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Abstract 
The ever-increasing human population has resulted in political pressure to 
increase crop production. Currently, smallholder farmers are expected to be 
environmentally considerate, adapt to extreme climatic conditions and deal 
with financial instability. Despite these recent developments, farmers and 
their farming activities in these rural environs of developing countries need to 
improve household food and income security on a sustainable basis. A min-
imum data set selected from extensive data was used to determine indicators 
for soil sustainability assessment. This method involved expert opinion and 
statistical data reduction techniques. The results indicated that SOC, MBC, 
BS, EC, Spo and sand were the most important variables selected as MDS us-
ing PC analysis. Forest and Grassland had a high sustainability index (SI) 
while Savannah woodland, Fallow and Cropland were rated not sustainable 
(NS). For Cumulative rating using the total dataset (CR-TDS), Forest had a 
high sustainability index (HS), Savannah woodland and Grassland were sus-
tainable (S) compared to Fallow and Cropland, which were sustainable with 
high input (SWHI). Also, for cumulative rating using the minimum dataset 
(CR-MDS), Forest, Savannah woodland and Grassland had high sustainabili-
ty (SH) indices compared to Fallow and Cropland, which were considered 
sustainable with high input (SWHI). Sustainability index (SI) and Cumulative 
rating (CR) using the total dataset (CR-TDS) had a strong correlation (R2 = 
0.91, p < 0.05) compared to SI versus CR-MDS (R2 = 0.44, p < 0.05) and 
CR-TDS versus CR-MDS (R2 = 0.60, p < 0.05). These methods consider that 
these management goals dictate soil functions affecting the selection of indi-
cators. Using PCA and variance analysis, silt, clay, EC, SOC, MBC and CEC 
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relating to soil texture and fertility were identified as the most influential 
(sensitive) indicators for soil sustainability assessment. The selected soil 
attributes can serve as target indicators for soil fertility restoration, erosion 
control and management in the Nkoranza district. Therefore, a farm-level 
sustainability index for small-scale and commercial farms is proposed based 
on readily available data for the Savannah Transition Agro-ecozone of Ghana. 
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1. Introduction 

The demand for crop production is increasing globally. This trend may continue 
for decades, resulting in the expansion of agricultural lands driven by a 2.3 bil-
lion increase in world population [1] [2]. In sub-Saharan Africa (SSA), the de-
mand for food-crop production is expected to increase by 2050. This impact is 
associated with extensive land clearing and intensive use of existing croplands 
[3]. This has a local, regional and global environmental impact and implies that 
the preparation of smallholder farmlands in rural environments leads to habitat 
fragmentation, threatening biodiversity [4]. Understanding the future of crop 
production and how to increase yield with lower impacts require qualitative and 
quantitative assessments of future food demand. Therefore, the concept of sus-
tainability is increasingly influencing agricultural policy [5]. The Food and 
Agriculture Organization (FAO) defines sustainable agriculture as “development 
that meets the needs of current generations without threatening the future gen-
erations’ ability to meet their needs and aspirations” [6]. However, according to 
Frater and Franks (2013) [7], sustainable development distributes natural re-
sources spatially and temporally. 

Smallholder farmers in developing countries are expected to cultivate more 
food with limited resources without depleting the soil, which forms the founda-
tion for human survival. These small family farm owners are critical to the 
management of soil resources [8], and the environment (SDG #12, #13 and #15) 
can serve as the basis for poverty reduction (SDG #1 and #8), alleviation of hun-
ger and malnutrition (SDG #1 and #2) and a reduction in food importation to 
promote food security and sustainability of agricultural production systems. The 
management of agroecosystems sustainably mostly involves many inputs (eco-
nomic, social and environmental goals) that require increased input in sustaina-
ble management of soil resources on smallholder farms [9] [10]. Sustainability 
assessment of agricultural farms is faced with balancing optimum resource use 
and management of limited resources that can increase food production, eco-
nomic growth, and environmental benefits to farmers in their communities [11] 
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[12]. However, the long-term effect of agricultural sustainability can be meas-
ured. The measurement of long-term agricultural sustainability can result in 
economic and environmental benefits to small farm holders and can be moni-
tored and documented for informed policy decisions [13]. Bechini and Castoldi 
(2009) [14] and Abraham and Pingali (2020) [15] stressed that the management 
of small farms sustainably is the remedy to address poverty, hunger and malnu-
trition among rural populations in developing countries of sub-Saharan Africa. 

With increasing political pressure from governments to produce more food 
and be environmentally considerate in a changing world climate with extremes, 
coupled with financial instability, farming and its related activities need to be-
come more sustainable [16]. To understand, monitor and improve agricultural 
sustainability, smallholder farmers will need additional tools to illustrate the 
impact of their business decisions in the Nkoranza District of Ghana [7]. How-
ever, existing tools to monitor and evaluate agricultural production systems’ 
sustainability require the measurement of readily available variables. Most often, 
the formulation of these tools excludes farmers in their development and inter-
pretation processes. Soil quality is considered an important component of sus-
tainable agriculture [17] [18]. Most often, sustainability issues are much more 
extensive than soil quality and/or soil health assessment. There is a strong em-
phasis on maintaining the natural resource base to ensure that healthy soils are 
integral to sustainable agriculture [19]. Agricultural production systems at the 
farm level are sustainable if it conserves the natural resource of farms and satis-
fies the farm manager’s needs overtime on issues that confront a farmer’s prod-
uctivity, stability, profitability, social and cultural acceptability. 

There are several techniques to calculate the sustainability of a production 
system. For example, Ghaemi et al. (2014) [20] indicated that PCA, a multiva-
riate statistical method increases the efficiency of the cumulative rating approach 
(CRA) to sustainability assessment in an agricultural system. The authors 
stressed that PCA is a suitable method for selecting operative indicators that play 
a significant role in soil sustainability assessment. Furthermore, Gomez et al. 
(1996) [21] introduced the sustainability index (SI) approach to assess the sus-
tainability of soils in different agricultural management systems. On the other 
hand, the cumulative rating (CR) approach by Shukla et al. (2004) [22] uses crit-
ical levels which are classified into no limitation to an extreme limitation on a 
scale of 1- to 5 using a relative weighting factor (RWF) based on selected physi-
co-chemical and biological properties of soil. Some authors use both methods, 
thus sustainability index and cumulative rating approach for sustainability as-
sessment [23]. However, an agricultural production system [24] can be assessed 
by evaluating chronological changes using the sustainability index approach 
[25]. 

The objectives of this study were to: 1) assess the sustainability of the land-use 
systems identified, 2) select representative soil indicators using principal com-
ponent analysis as pre-defined soil indicators, 3) assess the sensitivity of these 
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systems, and (iv) determine the efficiency of the method adopted in sustainabil-
ity assessment on small family farms for long-term maize cultivation in the 
Nkoranza District of Ghana’s Forest Savannah Transition Agro-ecological zone. 

2. Materials and Methods 
2.1. Study Area 

The study was conducted in Nkoranza North and South Districts. Nkoranza 
(North and South) District is bound by latitude 7˚20'N & 7˚55'N, and longitude 
1˚10'W & 1˚55'W. These two districts were strategically selected for this study 
because they serve as important maize growing zone in Ghana. Also, the two 
districts (North and South) have about 80.9% and 92% of their rural households 
engaged in agriculture, respectively [26] [27]. The agricultural sector employs 
about 71 percent of the total working population [27]. Commerce, industry, and 
the service sector account for the remaining 29% [28]. According to the updated 
Koppen-Geiger Climate Classification, the study area has a tropical savanna wet 
(Aw) climatic regime [29]. Annual rainfall ranges from 1200 to 1600 mm. The 
rainfall pattern is bimodal, with an annual average of about 1350 mm. The tem-
perature in the study area is high throughout the year, with a maximum of 33 
degrees Celsius and a minimum of 20 degrees Celsius [30] [31]. Annual evapo-
transpiration is approximately 1400 mm, with actual evapotranspiration being 
approximately 1200 mm [32]. In the rainy season, relative humidity ranges from 
90% to 95% and ranges from 75% to 80% in the dry season, respectively [31] 
[33]. 

The study area is undulating with a gradient of about 0.5% to 5%. The north-
ern half is undulating and flat, with elevations ranging from 150 - 300 metres 
[34]. The Voltain Sandstone Basin covers the study area. Sedimentary rocks, 
mostly fine-grained sandstone, massive, thin-bedded, flaky, ferruginous felspathic, 
and interbedded with shale and mudstone, make up the underlying geology [35]. 
These sedimentary strata represent the Davonian or early Carboniferous epoch 
[36]. Acrisols, fluvisols, gleysols, leptosols, lixisols, luvisols, and plinthosols ac-
cording to the FAO-WRB Classification system, these soils predominate in Nko-
ranza (North and South) district (IUSS working group WRB, 2015) [37]. Distinct 
hydrological conditions along slopes have resulted in the formation of different 
soils from upland to lowland, resulting in numerous soil associations (such as 
Kpelesawgu-changnalili, Damongo-murugu, Bediase-sutawa, and Ejura-sene soil 
associations) [38]. These soils are often well-drained, deep, light-coloured, aerated, 
and organically rich in nutrients. In addition, they have a great water retention 
capacity, making it simple to grow food and cash crops. According to Asiamah 
(2008) [39], intense human activities like fuelwood harvesting, charcoal making, 
agriculture, settlement, lumbering, and annual bushfires have destroyed the nat-
ural forest. As a result, some of the original climax vegetation has survived. The 
main tree species include Afzelia Africana, Anogeissus leiocarpus, Borassus ae-
tiopum, Butyrospermum partii, Parkia clappertoniana and Lophira alata. Brand 
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and Brammer (1956) [40] described grass species as Andropogon gayanus, Im-
perata cylindrical, and Pennisetum purpureum. 

2.2. Soil Sampling 

A total of eighty (80) soil samples were collected in the Nkoranza (North and 
South) District. These soils were sampled from five (5) land-use systems. The 
soil core was sampled at two depths (0 - 20 cm & 20 - 50 cm). The soil sampling 
depth of 0 - 20 cm was used to represent the average cropland plough layer, and 
the 20 - 50 cm depth constitutes the average depth for plant nutrients and clay 
particles in an area with high rainfall. The soil sampling protocol designed by the 
World Agroforestry Centre (ICRAF) was adopted. ICRAF adopted the Land 
Degradation Surveillance Framework (LDSF) of the African Soil Information 
Service (AfSiS) sampling method to fit the smallholder farmers’ farm structure 
(ranges from 1 - 10 acres). A marked rope was used and placing the actual sam-
pling locations at the specified distance of 12.2 meters from the centre of 
sub-plot 1 in order to obtain a composite sample for the location [41] [42] 
(Figure 1). At a distance of 12.2 metres from the centre point (sub-plot 1) 
up-slope, sub-plot 2 was marked. Sub-plots 3 and 4 were offset at 120 and 240 
degrees down-slope, respectively. A marked soil auger was used at each location 
to collect soil samples in the 20 cm depth in subplots 1, 2, 3 and 4 (Figure 1). 

The reason for using this particular sampling pattern was to obtain composite 
samples representing a 1000 m2 area. A handheld GPS was used to record the 
longitudes and latitudes of each sampling site. Land use types were identified for 
each sampled site. The land-use types are shown in Table 1. An auger was used 
to collect soil samples at each location. Soil cores (5 cm diameter) were obtained 
at each inspection location to identify and describe the soil type. The Visual 
Evaluation of Soil Structure (VESS) was used to assess the physical characteris-
tics of soil structure. Soil depth, texture, drainage, and coarse fragments (gravels  

 

 
Figure 1. Illustrates soil sampling layout. Figures 1, 2, 3 and 4 indicate sampling 
sub-plots. Also, d is the distance between sub-plots centre points, and R is the sub-plot 
radius [43]. 
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Table 1. Land use types identified in the study area. 

Land use Symbol Number of sampling sites 
Mean depth  

of soil samples (cm) 

Forest Fo 6 221 

Savannah Woodland SWL 12 179 

Grassland GL 14 98 

Fallow Fa 22 155 

Cropland (maize fields) CL 26 181 

 
and stones), among other factors, were assessed on the field to classify soil types 
according to the local classification system [44]. Also, the soils were reclassified 
based on the FAO-WRB classification system [37]. The interpretation of soil da-
ta or soil quality indices requires some standard for comparison. These stan-
dards are necessary to assess whether a measured value or index is desirable and 
whether a given soil within a land-use system can be changed using sustainable 
management practices. Soils sampled from arable lands were compared with 
naturally–forested soils where the cycle and ecosystem were fundamentally dif-
ferent. 

2.3. Determination of Physico-Chemical and Biological Properties 

Standard procedures were used to determine the physico-chemical parameters of 
the sampled soils as follows: Soil moisture [45], bulk density [46], soil particle 
size distribution [47], pH in 1:2.5 soil/water suspension by pH-meter [48], soil 
organic carbon (SOC) content by the Walkley-Black combustion method [49], 
and conversions between values of organic carbon and organic matter deter-
mined using Van Bemmelen factor of 1.724 on the assumption that, on average, 
soil organic matter contains 58% of soil organic C, total nitrogen by the Kjeldahl 
method [50] and available P by the method of Olsen et al. (1954) [51]. With 1 M 
NH4OAC (pH 7.0), exchangeable bases were extracted to determine K and Na 
using a flame photometer and exchangeable Mg and Ca using an atomic absorp-
tion spectrophotometer [52]. Cation exchange capacity (CEC) was determined 
by ion extraction with ammonium acetate solution and subsequent determina-
tion of the extracted cations [53]. The ratio of basic cations in CEC was used to 
determine base saturation (BS). In addition, microbial biomass C (MBC) [54] 
was determined. 

2.4. Indicator Selection 

The authors compared expert opinion (EO) and principal component analysis, 
the two most frequently used methods for MDS selection (multivariate data re-
duction technique). Soil data from several land-use systems were used to com-
pare MDS results. Principal components are linear combinations of the variables 
that account for maximum variance in a data set. Dunteman (1989) [55] de-
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scribed these as “vectors of closest fit to the n observation in a p-dimensional 
space” subject to being orthogonal to each other. There are several documented 
strategies for selecting a subset from a large data set using PCA. The one dis-
cussed here is similar to Dunteman’s (1989) [55]. All (untransformed) data were 
subjected to a standardised PCA, revealing statistically significant variations be-
tween management systems. The assumption is that the PCs with the highest ei-
genvalues best represent system variance. As a result, only PCs with eigenvalues 
less than one [56] were considered. Furthermore, according to Wander and Bol-
lero (1999) [57], PCs that explained less than 5% of the variability in the data 
were included if the Eigenvalues were less than 1. Each variable in a PC is as-
signed a weight or factor loading. A factor loading represents the contribution of 
that variable to a PC’s composition. 

According to Wander and Bollero (1999) [57], the highest weighted factor 
loadings were defined as having absolute values within 15% of the highest factor 
loading or ≥0.40, where more than one factor was retained under a PC. A mul-
tivariate correlation co-efficient analysis was employed to determine if the varia-
ble could be considered redundant or eliminated from the MDS [9]. Also, if 
highly weighted factors correlate (>0.60), then each was considered important 
and retained in the MDS. The variable with the highest factor loading was se-
lected for the MDS from a list of well-considered variables. After selecting MDS 
indicators, correlations among PC indicators led to selecting one replacement 
indicator for an indicator pair with correlation coefficients ≥ 0.70. Also, the 
management goal variable was the dependent variable in multiple regressions 
using the EO selected and PCA-MDS techniques. The MDS functioned as the 
independent variable, whereas each management variable functioned as the de-
pendent variable [9] [58] [59]. The cumulative rating approach was made more 
efficient by using principal component analysis. It requires less soil data to assess 
a land-use system’s long-term sustainability. This statistical reduction technique 
is appropriate for identifying more effective indicators important for agriculture 
and/or soil sustainability assessment. 

2.5. Sustainability Assessment 
2.5.1. Sustainability Index (SI) Approach 
The sustainability of an agricultural production system [24] can be assessed by 
evaluating temporal changes using the sustainability index approach [25]. Based 
on this, the sustainability of soil quality values was assessed to ascertain if cur-
rent soil quality can be improved and sustained within land-use systems in the 
Nkoranza (North and South) District. Each soil indicator chosen for sustainabil-
ity assessment was given a relative weighting factor (range from 1 to 5) depend-
ing on their critical levels (Table 2). 

The use of threshold levels [21] for sustainability indicators linked to soil 
physical, chemical, and biological quality was computed. Sustainability indices 
were calculated by dividing the soil physico-chemical parameters (indicators) by  
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a Gomez et al. (1996) [21] defined threshold value. On the other hand, the thre-
shold values were divided by the actual bulk density values of the soil (Table 3). 
The importance of an indicator in enhancing the sustainability of a land-use 
system is indicated by its relative weighting factor. In the sustainability index 
approach, a value of one or more parameters indicates a positive contribution to 
an agricultural system. However, a value of less than one indicates the high sus-
tainability of an agricultural production system (Table 4). The “less is better” 
system of sustainability rating was adopted from Lal (1994) [60]. The sustaina-
bility rating of land use was based on eleven (11) soil indicators. Also, the relative 
weighting of sustainability indicators for the five land-use types was computed.  

 
Table 2. Limitation ranges with relative weighting factors (RWF). 

Ranking RWF Description 

No limitation 1 The indicator has no negative effect on the sustainability of land usage. 

Slight limitation 2 The indicator has a minor negative effect on the sustainability of land usage. 

Moderate limitation 3 The indicator has a moderate negative effect on the sustainability of land usage. 

Severe limitation 4 The indicator has a severe negative effect on the sustainability of land usage. 

Extreme limitation 5 The indicator has an extremely negative effect on the sustainability of land usage. 

Adopted from Lal, (1994) [60], Lal (2004) [25] and Adeyolanu and Ogunkunle (2016) [61]. 
 
Table 3. Threshold levels of sustainability indicators used in the sustainability index approach. 

Indicator Threshold level Threshold formulae 

Soil depth (X1) 50 cm or the community’s average of  
similar soil types, whichever is greater 

mean X1 or 50 cm, whichever is 
greater 

Organic carbon (X2) 1% or the community’s average, whichever is 
greater 

1.0 when mean X2 < 1.0, mean of X2 
otherwise 

Water stable aggregates (X3) Average of land use at the site mean X3 

Bulk density (X4) Average of land use at the site mean X4 

Available water-holding capacity (X5) Average of land use at the site mean X5 

Source: Lal (1994) [60]; Singh and Khera (2009) [23]. 
 
Table 4. Sustainability rating of land use based on less is a better approach in relation to the cumulative rating (CR) index. 

Sustainability rating Cumulative Rating (CR) Relative Weighting Factor (RWF) 

Highly sustainable (HS) <20 1.00 

Sustainable (S) 20 - 25 2.00 

Sustainable with high input (SWHI) 25 - 30 3.00 

Sustainable with another land use (SWALU) 30 - 40 4.00 

Unsustainable (US) >40 5.00 

Source: Lal (1994) [60]. 
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Finally, sustainability indices were calculated for the identified land-use systems 
(forest, savannah woodland, Grassland, fallow and cropland), and the relationship 
between soil quality and sustainability was established using regression analysis. 

2.5.2. Cumulative Rating (CR) Approach 
Critical limits were used as a reference in the cumulative rating method [60]. 
Critical levels based on limitations to crop production systems were assigned. As 
shown in Table 5 and Table 6, these critical values ranged from no constraints 
to high limitations on a scale of 1 to 5, as Shukla et al. (2004) [22] described for 
the relative weighting factor. Land use or soil property with a low limit of one 
indicated outstanding soil quality (no limitation). An upper limit of five or ex-
treme, on the other hand, indicates severe limitation or restraint. The cumulative 
rating (Table 5 and Table 6) for a production system was used to measure the 
soil sustainability of an agricultural system, which varied from very sustainable 
(CR < 20) to unsustainable (CR > 40). 

2.6. Statistical Analysis 

Descriptive statistics for soil properties in land-use types were computed. Basic 
statistics calculated include minimum, maximum, mean, standard deviation, coef-
ficient of variation, skewness and kurtosis. In addition, the Pearson correlation 

 
Table 5. Critical levels and relative weighting factors for soil physico-chemical properties used in the cumulative rating approach. 

Limitation RWF Texture BD Spo AWHC Gco SHC 

None 1 Loam <1.30 >20.00 >30.00 <10.00 >2.00 

Slight 2 SiL, Si, SiCL 1.30 - 1.40 18.00 - 20.00 20.00 - 30.00 10.00 - 20.00 0.20 - 2.00 

Moderate 3 CL, SL 1.40 - 1.50 15.00 - 18.00 8.00 - 20.00 20.00 - 40.00 0.02 - 0.020 

Severe 4 SiC, LS 1.50 - 1.60 10.00 - 15.00 2.00 - 8.00 40.00 – 60 0.002 - 0.02 

Extreme 5 C, S >1.60 <10.00 <2 >60 >0.002 

Source: Lal (1994) [60]. Abbreviation: BD, bulk density (g/cm3); Spo, soil porosity (%); Gco, gravel content (%); SHC, saturated 
hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%); RWF, Relative Weighting Factor. 
 
Table 6. Critical levels and relative weighting factors for soil physical and chemical properties used in the cumulative rating ap-
proach. 

Limitation RWF CEC SOC MBC pH EC 

None 1 <5.00 5.00 - 10.00 >25.00 6 - 7 <3 

Slight 2 5.00 - 10.00 3.00 - 5.00 20.00 - 25.00 5.80 - 6.00 & 7.00 - 7.40 3.00 - 5.00 

Moderate 3 10.00 - 15.00 1.00 - 3.00 10.00 - 20.00 5.40 - 5.80 & 7.40 - 7.80 5.00 - 7.00 

Severe 4 15.00 - 20.00 0.50 - 1.00 5.00 - 10.00 5.00 - 5.40 & 7.80 - 8.20 7.00 - 10.00 

Extreme 5 >20.00 <0.50 <5.00 <5.00 & >8.20 >10 

Source: Lal (1994) [60]. Abbreviation: SOC, soil organic carbon (%); MBC, microbial biomass carbon (mg/kg); CEC, cation ex-
change capacity (cmol(+)/kg); pH, soil pH (1:2.5); EC, electrical conductivity (dS/m); RWF, Relative Weighting Factor. 
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coefficient (two-tailed) was tabulated for soil properties to create a correlation 
matrix table. Also, descriptive and inferential analyses were conducted to com-
pare the means of selected soil properties for the MDS. Also, PCA of soil proper-
ties assisted in identifying soil properties sensitive to soil management and 
serves as an indicator of agricultural sustainability. Normality in the data set was 
determined using skewness, kurtosis and Kolmogorov Smirnov (K-S) test. Coef-
ficient of variation (CV), an important and mostly used dimensionless index, 
was used to indicate the variability within variables. 

Using Nielsen and Bouma’s (1985) [62] rating, coefficient of variation was 
classified as CV ≤ 10, 10% ≤ 100%, and CV > 100% indicated a weak, moderate 
and strong variability, respectively. Also, Pearson correlation and regression 
analysis were used to assess the relationships between soil properties and land 
use types. Analysis of variance (ANOVA) and the least significant difference 
(LSD) tests was computed to determine the significant difference between soil 
properties and land use types [63]. Although, statistically, differences were con-
sidered significant at the p < 0.05 level., soil attributes relating to soil function 
and are sensitive to change in land use were computed using analysis of va-
riance. The sensitivity of a land-use reflects in soil attribute variability among 
land-use types. The coefficient of variation and the ratio of range and mean 
(Relative Ratio) were used to determine the sensitivity of these indicators in the 
five identified land-use systems. A CV range between 0 - 10, 10 - 40, 40 - 100 
and >100 was rated as no sensitivity, low, moderate and high sensitivity, respec-
tively. Soil indicators with a high CV and RR indicate an indicator’s sensitivity to 
land-use changes [64]. All statistical analyses were performed using GenStat 
(version 12) and IBM SPSS version 20 (SPSS Inc., Chicago, USA). 

3. Results 

The sustainability of smallholder maize farms on cropland and identified 
land-use systems (Table 7) were assessed in the Nkoranza District. Linear scor-
ing of soil properties was carried out by indexing. The soils of the district were 
generally deep on the upper, middle and lower slopes. Soil depth varied from 7 
cm (Changnalili series: Gleyic Plinthosol) to 215 cm (Bediesi series: Dystric Ni-
tisol) in the study area. Also, soil texture varied from loamy sand to clay loam in 
the top and subsoil. The soils: Damongo (Rhodic Luvisol), Murugu (Haplic Lu-
visol), Bediesi (Dystric Nitisol), Sutawa (Plinthic Luvisol), and Tanoso (Dystric 
Gleysol) series were formed from sandstone, while Kpelesawgu (Dystric Plin-
thosol) and Changnalili (Gleyic Plinthosol) series were formed from shale and 
colluvium (sediments). As a result, the depth distribution of soil properties was 
irregular, and sandy layers observed in sub-surface layers enhanced the leaching 
of soil nutrients. 

3.1. Descriptive Statistics of Soil Properties (0 - 20 cm) 

Physically, clay content ranged from 7.78% to 33.24% (Table 8). Percentage clay  
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Table 7. Description of land use systems identified in the Nkoranza District. 

Land use Description 

Forest (Fo) Less disturbed land covered with tall and dense trees. This system consists of native tree species and vegetation. 

Savannah 
woodland (SWL) 

Savannah vegetation mixed with woodland and grassland ecosystem. It is characterised by trees widely spaced. 
Sufficient sunlight reaches the ground gave rise to a micro-climate that supports grasses. 

Grassland (GL) Rolling terrain with grasses. The local climate favours the growth of these grasses and, in some cases, a few 
trees. 

Fallow (Fa) Abandoned land left to recover its fertility. 

Cropland (CL) The land was cropped to maize continuously. Continuous clearing, removal of above-ground biomass (crop 
residue) and levelling of farm fields resulted in a land-use change (information from local farmers). The use of 
manure and fertiliser was low on some farms. 

Source: Tan et al. (2009) [65]. 
 
Table 8. Descriptive statistics of soil properties (0 - 20 cm) in the study area. 

Variance Min Max Mean SD Variance CV (%) Kurtosis Skewness 

Sand 40.40 84.04 64.97 13.26 175.90 20.42 −1.17 −0.45 

Silt 3.72 32.36 17.55 8.88 78.99 50.65 −1.15 0.22 

Clay 7.78 33.24 17.48 7.30 53.31 57.09 −0.63 0.56 

Spo 32.45 66.11 49.19 11.71 137.1 23.81 −1.38 0.99 

BD 0.89 1.40 1.13 0.30 0.01 11.64 −0.41 −0.01 

AWHC 13.80 33.70 21.26 5.63 31.79 26.52 −0.62 0.54 

Gco 0.00 54.74 15.48 2.23 450.00 37.19 −1.06 0.80 

SHC 0.08 0.28 0.17 0.04 0.00 25.03 0.87 0.64 

SOC 0.17 2.53 1.06 0.64 0.41 60.32 0.11 0.98 

BS 70.39 99.88 91.51 8.58 73.62 9.37 −0.06 −0.97 

CEC 2.80 18.61 6.50 4.56 20.86 70.19 1.65 1.63 

pH 3.90 7.50 5.70 1.07 1.14 18.75 −1.07 0.07 

EC 20.00 240.00 112.50 64.23 4125.00 41.76 −0.72 0.53 

MBC 3.37 209.50 77.30 7.07 4910.00 90.65 −1.13 0.58 

Abbreviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); BS, base saturation (%); MBC, microbial biomass carbon 
(mg/kg); CEC, cation exchange capacity (cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, elec-
trical conductivity (dS/m); SHC, saturated hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%), Sand 
(%); Silt (%); Clay (%). 
 

varied with forest (25.92%), cropland (19.00%), grassland (12.14%), fallow 
(15.27%) and savannah woodland (15.08%) (Table 8 and Table 9). Percentage 
sand ranged from 40.4% to 84.04%. Also, the percentage of sand followed the 
order: Grassland < Fallow < Cropland < Savannah Woodland < Forest. Thus 
Grassland, Fallow, Cropland, Savannah Woodland and Forest recorded 73.04%, 
70.14%, 68.27%, 67.69% and 45.72%, respectively. For silt (%), Forest recorded  
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Table 9. Least Significant Difference (LSD) of soil properties. 

Land use Sand Clay Silt Texture 

Forest 45.72b 25.92a 28.36a Loam 

Savannah woodland 67.69a 15.08b 17.23ab Sandy Loam 

Grassland 73.04a 12.14b 14.82b Sandy Loam 

Fallow 70.14a 15.27b 14.59b Sandy Loam 

Cropland 68.27 19.00ab 12.73b Sandy Loam 

Mean 64.97 17.48 17.55  

SD 10.96 5.31 6.25  

Significant differences (LSD) among the different land-use types (p < 0.05) are indicated by different letters. 

 
 
28.36%, followed by Savannah woodland (17.23%), Grassland (14.82%), Fallow 
(14.59%) and Cropland (12.73%). Soil porosity ranged from 32.45 to 69.11%. For 
land-use systems, it followed the order: Forest < Grassland < Fallow < Savannah 
Woodland < Cropland, respectively (Table 9). Statistically, there was a signifi-
cant difference between forest and the other land-use types for soil water holding 
capacity. Soil water holding capacity ranged from 13.80 to 33.70, and within 
land-use types, Forest recorded 29.45, followed by Cropland (21.83), Fallow 
(19.48), Savannah woodland (18.30), and Grassland (17.43). 

In comparison, soil hydraulic conductivity ranged from 0.08 to 0.28. It fol-
lowed the order in land use systems: Fallow < Forest < Savannah Woodland < 
Grassland < Cropland. Bulk density ranged from 0.89 to 1.40 g/cm3. For land-use 
systems, it followed the order: cropland < Savannah Woodland < Fallow < Grass-
land < Forest thus 1.21 g/cm3, 1.18 g/cm3, 1.15 g/cm3, 1.11 g/cm3 and 1.02 g/cm3, 
respectively. Chemically, soil pH ranged from 3.9 to 7.50, with a mean value of 
5.70 (Table 8). Soil organic carbon in the study area ranged from 0.17% to 
2.53%, with a mean organic carbon (OC) content of 1.06% at the 0 to 20 cm soil 
surface layer. Cation exchange capacity (CEC) had a mean value of 6.50 
cmol(+)/kg in surface layers (Table 10). The soils of forest had high CEC (14.10 
cmol(+)/kg), whereas soils of cropland recorded a low CEC (4.17 cmol(+)/kg). 

For CEC, there was no statistical difference in land-use types (p = 0.05). BS 
recorded range values between 70.39% and 99.88%. For land-use systems, it fol-
lowed the order: Forest < Grassland < Fallow < Cropland < Savannah Woodland 
(Table 10). Electrical conductivity within the topsoil ranged from 20 to 240. 
Within land-use, Forest, Fallow, Savannah woodland, Cropland and Grassland 
recorded 187.50, 110, 95, 92.50 and 77.50 dS/m, respectively. Biologically, mi-
crobial biomass carbon (MBC) ranged from 3.37 mg/kg to 209 mg/kg. Also, 
MBC varied significantly within land-use types. Forest, Savannah Woodland, 
Fallow, Grassland and Cropland recorded 158, 136.51, 60.73, 25.04 and 5.33 
mg/kg, respectively. Statistically, a significant difference was observed between  
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Table 10. Least significant difference (LSD) of soil properties. 

Land use 
Indicators 

Spo BD AWHC Gco SHC SOC BS CEC pH EC MBC 

Forest 61.4a 1.02a 29.45a 39.63a 0.18a 2.18a 99.00a 14.10a 6.55a 187.50a 158.00a 

Savannah 39.77b 1.18a 18.30b 0.01b 0.17a 0.84b 82.89c 4.15a 4.80b 95.00b 136.51a 

Grassland 57.05a 1.11a 17.43b 37.77a 0.16a 0.88b 95.64ab 5.76a 6.25a 77.50b 25.04b 

Fallow 51.74a 1.15a 19.48b 0.00b 0.20a 0.70b 93.53bc 4.35a 6.05ab 110.00ab 60.73b 

Cropland 36.00b 1.21a 21.83b 0.00b 0.16a 0.75b 86.49bc 4.17a 4.88b 92.50b 5.33b 

Mean 49.19 1.13 21.30 15.48 0.17 1.07 91.51 6.51 5.71 112.50 77.12 

Threshold 49.19 1.13 21.30 15.48 0.17 1.00 91.51 6.51 5.71 112.50 77.12 

SD 10.96 0.07 4.85 2.21 0.02 0.62 6.65 4.30 0.81 43.48 67.46 

Abbreviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); BS, base saturation (%); MBC, microbial biomass carbon 
(mg/kg); CEC, cation exchange capacity (cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, elec-
trical conductivity (dS/m); SHC, saturated hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%), Sand 
(%); Silt (%); Clay (%). Significant differences (LSD) among the different land use types (p < 0.05) are indicated by different let-
ters. 
 

Forest and the other land-use types for SOC, BS, pH, EC and MBC (Table 9 and 
Table 10). Also, among the eleven (11) soil indicators, silt, clay, SOC, CEC, EC 
and MBC had a moderate CV. However, sand, Spo, BD, AWHC, Gco, SHC, BS 
and pH had a low CV. From the above, silt, clay, SOC, CEC, EC and MBC were 
selected as indicators with high sensitivity to soil management. 

3.2. Principal Component Analysis (PCA) of Soil Properties 

The multivariate correlation matrix of soil properties for the 0 to 20 cm depth 
revealed several and similar sets of relationships. However, data on the 0 - 20 cm 
soil depth were presented in Table 11. The results obtained from the PCA re-
vealed five (5) principal components from eleven (11) normalised soil proper-
ties. Also, a varimax rotation performed on the four (4) components explained 
98.53% of the total variance for the 0 - 20 cm soil depths. This explained 98.53% 
of the variability in the dataset with eigenvalues greater than one (1) for PC 1, 
PC 2, PC 3 and PC 4 (Table 11). Also, PCA assisted in identifying soil variables 
from each principal component (PC) considered for the minimum dataset 
(MDS). The first PC explained 72.71% of the variance. The soil parameters with 
high positive loadings for PC1 are MBC (0.72) and EC (0.65). Correlation analy-
sis between these parameters showed a significant positive correlation (0.72) 
between MBC and EC (Table 12). Furthermore, MBC and EC had high com-
munality estimate values of 1.00 and 0.99, respectively. This implies that PC 1 
best explains the relationship between MBC and EC. Soil MBC relates closely to 
some soil biological properties and processes. 

For example, a common relationship between SOC or C inputs reflects the  
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Table 11. Principal components, eigenvalues and component matrix variables. 

Principal components PC 1 PC 2 PC 3 PC 4 Communalities 

Eigen values 7.03 2.19 1.98 1.4  

Variance (%) 72.71 19.37 4.81 1.64  

CV (%) 72.71 92.08 96.89 98.53  

Factor loadings (Rotated component matrix) 

Clay 0.05 0.04 0.02 0.31 0.10 

SOC 0.06 0.80 0.10 0.01 0.72 

Sand −0.10 −0.01 −0.16 −0.74 0.58 

Silt 0.05 −0.02 0.14 0.42 0.20 

Spo 0.05 0.08 0.63 −0.14 0.51 

AWHC 0.04 0.03 0.05 0.31 0.10 

BD 0.00 0.00 0.00 0.00 0.00 

BS 0.03 0.06 0.88 0.11 0.83 

MBC 0.74 −0.66 0.01 −0.08 1.00 

CEC 0.04 0.03 0.08 0.04 0.01 

EC 0.65 0.73 −0.18 −0.07 0.99 

Gco 0.07 0.11 0.20 −0.21 0.05 

pH 0.00 0.01 0.02 0.01 0.00 

SHC 0.00 0.00 0.00 0.00 0.00 

Boldface factor loadings considered highly weighted were retained in the MDS [66]. Ab-
breviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); BS, base saturation 
(%); MBC, microbial biomass carbon (mg/kg); CEC, cation exchange capacity 
(cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, elec-
trical conductivity (dS/m); SHC, saturated hydraulic conductivity (cm/hr); AWHC, 
available water holding capacity (%), Sand (%); Silt (%); Clay (%). 

 
importance of substrate availability and input into the soil medium. These se-
lected variables (MBC and EC) explain the microbial biomass management 
component of the soil. Hence, PC 1 could be referred to as the MBC factor. For 
PC 2, it explained 19.37% of the variance with positive loadings on SOC (0.80) 
and EC (0.73), and a negative loading on MBC was observed for PC 2. Also, 
MBC partly belongs to PC 2 with a negative loading of −0.66 (Table 12). There-
fore, the loadings of SOC, MBC and EC on this PC indicated EC’s influence on 
SOC. However, MBC and EC had a common variance because their concentra-
tion in the soil was influenced by the amount of SOC which plays a crucial role 
in improving soil nutrients. The elements loaded in PC 2 help explain soil fertil-
ity and soil-plant nutrient cycling and management. Therefore, these selected 
variables explain the fertility component, and PC 2 could be termed the SOC 
factor. 
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Correlation analysis indicated a significant positive correlation (0.64) between 
SOC and EC. Also, PC 3 and PC 4 explained 4.81% and 1.64% of the variability 
in the dataset. For PC 3, BS (0.88) and Spo (0.63) were highly weighted, and 
correlation analysis between BS and Spo revealed a significant positive correla-
tion (0.80). Communality estimates (CE) showed that this PC explained 83% of 
the variability in BS and more than 50% in Spo. Sand (−0.74) had a highly sig-
nificant negative loading on PC4 (Table 11). The CE indicated that PC 4 ex-
plained 58% of the variability in sand. Sand plays an important role in influen-
cing soil physical properties such as clay and silt, and these possess the capacity 
to store and release soil nutrients to plants. Also, sand influences water move-
ment in the soil medium and could be termed the soil textural factor. From Ta-
ble 11, the negative loadings on sand imply that soils with high sand content 
generally have low SOM content. These selected variables were retained in the 
MDS because they were the highly weighted parameters. 

3.3. Correlation Analysis 

Pearson correction values > 0.60 between physicochemical and biological prop-
erties indicate that most of the indicators positively correlated with each other 
(Table 12). Soil organic carbon (OC) positively correlated with CEC (0.87) and 
EC (0.64). Silt correlated positively with AWHC (0.62), and AWHC correlated 
with clay (0.91). Also, BS positively correlates with pH (0.90). There was a sig-
nificant positive correlation between CEC and SOC (0.87) and AWHC (0.65). 
Also, gravel content (Gco) correlated positively with Spo (0.64) and CEC (0.61). 
Also, pH had a high positive correlation between Spo (0.86) and BS (0.90). Bio-
logical and physicochemical indicators (SOC, AWHC, Silt, Gco, Spo, CEC, EC, 
BS and pH) showed positive correlation coefficients between 0.60 and 0.91, in-
dicating that physicochemical processes tend to function simultaneously. How-
ever, these indicators may function differently, as expressed in the correlation 
table (Table 12). The trends are quite broad and high, with correlation coeffi-
cients between 0.14 and 0.91. 

3.4. Sustainability Index Approach (SI) 

Soil physical, chemical and biological properties used for sustainability indexing 
are given in Table 9 and Table 10. The assessment was carried out for the 0- to 
20 cm soil depth. Among land use types, SOC, AWHC, Spo, CEC, EC and MBC 
had the highest values under forest land use. Table 13 shows sustainability in-
dices calculated from soil indicators for the five (5) identified land use types. All 
the physico-chemical indices under forest had values above the sustainability 
rating threshold (refer to Table 3). For savannah woodland, indices recorded 
were below the sustainability line except for BD and MBC. For cropland (maize 
fields), only BD and AWHC were above the sustainability threshold (SI > 1). For 
sustainability rating, Spo, BS and pH values were very high under all land use 
types. From Table 13, Forest and Grassland were sustainable (S) because these  
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Table 12. Pearson product correlations between soil properties of the study site. 

Soil attributes Clay SOC Sand Silt Spo AWHC BD BS MBC CEC EC Gco pH SHC 

Clay −              

SOC 0.55 −             

Sand −0.78 −0.70 −            

Silt 0.34 0.60 −0.86 −           

Spo 0.18 0.46 −0.30 0.30 −          

AWHC 0.91 0.67 −0.92 0.62 0.29 −         

BD −0.17 −0.44 0.39 −0.44 −0.48 −0.31 −        

BS 0.29 0.37 −0.45 0.44 0.80 0.38 −0.36 −       

MBC 0.40 0.60 −0.56 0.51 0.22 0.38 −0.30 0.18 −      

CEC 0.55 0.87 −0.68 0.55 0.58 0.65 −0.54 0.58 0.57 −     

EC 0.56 0.64 −0.56 0.37 0.44 0.56 −0.66 0.41 0.72 0.78 −    

Gco 0.20 0.59 −0.34 0.34 0.64 0.32 −0.37 0.49 0.16 0.61 0.30 −   

pH 0.16 0.31 −0.35 0.39 0.86 0.31 −0.43 0.90 0.14 0.53 0.41 0.43 −  

SHC −0.01 0.15 −0.18 0.27 0.33 0.09 −0.52 0.29 0.17 0.28 0.55 −0.08 0.40 − 

Boldface factor loadings considered highly weighted were retained in the MDS [66]. Abbreviation: SOC, soil organic carbon (%); 
BD, bulk density (g/cm3); BS, base saturation (%); MBC, microbial biomass carbon (mg/kg); CEC, cation exchange capacity 
(cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, electrical conductivity (dS/m); SHC, satu-
rated hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%), Sand (%); Silt (%); Clay (%). 
 
Table 13. Sustainability indices (sustainability index approach) for the five land-use systems. 

Land use 
Indices Mean 

SR (as 
explained 

in Table 3) 

Spo BD AWHC Gco SHC SOC BS CEC pH EC MBC   

Forest 1.25 0.90 1.38 2.56 1.03 2.04 1.08 2.17 1.15 1.67 2.05 1.57 1.57 

Savannah 
Woodland 

0.81 1.04 0.86 0.00 0.98 0.79 0.91 0.64 0.84 0.84 1.77 0.86 NS 

Grassland 1.16 0.98 0.82 2.44 0.92 0.82 1.05 0.89 1.10 0.69 0.32 1.02 1.02 

Fallow 1.05 1.01 0.91 0.00 1.15 0.65 1.02 0.67 1.06 0.98 0.79 0.85 NS 

Cropland 0.73 1.07 1.02 0.00 0.92 0.70 0.95 0.64 0.86 0.82 0.07 0.71 NS 

Abbreviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); BS, base saturation (%); MBC, microbial biomass carbon 
(mg/kg); CEC, cation exchange capacity (cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, elec-
trical conductivity (dS/m); SHC, saturated hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%); SR (Sus-
tainability Rating). 
 

land use systems had a sustainability rating above the threshold. However, Sa-
vannah woodland, Fallow and Cropland were not sustainable (NS) because these 
land use types had low sustainability index ratings (SI < 1). All arithmetic means 
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computed for soil sustainability indicators are illustrated in Table 13. 

3.5. Cumulative Rating Approach (CR) 

Cumulative rating (CR) of soil properties for the five land use systems were 
computed using the total dataset (TDS) and the minimum dataset (MDS) con-
cept. The relative weighting factor (RWF) of sustainability indicators for the five 
land use types and soil properties were computed for the study area. Spo, BD, EC 
and MBC had a high relative weighting factor (CR-TDS) of 1.00 for all land use 
systems. Cumulative rating using total dataset (CR-TDS) rating index of 19 was 
recorded for the forest (Table 14). This means the system is highly sustainable 
(HS). Savannah woodland and Grassland were sustainable and had a cumulative 
rating index of 24. Cropland and Fallow land-use systems had sustainability in-
dices of 25 and 28, respectively. Both systems obtained a relative weighting fac-
tor (RWF) of 3.00, indicating that cropland and fallow are sustainable with high 
input (SWHI). For the 0- to 20 cm soil depth, the CR-MDS for all land uses was 
sustainable with a sustainability index of 24 and a relative weighting factor of 2, 
respectively (Table 14 and Table 15). 

Using the cumulative rating-minimum dataset approach (CR-MDS), the for-
est had a high critical rating for all land uses. For CR-MDS, forest, savannah 
woodland and Grassland had high sustainability (HS) index of 10, 11 and 13 
with an RWF of 1.00. This means that these three land use systems are highly 
sustainable (HS). On the other hand, cropland and fallow land use type had a 
CR-MDS of 25 and 26. This implies that these two land use systems are sustain-
able with high input (SWHI). However, the sustainability index (CR-MDS) for 
the 0 to 20 cm soil depth was 23.00. This infers that the entire soil resources of 
the district are sustainable using the CR-MDS concept. From Figure 2, soil 

 
Table 14. Soil physicochemical properties and their relative weighting factors in parentheses [Cumulative Rating Approach (MDS)]. 

Land use Spo Text. AWHC Gco BS EC MBC CR Mean 
SR (see Table 5 

and Table 6) 

Forest 
61.40 

(1) 
L 

(1) 
29.45 

(2) 
39.63 

(3) 
99.00 

(1) 
187.00 

(1) 
158.00 

(1) 
10 1.17 HS 

Savannah 
Woodland 

39.77 
(1) 

SL 
(3) 

18.13 
(3) 

0.01 
(1) 

82.89 
(1) 

95.00 
(1) 

136.00 
(1) 

11 1.67 HS 

Grassland 
57.05 

(1) 
SL 
(3) 

17.43 
(3) 

37.77 
(3) 

95.64 
(1) 

77.50 
(1) 

25.04 
(1) 

13 1.67 HS 

Fallow 
51.74 

(1) 
SL 
(3) 

19.48 
(3) 

0.01 
(1) 

93.53 
(1) 

110 
(1) 

60.73 
(1) 

25 1.67 SWHI 

Cropland 
36.00 

(1) 
SL 
(3) 

21.83 
(2) 

0.01 
(1) 

86.49 
(1) 

92.50 
(2) 

5.33 
(4) 

26 2.00 SWHI 

Abbreviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); MBC, microbial biomass carbon (mg/kg); Spo, soil porosity 
(%); Gco, gravel content (%); EC, electrical conductivity (dS/m); AWHC, available water holding capacity (%); CR, cumulative 
rating; SR, sustainability rating. 

https://doi.org/10.4236/as.2021.1211076


J. K. Awoonor et al. 
 

 

DOI: 10.4236/as.2021.1211076 1202 Agricultural Sciences 

 

Table 15. Soil physicochemical properties and their relative weighting factors in parentheses [Cumulative Rating Approach 
(TDS)]. 

Land 
Use 

Spo BD Texture AWHC Gco SHC SOC BS CEC pH EC MBC CR 

SR (as 
explained in 
Table 5 and 

Table 6) 

Forest 61.40 (1) 
1.02 
(1) 

L 
(1) 

29.45 
(2) 

39.63 
(3) 

0.18 
(3) 

2.18 
(3) 

99.00 
(1) 

14.10 
(1) 

6.55 
(1) 

187.50 
(1) 

158.00 
(1) 

19 HS 

Savannah 
Woodland 

39.77 (1) 
1.18 
(1) 

SL 
(3) 

18.13 
(3) 

0.01 
(1) 

0.17 
(3) 

0.84 
(4) 

82.89 
(1) 

4.15 
(4) 

4.80 
(1) 

95.00 
(1) 

136.51 
(1) 

24 S 

Grassland 57.05 (1) 
1.11 
(1) 

SL 
(3) 

17.43 
(3) 

37.77 
(3) 

0.16 
(3) 

0.88 
(3) 

95.64 
(1) 

5.76 
(2) 

6.25 
(2) 

77.50 
(1) 

25.04 
(1) 

24 S 

Fallow 51.74 (1) 
1.15 
(1) 

SL 
(3) 

19.48 
(3) 

0.01 
(1) 

0.20 
(2) 

0.70 
(4) 

93.53 
(1) 

4.35 
(4) 

6.05 
(3) 

110.00 
(1) 

60.73 
(1) 

25 SWHI 

Cropland 36.00 (1) 
1.21 
9(1) 

SL 
(3) 

21.83 
(2) 

0.01 
(1) 

0.16 
(3) 

0.75 
(4) 

86.49 
(1) 

4.17 
(4) 

4.88 
(3) 

92.50 
(1) 

5.33 
(4) 

28 SWHI 

Abbreviation: SOC, soil organic carbon (%); BD, bulk density (g/cm3); BS, base saturation (%); MBC, microbial biomass carbon 
(mg/kg); CEC, cation exchange capacity (cmol(+)/kg); pH, soil pH (1:2.5); Spo, soil porosity (%); Gco, gravel content (%); EC, elec-
trical conductivity (dS/m); SHC, saturated hydraulic conductivity (cm/hr); AWHC, available water holding capacity (%), CR, cu-
mulative rating. 
 

 
Figure 2. Relationship between (a) Sustainability index (SI) and Cumulative rating (CR-TDS), (b) Sustainability index (SI) and 
Cumulative index (CR-MDS), and (c) Cumulative rating (CR-TDS) and Cumulative rating (CR-MDS) of land use types. 
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sustainability index (SI) and cumulative rating (CR-MDS) were strongly corre-
lated (r = 0.60, p < 0.05). This indicates that as sustainability index increases, soil 
quality or health improves. Also, SI and CR-TDS had a high correlation (r = 
0.91, p < 0.05), and this means that as cumulative rating increases, soil quality 
deteriorates. 

4. Discussion 
4.1. Expert Opinion (EO) 

The selected soil quality indicators were based on available data and literature on 
soil resources of the Nkoranza District. Also, environmental factors (tempera-
ture and rainfall) with associated pedogenic processes, according to Mueller et 
al. (2010) [67], modified soil properties over the years. Expert opinion assisted in 
selecting soil variables as indicators for assessing soil quality and/or health. 
Evaluation of soil structure through visual examination procedures assisted in 
acquiring information on soil features and functions related to soil morphologi-
cal characteristics [68] identified in the study area. Visual Soil Assessment (VSA) 
and/or Visual Evaluation of Soil Structure (VESS) methods gave a reliable rating 
based on visual diagnostic criteria [69]. Moncada et al. (2014) [69] and Vasu et 
al. (2016) [70] stressed that selected indicators should genuinely reflect the com-
plexity and functions of soil resources for food-crop production systems. For 
example, clay, a soil variable, influences soil management and productivity. A 
soil with an adequate amount of clay (15% - 20%) and silt was selected as the 
most productive soil, while soils with clay content > 35% did pose problems re-
lated to management (drainage and aeration). Soil hydraulic conductivity and 
available water holding capacity were important indicators because they control 
soil moisture distribution and availability of water to crops. Soil organic carbon 
was retained because it serves as an essential soil quality indicator. Also, SOC 
plays a major role in smallholder rainfed agricultural systems of the tropics [71]. 
Again, it influences soil nutrient supply, moisture retention, and stability of soil 
physical properties such as soil texture [72]. Cation exchange capacity was con-
sidered an indicator because it influences nutrient supply capacity, and this de-
pends on the quantity and quality of clay, organic matter and soil pH [70] [73] 
[74] [75] [76] [77]. The selected soil parameters were given weightage. This as-
sisted in the calculation of weightage for SI, CR-TDS and CR-MDS. The weigh-
tage factors/scoring method developed by Lal (1994) [60], Singh and Khera 
(2009) [23] were used to assign weightage (Table 5 and Table 6). 

4.2. Selection of a Minimum Dataset (MDS) for Soil Sustainability 
Assessment 

The PCA, a multivariate statistical approach, was used to select soil quality indi-
cators from a large dataset. However, under all five principal components (PCs), 
only variables with the highest factor loading were retained as indicators of soil 
sustainability assessment. If more than one variable is retained under a PC, mul-
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tivariate analysis and/or correlation is performed to determine which variables 
could be considered redundant and subsequently eliminated from the data set. 
However, if factors are highly loaded yet not correlated, each was considered 
important and included in the MDS. Also, MBC, EC, Spo, BS, Gco, Clay, Sand, 
Silt, and AWHC had high factor loadings. These variables significantly corre-
lated statistically and were retained for the MDS. Overall, these variables were 
retained as MDS and used for soil sustainability assessment in the Nkoranza dis-
trict. This is consistent with several studies that used soil properties such as pH, 
SOC, BS, MBC, Spo and soil particle-size distribution (sand, silt and clay con-
tent) to assess soil sustainability [20] [78] [79]. According to Yao et al. (2013) 
[80], most of these indicators highly correlate with crop (maize) yield and posi-
tively influence soil quality. Ghaemi et al. (2014) [20] stressed that these indica-
tors could be used as decision support tools for soil management practices. Fur-
thermore, the selected indicators can serve as an indirect measure of soil func-
tion. It can be used to assess soil quality and its change with time for a short 
and/or long-term period [81]. This can adequately account for soil property dy-
namics in the 0 to 20 cm soil depth for sustainable maize-crop production in 
smallholder farming systems in the Nkoranza (North and South) District. Most 
studies [70] [78] [82] [83] indicated that the upper layer (0 - 20 cm) accounts for 
anthropogenic activities and other natural factors that go on in the soil medium. 

4.3. Sustainability Assessment (Sustainability Index and  
Cumulative Rating Approach) 

There are several ways to determine the sustainability of an agricultural produc-
tion system. For example, Ghaemi et al. (2014) [20] indicated that PCA in-
creased the efficiency of the cumulative rating approach (CRA) to sustainability 
assessment in an agricultural production system. Also, Gomez et al. (1996) [21] 
introduced the sustainability index (SI) approach to assess the sustainability of 
soils in different agricultural management systems. The cumulative rating (CR) 
approach by Shukla et al. (2004) [22] uses critical levels, which are classified into 
no limitation to an extreme limitation on a scale of 1 - 5 using a relative weight-
ing factor (RWF) based on selected physical, chemical and biological properties 
of soil. Some authors use both methods, thus sustainability index and cumulative 
rating approach for sustainability assessment [23]. However, an agricultural 
production system [24] can be assessed by evaluating temporal changes using 
the sustainability index approach [25]. The above discussion showed a strong 
correlation (R2 = 0.91, p = 0.05) between sustainability (SI) and the cumulative 
rating (CR) approach (Figure 2). 

However, CR-TDS and CR-MDS indicated a moderate positive correlation (R2 
= 0.60, p = 0.05). Therefore, a low cumulative rating means the system is func-
tioning at a high level of sustainability. Also, cumulative ratings using total data 
set (CR-TDS) for soil sustainability assessment were observed following the or-
der: Forest < Grassland = Savannah woodland < Fallow < Cropland (Table 14). 
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For CR-MDS, it was in the order: Forest < Savannah woodland < Grassland < 
Fallow < Cropland. Sustainability indices for the five land-use systems followed 
the order: Forest < Grassland < Savannah woodland < Fallow < cropland (Table 
15). However, sustainability index for the 0 - 20 cm soil depth was low (SI < 1), 
which implies that the entire soil resources of the Nkoranza (north and south) 
district is functioning at a moderate capacity, thus sustainable with high input 
(SWHI) for cropland and fallow land-use systems. 

A strong relationship (R2 = 0.91, p < 0.05) observed between SI and CR-TDS 
proved that these two methods were efficient in the determination of soil quality 
(Figure 2(a)). Similarly, SI versus CR-TDS and SI versus CR-MDS methods 
were negatively correlated as expected (see Figure 2). Ghaemi et al. (2014) [20] 
and Emami et al. (2012) [84] reported a high negative correlation between SI 
and CR-TDS. According to Singh and Khera (2009) [23], a high SI indicates an 
improvement in soil quality, and a higher CR indicates low soil quality. In our 
study, the SI approach was preferred to CR-TDS since fewer indicators were 
used. This affirmed that PCA is an effective data reduction tool [22] [85] and it 
increased the efficiency of CR in soil sustainability assessment [20] [86]. Fur-
thermore, the differences between CR-TDS and CR-MDS and the high correla-
tion between CR and soil indicators used as MDS proved that SOC, MBC, BS, 
EC, Spo, and sand were the most important soil variables for soil sustainability 
assessment in the study area. 

4.4. Soil Sustainability Index as an Indicator of Agricultural  
Sustainability 

Soil sustainability assessment is an intermediary for conservation agricultural 
management practices [87] and sustainable agriculture. According to Acton and 
Gregorich (1995) [88], these practices play a key role in achieving sustainable 
development goals related to agriculture and the environment. However, assess-
ing soil quality and/or health and the direction of change with time is the pri-
mary indicator of sustainable land management [89] [90]. The quality of the soil 
determines its agricultural sustainability [88], environmental quality [91], as well 
as plant, animal, and human health. For example, the SOC level in cropland was 
low, and this depends on the rate of nutrient input compared to soil nutrient 
loss. Agricultural intensification without manuring or use of mineral fertiliser 
decreases SOC. This destabilises the soil and exposes it to degradation agents, 
rendering Fallow and Cropland sustainable with high input (SWHI). 

Several research findings stress the importance of SOC as an indicator of soil 
quality [9] [13] [20] [21] [22] [23] [24] [89]. The sustainability index rating for 
soil quality indicators indicated that Forest and Grassland functioned above the 
threshold compared to Savannah woodland, Fallow and Cropland, with a low 
sustainability index rating of less than 1 (SI < 1). Thus, soil scientists contribute 
significantly to sustainable land management. This can be achieved through the 
translation of scientific knowledge and information on soil function into prac-
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tical tools. These approaches can assist land managers during sustainability as-
sessment of their management practices [92] [93] [94]. The interconnection 
(high correlation values) between physico-chemical indicators can be explained 
through chelation with the possible effect of outliers [95]. This process plays an 
essential role in soil quality and/or health restoration. Magdoff and van Es 
(2009) [96] found that this process enhances the availability of soil nutrients to 
plants and its uptake through plant roots hence the acceleration of nutrient 
transfer. This could result in accelerated growth hence, an increase in yield [97]. 

From the above, most soil attributes were positively and negatively correlated, 
showing similar spatial distribution patterns. The correlation among these soil 
properties indicated that PC analysis summarised major variability sources in 
the data set. Soil quality assessment is important because it assists in identifying 
challenges associated with production functions, estimation of a food produc-
tion system, and sustainability assessment of agricultural management systems. 
These can assist policymakers (government agencies) in formulating and eva-
luating agricultural production systems [98]. Using simple indicators that have 
meaning to farmers and other land managers will likely be the most fruitful 
means to link science and policy with practice in assessing agricultural land use 
management systems sustainably [99] on smallholder farms. There are several 
criteria to consider when selecting indicators. In general, appropriate indicators 
should be: easy to assess, measure changes in soil function, for example, at the 
plot (smallholder farm) and landscape level, to make management decisions ac-
cessible to farmers. 

4.5. Sensitivity Analysis 

Variability in soil attributes depended on the soil sampling time, prevailing land 
use, topography, slope and climate. Also, selected indicators (SOC, MBC, CEC, 
EC, Silt and Clay) sensitive to variation in this agro-ecological zone were used to 
represent the physical, chemical and biological properties of soil, assessed by qu-
alitative (using the cumulative variance rating) and/or quantitative approach 
[100]. Silt and clay relate to soil texture (soil aggregate and structure), while EC, 
SOC, MBC and CEC are associated with soil fertility. Soil texture (silt and clay) 
exhibited a moderate sensitivity due to the intrinsic (inherent) soil property as-
sociated with the parent material rather than prevailing environmental condi-
tions. This indicates the long-term effect of land-use change by smallholders as 
indicated by a moderate sensitivity coefficient of variation (CV) (Table 8). Using 
the PCA and variance analysis results, SOC, MBC and CEC relating to the fertil-
ity component were identified as the most influential (sensitive) indicators to 
soil sustainability assessment. The selected indicators can be used to assess and 
monitor soil sustainability due to land-use change due to soil mismanagement 
by smallholders in the humid Savanna zone of Ghana. In a similar research us-
ing soil quality indicators, Xu et al. (2006) [64] identified SOM, Av. P, urease 
and hydraulic conductivity as the most sensitive indicators to land-use change 
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using PCA and variance analysis. In most scientific literature, Doran and Parkin 
(1994) [101] indicated that any basic soil quality indicator should reflect a crite-
rion relevant to the existing soil database. 

5. Conclusion 

In conclusion, SOC, MBC, BS, EC, Spo and sand were the most important va-
riables selected as MDS using PC analysis. Also, CR-TDS and CR-MDS proved 
useful compared to SI versus CR-TDS and SI versus CR-MDS. Forest and 
Grassland had high sustainability (HS) index while Savannah woodland, Fallow 
and Cropland were not sustainable (NS). For CR-TDS, Forest had a high sustai-
nability index, Savannah woodland and Grassland were sustainable (S) com-
pared to Fallow and Cropland, which were sustainable with high input (SWHI). 
Also, CR-MDS rating for Forest, Savannah woodland, and Grassland had high 
sustainability (SH) indices compared to Fallow and Cropland, rated as sustaina-
ble with high input (SWHI). Data analysis indicated that indicators could be 
used to assess the sensitivity of sustainability processes and changes relating to 
soil management in farmers’ fields. The use of indicators for SI assessment and 
the adoption of new strategies for sustainable land management are linked to the 
development of management systems that maintain acceptable productivity le-
vels on the soil landscape. Therefore, the results of this study can be used in the 
formulation of strategies that conserve soil resources in the Savannah Transition 
agro-eco zone of Ghana. 
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