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Abstract
This study examines the spatial distribution of land suitability for cocoa production in Ondo State, Nigeria, using advanced geospatial
and statistical modeling techniques. The research aims to identify key environmental and edaphic (soil-related) factors that influence
cocoa production, and to produce a series of suitability maps that can inform agricultural planning and policy. To achieve this, a
combination of a Generalized Linear Model (GLM) and Random Forest classification was employed. The analysis utilized diverse
datasets, including rainfall, temperature, relative humidity, and soil nutrient data, sourced from various meteorological and agricultural
databases. Image processing and geospatial analysis were conducted within the OSGeoL.ive version 15 environment using a bash-script
workflow. Tools such as GDAL and PKTools facilitated tasks including image sub-setting, raster calculation, and spatial resampling.
Data extraction and statistical modeling were performed using the R programming environment and ArcGIS version 10.8. The resulting
suitability classification shows a wide range, with land suitability scores ranging from 0.00 to 1.00. Areas scoring between 0.00 and
0.18, covering approximately 2,626 km?, are classified as not suitable for cocoa production, while areas scoring between 0.82 and 1.00,
covering about 5,403 km?, are highly suitable. The spatial analysis identified lleoluji/Okeigbo as the most suitable local government
area (LGA) for cocoa production, while Ireke, Okitipupa, and Odigbo LGAs exhibited the lowest suitability. Maps generated from the
Random Forest model highlight areas of cocoa presence (green) and absence (yellow), providing further validation of the suitability
zones. Additional suitability classifications include not suitable, less suitable, moderately suitable, suitable, and highly suitable zones,
represented in Figures 6 through 10. Soil nutrient distribution maps (Figures 11-22) provide insights into the spatial concentrations of
critical elements such as aluminum, boron, calcium, copper, nitrogen, phosphorus, and iron. Notably, high concentrations of aluminum
and boron were observed in the southern part of the state, particularly in llaje and Ese-Odo. The soil pH across the state varies, with
ideal cocoa pH (6.0-7.5) observed primarily in the northern region. Temperature data show a favorable maximum range (30.05°C to
30.35°C), while minimum temperature (29.4°C to 29.8°C) could pose constraints. Overall, the study offers a robust spatial framework
for optimizing cocoa production in the region.
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Introduction

Cocoa (Theobroma cacao L.) is a vital tropical crop that serves as the primary raw material for the global chocolate industry and a
significant source of income for millions of smallholder farmers worldwide. Originating from the tropical rainforests of the Americas,
cocoa cultivation has expanded to several regions, particularly West Africa, which now dominates global production (Afoakwa, 2014).
Nigeria stands as one of the key cocoa-producing countries in Africa, contributing significantly to both the national economy and the
global cocoa market.

Globally, cocoa production has exhibited steady growth, with the International Cocoa Organization (ICCO) reporting approximately 4.7
million metric tonnes produced annually, predominantly from West African nations such as Céte d'lvoire, Ghana, Nigeria, and
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Cameroon (ICCO, 2023). West Africa alone accounts for nearly 70% of the world’s cocoa output, underscoring the region's strategic
importance in global supply chains (Ahenkorah et al., 2018).

In Nigeria, cocoa has historically been a cornerstone of agricultural exports and rural livelihoods, especially in the southwestern states
such as Ondo, Ekiti, and Ogun (Ogunbodede et al., 2020). Despite challenges including pests, diseases, and fluctuating global prices,
Nigeria remains Africa’s third-largest cocoa producer, with ongoing efforts toward sustainable production and quality enhancement to
maintain competitiveness on the international market (Obilana & Omokhafe, 2016).

Given its economic and socio-cultural significance, research into cocoa production encompasses agronomic practices, pest and disease
management, genetic improvement, and post-harvest processing, aimed at ensuring sustainability and resilience against climate change
impacts (Moseley et al., 2021).

Ondo State is a key cocoa-producing region in Nigeria in which if well utilized will boost the economy as well reduced the
unemployment rate of the region. The suitability of land for cocoa production depends on several environmental and socio-economic
factors such as soil type, climate conditions (temperature, rainfall), altitude, and land use patterns. Efficiently identifying and mapping
land areas suitable for cocoa cultivation can enhance productivity, support sustainable agriculture, and guide policymakers in agricultural
planning and resource allocation.

Traditional land suitability assessments often rely on expert knowledge and physical surveys, which can be time-consuming and limited
in spatial scope. The advent of Geographic Information Systems (G1S) combined with advanced statistical and machine learning methods
has revolutionized land suitability modeling by allowing the integration of various spatial datasets to predict suitable cultivation zones
with high accuracy.

Spatial Distribution Modeling

Spatial distribution modeling involves predicting the geographic locations where certain conditions (e.g., suitable land for cocoa) exist
based on environmental and spatial variables. This process often uses spatial datasets such as topography, climate, soil characteristics,
and land use, integrated through spatial analysis and predictive modeling.

Land Suitability Analysis
Land suitability analysis evaluates the capability of land to support specific agricultural activities. It incorporates multiple factors:

Physical factors: soil pH, texture, drainage, slope, elevation, Climatic factors: rainfall patterns, temperature ranges, humidity and
Human factors: land tenure, accessibility, proximity to markets

These factors are weighted or modeled to classify areas into suitability classes (e.g., highly suitable, moderately suitable, unsuitable).

Generalized Linear Models (GLM)

GLMs are a flexible extension of traditional linear regression models that allow response variables to have error distributions other than
normal (e.g., binomial, Poisson). In the context of land suitability modeling, GLMs can relate binary or categorical outcomes (suitable
vs. unsuitable) to continuous or categorical environmental predictors. They provide interpretable relationships and can assess the
significance of each predictor variable (McCullagh & Nelder 1989).

Random Forest Classification

Random Forest (RF) is a machine learning algorithm that builds multiple decision trees during training and outputs the class that is the
mode of the classes (classification) or mean prediction (regression) of the individual trees. RF is highly robust to overfitting, can handle
nonlinear relationships, and is effective in modeling complex interactions among variables.

Random Forest improves the accuracy of land suitability predictions by modeling intricate patterns within environmental factors that
determine suitability (Breiman, 2001).
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Nutrient Requirements

The nutritional status of plants depends mainly on the physical, chemical, and biological properties of soils (Van Vliet et al., 2015). For
cacao trees to grow appropriately and generate maximum productivity plants must form a broad root system, with thick root and lateral
roots found in the upper 20cm of the soil, which is the primary pathway for nutrient and water uptake (Hartemink, 2005).

Fertilizers have traditionally been recommended to overcome soil nutritional deficiency (Snoeck et al., 2016; FEDECACAO, 2018).
Several studies show that formulations that supplemented the primary nutrients in soils, such as nitrogen (N), phosphorus (P), and
potassium (K), have significantly increased cacao productivity (Puentes-Paramo et al., 2014; Alvarez-Carrillo et al., 2016).

In forming the plant structure in cacao trees, the absorbed nutrients are destined to develop and consolidate their different vegetative
parts, such as roots, trunk, branches, and leaves. The absorption of nutrients of greater consumption, such as N, Ca, K, P, and Mg,
increases in the first five years of planting until they reach full vegetative development; from this stage, the nutrients translocated for
the flowering and fruiting of the plant (Salvador et al., 2012; Romero, 2018).

However, the following nutrients are required in a more significant proportion for the vegetative growth of cocoa N, K, and Ca. Also,
high amounts of K are required to format the fruit. Therefore, it is the element that must be added to the soils in greater proportion during
the production stage.

Nitrogen is one of the nutrients required in the most significant quantity for cacao. It is essential for the vegetative growth of trees,
drives the development of branches and leaves, and represents the highest percentage (Puentes-Paramo et al., 2014; Furcal-Beriguete,
2017). Its deficiency reduces the leaf formation rate and accelerates defoliation, so an adequate supply of this element helps combat the
progressive death field (Santana & Cabala-Rosand., 1982). It should be noted that mature trees can only respond to N when pruned (Van
Vliet et al., 2015).

Phosphorus is necessary for developing roots, wood, young shoots, and flowering. The deficiency of this element generates small
plants, narrow leaflets, and early and severe defoliation. The application of P in cacao increases the flowering (Asomaning et al., 1971)
and dry matter production (Ofori et al., 2017). On the other hand, it has been found that there is an interaction between N and P, where
a greater radius of N/P increases cacao yields, and the lack of response to the supply of N may be due to the scarcity of P and vice versa,
a response that is mainly due to the affectation in the development of the roots to the deficiency of this element (Wessel, 1971; Puentes-
Péaramo et al., 2016).

Potassium is of great importance in the physiological processes of cacao plants, particularly for the development and pods maturation,
which accumulate large amounts of this element, so the quality of cacao depends mainly on the supply of field (Furcal-Beriguete, 2017).
Furthermore, K comprises about 70% of the minerals in the xylem sap of cacao and is found in branches, stems, and roots, turning these
into reserve organs, which the plant can access to take K when needed. Additionally, its deficiency generates greater susceptibility to
water deficit (Wang et al., 2013). In experiments on cacao seedlings, it was found that sodium (Na) could partially replace K, with
beneficial effects on photosynthesis and water use efficiency. This further suggests that Na might be more efficient than K in the closing
and opening stomata process, leading to lower susceptibility to drought conditions (Gattward et al., 2012).

Calcium is essential for the development and vigor of stems, young roots, shoots, and terminal flowers. It increases the shelf life of
harvested fruits and organs (Snoeck et al., 2016). Malavolta et al. (1997) describe that high levels of Ca in the soil increase the foliar
concentrations of Ca, Fe, Zn, and Mg, but decrease other nutrients such as N, Mn, and Na.

Magnesium, this element is indispensable for photosynthesis. Particularly in cacao, a prolonged period of magnesium deficiency causes
older leaves to fall off while young leaves are not affected, causing trees to defoliate quickly (Chepote et al., 2013).

Boron is crucial for forming cacao fruits, on the other hand, Zinc is a crucial element for the activity of several enzymes. It has been
shown to have a differential impact on the growth of cacao seedlings and the accumulation of other elements at the foliar level, such as
P, K, Ca, Mg, Mn, Fe, Zn, and Cu. However, high concentrations of this element can cause a reduction in plant growth (Cruz et al.,
2015).

The study has examined the following objectives: Identifying factors related to suitability of agricultural land of cocoa, production of
cocoa suitability map in Ondo state Nigeria.
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Study Area

Ondo State is located in the south western part of Nigeria, it lies between latitudes 4°21'00” N to 5°/49°48” N and longitude 6°01'48”
E to 7°46'12” E. Its land area is about 15,500 km? (Balogun 2000).

Ondo State is bounded by Edo and Delta States on the east, Ogun and Osun State on the west, Ekiti and Kogi States to the North, and
the Atlantic Ocean to the South. The State has 18 local

Government areas with a population of about 3,440,000 of which the rural population constitutes about 1.7 million and land area of
14,606 km2 (NPC 2006).

It is dominated by the petroleum industry. Cocoa production, asphalt mining, and activities related to the state's extensive coastline. It
has the tropical wet-and-dry climate. The State has a mean annual rainfall of 1,500 and 2,000 mm in the derived savannah and humid
forest zones, respectively, while the mean annual maximum air temperature is about 34 °C, and a mean minimum air temperature, of
about 20 °C (Adefolalu 1997). The climate of Ondo State is also affected by intertropical discontinuity as a result of seasonal winds that
blow from the north (North African anticyclone) and the one from the south (St. Helena anticyclone) during dry months. During the wet
season, the climate is affected by Azores anticyclone from the north and St. Helena anticyclone from the south. Other factors that
influence the climate of Ondo State are its location near the Atlantic Ocean and the existence of vegetation/ forest and mountains.
Generally, the climate from March to November is marked by rainfall, while December to February is dry season over humid forest
zone. In derived savannah, months of April to October are rainy season, while the dry season is from November to March. The dry
season is also characterized by Harmattan dust haze and hot and dry northerly winds that blow from the Sahara Desert over West Africa.
The terrain is undulating, surrounded by isolated hills and inselbergs. The topographical elevations vary from 320 m to 450 m above the
sea level (Oweyemi, 2012) The area is drained by River Ala and its tributaries. The drain pattern is dendritic flowing in N-S direction.
The Ondo state is underlain by rocks of the Precambrian basement complex of the southwestern Nigeria (Akinluyi, ef al, 2018) The state
has four soil types, sandy loamy, clay loamy, sandy clay and silty loamy. The movement and infiltration of water in these types of soils
is not the same. The soil’s moderate acidity makes it also suitable for garden plants. The soil is fairly highly suitable with few physical
limitations and is very well drained. With only a slope of 0—2%, runoff is much reduced. The soil in the state is generally fertile,
permeable and flat. (Epuh, et al, 2020).
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Figure 1: Map of the Study Area
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Figure 2: Map of the Study Area Showing Presence and Absence of Cocoa

Methodology
Methodology of this research involved the extraction of the study area from Nigerian administrative map, landsat 8 imagery and other
climatic data such as temperature, rainfall and nutrient data. The table below shows the summary of the data used in the research.
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SN | DATA YEAR | SOURCE(S)
1. | Mean Annual Temperature, Rainfall and | 1981- chelsa-climate.org
Relative Humidity of Ondo State Nigeria. 2010
2. | Administrative Shapefile of Ondo State 2023 Office of the Surveyor General of the Federation
Plateau State.
Ondo cocoa points 2021 Ministry of agriculture Ondo state
5. | Landsat8 Image covering Ondo State. 2022 United State Geographical Survey
6. | Soil Nutrient Data 2023 ISCRIC www.iscric.org

The data for this research was sourced from different sources as stated in the table above and was subjected to various stages of
processing using different soft wares.

Image prepossessing was carried out using bash-script in osgeolive version 15 environment. Gdal and pktools were used for image
subset, raster calculation and resampling.

Data extraction for modelling and prediction was done in Cran R Environment. ArcGIS 10.8 version was used for image mosaicking,
band combination, image subset as well map composition.

The response of cocoa presence is a dichotomous variable yes or no, it is assumed to follow a binomial distribution that is:

Y ~(np)
logit (,7,) = Bo + BX+e,
The logistical regression model is expressed as equation....... )

Where B, represent the intercept and B; is the vector of coefficient of the independent variable and X stands for the vector of the
independent variable.

Random forest classification was also applied to the same data. The random forest is non-parametric method for non-linear regression.
This was used because it is independent of distribution of the datasets. It also estimates the mean function of the response as the average
estimate from several classification trees.

We did classification accuracy by dividing our data into training set and testing the set. The data set was divided into five folds. Four
folds (80%) was used as the training data set and the remaining fold (20%) was for the testing of the model. The prediction was done
with raster prediction algorithm of the random forest library in R. Also, the variable of importance was derived with the VarImpplot in
algorithm in R. The prediction accuracy was determined using the out of bag error rate.
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Results and Discussion
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Figure: 3 Map of Ondo State Showing Probability of Cocoa Production
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Figure 4: Map of Ondo Showing the Local Government Areas
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Figure 5: Map of Ondo Showing Random Forest Analysis Result
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Figure 6: Map of Ondo State showing areas that are not suitable for Cocoa Production.
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Figure 7: Map of Ondo State Showing Areas that are Less Suitable for Cocoa Production.
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Figure 8: Map of Ondo State Showing Areas that are Moderately Suitable for Cocoa Production.
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Figure 9: Map
of Ondo State Showing Areas that are Suitable for Cocoa Production.
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Figure 10: Map of Ondo State Showing Areas that are Highly Suitable for Cocoa Production.
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Figure 18: Soil PH Distribution Map of Ondo State
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DISCUSSION
The result of the analysis was presented in this chapter in accordance to how the data was used in the model.
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From the result obtained our model using the both logistic regression model and random forest algorithm. it can be clearly seen above
that cocoa production in the study area is spread across the state as some areas can produce more while others due to the terrain and
other features the production can be hampered.

The range as obtained from the analysis figure 3 shows that from 0.00-0.18 representing 2626km? indicates that the area is not suitable
for cocoa production especially the southern parts of the state (Ese-0do, Ilaje-Eseodo, Okitipupa and Odigbo). This can be attributed to
certain factors such as built up, water logged or mountainous areas and therefore cocoa will not thrive in such environment. The next is
0.18-0.41 representing 1860km? indicates that the area is less suitable for cocoa production. This also can be as a result of the type of
soil, waterlogged areas or other factors that will not allow cocoa production to attend maximum productivity. The next is the probability
range, 0.41-0.63 which covers land mass of approximately 2387km? which is moderately suitable for cocoa production. This area
supports cocoa production above the previous areas but not to the maximum level. The next range is 0.63-0.82 representing 3225km?2
which is suitable for cocoa production. This can be as a result of the availability of optimum environmental factors required for cocoa
production. Here the farmers have less stress in their farming as they produce enough for market demands. The last but not the least
range is from 0.82-1.00 representing 5403km?, which represent approximately one third of the state total f land area which is classified
as highly suitable for cocoa production. Just as the last range this may be due to the presence of soil nutrient and environmental condition
that can support cocoa farming.

From the map in figure 4 above, this shows the level of cocoa production in various local government areas in Ondo state based on the
result obtained from the R analysis.

The local government area with the highest cocoa production is Ileoluji/Okeigbo followed by Ifedore, IlajeEseodu which is the third in
terms of area of cocoa production, then Ese-Odo fourth, the fifth is Ose, then Akoko South-East the sixth followed by Akoko North-
East the seventh, Akure North is the eight in terms of production, the ninth is Idanre followed by Ondo East the tenth and lastly Ondo
West is the eleventh local government area that produce cocoa in large quantity. Others include Ireke Okitipupa and Odigbo whose
production isn’t up to the other local governments listed above.

Just as stated above, the local governments that produces large quantity of cocoa in Ondo maybe as a result of the presence of all the
environmental requirements necessary for cocoa production and other factors such as soil nutrients, well-drained soil and good
agronomic practices.

From the result of the random forest analysis above figure 5, the analysis shows the areas where cocoa can be produced and areas where
cocoa cannot thrive well. All the areas in yellow are areas where cocoa may not thrive in the study area. This is as a result of some
physical features that can be an impediment for the tree to thrive. Features such as road, settlement, airport, water body and lots more.
On the other hand, the analysis is also showing that all the areas in green on the map are areas where cocoa can be grown and produced
very well. Most of the areas in the northern part of the state and few from the southern part have all the potentials of cocoa production
as shown from the analysis.

The analysis obtained from R above figure 6 shows all the areas of Ondo State that are not suitable for cocoa production. Most of the
areas are found in the southern part of the state and some few areas in the northern parts. This is also as a result of large areas covered
by settlement and activities that will not support agriculture.

From the map above figure 7, the result is showing parts of Ondo state that are less suitable for cocoa production. The areas are spread
across the state not in particular region. In this area’s cocoa can be produced but nor in commercial quantity. As stated in the previous
reports above, this maybe as a result of either the absence of some of the environmental factors required for cocoa production or the
presence of features not suitable for cocoa production.

The result of the analysis of R above figure 8, it shows the areas of Ondo State that are moderately suitable for cocoa production. These
areas are also found across the entire state not in a particular region. The production in these areas may also be as a result of some but
not all the environmental factors necessary for cocoa production. The cocoa production in the regions above can also be of commercial
quantity to some level.

From the result as shown in figure 9 above, all the areas in yellow are suitable for cocoa production. These areas are also spread across
the state as its not in a particular region. Also, this maybe as a result of the availability of the all the environmental factors required for
cocoa production. The cocoa in the areas in yellow above can be produced to some extent in commercial quantity.
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The result as shown in figure 10 above, all the areas in green are found to be areas where cocoa production are highly suitable in the
state. The cocoa productions in the regions highlighted are areas that can produce cocoa in commercial quantity. The reasons for the
high production in the areas above are the presence of good agricultural lands, presence of all the necessary environmental determinants
for cocoa production, availability of soil nutrients as well good agronomic practices.

In forming the plant structure in cacao trees, the absorbed nutrients are destined to develop and consolidate their different vegetative
parts, such as roots, trunk, branches, and leaves. The absorption of nutrients of greater consumption, such as N, Ca, K, P, and Mg,
increases in the first five years of planting until they reach full vegetative development; from this stage, the nutrients translocated for
the flowering and fruiting of the plant (Salvador et al., 2012; Romero, 2018).

Figure 11 is the distribution of aluminum in Ondo state. From the result of the analysis as obtained from R, the concentration is spread
throughout the state with the highest concentration in the southern part of the state (Ilaje Eseodo and Ese-Odo) as well other parts of the
state as seen in the map. Aluminum (Al) which is measured in (mg/kg) and it’s found to be one of the major components of soil clay
minerals. In acidic soils (pH, < 5.5) at high concentration Al, is highly phytotoxic and severely affects the growth and development of
plants. This is in conformity with the report of (Matsumoto, 2000).

Figure 12 is the distribution of Boron across Ondo state. Also, from the R analysis result we can see the distribution is spread throughout
the state with high concentration in the southern part (Ilaje Eseodo and Ese-Odo) as well the northwestern part (Akoko South West,
Akoko North East and Akoko North West).

Boron is also one of the important elements that are needed in relatively high ratio for the growth and development of cocoa. The element
is measured in (mg/kg), it demonstrates that deficiency limits that complete filling of the fruits, affecting the cob index, a key parameter
with which crop productivity is evaluated (Lachenaud, 1995).

Figure 13 is the distribution of calcium in Ondo state. Calcium is essential for the development and vigor of stems, young roots, shoots,
and terminal flowers. It increases the shelf life of harvested fruits and organs (Snoeck et al., 2016). Malavolta et al. (1997) describe that
high levels of Ca in the soil increase the foliar concentrations. Calcium is required in significant proportion for the vegetative growth of
trees. The result of the calcium distribution as obtained from the R analysis shows that the elements is evenly distributed in the state
with a little high concentration in the south western part of the state. Calcium is measured meq/kg, the element is very essential for
cocoa production.

Figure 14 is the distribution of copper in Ondo state. Copper (mg/kg) is an essential element for various metabolic processes in soils
(Scheiber et al., 2013). It is required only in trace amounts and becomes toxic at high concentrations (Chen, 1995). Contrastingly, high
Cu levels may inhibit root elongation and damage of root cell membranes of non-tolerant plants (Wainwright and Woolhouse, 1977).

As seen from the R analysis result, the element is almost evenly distributed across the state with a little rise in concentration in the north
western part of the state. This shows that the element is available in relative proportion in the state, as reported by Wainwright and
Woolhouse, high concentration of the elements will lead to root damage of the plants.

Figure 15 is the distribution of nitrogen (mg/kg) in Ondo state. The distribution of cocoa in the study area is in conformity with several
researches as seen in the figure 15 above. The element is evenly distributed with a little high concentration in the southern part and
spread to some parts of the state. It’s needed in relatively high quantity for the growth and development of the tree. Puentes-Paramo et
al., 2014; and Furcal-Beriguete, 2017 reported that, nitrogen is one of the nutrients required in the most significant quantity. It’s also
required in significant amount for the growth and development of cacao. It is essential for the vegetative growth of trees, drives the
development of branches and leaves, and represents the highest percentage in the almond and cocoa trees Its deficiency reduces the leaf
formation rate and accelerates defoliation, so an adequate supply of this element helps combat the progressive death field (Santana &
Cabala-Rosand., 1982). It should be noted that mature trees can only respond to N when pruned (Van Vliet et al., 2015).

Figure 16 above is the distribution of phosphorus P (mg/kg) in Ondo state from the result of the R analysis. The result shows the range
of phosphorus distribution throughout the study area and the high concentration is found in places like Ese-Odo, Ilaje-Eseodo, Irele,
Okitipupa, Ose and Odigbo. Phosphorus is necessary for developing roots, wood, young shoots, and flowering. The deficiency of this
element generates small plants, narrow leaflets, and early and severe defoliation. The application of P in cacao increases the flowering
(Asomaning et al., 1971) and dry matter production (Ofori et al., 2017).
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Figure 17 above is the distribution of Iron (mg/kg) in Ondo state. Iron (Fe) is very important for the growth and health of the plant as it
plays an essential role in metabolic processes such as DNA synthesis, energy transfer, respiration, and photosynthesis. The iron is
distributed in all part of the study area with a high concentration in the southern parts of the state as seen in the distribution map above.
This work is in line with the study conducted by (Zuo and Zhang, 2011). They reported that iron is the third most limiting nutrient for
plant growth and metabolism. When a plant lacks sufficient iron content, there is less food production, leading to reduced growth and
overall decline in health. In severe cases, branch dieback can occur which contributes to secondary pest infestations (insects and
pathogens) and eventual plant death.

In severe cases of deficiency, additional symptoms may include reduced leaf size, leaf necrosis (leaves turn brown and die), early leaf
drop, branch dieback, and failure to produce flowers or fruit, and overall stunted growth (Pataky, 1996).

Cocoa can grow in soils with a pH in the range of 5.0-7.5. It can therefore cope with both acid and alkaline soil, but excessive acidity
(pH 4.0 and below) or alkalinity (pH 8.0 and above) must be avoided. Cocoa is tolerant of acid soils, provided the nutrient content is
high enough.

Figure 18 from the result obtained from the R analysis is the soil PH range of Ondo state. As seen from the result the Ph range varies
across the state with the highest range found in northern part of the state. The result shows that the ph range obtained can support cocoa
production. This result is in conformity with the result obtained by (Mudgil and Barak, 2018) in their work all the soil in the sampling
locations ranges within 5.5-7.2 or reacts slightly alkaline-neutral. Agricultural crops will generally grow and develop well in the pH
range of 6-—7. In that pH range, essential nutrients in soils become available to meet crop needs. The ideal soil pH for cocoa is 6-7.5,
and high soil organic matter (> 3%) is desired.

Figure 19 is the distribution of minimum temperature of Ondo state according to R version 15 analysis. The result of the minimum
temperature as shown in the analysis ranges from 29.4°C to 29.8°C. This result of minimum temperature will affect cocoa production as
cocoa is really affected by low temperature.

This result agrees with the work of (Ajayi et al; 2012) on modeling temperature as a constraining factor for cocoa yield in Ondo State.
In their work, the lowest production of cocoa was as a result of lowest temperature.

Figure 20 is the distribution of maximum temperature of Ondo state according to R version 15 analysis. The result as obtained from the
analysis shows the distribution range from 30.05°C to 30.35°C. The result shows that cocoa will respond very well as maximum
temperature is good for cocoa production. This result is not far from the result of the research conducted by (Ajayi et al; 2012) on
modeling temperature as a constraining factor for cocoa yield in Ondo State. The result also shows that the highest yield (13,516.50MT)
was experienced when the average temperature was at its maximum 30.88°C.

Summary

The suitability analysis for cocoa farming in Ondo State highlights the region's strong potential for cocoa cultivation. The land is
categorized into four suitability levels: not suitable, suitable, moderately suitable, and highly suitable. Favorable soil nutrients and
climate conditions support the region's agricultural viability.

Soil Nutrients: Essential nutrients like aluminum, boron, calcium, copper, nitrogen, phosphorus, and iron are well-distributed—
especially in the southern and southwestern zones.

Soil pH: Ranges vary across the state, with the north showing higher pH levels. Cocoa prefers pH 6-7.5, suggesting that pH adjustment
may be needed in some areas.

Temperature: Minimum temperatures range from 29.4°C to 29.8°C, and maximums from 30.05°C to 30.35°C. These warm conditions
are ideal for cocoa, promoting good growth and high yields.

Conclusion

Ondo State demonstrates significant potential for cocoa production, with extensive areas classified as suitable, moderately suitable, and
highly suitable. The strategic distribution of essential soil nutrients and the favorable temperature conditions further enhance the viability
of cocoa farming in the region. By leveraging these strengths and addressing minor challenges such as soil pH optimization, Ondo State
can maximize its cocoa production capabilities, contributing to economic growth and improved livelihoods for local farmers. With
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targeted investments and sustainable agricultural practices, the region is well-positioned to become a leading cocoa-producing area in
Nigeria.

Recommendations

Soil Management:

Adjust soil pH in areas outside the ideal range (6.0-7.5), especially in the north. Conduct soil tests and apply nutrient-specific
fertilizers, particularly phosphorus, where deficiencies exist.

Cocoa Variety Selection:
Promote cocoa varieties suited to local soil and climate conditions, including those tolerant to high aluminum and boron in southern
regions.

Climate Adaptation;
Use strategies like mulching, windbreaks, and drought-tolerant varieties to manage temperature extremes. Establish irrigation systems
to reduce water stress during hot periods.

Soil Conservation:
Implement erosion control and soil health practices to sustain long-term productivity in highly suitable cocoa-growing areas.

Farmer Training:
Provide training on modern soil management, fertilizer use, and climate-smart agriculture to boost yields and sustainability.

Environmental Assessment:
Evaluate the environmental impact of expanding cocoa production to ensure ecological balance.

Research & Extension Support:
Strengthen collaboration among research bodies, extension services, and farmers. Set up demonstration farms to promote best
practices.

Policy Support:
Advocate for subsidies, grants, and R&D investment to support farmers and enhance cocoa production across the state.
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