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In sub-Saharan Africa (SSA), food security is a significant challenge due to unreliable rainfall and depleting soil fertility. Most of the soil resource in the sub-region which constitutes majority of the fields of smallholder farmers is degraded. Hence, there is a need to identify suitable soils for sustainable intensification. The objectives of this study were to: (i) evaluate the suitability and fertility constraints of soils and (ii) discuss the influence of soil properties on maize production in the Nkoranza (north and south) district. A total of sixty (60) soil samples were sampled from smallholder farms under careful consideration of topography and the spatial pattern of land use systems. The evaluation of soil suitability was carried out using climate (temperature and rainfall) and physico-chemical characteristics of soils for maize (Zea mays) production. The results indicated that soil texture varied from sandy loam to sandy clay loam. Soil organic carbon concentration (SOC) ranged between 0.55 and 2.02%. Total nitrogen (TN) and SOC were low in all soil types except in the Bediesi series (Haplic Luvisol). Base cations (Ca2+, Mg2+, Na+, and K+) were low and varied between soil types. Although climatic factors and physical properties were highly suitable (S1), more than half of the pedons were moderately suitable (S2). The soils functioned at a moderate capacity for maize production. The major limitations identified were sub-optimal and related to soil fertility (CEC). Pearson correlation revealed a relationship between parametric actual index (PAI) and parametric potential index (PPI; r = 0.940, p < 0.003) and between soil resilience index (SRI; r = 0.768, p < 0.037) and the relationship between these variables is a perfect correlation. Soil management is required to increase maize yield in the study area. Soil erosion prevention measures such as cover crops, mulching, organic manure (poultry), and mineral fertilizer application are recommended to improve soil fertility in the Nkoranza (north and south) district. This study can inform policies and interventions geared toward sustainable agricultural intensification. Land and soil are heterogeneous and any decision on intensification in this study accounted for the prevailing local conditions of the study area. Therefore, indexing soil suitability using climate (rainfall and temperature), physical land characteristics (topography, drainage) and chemical properties (pH, SOM, SOC, TN, Av. P, Av. K, etc.) of soil resources for sustainable intensification of maize is proposed for smallholder farming communities of Nkoranza (north and south) districts in the Forest-Savannah Transition Zone of Ghana.
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1. Introduction

Agriculture is the backbone of African countries south of the Sahara Desert and employs more than 60% of its population (AGRA, 2014). Intensification of crop production, which is mainly based on rainfall has not matched population growth (Pradhan et al., 2015; Giller et al., 2021). Yields have stagnated over the past half century [Food and Agriculture Organization (FAO) of the United Nations, 2020a] rendering small farm owners financially poor to afford recommended inputs. According to Food and Agriculture Organization (FAO) of the United Nations (2020b), cereal production is low with an average yield of 1.6 t ha−1 compared to the global average of 3.9 t ha−1. Also, the per capita income deficit for cereals increased from 1.5 million tons in 1967 to more than 20 million tons in 2015 (Sanchez, 2002; van Ittersum et al., 2016). These projections indicate that the sub-region requires about 35 million tons of cereal imports to satisfy the demands of the growing population [Food and Agriculture Organization (FAO) of the United Nations, 2015].

Sustainable supply of food, feed and fiber to a growing world population estimated at more than 9 billion by 2050 is a global concern (Foley et al., 2011; van Bussel et al., 2015). Therefore, the conservation of natural resources require an increase in yield on each hectare (Iizumi et al., 2018) of arable land suitable for intensification. Thus, increasing food production on existing farmlands is an important component of the sustainable intensification (SI) concept. Hence, the need to develop a robust indexing method to identify soils suitable for sustainable intensification (Claessens et al., 2013; Panel, 2013). This means intensifying food production and ensuring that the natural resources that sustain and improve agriculture for future generations are maintained and improved (Pretty and Bharucha, 2014). Sustainable intensification of agriculture paradigm was introduced by the British Royal Society of London (BRSL) in 2009 (Baulcombe et al., 2009). The BRSL defined SI as an agricultural production system that increases yield without adverse environmental impacts.

Maize importation is not economically feasible to eradicate food shortages. Sustainably intensifying the area under cultivation can increase domestic food production and this forms the basis for achieving Sustainable Development Goals #1 (zero poverty), #2 (zero hunger), #3 (enhance good health and wellbeing), #12 (responsible contribution and production), #13 (mitigate climate change), and #15 (sustenance of life on land, reduce soil degradation, and support biodiversity) (United Nations, 2016). Maize production is mostly subsistence, and most smallholder farmers use little or no soil amendments (Fening et al., 2005, 2009; Bationo et al., 2018). Nutrient depletion ranges from 40 to 60 kg of nitrogen (N), potassium (P) and phosphorous (K) ha yr−1 (AQUASTAT and FAO, 2005; Bationo et al., 2018), are among the highest in SSA. This is due to a decline in soil fertility as a result of continuous cropping without replenishment (Sanchez et al., 1997; Sanchez, 2002), as well as low and erratic rainfall are among biophysical constraints (International Center for Soil Fertility and Agricultural Development, 2007).

However, low maize yield is further attributed to the inability of farmers to apply even the blanket fertilizer recommendation [Ministry of Food and Agriculture (MoFA), 2011]. Also, the soil in the study area is depleted and does not meet the food demand of the growing population via area expansion-based crop production by small farm holders (Awoonor et al., 2021). Therefore, sustainable intensification is the only way for farmers to access high quality and affordable fertilizers that increase yield and profit for farmers in the rural communities. Also, intercropping is a form of a sustainable intensification cropping system that uses mutually beneficial ecological relationships that arise when two or more crops are cultivated, either as mixtures or in rotations (e.g., mixed cropping, rotations etc.). The low productivity from small farm holdings is due to biophysical factors related to declining soil fertility, pest and diseases, limited use of external input, unfavorable government policies, markets, institutional arrangements, as well as the effects of climate change in recent years. Much effort must be incorporated into soil management to ensure agricultural sustainability (Asiamah, 2008; Gelaw et al., 2015; Vanlauwe et al., 2015).

Farming activities are semi-intensive due to the peculiar nature of the native vegetation. The sustainability of an agricultural production system measures how the qualities of a land unit match the requirement of a particular form of land use [Food and Agriculture Organization (FAO) of the United Nations, 1976, 1985]. Some farming practices are not sustainable (Stoorvogel et al., 1993; Nandwa, 2001). These have resulted in environmental consequences, such as frequent changes in temperature, potential evapotranspiration, and changes in rainfall patterns with a pronounced decline throughout the transition zone. These challenges, if not addressed, will further reduce agricultural productivity, which adversely affects food security and rural livelihoods (Lal, 2006; Frelat et al., 2015). These challenges resulted in a relatively low annual yield despite the high potential for improvement. In spite of these challenges, an increase in organic matter can improve soil nutrients retention and release, improve soil water holding capacity, as well as control and reduce soil erosion on small farmlands. Several authors (Mbagwu et al., 1984; Lal, 1987, 1997) stressed that at the field and plot level, soil erosion can cause a yield reduction of about 30-90% in some shallow root-restrictive soils in the tropics and subtropics.

Land suitability assessment is conducted to manage soil resources sustainably to determine which type of soil resource is most suitable for a particular crop (Jones et al., 2013). The evaluation of land suitability involves identification and measurement of land quality and its assessment for alternative uses. The principles of land evaluation involve comparing the quality of land with the requirements of specific crops (Ranst et al., 1996; Ande, 2011). It involves the limiting factors of a particular crop for production [Food and Agriculture Organization (FAO) of the United Nations, 1976; Young, 1980]. The goal of this evaluation process is to increase productivity of soils for the specified crop. Crop suitability is a measure of the climatic and other biological properties of an area that sustains the production cycle of crops in order to meet current or expected targets. The farmer's challenge is often associated with or dependent on the suitability of soils for an intended purpose. The mismatch of crops with land use requirements has not ensured a reliable supply of food produced in the FSTZ. Therefore, soil suitability assessment identifies areas where adaptation measures are generally required to prevent the consequences of the climatic suitability of a crop.

In Ghana, maize is grown on small holdings by low-income farmers in rural communities. Hence, the need to evaluate the suitability of soils to increase maize production without depleting soil fertility. Climate and soil are the main environmental factors that determine crop yield. Furthermore, decreased soil fertility, increased soil erosion, erratic rainfall, emerging diseases, insect and pest infestations, and poor management of natural resources and land use have exposed the Nkoranza district (north and south) to food and nutrition insecurity. Additionally, land is becoming a scarce resource due to population growth. The associated economic pressures have exerted pressure on the limited natural resources available, resulting in a reduction in agricultural productivity per hectare.

According to Ogunkunle (1993, 2016) and Kihoro et al. (2013), the need to evaluate farmlands is because the soil classification system, with its maps and accompanying legends, does not meet the current needs and aspirations of most smallholder farmers and other land users. The impact of mismanagement of land resources and the lack of land utilization regarding land's potential suitability remain a challenge in developing countries such as Ghana. A more comprehensive land suitability evaluation for maize production was adopted, as suggested by Sys (1985). The need to identify the suitability of areas suitable for specific or selected crops improves the productivity and resilience of smallholder farms (Debesa et al., 2020).

Furthermore, limited attention has been paid to soil suitability assessment impacts on smallholder agricultural options for diversification of maize production systems in the study area. To the best of our knowledge, there are few publications that assess crop suitability at the national or local level to guide smallholder farmers select the most suitable crop for their farming communities to build resilience (Janzen et al., 2011). The adoption of appropriate land use management based on technological input enhance soil resilience. The use of proven scientific inputs (e.g., ISFM) results in a synergistic and positive effect on inherent soil properties, terrain, landscape and climatic factors (Lal, 1997). Again, the current food crisis after the COVID-19 pandemic has resulted in increased food prices. Hence, the need to feed an increasing population of 30 million in a changing world climate is a major challenge facing the government of Ghana.

Therefore, there is the need to identify suitable soils for sustainable intensification. The term suitable in this study refers to soils that support resource-efficient and cost-effective responses to agronomic interventions without physical, chemical, and biological degradation when subjected to intensification (Claessens et al., 2013). Intensification is producing more unit of output per units of all inputs and through new combinations of inputs and related innovations (Panel, 2013). Also, sustainable intensification involves improving the physical input-output relations to increase the overall efficiency of production. Thus, maize production on existing small-holder farms forms an important component of the sustainable intensification paradigm indicated by Claessens et al. (2013). This study assessed the importance of climate (temperature and rainfall) and soil (physical and chemical) properties on the suitability of land for maize production in smallholder farms in the study area. The main objectives were to assess the morphological, physical, and chemical properties of soils and their suitability for growing maize on sustainable bases in the Nkoranza (north and south) district of Ghana.



2. Materials and methods


2.1. Description of the study area

The study area falls within Ghana's Forest-Savannah Transition Zone (FSTZ). The geographic location lies between longitude 1° 10′ & 1° 55′ West and latitude 7° 20′ & 7° 55′ North, covering ~2,592.09 km2 (see Figure 1).
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FIGURE 1
 Illustrates the study area with soil sampling points.


Soil moisture and temperature regime of Nkoranza's north and south districts is udic and hyperthermic (Wambeke, 1974). According to the Koppen-Geiger climate classification, the area experiences the tropical savannah climatic regime (Aw) (Peel et al., 2007). The study area has distinct climates (McSweeney et al., 2010). Annual rainfall, although high, varies between 1,200 and 1,600 mm year−1 (Table 1). Temperatures are high throughout the year (Kasei, 1993; AQUASTAT and FAO, 2005), with a mean monthly temperature range between 24 and 30°C (Dickson and Benneh, 1995). Annual potential evaporation is about 1400 mm and relative humidity varies from 90 to 95% in the rainy season to 75 to 80% in the dry season (Christiansen and Awadzi, 2008). The study area is a major producer of maize (Dickson and Benneh, 1995).


TABLE 1 Land qualities/characteristics (ranges) of soil series in the study area.
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The FSTZ is characterized by deep, well-drained soils with sandy clay loam texture, strongly weathered, highly leached and acidic (pH: 5.1–6.5) (Adjei-Gyapong and Asiamah, 2002). These soils are easily eroded once the forest or savannah vegetation has been removed [Food and Agriculture Organization (FAO) of the United Nations, 2015, 2020a]. The soils contain a small amount of plant-available nutrients, particularly nitrogen (N), phosphorus (P), and potassium (K), with low cation exchange capacity (<10 cmol kg−1). Drainage is related to topography. Poorly drained, flood-prone clay to loamy sand textured gleysols are found in valley bottoms (Annan-Afful et al., 2004, 2005; Owusu-Bennoah et al., 2008). Six (6) soil types (Table 1), namely: Kpelesawgu (Dystric Plinthosol), Changnalili (Gleyic Plinthosol), Damongo (Rhodic Luvisol), Murugu (Haplic Luvisol), Bediesi (Dystric Nitisol), and Sutawa (Thapto-Plinthic Luvisol) was identified and classified using the Ghana Interim Soil Classification System (GISCS) (Phillips and Wills, 1963; Adjei-Gyapong and Asiamah, 2002). The soils were reclassified using the FAO/WRB classification [IUSS Working Group (WRB), 2015]. Most of these soils were developed from hydrological conditions along slopes. These geomorphological processes resulted in different soils from uplands (north-west and south-west) to lowlands (north-east and south-east sections of the Nkoranza district), resulting in various formations of soil associations. Bediesi-Sutawa association was associated with upland soils, Damongo-Murugu was attributed to middle slope soils, while Kpelesawgu-changnalili association were ascribed to lowland soils (Adu and Mensah-Ansah, 1995; Agyili, 2003) Soils of the district are generally deep on the upper, middle, and lower slopes.



2.2. Soil analysis

A systematic stratified sampling procedure was used to distribute sampling points throughout the study area under careful consideration of topography and the spatial pattern of smallholder land use systems. For morphological description of benchmark soils, soil pits (2 m L × 1.5 m W × 1 m D) were dug and described according to the recommendations of IUSS Working Group (WRB) (2022). Sixty (60) soil samples were collected at a depth of 0 – 20 cm, air-dried and passed through a 2-mm sieve. Soil color was determined using the Munsell Color Chart. Soil particle size (sand, silt, and clay) was determined with standard Bouyoucos hydrometer method (Bouyoucos, 1962). Bulk density (BD g cm−3) was determined using the core method (Blake and Hartage, 1986). The soil reaction (pH) and electrical conductivity (EC) were measured in distilled water in a soil: water ratio of 1:2.5 w/v soil/water suspension (Olsen et al., 1982; Thomas et al., 1996; Rhoades, 2018). Total nitrogen (TN) was determined using the Kjeldahl method (Soil Survey Staff, 2006), available phosphorus (Av. P) determined colorimetrically after extraction with Bray's No.1 solution (Bray and Kurtz, 1945), available potassium (Av. K) by flame photometry (Motsara, 2015), and cation exchange capacity (CEC) was determined by ethylenediamine tetraacetic acid (EDTA) titrimetric method after extraction with 1 M ammonium acetate solution buffered at pH 7 (Thomas, 1983). Soil organic carbon (SOC) was determined with the Walkley and Black wet combustion method as described by Jackson (1973). Base saturation (BS) was determined as the ratio of basic cations in CEC.



2.3. Determination of soil suitability

In terms of agriculture, land suitability evaluates land to meet the agro-ecological requirements of a given crop to increase yield (Kawy and El-Magd, 2012). Land suitability assessment assesses relevant land characteristics such as soil, climate, and topography [Food and Agriculture Organization (FAO) of the United Nations, 1976; Young, 1980] to the requirements of a particular crop. These were regrouped into three thematic indicators. These indicators, as adopted from Baroudy (2016), and Diallo et al. (2016) are soil fertility, chemical, and physical quality indices (Equation 1):

[image: image]

The above equation was used to calculate land suitability for maize in the study area. From equation 1, LS is the land suitability factor, FQI is the soil fertility quality index, CQI is the soil chemical quality index, and PQI is the soil physical quality index. Soil fertility index (Equation 2) was calculated as:

[image: image]

where SSOC, STN, SAv.P, SK, and SCEC are parameters that express factors for soil organic carbon, total nitrogen, phosphorus, potassium, and cation exchange capacity content. The chemical quality index was calculated using Equation 3;

[image: image]

where SNa, SpH, and SEC are parameters that express factors for sodium, soil pH, and electrical conductivity. The physical quality index was calculated using Equation 4

[image: image]

where St, Ss, Scf, Sd, Sw, and Sg are parameters that express factors for texture, structure, coarse fragment, depth, drainage, and slope (gradient). The parameters or factors for the evaluation process were rated (Sys, 1985; Sys et al., 1993). For this evaluation exercise, rates were assigned to the elements of each particular parameter with valid scores ranging from 0, the worst condition, to 100, rated as the best condition (Baroudy, 2016). For each class, a weighted index score was calculated according to the importance of its role in the land evaluation process. The suitability ratings were as follows: S1-highly suitable, S2-moderately suitable, S3-marginally suitable, and, N-unsuitable. The values of the final results were compared with two parametric methods, the square root and the Storie method (Storie et al., 1976).

For the non-parametric approach, soils were placed in suitability classes by matching these climatic characteristics (rainfall, temperature, humidity) with the agronomic requirements of the maize crop (chemical elements: SOC, TN, SOM, Av. P, Ex. K, etc.). An optimal soil property value for a crop must have no limitation. However, if the attribute is unfavorable to the crop, there is a limitation. These limitations range from 0 (no limitation) to 4 (very severe limitation). A value of 100 is assigned when the characteristics of the soil are optimal for the intended use. However, if the characteristic is not helpful, a low value is assigned, reflecting the degree of limitation for climate (c), topography (t), soil water conditions (w), soil physical characteristics (s) and soil chemical characteristics (f). The product of these parametric values gives the soil suitability index as described in Food and Agriculture Organization (FAO) of the United Nations (1976), Ogunkunle (1993). The Storie method was used in the calculation of the land index (I) (equation 5):
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where I is the suitability index. A is the rating of the surface texture parameter, and B, C, and D are the rating values for other parameters. A score ranging from 0 to 100% was determined for each factor and the scores were multiplied to generate an index rating (Storie et al., 1976). The square root method uses the formula (Equation 6):

[image: image]

where I is the square root index, Rmin is the minimum rating, and A, B, C, and D are the remaining rating values (Khiddir, 1986).

The rating of each criterion is derived from field observation and laboratory analysis of each land characteristic, and the comparison of these measures with a specific crop (maize) requirement (Table 2). After rating the measurements with threshold values, a rating of 0–100 is assigned to each criterion. Also, a score of the land unit is given a rate of 0–100 by calculation as described by the three methods discussed above. The method of maximum limitation involves the selection of the most restricting rating and/or considering it as the total score for a land unit. Soil series were first classified for their suitability by matching their characteristics with the FAO requirements in Table 2. The suitability class of the soil was indicated by its most limiting characteristics. For the parametric method, each limiting characteristic was rated.


TABLE 2 Land requirements suitability classes for maize (Sys et al., 1993).

[image: Table 2]

Furthermore, the productivity index for each soil series (pedon) was calculated using Equation 1 above. In all, five (5) land quality factors, thus climate (c), topography (t), soil physical properties (s), wetness (w), and fertility (f), were used for the assessment. Only a member of each group was used to calculate the overall suitability index because there was a strong correlation among variables of the same group (e.g., texture and structure) (Ogunkunle, 1993). All the lowest characteristics for rating each land quality group were substituted into the suitability equation for the actual suitability index calculation formulae. Regarding the potential suitability index, the observed corrective limitation was no longer a constraint. Finally, the suitability indices were assigned to land suitability classes following the Sys ratings (Sys, 1985; Sys et al., 1991, 1993) (Tables 3, 4).


TABLE 3 Land suitability classification.

[image: Table 3]


TABLE 4 Productivity index and corresponding suitability classes.

[image: Table 4]



2.4. Determination of soil color

The Munsell Color Chart, a standard system for soil color description was used. The Munsell color notations are systematic, numerical and letter designations of three parameters (hue, value and chroma). A small piece of soil was compared with the standard color chips in the soil color book. Each color chip was described by three components: hue, value and chroma. Thus, hue represents the dominant spectral color which refers to the redness or yellowness in the soil. The value refers to the relative lightness or darkness of a color (amount of reflected light), a value of zero (0) denotes black. Chroma signifies the purity of the dominant color (strength of the color), and a chroma of zero (0) being neutral gray. For example, the notation of 2.5 YR5/6 means a hue of 2.5 YR, value of 5 and a chroma of 6. The equivalent soil color name is “red.”



2.5. Land scoring for sustainable intensification

In order to quantify SI, six (6) land and soil characteristics indicating the resilience and performance of land were used. For each land unit the measured values for the indicators were derived from the field and analyzed according to defined threshold values (Tables 5, 6). By summation of all scores, a minimum value of 6 and a maximum value of 20 (four points for SOC, Clay + Silt content, and three points each for pH, CEC, soil depth, and slope) could be attributed to a land unit. The total points were grouped into four different categories of SI potential. The land with the lowest quality has only a final score between 6 and 10 (category 1). This implies that the soil has intrinsic properties which cannot support sustainable intensification. Land in category 2 can show medium or good conditions (score > 10), but one or even more indicators are in a poor condition. Therefore, intensification is possible only at a high risk. A score between 11 and 15 represents medium (category 3). This implies a poor potential for SI. This means that intensification should be done with much caution. For category 4 a total score between 16 and 20, represents soils which can compensate environmental impacts through agricultural production. This implies that soils of this nature can be recommended for intensive agriculture under the precondition that it can be managed sustainably.


TABLE 5 Soil and land indicators and its affected properties for a high soil resilience.
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TABLE 6 Threshold levels and scoring of land indicators for sustainable intensification (SI).
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2.6. Statistical analysis

All statistical analyses were performed with Excel and SPSS version 20.




3. Results


3.1. Physical and chemical composition of soils

Moist soil surface color differed among soil types. The average moist color reading ranged between 2.5 YR 3/4 (Bediesi series) to 10YR 6/3 (Changnalili series) for the A horizon (Table 7). For B horizon, soil color ranged from 2.5YR 4/6 in Bediesi and Damongo series to 10 YR 5/6 in Kpelesawgu series (Table 7).


TABLE 7 Morphological properties (range) and classification of soils in the Nkoranza district.

[image: Table 7]

The soils are deep (>100 cm), well-drained and gravel-free. The results from textural analysis indicate that these soils ranged from sandy loam to sandy clay loam (Table 8). The percentage of sand varied between 60% (Changnalili series) and 81% (Damongo series) for 0 to 20 cm. For percentage silt, it ranged between 15.2% (Damongo series) and 36% (Changnalili series) for the 0 to 20 cm. Also, the percentage of clay varied between 2.5% (Murugu series) and 6% (Sutawa series).


TABLE 8 Soil physical properties for the 0–20 cm soil depth.

[image: Table 8]

Chemically, soil pH ranged from 5.20 to 6.60 (Table 9). The percentage of SOC ranged from 0.55% to 2.02%. The concentration of Ex. K ranged from 0.05 to 1.41 to 86.06 mg kg−1. For Ex. K, Sutawa series had the highest (1.41 cmol(+) kg−1), followed by Bediesi (0.30 cmol(+) kg−1), Kpelesawgu (0.19 cmol(+) kg−1) and Murugu (0.15 cmol(+) kg−1). However, Changnalili and Damongo series recorded the lowest (0.05}. The concentration of available phosphorus (Av. P) ranged from 2.18 to 12.32 mg kg−1. Within soil series, Av. P followed the order: Bediesi (12.32 mg kg−1), Kpelesawgu (7.65 mg kg−1), Sutawa (6.79 mg kg−1), Changnalili (6.50 mgkg−1), Murugu (3.12 mg kg−1), and Damongo series (2.18 mg kg−1). Base saturation ranged from 67.0 and 98.89%. For soil types, base saturation followed the order: Sutawa > Damongo > Bediesi > Murugu > Kpelesawgu > Changnalili series (Table 9). Also, CEC ranged from 3.63 to 12.63 cmol(+) kg−1. Micronutrient cations (Ca2+, Mg2+, Na+, and K+) varied in all soil series. Bediesi series had the highest concentration of these cations. Also, we observed that cation exchange capacity varied between 3.61 cmol(+) kg−1 in Changnalili series and 12.63 cmol(+) kg−1 in Bediesi series. Within the soil series, mean values recorded were in the order: Bediesi > Sutawa > Kpelesawgu > Damongo > Murugu > Changnalili series. These results stressed a high potential for soil nutrient leaching in all soil series except Bediesi series. With an EC of > 4 dS m−1 (Table 9), all soils encountered had negligible effects of salinity.


TABLE 9 Chemical characteristics (ranges) of soil series for the 0–20 cm soil depth.
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Pearson correlation values >0.70 between physico-chemical properties indicate that most of the indicators positively correlated with each other (Table 10). Organic carbon positively correlated with TN (0.94**). Also, CEC positively correlated with pH (0.74**), Ex. Ca (0.96**), Ex. Mg (0.89**), ECEC (0.99**) and negatively correlated with Ex. Acidity (−0.73**). With respect to percentage BS, it correlated with pH (0.93**), Ex. Ca (0.82**), Ex. Mg (0.79**), CEC (0.85**), ECEC (0.82**) and negatively correlated with Ex. Acidity (−0.90**). Sand recorded a negative correlation between Silt (−0.92**) and Clay (−0.72**). From the above, soil physico-chemical processes tend to function simultaneously. However, the trends are broad and high with a correlation coefficient ranging between 0.01 and 0.99 and −0.02 and −0.92 (Table 10).


TABLE 10 Pearson correlation matrix for the 0–20 cm soil depth.
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3.2. Land suitability evaluation for maize cultivation

The rating of land and/or soil characteristics with the requirements of maize (Tables 2, 7) produced suitability classes for maize (Table 11). Most of the soil series encountered were marginally suitable (S3) for parametric and non-parametric methods (Tables 12, 13). The major limitations observed were related to soil texture and structure. These two physical properties of the soil directly affect water-holding capacity, permeability, and other physical properties for the non-parametric (potential) rating (Table 13). Other soil limiting factors were drainage, soil fertility (as measured by CEC, soil organic carbon, organic matter, and total nitrogen content) for the non-parametric (actual) rating.


TABLE 11 Parametric suitability class scores of representative pedons of soil series.
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TABLE 12 Soil index and land suitability class for maize.
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TABLE 13 Suitability classifications with rankings of soils of Nkoranza (north and south) district for maize cultivation.

[image: Table 13]



3.3. Physical and chemical quality index
 
3.3.1. Physical quality index (PQI)

Soil suitability for maize cultivation was based on several indices for the six major soil series identified in the Nkoranza (north and south) district. The climatic index (CI) for Bediesi, Sutawa, Kpelesawgu, Changnalili, Damongo, and Murugu series had a value of S1 (80) (Table 12). A pedological index consisting of soil texture, structure, coarse fragment, and depth for various soil series computed had a value of S2 (71).



3.3.2. Chemical quality index (CQI)

Results indicated that the soil fertility index (SFI) for maize varied between 30 (S3) and 95 (S1). Thus, soils were moderately suitable due to a slight climatic (80%) and pedological limitation (71%). However, the fertility index (SFI) for Bediesi, Sutawa, Murugu, Damongo, Changnalili and Kpelesawgu were 95%, 82%, 66%, 64%, 39%, and 30%, respectively (Table 12). Concerning salinity, determined by electrical conductivity, Bediesi and Sutawa series had a slight salinity index of 85 and 95%, respectively. However, Kpelesawgu, Changnalili, Damongo, and Murugu series had no salinity limitation.




3.4. Soil suitability assessment
 
3.4.1. Potential soil fertility

Potential fertility includes cation exchange capacity, base saturation, pH, and organic matter. These chemical properties were altered during tillage. All soil series had a suitability rating of N1 (40) for CEC except Bediesi series, which had a high suitability rating (S1 (95). Bediesi, Sutawa, Damongo, and Murugu series had an S1 (100) suitability rating for soil pH. Changnalili and Kpelesawgu series recorded S3 (60), S2 (85), and N1 (40), respectively (see Tables 11, 13). For organic matter, all soil series in Table 13 recorded a high suitability rating of S1 (100), S1 (95), S1 (95), and S2 (85) for the Bediesi, Sutawa, Kpelesawgu, Murugu, and Damongo series, respectively, except Changnalili series S3 (60).

Tables 11, 12 indicate that the fertility rating for CEC varied between S1 (95) for Bediesi series and N1 (40) for Sutawa, Kpelesawgu, Changnalili, Damongo, and Murugu series. All soil series encountered had S1 (100). However, the overall potential suitability (non-parametric) evaluation remains moderately suitable, with topography (t), wetness (w), and soil characteristics (s) as limitations that cannot be easily alleviated (Table 5). Bediesi and Sutawa series had topography (t) as a limitation factor, and Kpelesawgu and Changnalili series had wetness (w) as a limiting factor. On the contrary, Damongo and Murugu series had soil characteristics as a constraint. Regarding potential suitability (parametric), Sutawa, Kpelesawgu, Changnalili, Damongo, and Murugu series were moderately suitable (S2), except that Bediesi series was rated as highly suitable (S1). The potential suitability could be moderately suitable for soils with water conservation, moisture harvesting structures with fertilizer, lime, and organic matter management.



3.4.2. Current/actual soil fertility

Current soil fertility includes all soil properties easily influenced by soil management practices. These are Av. P, Ex. K, Ex. Ca, Ex. Mg, Mg:K ratio, and Exchangeable bases (Ca2+, Mg2+, K+). When subjected to tillage, soil chemical properties were easily altered in the soil medium. All soil series had high exchangeable cation values. The Mg: K ratio is adequate in all soil series. The concentration of SOC, TN, and Av. P was considered to be low in all soils except Bediesi series. All soil series had varied exchangeable cations (Ca2+, Mg2+, Na+, and K+). Bediesi series had the highest cation concentration in calcium, magnesium, and potassium with S1 (100) soil suitability ratings. Bediesi series recorded the highest concentration of these cations with values above 8.68 cmol(+) kg−1for Ex. Ca, 0.30 cmol(+) kg−1 for Ex. K and 2.80 cmol(+) kg−1 for Ex. Mg and 0.85 cmol(+) kg−1 for Ex. Na. Also, CEC varied between 3.61 cmol(+) kg−1 (Changnalili series) and 22.4 cmol(+) kg−1 for Bediesi series. These results stress that there has been an increase in nutrient leaching in all soil series sampled except Bediesi series. The overall rating for the non-parametric (actual/current) evaluation for maize is moderately suitable, with fertility (f) and soil physical properties (s) (thus texture and structure) as the limitations. Hence, soil fertility (f) can be amended. Also, for parametric (actual/current) suitability evaluation: Sutawa, Kpelesawgu, Changnalili, Damongo, and Murugu series were marginally suitable (S3). Bediesi series recorded a high suitability rating of S1. Adopting good farm management practices (eg. organic manure, mulching, etc.), can improve the CEC of Sutawa, Kpelesawgu, Changnalili, Damongo, and Murugu series.




3.5. Sustainable intensification of soil resources

Soil resilience was calculated for bench mark soils (Bediesi, Sutawa, Kpelesawgu, Changnalili, Damongo and Murugu series) of the study area. The summation of all indicator scores resulted in a score ranging between 12 and 15 representing a moderate SI potential (category 3; Tables 14, 15). This means the soil resources of the study area possess a low (poor) potential for SI thus, intensification could be done with caution. The most limiting soil indicators were SOC and CEC and this could be managed sustainably to increase SI in the study area. From our study, the soils of Nkoranza (north and south) can be recommended for intensive agriculture (SI) under the precondition that it can be managed sustainably.


TABLE 14 Selected indicators and their thresholds for evaluating soil resilience.
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TABLE 15 Distribution of soil resilience (SR) classes in the Nkoranza (north and south) districts can be recommended for SI.

[image: Table 15]



3.6. Relationship between parametric actual index, parametric potential index, and soil resilience index

From Table 16, parametric potential index (PPI), and parametric actual index (PPI) were significant and strongly correlated (r = 0.94, p < 0.003). This indicates that as soil suitability (parametric potential index) increases, soil quality and/or health improves. Also, soil resilience index (SRI) and the parametric potential index (PAI) had a significantly high correlation (r = 0.76, p < 0.037, p being < 0.05), and this means that as soil resilience increases, soil suitability in terms of productivity (yield) for maize increases. This shows that the relationship between PPI and PAI, as well as SRI and PAI are a perfect correlation (Table 16). Hence, it can be deduced that PAI affects the extent of PPI and SRI. However, an insignificant moderate correlation was observed between soil resilience and parametric potential index (r = 0.59, p < 0.104, p being > 0.05).


TABLE 16 Correlation analysis between parametric actual index (pai), parametric potential index (ppi), and soil resilience index (SRI).
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4. Discussion


4.1. Physical and chemical characteristics of soils

Soil color readings differed among soil management zones due to cropping and land-use systems practiced by smallholder farmers. Soil color was influenced by the mineralogy and chemical composition of the soil. The presence of manganese oxides imparted the black color to the soil. Also, organic matter in the soil imparted dark brown to black color to the soils sampled. From the above, observed soil colors may have contributed to low organic matter content (Table 7). The abundance of oxidized Fe in highly weathered tropical soils (Young, 1980), may have resulted in the low organic matter. The high Fe-MnO2 concretions may have accounted for the red to reddish-brown colors in Bediesi series. Several research findings observed higher chroma values of red and associated these soils with low fertility (Desbiez et al., 2004; Laekemariam et al., 2016; Laekemariam and Kibret, 2020). The presence of iron compounds imparted the red, and/or brown color. The red or brown color is mostly related to the extent of oxidation, hydration and diffusion of iron oxides in the soil medium (Foth, 1990).

Most farmers consider dark soil colors fertile compared to reddish hues in the Savannah ecological zone (Desbiez et al., 2004; FARM-Africa, 2005; Haileslassie et al., 2006). The results of this study indicated that soil color is influenced by SOM content. The dark color in the A-horizon decreased with depth. Soils found on slopes not saturated with water had reddish and brownish subsoil colors. Thus, soils of this nature are well-drained and aerated. Soils sampled at poorly drained locations had gray-colored B-horizons (Foth, 1990). Erosion often removed the topsoil layer from the shoulder/back slope of high slopes. This left behind thin and light-colored soils with low organic matter compared to soils of foot-slopes or toe-slopes. High organic matter content was associated with thick A-horizons (Table 7) as observed by Mulugeta and Sheleme (2011) in southern Ethiopia.

Soil pH ranges from (slightly acidic) to (neutral) for Kpelesawgu and Damongo series. According to Food and Agriculture Organization (FAO) of the United Nations (1985) and Diallo et al. (2016), this range mainly corresponds with productive soils in the humid tropics. Achieving optimal production of maize requires a moderate acidic to slightly basic soil with a pH range of 5.5–7.50 [Food and Agriculture Organization (FAO) of the United Nations, 1976, 1985] and well-distributed rainfall (800–1,200 mm) throughout its growing season. However, although the physical conditions and environmental factors are favorable for maize production, SOM can be improved with fertilizers and other organic resources (e.g., poultry manure). Based on expert opinion, the selected soil properties (Tables 1, 2, 5) (Mandal et al., 2017) can be improved. Increasing the suitability of soils can improve maize yield in the short and long term in the study area. Soil pH affects soil biological activity, and the availability of nitrogen to plants can also serve as an essential chemical indicator for soil fertility (Diallo et al., 2016). Soil pH influences plant growth and increases the bioavailability of soil nutrients and the activity of soil microbes (Diallo et al., 2016).

The CEC levels were in the order: Bediesi > Sutawa > Kpelesawgu > Damongo > Murugu > Changnalili series. Bediesi series had a higher CEC compared to the other soil types due to high surface organic matter. Thus, CEC of a soil is controlled by organic matter and clay content. A CEC of <12 cmol(+) kg−1 is low due to the low availability of organic matter. The variability of CEC within soil series explains the differences in the ability of these soils to hold positively charged ions affecting the stability of soil structure, nutrient availability, soil pH, and the response of these soils to fertilizer when applied (Crewett and Korf, 2008). This finding is in line with McAlister et al. (1998), who stressed that CEC varies with a change in percentage of clay, type of clay, pH, and the amount of SOM among soil types. Base saturation followed the order: Sutawa > Damongo > Bediesi > Murugu > Kpelesawgu > Changnalili series. Soil pH is a major factor in determining the percentage of base saturation of soils. According to Brady et al. (2008), soils of the tropics have a variable charge system, and this charge on the exchange complex gives the soil the strength to attract positively charged basic ions.

Therefore, the higher the soil pH (8.5), the higher the negative charges created and the higher the basic cations absorbed by the soil. The more cations absorbed, the higher percentage of base saturation. Damongo, Sutawa, and Bediesi series had a relatively higher pH than Murugu, Changnalili, and Kpelesawgu series. This could be due to leaching of basic cations in the latter, giving rise to a relatively lower soil pH resulting in a lower base saturation in Changnalili series. Damongo, Sutawa, and Bediesi series had enough vegetation cover to check the leaching of basic cations, and this in the long-term increased soil pH and base saturation. The concentration of soil organic matter and exchangeable cations was low, indicating that the soils are inherently low in fertility. This implies that soil pH influences the efficiency of plant growth. Soil organic matter and exchangeable cations represent actual and/or potential soil fertility (PSF) (Diallo et al., 2016). When soil is mismanaged, it loses its fertility after years of cultivation. In a similar research, Lal (1996) observed a rapid decline in SOM after intensive cultivation. The low soil fertility could be attributed to a decrease in soil pH due to absorption of nutrients by plants and leaching of basic cations beyond plant roots.



4.2. Suitability of soils for maize production

Land suitability assessment focus on crop requirements, soil type, and landscape attributes that influence cultivation. For the parametric evaluation process (potential) for maize, the soils of the study site showed moderate suitability for maize production (Tables 11–13). However, except Bediesi series, all other pedons were rated severe for the actual parametric evaluation. The limitation can be corrected (see Tables 12, 13). The parametric and non-parametric methods classified land units as S2 (highly suitable) and S3 (marginally suitable). The chemical characteristics of the soils were the dominant limiting factors that affected the suitability of land for maize farming in the Nkoranza district.

Concerning pedogenesis and the addition of organic inputs, organic matter is low (Wang et al., 2014). As a result, these soils hardly store organic matter in the form of organic carbon. Also, inappropriate farming practices depleted soil nutrients in the identified soil series. Therefore, application of poultry manure which is abundant in Nkoranza district can be used to restore soil nutrient stocks, and improve soil quality (Yimer et al., 2007). From the above discussion, the main limitation (see Table 13) is soil nutrient deficiency, not climate or topography, because the water need for maize is not greater than the edaphic conditions of the surrounding environment (Diallo et al., 2016). With the significant limitation identified as chemical degradation, these soils would be highly suitable for maize production, if much attention is paid to soil management. Also, these smallholders can use poultry manure from the vast poultry industry in the Nkoranza district to enrich soil fertility on their farms. The use of integrated soil fertility management practices can restore the chemical limitation of these soils.



4.3. Soil fertility, a major limitation to maize growth and development

Table 11 indicates land suitability evaluation for maize cultivation. Potential soil fertility based on cation exchange capacity, base saturation, organic carbon, and soil pH indicated that these soils have a limitation. The soils in Tables 7, 9 had different levels of fertility limitations due to different parent materials. Sandstone had more fertile soils and was richer in plant nutrients than those found in old sediments due to abundant weatherable primary minerals in these soils. These physical properties influence soil fertility by controlling the release and supply of nutrients. Soil physico-chemical parameters, as influenced by parent material, directly influence soil fertility for maize production in the transition zone of Ghana. Maize growth and development depend on the potential of the soil parent material to supply nutrients. Climate is not a significant limitation to maize production because mean annual maximum temperature promotes favorable soil moisture conditions for plant growth and development. As a result, good soil management techniques are required to increase soils suitability ratings for maize production. Water is important during the growth and development stages of maize because a deficit or excess can result in a low yield. Several studies indicated that poor drainage reduces maize yield by affecting net photosynthesis, stomata conductance, and transpiration. Areas with high clay content can be managed by establishing drainage systems that remove excess water to promote maize root development.

Soil physical characteristics had no significant limitations except for sites with very high clay content. Maize grows well in soils with sandy clay loam texture with an optimal water table depth (50–60 cm). The low values of Ex. K in these soils are due to low CEC and high amounts of rainfall that promote the leaching of basic cations. Also, the farmers are smallholders who engage in crop production in a fragile environment with little or no resources for good agronomic practices. In recent years, soil degradation through inappropriate farming practices such as uncontrolled grazing and bush burning with low fertilizer use has increased. Appropriate soil fertility management for K fertilization is required to improve yield. Potassium is the most important nutritional factor that determines maize yield because K plays a major role in the proper functioning of the stomata and prevents droughty conditions. Also, its availability promotes the transportation of assimilates from photosynthesis, assists in enzyme activation, and makes the maize plant disease resistant. Soil fertility evaluation results indicated a low Mg:K ratio due to the relatively low Ex. Mg and a high Ex. K values. This means excess K ions depress the uptake of other cations such as Mg2+ ions. Low P availability was a major constraint to maize production in the study area. The application of phosphorus and magnesium amendments could increase maize yield. Understanding the nature and variability of soil properties with respect to soil fertility and maize are critical issues to consider in soils formed on sandstone and clay shale parent materials in the transition zone of Ghana.



4.4. Limiting factors to sustainable intensification in the study area

This study reveals how soil can be included in discussions on where to find land to produce more food to feed the growing population with the adoption of soil resilience principles (Schiefer et al., 2016). The maize fields sampled had soils with moderate soil resilience (Table 15). The soils intrinsic characteristics are favorable for intensification if and only the main limiting factor thus SOC and CEC are managed carefully to avoid causing low soil resilience. The relationship between CEC and other indicators (pH, Ex. Ca, Ex. Mg, and Ex Acidity) as well as between SOC and Sand, Silt and Clay confirms the fact that these physico-chemical properties function simultaneously (Table 10) and at a moderate capacity (Tables 14, 15). Thus, CEC is the soils capacity to retain organic and inorganic positively charged compounds in the soil medium.

Inappropriate land use management has resulted in the degradation of soils hence rejuvenating the negative effects of poor parent material, terrain characteristics and in a changing climate has affected soil resilience (Lal, 1997). The processes of soil resilience involve the mechanisms that influence the soils' ability and rate to recover after disturbance. Good soil management results in the provision of other ecosystem services such as biodiversity, water storage, carbon storage, flood and/or drought regulation etc. According to van Ittersum et al. (2013), the evaluation of the potential of land for SI is important because this could serve as a guide to evaluate yield gap potential including the differences associated with climatic conditions and cropping systems on farmer's fields locally and regionally. This can assist in the prediction of the future potential of sustainable intensification of smallholder agriculture in Ghana.



4.5. Recommended land use management options for sustainable intensification of small farms in the study area

From the above discussion, the integration of organic and inorganic resources into soil fertility management options (compost, manure, plant residue, etc.) and organic residues can be use by farmers (Bationo et al., 2007; Bekunda et al., 2010) during the beginning of the major and minor farming seasons to increase maize yield from the current 1.75 t/ha in the Nkoranza (North and South District). Also, site specific fertilizer application (Tetteh et al., 2017, 2018) compared to the blanket fertilizer application [mostly two (2) bags of 50 kg NPK and 1 bag of 50 kg of Urea or Sulfate of Ammonia per ha] is recommended for small farm holders in the Nkoranza (north and south) districts. Thus, the relevance of mineral fertilizer use in the intensification of food production on small farms cannot be under estimated especially in areas with soils deficient in nutrients.

According to Tetteh et al. (2018), combined application of organic fertilizer (poultry manure at 2.5 T ha−1) with 60 kg N ha−1 of mineral fertilizer yielded the same yield as the application of sole 90 kg N ha−1. Hence, the application of 90 kg N ha−1 yielded optimum economic returns in the Forest-Savannah Transition Zone (FSTZ). Thus, the current fertilizer recommendation for maize with respect to NPK recommendation is N-P2O5-K2O:90-60-60+1.7 Zn and for recommended blends per hectare is N-P2O5-K2O:15-20-20+0.7 Zn (8 bags/ha + 2bags/ha urea) for the FSTZ of Ghana. Also, the recommended fertilizer formulae blend is N-P2O5-K2O:15-20-20 +0.7 Zn (6 bags/ha + 2 bags/ha urea) (Tetteh et al., 2017, 2018). The mean yield from field validations of the new fertilizer recommendations using the new blends or formulae yielded a mean of 6.0 t/ha. Thus, on a fertile soil with recommended fertilizer application and planting at the onset of the major and minor rainy season, a grain yield ranging between 5 to 8t/ha with high returns is expected compared to the current yield of 1.75 t/ha for Nkoranza (North and South) district and 1.6t/ha of national average yield for Ghana. This would assist improve the efficiency and profitability of fertilizer use on smallholder maize farms in the Nkoranza (north and south) districts in the Forest Transition Agro-ecological Zone of Ghana.

The creation of an enabling environment through the formulation of policies and institutions to facilitate the intensification process in smallholder agricultural production systems should be a national priority. Also, investments into agricultural research as documented in the Maputo declaration that at least 10% of national budgetary allocations should be invested in agriculture and rural development (African Union, 2003) could strengthen innovative systems that increase productivity on small farms. These investments should include the provision of credit (loans, subsidies etc.), input (fertilizers, herbicides, and pesticides) and the creation of markets for agricultural produce. These according to Schut et al. (2016) could address 70% of the constraints associated with the sustainable intensification process at the local, regional and national level in Ghana.




5. Conclusion

The evaluation methods used for soil suitability assessment indicated that climate, soil texture, and topography were suitable for maize cultivation. All pedons were moderately suitable (S2) for the parametric and marginally suitable (S3) for the non-parametric method. The limitations relating to texture and structure directly affected soil water holding capacity and soil permeability. The primary soil fertility constraints were CEC, organic matter, and available P, varied across soil types. The maize fields sampled had soils with moderate soil resilience. The relationship between CEC and other indicators (pH, Ex. Ca, Ex. Mg, and Ex Acidity) as well as between SOC and Sand, Silt and Clay confirms that these physico-chemical properties function simultaneously and at a moderate capacity. Also, pearson correlation revealed a strong significant relationship between parametric actual index (PAI) and parametric potential index and between soil resilience (SRI). This suggests that soil physico-chemical properties can be used to quantify the productivity of soils. Therefore, emphasis on soil management techniques to enhance soil nutrient and moisture-holding capacity can be improved to increase productivity levels of maize. Farm management techniques (e.g., soil and water conservation, moisture harvesting, organic and inorganic fertilizers) are recommended to improve soil nutrient levels. Soil suitability indexing can enable soil quality monitoring in relation to sustainable intensification of agricultural land use so that threats to soil resources and opportunities for sustainable intensification could be identified in the Nkoranza district in the Forest-Savanna Transition Zone of Ghana.
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Climatic index (Ic): S2 (80) 52(80) S2(80) S2(80) 52 (80) $2(80)
Pedologic index (It) S2(71) $2(71) S2(71) s2(71) s2(71) $2(71)
Fertility index (If) S1(95) 52(82) N1 (30) N1 (39) 52 (64) 52(66)
Salinity and alkalinity (n):
EC(dSm™") S1(85) S1(100) S1(95) S1(100) S1(100) S1(100)

Aggregate suitability (n):
Potential (IPp) S1(78) $3(34) $3(31) $3(31) $3(33) $3(31)

Actual/Current (IPc) S1(82) S2(72) S2(66) S2(66) S2(70) S2 (66)

S1, highly suitable; S2, moderately suitable; $3, marginally suitable; N1, not suitable.
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Bediesi Sutawa Kpelesawgu  Changnalili Damongo Murugu series
series series series series series
Climate (c):
Annual rainfall (mm) S1(100) S1(100) S1(100) S1(100) S1(100) S1(100)
Length of dry season (months) 52(85) $2(85) 52(85) 52(85) 52(85) S2(85)
Mean annual maximum temp. (°C) S1(95) S1(95) S1(95) S1(95) S1(95) S1(95)
Average daily minimum temp. (°C) 52(85) $2.(85) 52(85) $2(85) 52 (85) 52 (85)
Mean annual temp. (°C) S1(95) S1(95) S1(95) $1(95) S1(95) S1(95)
Relative humidity (%) $1(100) S1(100) $1(100) S1(100) $1(100) S1(100)
Topography (t):
Slope (%) S1(95) S1(100) S1(100) S1(100) S1(95) S2(85)

Wetness (w):

Drainage S1(100) S1(100) $2(85) $2(85) $1(100) S1(100)

Soil physical properties (s):

Texture $2(85) $2(85) 52(85) 52(85) 52.(85) $2.(85)
Structure $2(85) $2(85) 52(85) 52(85) $2(85) $2(85)
Coarse fragments (Vol %) S1(95) S1(95) S1(95) S1(95) S1(95) S1(95)
Depth (cm) S1(100) S1(100) S1(100) S1(100) S1(100) S1(100)
Fertility (f):

CEC (emol 4 kg™") S1(95) NI (40) N1 (40) N1 (40) N1 (40) NI (40)
BS (%) S1(100) S1(100) S1(100) S1(95) S1(100) S1(100)
pH (1:2.5) S1 (100) S1(100) N1 (40) $3 (60) S1(100) S2(85)
TN (%) S1(100) $2.(85) $3 (60) N1 (40) $3 (60) $2.(85)
Av. P (mgkg™!) 2.(85) $3 (60) $3 (60) 3 (60) N1 (40) $3 (60)
SOC (0-20 cm) (%) S1(100) S1(95) S1(95) 83 (60) S2(85) S1(95)
Ex. Ca (cmol (4 kg™!) S1(100) $2(85) $2(85) $2(85) $2(85) $2.(85)
Ex.K (cmol (4 kg™!) S1(100) S1(95) S1(95) 52(85) $2(85) S1(95)
Ex. Mg (cmol (4 kg™!) S1(100) S1(100) $2.(85) $1(100) $2(95) $1(95)
Ex. Na (cmol (4 kg™) S1(100) $3 (60) N1(30) N1(30) $3 (60) $3 (60)

Salinity and alkalinity (n):

EC(dSm™) 52(85) S1(100) S1(95) S1(100) S1(100) S1(100)
ESP (%) S1(100) S1(100) S1(100) $1(100) $2(85) S1(100)
Aggregate suitability:

Actual/Current S1(78) 3 (34) $3(31) $3(31) $3(33) $3(31)
Potential S1(82) $2(72) 52 (66) 52(66) $2(70) S2 (66)

CEC, cation exchange capacity; B.S., base saturation; pH, soil hydrogen concentrations T.N., total nitrogen; Av. P, available phosphorus; SOC, soil organic carbon; Ex. Ca., exchangeable calcium;
Ex. K, exchangeable potassium; Ex. Mg, exchangeable magnesium; Ex. Na, exchangeable sodium; E.C., electrical conductivity; ESP, exchangeable sodium percentage. S1, highly suitable; $2,
moderately suitable; $3, marginally suitable; N1, not suitable.

Source: Modified from Sys et al. (1991).
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Soil series Indicators of soil resilience (SR)

Soil depth Slope (%) Clay + Silt pH (1:2.5) SOC (%) CEC (cmol (4,
(em) (%) kg~1)
Bediesi >100 2-5 269 6.3 2.02 12.63
Sutawa >100 2-4 27.4 6.4 0.97 8.99
Kpelesawgu >100 1-2 325 570 1.24 7.11
Changnalili >100 1-2 39.5 5.20 0.55 3.63
Damongo >100 2-5 19.0 6.60 0.61 5.58
Murugu >100 2-6 19.8 5.70 0.88 5.30

Sites with slopes >25% were excluded from calculations.
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Soil series Parametric Non-parametric

Actual Potential Actual Potential
Bediesi S1(78) S1(82) S2sf S2t
Sutawa S3(34) S2(72) S3f Sat
Kpelesawgu S3(31) S2 (66) Nif S2w
Changnalili S3(31) S2 (66) Nif S2w
Damongo S3(33) S2 (70) Nif S2s
Murugu S3(31) S2 (66) Nif S2ts

S1, highly suitable; S2, moderately suitable; S3, marginally suitable; N1, not suitable; f, soil fertility limitation; s, soil physical property limitation; t, topography; w, wetness.
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ariable and a P O 0 a g a A B Av. P
Sand 1
sile 0.92 1
Clay 072 0.41 1
pH —0.04 0.06 —002 1
soc 069" —0.58¢ —061* —0.04 1
™N 054 —0.42 —0.54° 0.08 0.94%* 1
SOM 069" —0.58* —061* —0.04 0.99"* 0.94%* 1
Ex.Ca 021 —0.24 008 070 024 0.29 024 1
Ex. Mg —0.35 029 032 0.67** —0.26 —017 | —026 | 0.74* 1
Ex.K 016 —0.36 0.26 —0.13 018 0.31 018 018 —0.15 1
Ex.Na —0.32 0.34 0.16 043 —0.54* 053 | —054* 0.36 0.63* —041 1
Ex. Ac 018 —0.16 —0.14 —0.95" 017 0.05 017 | —068™ | —0.68" 0.10 —0.47 1
CEC 001 —0.05 0.06 0.74% 0.04 0.11 004 0.96" 0.89* 005 052 —0.73* 1
ECEC 003 —0.07 0.05 0.69* 0.06 0.12 0.06 0.96* 0.88* 007 051 —068" | 0.99* 1
BS —0.05 0.02 0.08 093+ 003 0.16 003 0.82* 0.79* 002 030 —0.90* | 085 | 0.82** 1
Av.P 025 —0.41 0.16 013 0.06 0.08 0.06 051 032 058 021 —0.14 0.48 0.50* 0.25 1
EC —055° 0.38 0.64° —0.30 ~0.20 —013 | —020 | —0.12 026 026 —0.09 022 0.00 002 006 | 030 1

Bold values represent Pearson’s correlation (r > 0.70). * and ** indicate correlation is significant at p < 0.05 and p < 0.01, respectively (two-tailed).
CEC, cation exchange capacity; B.S., base saturation; pH, soil hydrogen concentration; T.N., total nitrogen; Av. P, available phosphorus; SOC, soil organic carbon; Ex. Ca., exchangeable calcium; Ex. K, exchangeable potassium; Ex. Mg, exchangeable magnesium; Ex.
Na, exchangeable sodium; E.C., electrical conductivity; ESP, exchangeable sodium percentage.
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Soil series Av. P Ex.Mg Ex.K CEC

(mg kg™!) (ecmol () kg™!)
Bediesi 630 202 028 1232 280 030 | 1263 933 017 88
Sutawa 640 097 0.4 679 240 L4 | s 170 008 98
erlesawgu 5.70 1.24 0.05 7.65 2.10 0.19 7.11 11.05 0.10 82
Changnalili 520 055 004 650 080 005 | 36 16.00 008 &
Damongo 660 061 006 218 020 005 | 558 400 006 %0
Murugu 570 088 013 312 140 015 | 530 933 007 84

SL, sandy loam; SCL, sandy clay loam; CL, clay loam; LS, loamy sand.
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(1) can be corrected 39-20
(2) cannot be corrected 19-0
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Soil and land Biochemical and physical processes

indicators affected

Soil depth Rooting depth; filter, buffer and transformation
capacities; pollutant and nutrient storage

Slope Erosion and loss of soil

Clay + silt Formation of clay- humus complexes and aggregation;

increases surface area of the soil and amount of plant
available water; decreases the leaching potential

Nelo Most physical, chemical and biological process: increases
water holding capacity, soil structure, aggregation filter
transformation and buffer capacity and bulk density;
represents a source of plant nutrients, source of energy
for soil organisms

pH and CEC Mobility and availability of nutrients; leaching potential;
biodiversity

SOC, soil organic carbon; CEC, cation exchange capacity.
Soil and land indicators adopted from Schicfer et al. (2016).
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Land qualities Suitability classes

S2 5%

85% 60%
Climate (c)
Annual rainfall (mm) 850-1,200 850-750 750-600 600-500 550-500 <300
Length of dry season (months) <1 1-2 2-3 3-4 - >4
Mean annual maximum temp. (cC) 24-26 26-32 32-35 35-40 o >40
Average daily minimum temp. (oC) 17-18 18-24 24-28 28-30 N =30
Mean annual temp. (oC) 24-26 26-32 32-35 35-40 - >40
Relative humidity (%) 50-80 50-42 42-36 36-32 32-30 >30
Topography (t)
Slope (%) 0-2 2-4 4-8 8-16 >16 >16

Wetness (w)

Drainage Good Moderate somewhat Poor, aeric Poor, but drainable Poor, not drainable

Soil physical properties

Structure Blocky Blocky - - Massive Massive, single grain
Coarse fragments (%) 0-3 3-15 15-35 35-55 - >55
Depth (cm) >100 75-100 50-75 30-50 20-30 <20
Fertility (f):

CEC (cmol (4 kg™") >24 24-16 <16 <16 <10 <10
BS (%) >80 80-50 50-35 35-20 <20 <20
pH (1:2.5) 6.6-6.2 62-5.8 5.8-5.5 55-52 <52 <52
TN (%) >02 0.15-0.2 0.1-0.15 <01 - -
Av.P (mgkg™") >25 >25 6-25 <6 - -
SOC (0-20 cm) (%) >15 0.8-1.2 0.6-0.8 05-0.6 <05 <05
Ex. Ca (cmol (4) kg™") 10-15 5-10 1-5 <1 - -
Ex. K (cmol (1) kg™") >02 0.1-0.2 <0.1 <01 - -
Ex. Mg (cmol (1) kg™") 2-5 1-2 <1 <1 - -
Ex. Na (cmol (4) kg™") >05 0.40-0.5 02-0.34 <02 - -
Salinity and alkalinity (n):

EC (dSm™) 0-2 2-4 4-6 6-8 8-12 >12
ESP in topsoil (%) <6 <6 6-15 16-25 >25 -

CEC, cation exchange capacity; BS, base saturation; pH, soil hydrogen concentration; TN, total nitrogen; Av. B, available phosphorus; SOC, soil organic carbon; Ex. Ca, exchangeable calciums
Ex. K, exchangeable potassium; Ex. Mg, exchangeable magnesium; Ex. Na, exchangeable sodiums EC, electrical conductivity; ESP, exchangeable sodium percentage.
Source: Modified from Sys et al. (1991).
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FAO symbol Su

Class S1 Highly suitable 75-100 Land with no significant limitation to sustain the application of an intended use, or minor limitations
that will not significantly reduce productivity and will not raise inputs above an acceptable level

Class $2 Moderately suitable 50-75 Land with limitations that are moderately severe for sustained application of a given use. Limitations
will reduce productivity or benefits to increase the required inputs to the extent that the overall
advantage to be gained from the use. Although attractive, it will be inferior to that expected from
Class S1

Class S3 Marginally suitable 25-50 Land having limitations that are severe for sustained application of a given use and will reduce
productivity or increase inputs required (expenditure)

Class N Not suitable 0-5 Land with qualities that preclude the sustained use of land under consideration

Source: Modified from Sys et al. (1991) and Hagos et al. (2022).
NB: Land with limitations that are moderately severe for sustained application for a given use. Limitations will reduce productivity or benefits to increase the overall advantage to be gained.
Although, attractive, it will be lower to that expected from Class S1.
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Soil series = Sand (%) Silt (%) Clay (%) Soil
texture

Bediesi 73.1 23.0 39 SL
Satawa 728 211 6.03 SCL
Kpelesawgu 67.5 285 4.0 SL
Changnalili 60.5 36.5 3.0 SL
Damongo 81.0 15.2 38 LS
Murugu 80.2 17.3 25 LS

SL, sandy loam; SCL, sandy clay loam; CL, clay loam; LS, loamy sand.
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Land indicators Excellent (4) Good ( Medium (2) oor (
SOC (%) >4 2-4 1-2 <1
Clay + Silt (%) >50 35-50 15-35 <15
PH (1:2.5w) - 6.5-8.0 55-6.5 <55;>8
CEC (cmol (4) kg™") - >25 10-25 <10
Soil depth (cm) - >60 30-60 <30
Slope (%) - <8 8-15 15-25

Score for each indicator is given in parenthesis.
SOC, soil organic carbon; CEC, cation exchange capacity.
Soil and land indicators adopted from Schicfer et al. (2016).
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Properties

Classification

Bediesi Sutawa Kpelesawgu Changnalili Damongo

series series series series series
Thickness (cm)
Surface 7-23 13-27 6-23 9-23 10-23 8-23
Subsurface >100 >100 <100 <100 >100 >100
Color (moist)
Surface 2.5YR3/4 7.5YR 4/4 10YR 4/2 10YR 6/3 10YR 3/3 7.5YR 4/4
Subsurface 2.5YR4/6 7.5YR 4/6 10 YR 5/6 10YR 4/2 2.5YR 4/6 S5YR5/3
Texture
Surface SL SCL SL SL LS LS
Subsurface SL/SCL SCL/CL LS/SL/CL SL/L SL/SCL SL/SCL
Structure
Surface Granular Granular Granular Crumbly Granular Granular crumbly
Subsurface Sub-angular blocky Sub-angular blocky Sub-angular blocky Sub-angular blocky Sub-angular blocky Sub-angular blocky
Parent material Sandstone Sandstone Clay shale Clay shale Sandstone Sandstone
Vegetation Forest Forest Savannah Savannah Savannah Savannah
Land use Forest Fallow Grassland Fallow Cropland (maize) Savannah woodland
'WRB/FAO Haplic Luvisol Plinthic Luvisol Dystric Plinthosol Gleyic Plinthosol Rhodic Luvisol Haplic Luvisol
classification

SL, Sandy loam; SCL, Sandy clay loam; CL, Clay loam; LS, Loamy sand.
Source: Modified from Soil Survey Staff (2014).
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Soil series  Annual rainfall Dry season Mean temp. Relative humidity (%) Slope (%) Drainage Soil depth (cm) Coarse fragment Soil texture

(mm) (months) (oC)
Bediesi >1,200 3 >265 >80 2-5 Good > 221 Nil SL
Sutawa >1,200 3 >26.5 >80 2-8 Moderate > 155 Nil SCL
Kpelesawgu >1,200 3 >26.5 >80 1-2 Moderate > 98 Nil SL
Changnalili >1,200 3 226.5 >80 1-2 Poor >74 Nil SL
Damongo >1,200 3 =265 >80 2-5 Good > 183 Nil LS
Murugu >1,200 3 >26.5 >80 4-8 Moderate > 179 Nil LS

SL, sandy loam; SCL, sandy clay loam; CL, clay loam; LS, loamy sand. Source: Modified from Sys et al. (1991).
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Soil resilience

indices (SSI)

PAI 1

PPI 0.940 (0.003)** 1

SRI 0768 (0.037)* | 0.599 (0.104)™ 1

**Correlation is significant at the 0.01 level.

*Correlation is significant at the 0.05 level.

" Correlation is not significant.

PAI, Parametric Actual Index; PPI, Parametric Potential Index; SRI, Soil Resilience Index
(SRI).
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Soil series Soil resilience indices (SRI) SRI score

Soil depth Slope Clay + Silt pH
Bediesi 4 3 2 2 2 2 15
Sutawa 4 3 2 2 1 1 13
Kpelesawgu 4 3 2 2 2 1 14
Changnalili 4 3 3 1 1 1 13
Damongo 4 3 2 3 1 1 12
Murugu 4 3 2 2 1 1 13

The soil types and with associated score of its depth estimated from WRB 2014 soil description.
SR = soil resilience and a soil with high resilience can be recommended for sustainable intensification (SI).
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