units were created and the soil
diagnostic method was used for each of
these new land units to obtain fertilizer
recommendations.
The number of nutrient requirements,
and, consequently, the number of fertilizer
formulae on the fertilizer map was reduced
-1

Table 1
Distribution of the 13 main soil groups (FAO ’90 classification) covering the six main cocoa growing regions of
Ghana

Soil group

Area/Soil group
(km )
2

AS

Percentage coverage of soil group
BA
VR
CR
ER

WR

Total
(%)

Acrisols (AC)
Alisols (AL)
Arenosols (AR)
Cambisols (CM)
Fluvisols (FL)
Ferralsols (FR)
Gleysols (GL)
Luvisols (LV)
Lixisols (LX)
Nitisols (NT)
Planosols (PL)
Plinthosols (PT)
Regosols (RG)

37995
38
187
399
1555
1446
83
4205
10399
1314
6
120
4

22.97
0.06
0.02
–
1.58
–
0.04
3.00
5.12
0.98
–
0.15
–

15.86
–
0.01
–
0.36
–
0.10
0.86
3.65
1.30
–
–
–

0.91
–
0.01
0.00
–
–
–
0.43
–
–
0.01
–
–

2.40
–
–
–
0.16
–
–
–
4.82
–
–
–
–

5.04
0.00
0.30
–
0.35
–
–
2.83
4.29
–
–
0.06
0.01

18.61
–
–
0.69
0.24
2.50
–
0.16
0.12
–
–
–
–

65.79
0.06
0.34
0.69
2.69
2.50
0.14
7.28
18.00
2.28
0.01
0.21
0.01

Total

57751

33.92

22.14

1.36

7.38

12.88

22.32

100.00

As: Ashanti Region, BA: Brong-Ahafo Region, VR: Volta Region, CR: Central Region, ER: Eastern Region, WR:
Western Region
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using a fuzzy classification. Four grades
were used for the fuzzy sets of the N, P, K,
Ca, and Mg; with 0 implying no nutrient
required (the soil diagnosis showed that
fertilization is unnecessary), normal dose,
normal × 2, normal × 3, and normal × 4. The
normal dose corresponds to the dose
currently recommended by Cocoa Research
Institute of Ghana from the results of the
fertilizer trials (kg ha ): 75 N-165 P O -200
K O-344 CaO-250 MgO. With these criteria,
the “Asase Wura” recommendation would
be 0:1:1:0:0 (i.e. no N, single dose P, single
dose K, no Ca, no Mg).
In practical terms, considering a soil
nutrient correction over a period of 5 years,
the numbers N-P-K-Ca-Mg roughly
correspond to the number of 50 kg-bag of
fertilizer per acre required for mature cocoa
trees. That is, 1:1:1:1:1 would be equal to
one bag of urea, plus one bag of TSP, plus
one bag of muriate of potash, plus one bag of
lime, plus one bag of kieserite. The map was
-1
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then simplified by pooling land units with
the same types of soils and the same cocoa
fertilization requirements.
Results and discussion
Land cover and suitable climatic zones for
cocoa
About 95% of soils suitable for cocoa
production in Ghana are developed on the
six most common soil groups (Table 1).
The most extensive soil unit suitable for
cocoa production is Acrisols which forms
about 66% of the total soil units. This is
followed by Lixisols which forms about
18%, and Luvisols 7%. Nitisols, Ferralsols
and Fluvisols form about 7.5%. Each of the
remaining soil units forms less than 1%
coverage.
The most suitable climatic zones for
cocoa are shown in Fig. 3. Areas with
average temperatures of 26–27 °C and
rainfall > 1,400 mm correspond to areas
with a total growing period (LGP) of more

Fig. 3. Zones in Ghana that are suitable for cocoa based on total length of the growing period, annual rainfall and
average monthly temperatures
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than 300 days. Cocoa tree growth and
changes in the soil ion concentration both
depend on soil water content, which itself
depends on the rainfall distribution pattern
and the amount of water that penetrates the
soil and dissolves nutrients that are already
available or are supplied through
fertilization. Fertilizers are most effective in
areas with annual rainfall higher than 1,400
mm, as long as the rainfall is well distributed
throughout the year. In areas where annual
rainfall is less than 1,200 mm, the effect of
fertilizer is reduced. Between these two
isohyets, mineral fertilizer may be useful as
long as suitable farming techniques are
applied (FAO, 1996).
Suitable areas for cocoa include parts of
the Volta, Eastern, Brong-Ahafo, Western
and Central regions, and the whole of Ashanti
region. Areas in southern Ghana that are
considered unsuitable for cocoa include the
northern part of Brong-Ahafo (where the
average temperature is below 26 °C and
rainfall below 1200 mm), ii) the southern part
of Volta Region, and iii) the whole of Greater
Accra Region (particularly the coastal areas
where the annual average temperature is
higher than 27 °C, rainfall is below 1200 mm
and total LGP less than 270 days per year).
Nutrient requirements of cocoa trees
The N/P O ratios of the 201 soil samples
were computed and compared to the
optimum regression line: P O = 2 × N (Fig.
2). When the soil ratio is below the optimum
line, a positive response to P fertilization may
be expected. Except for 13 soils located in the
Eastern Region, almost all the soils studied
may respond positively to P fertilization.
The total exchangeable bases (TEB)/N
ratios of the 201 soil samples were computed
and compared to the optimum regression
line: TEB (cmol kg ) = 8.9 × N (‰) – 6.15. A
gradient of TEB and N from east to west is
2

5 tot

2
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observed (Fig. 4). This gradient is consistent
with observations that rainfall and leaching
of soils are more pronounced in the West
than in the East. Consistent with Fig. 2, the
soil diagnostic method showed that N could
be a limiting factor in some cocoa
plantations in the Eastern Region of Ghana,
because of low N (N% = 0.10–0.20) and
high base saturation levels (TEB > 10 cmol
kg ).
Fig. 4 also showed that soils from the
Eastern Region were located mainly above
the optimum line (low N and high TEB),
whereas in the western part of the country,
most of the soils are located below the
optimum regression line. These soils are
highly leached and have low base saturation
(TEB < 5 cmol kg ) but, due to the high
rainfall, there is considerable biomass
accumulation under the cocoa trees. The
decomposition and mineralization of the
litter tend to increase the nitrogen content of
the soils. Hence, nitrogen fertilization is a
less limiting factor than other nutrients. The
rest of the soils fall between the east-west
gradient and are suitable for cocoa
production.
-1
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Mapping cocoa fertilizer requirements
The soil diagnostic method was used to
determine the fertilizer formulae for each of
the 397 land units. Then, a fuzzy
classification method was used to reduce the
number of fertilizer formulae to 32 (Fig. 5).
Six of the fertilizer formulae covered 52%,
whilst 12 and 16 of the formulae covered
80% and 90%, respectively, of the cocoa
growing areas. Nitrogen fertilization would
be required in 11% of the cocoa soils, P in
97%, K in 79%, Ca in 64%, and Mg in 38%.
Ten of the formulae represent less than 1%
of the total cocoa growing area. When
applied, the Asase Wura formula gave an
optimum yield in only 6% of the cocoa

Snoeck et al.: Mapping fertilizer recommendations for cocoa production in Ghana
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TEB / N ration

Total Exch. (cmol-kg

-1

Optimum line

Fig. 4. Relationship between total exchangeable bases (TEB) and N of 201 soil analysis. Dots are represented by
letters: A (Ashanti), B (Brong Ahafo), C (Central), E (Eastern), V (Volta), W (Western). Soils above the line
would respond favorably to N fertilization.

Fig.5. N:P:K:Ca: Mg fertilizers for mature cocoa plantations in Ghana, computed from the soil classes, rainfall
and land units. Figures in the rectangles are the % of cocoa area covered by the recommendation.
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growing areas. About 55% of the cocoa
growing areas in Ghana would respond
positively to Asase Wura simply because the
soils lack the essential nutrient elements such
as phosphorus, potassium and calcium.
Therefore, any fertilizer formulation
containing these nutrients would be
sufficient to increase cocoa yields.
Fig. 6 shows the areas where the amounts
of N, P, K nutrients should be higher than the
doses currently applied (following current
single recommendation). In the eastern part
of Ghana, where annual rainfall is low (<
1,200 mm) and average temperature is high
(> 27 °C), nutrient requirements depend
more on soil type than on climatic influence.
Nitrogen-based formulae should be
recommended in soils with high base
saturation. These soils are mainly located in
the Eastern Region, around the Volta Lake,
and some few areas in Brong-Ahafo.
Conversely, in the western part of Ghana,
where annual rainfall is above 1800 mm and
the average temperature is around 26 °C,
soils have low CEC and low base saturation.
In these soils, the influence of the climate is

more important. The high rainfall is
responsible for nutrient leaching and acidity
in the soils. Levels of aluminum and iron
oxides are high and may cause P fixation.
More K would be required in the area
between these two zones. Once the levels of
nutrients and their ratios are corrected,
fertilizers will continue to be needed to
compensate for the nutrients removed by
the cocoa trees. This, however, would
require smaller quantities of fertilizers.
Conclusion
The purpose of the study was to develop a
method to map the nutrient requirements of
cocoa by combining GIS technology with
soil diagnostic modeling. In the Western
Region, where rainfall is over 1800 mm, the
climate is responsible for high P needs and
phosphorus is the most required nutrient,
along with K, Ca, and Mg. In the Eastern,
Ashanti and parts of the Central Region, the
soils have high cation and base saturation
levels, and nitrogen was often identified as a
limiting factor for cocoa production in those
areas. The results showed that the Asase

Fig. 6. Areas in Ghana where N, P, K needs are higher than the current recommendation when computed by the soil
diagnostic model
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Wura, a current blanket fertilizer formula, is
only suitable for 6% of the cocoa growing
areas in Ghana, and that other formulae are
needed to cover the rest of the areas. By
integrating the GIS and Soil Diagnostic
technologies, precision agriculture
techniques could be provided to coca
farmers in Ghana, and farmers beyond the
borders of the country to sustain yields on
their coca farms. It is, however, proposed
that future studies of this nature must cover
larger number of fields in order to increase
the predictive accuracy of the combined GIS
and Soil Diagnostic models.
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