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Abstract

:

In South Africa (SA), smallholder farmers contribute significantly to food production and play an essential role in the nation’s food and nutritional security. However, there is a lack of basic understanding of the spatial variability of soil nutrients and their controlling factors in these smallholdings, which subsequently hinders their agricultural production. In this work, we assessed the spatial variability and structure of key soil nutrients required by banana fruit, identified their factors of control, and delineated management zones in a smallholder farm. We used a regular grid (50 m × 50 m) to collect a total of 27 composite samples from the 0–30 cm depth interval and analysed for soil physicochemical properties. Our classical statistics results indicated that phosphorus (P), potassium (K), calcium (Ca) and zinc (Zn) varied highly, while magnesium (Mg) and total nitrogen (TN) varied moderately across the plantation. On the other hand, geostatistics revealed that P and K were strongly spatially dependent (implying a good structure), while Mg and Zn were moderately spatially dependent (indicating a moderate structure) across the banana plantation. Soil Ca and TN contents were found to be weakly spatially dependent (meaning there was no structure) across the farm. The spatial prediction maps showed that P, Mg and Zn contents were high in the northeast part (underlain by Valsrivier) and low in the northwest part (underlain by Westleigh) of the banana plantation farm. Similarly, K and Ca were low in the northwest part (underlain by Westleigh), but they were high in the south to southwest portion (underlain by Glenrosa) of the farm. Soil TN was high in the west part (underlain by Westleigh) and low in the east-northeast part (underlain by Valsrivier) across the plantation. Three management zones (MZs) were delineated for soil P, K and Ca, while for other nutrients (Mg, Zn and TN), two MZs were delineated. The results of this study provide baseline information for site-specific management of fertilisers to supplement soil nutrients in the field to improve banana productivity.
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1. Introduction


Soil is an essential component of agroecosystems because it influences the quantity and quality of agricultural products [1,2]. Consequently, soils contribute to food and nutrition security [3,4]. In South Africa (SA), smallholder farmers contribute significantly to food production and play an essential role in the nation’s food and nutrition security [5]. However, soil quality on smallholder farms in SA is progressively declining due to inappropriate land use and mismanagement of agricultural inputs [6]. This is mainly caused by a lack of knowledge of their soils, which results in smallholders adopting unsuitable practices that do not match the soil conditions of their land parcels [7]. Another major hindrance to agricultural production is that farmers lack a basic understanding of the spatial variation of soil properties in their fields [8]. As a result, farmers tend to uniformly apply agricultural inputs throughout the field as if the land is homogeneous [9], ultimately resulting in certain portions of the field being undertreated or overtreated with fertiliser inputs. The inefficient application of fertilisers result in crops not receiving adequate nutrients to meet their potential growth [10]. While excessive application of fertilisers may cause soil acidification and lead to accumulation of salts, over time these soil processes lead to the degradation of the fertility status of the soil and subsequently a decline in crop yields [11].



Soil spatial variability is present in agricultural systems even with presumably homogeneous management and vegetation cover [12,13]. It is introduced by intrinsic and extrinsic factors. Intrinsic factors are those that act in the absence of soil management, and these may coincide with pedological factors of soil formation [14]. Pedological factors of soil formation differ in various places across the landscape and consequently lead to different soils and associated intrinsic properties. For instance, soils formed from granite (parent material from which soils develop) are often sandy and infertile, whereas those derived from basalt parent material under moist conditions weather to form fertile black soil [15]. Every soil has a unique combination of microbial activity, which influences mineral transformation [16]. Nitrogen-fixing bacteria can fix atmospheric nitrogen in the soil, while some fungi are also efficient at extracting deep soil P subsequently increasing the P level of the soil at surface layers [17]. In terms of climate, high temperature and precipitation yield intense chemical weathering and strong leaching of solutes. As a result, primary minerals such as feldspars and micas are dissolved or transformed, leading to the loss of basic nutrient elements (Ca, Mg, K, Na) [15]. Topography is another soil forming factor that changes the way the soil is formed. For instance, soils formed on a steep slope gradient are normally shallower with fewer nutrients (caused by water erosion of finer particles), while soils on flat planes are deep with well-differentiated horizons and high nutrient status [17]. Extrinsic factors are associated with land management practices. In agricultural systems, humans contribute to soil spatial variability through the cultivation of different crops which add varied litter inputs to the soil. Fertilisation leads to varied nutrient content across the field, which affects the nutrient status of the soils [16].



An important precondition for managing soil and crops in agricultural fields includes the assessment of the spatial variability of soils and their properties [18]. A proper understanding of the spatial variability of soils and their properties is key to site-specific soil management for sustainable crop production as it allows for the variable-rate application of inputs (fertilisers, liming, and irrigation) [19]. The quantitative information on the spatial heterogeneity of soil nutrients is a precondition for present-day soil management decisions targeting the sustainable use of soil resources (e.g., site-specific management of plant nutrients), land use planning and environment modelling [20,21].



In recent years, classical statistics coupled with geostatistics have been used to analyse soil nutrient distributions in cropland ecosystems, and these tools are used for better understanding nutrient dynamics in the field [18,22,23,24,25]. Classical statistics help to understand the overall variability for the exploratory analysis of data [26]. In classical statistics, the soil is divided into discrete classes (i.e., strata) such as landscape position, which are sampled to give estimates of mean values and variance [27]. Geostatistical methods are used to quantify the spatial structure based on the spatial scale of the study area, the distance between sampling points, and spatial patterns of modelled semivariograms [28]. In geostatistics, the soil is seen as a suite of continuous variables that describe the continuity in terms of spatial dependence [27]. Classical and geostatistical techniques have been extensively used to assess the spatial dependency in soils and to examine the spatial variability of soil properties [25,29,30,31,32,33,34]. However, the extent of soil nutrient variability is still not well understood, particularly in resource-limited smallholder farms [34,35,36]. Moreover, the majority of research to date has concentrated only on the spatial distribution of soil nutrients, rather than determining the controlling factors of that distribution particularly under banana-cultivated fields [25,27,37,38].



A preliminary intensive field study [39] was conducted to assess the land capability and soil suitability of the Makuleke field for sustainable banana production. The present study is a continuation wherein the focus now is on the status of essential nutrients for banana production. The key elements required by banana fruit for growth, development and yield include soil N, P, K, Ca, Mg and Zn. N is essential for manufacturing chlorophyll which produces the carbohydrates required for plant growth and development [40], while P helps in cell division and the development of new tissue, and is involved in forming and transporting sugars [41]. K is required for cell division, controls water uptake and helps to transport sugars from the leaves to the fruits [41]. Ca helps in the uptake of other nutrients and strengthens plant cell walls [42]. Mg regulates the uptake of other nutrients and plays a role in drought and disease resistance [43]. Lastly, Zn is important for leaf expansion, growth, and increases fruit length and diameter [41]. The objectives of this study were to (i) assess the spatial variability and structure of soil nutrients, (ii) identify the factors of control of the spatial variability of the soil nutrients, and (iii) delineate soil management zones in a banana plantation managed by smallholder farmers in Malamulele, SA.




2. Materials and Methods


2.1. Site Description


The study was conducted on a 12-hectare (ha) banana plantation (30°56′16.3″ E; 22°51′31.9″ S) in Makuleke farm, which is situated in Malamulele in the Collins Chabane Local Municipality, Vhembe District, SA (Figure 1). The study site is characterised by a relatively flat terrain, with elevation ranging from 400 to 406 meters above sea level (Figure 2a). The average annual temperature and rainfall in the area is 21.7 °C and 731 mm, respectively [44]. The 12 ha banana plantation is dominated by Hutton, Westleigh, Valsrivier, and Glenrosa soils [39], which are broadly defined by the World Reference Base for soil resources as Lixisols, Plinthosols, Cambisols, and Leptosols, respectively [45]. These four soils had a similar topsoil termed Orthic A horizon (Table 1). Orthic A is a surface horizon that, despite the possibility of organic matter having darkened it, does not meet the criteria for organic, humic, vertic, or melanic topsoil [46].



The topsoil of the Hutton soil is characterised by a dark reddish brown clay loam texture, while Glenrosa and Valsrivier are both a dark reddish brown sandy clay loam (Table 1). Valsrivier is also a sandy clay loam compared with Glenrosa and Westleigh, but has a different reddish-black colour. Glenrosa soil (ECEC = 18.4 cmol/kg) can retain more nutrients compared with Westleigh (ECEC = 11 cmol/kg). Compared with Glenrosa, Westleigh soil is slightly acidic. Westleigh soil (EA = 0.1) has slightly more hydrogen (H+) and aluminium (Al3+) ions retained on soil colloids compared with Valsrivier soil (EA = 0.06). Similarly, Valsrivier soil has a slightly low Cu content compared with Westleigh soil. The ratio of C to N varies slightly amongst all the soils. The amount of TC is slightly high in Westleigh soil compared with Hutton soil. Hutton soil has a low content of Mn compared to Valsrivier.




2.2. Land Management Practices in the Banana Plantation and Optimal Soil Nutrient Requirements for Banana


The banana plants received 31 mm of water for irrigation twice per week for four hours using micro sprinklers. The pH of the soils was corrected using lime and gypsum at the commercially recommended rates. Soils were amended with organic (banana litter) and inorganic fertilisers (NPK 2:3:2 [24]) to increase the nutrient level of the soils. Notably, these inputs were uniformly applied throughout the field (as if the land were homogeneous), without considering the different soil types. The farmer also applied herbicides to control weeds, mulch to prevent weed growth, and kept the canopy of the banana trees closed to prevent sunlight from reaching the weeds on the ground, which inhibits the weeds from growing.



Bananas can be grown in any type of soil provided that the soil is highly fertile [47]. A well-fertilised soil plays an important role during banana cultivation because banana is a heavy nutrient feeder [48]. Typically, bananas grow better in high-nutrient soils [49]. The adequate levels of N, P, and K are 1200 mg/kg, 50–100 mg/kg, and 300–350 mg/kg, respectively, and the critical levels for both P and K are 20 mg/kg and 150 mg/kg, respectively [49]. The suitable pH of the soils should be in the range of 5.5–7 [47].




2.3. Soil Sampling Strategy and Collection of Soil Nutrient Samples in the Field


To assess the spatial variability of soil nutrients, a systematic grid sampling strategy was adopted to locate the sampling points across the 12 ha banana plantation. The sampling points were located using a grid method at 50 × 50 m intervals [50]. At the intersection of the grid, soil samples were collected in a radial pattern (one sample was collected in the centre and then three samples were collected in a circular pattern surrounding the grid intersection point) in the topsoil layer (0–30 cm) using a bucket auger. The samples were combined to make a composite sample, yielding 27 samples at the intersection of the grid. At each sampling location, the Global Positioning System (GPS) latitude (south) and longitude (east) coordinates were recorded using a Garmin Etrex (South American 69) to georeference the points in preparation for digital soil mapping. The collected samples were bagged, labelled, and taken to the laboratory for soil physicochemical analysis.




2.4. Soil Sample Preparation and Analysis of Soil Physicochemical Properties in the Laboratory


Prior to soil analysis, soil samples were air-dried, crushed, and then passed through a 2 mm sieve in the laboratory. Particle size distribution (sand, silt, and clay content) was determined by the hydrometer method [51]. Soil P was determined on a 2 mL aliquot of filtrate using a modification of the [52] molybdenum blue procedure. Soil Ca, Mg, and K were determined by atomic absorption (using an air-acetylene flame) on a 5 mL aliquot of the filtrate after dilution with 20 mL de-ionised water. Soil Zn, Cu, and Mn were determined by atomic absorption on the remaining undiluted filtrate. Soil TN and TC were analysed by an automated Dumas dry combustion method using a LECO TruSpec CN (LECO Corporation, St Joseph, MI, USA [53]). Soil pH (KCl) was determined as 1: 25 1 mol dm3 KCl ratio suspension on mass-based methods and read with a glass electrode pH meter.




2.5. Generation of Environmental Predictors


To derive the environmental covariates across the smallholder banana plantation, a digital elevation model (DEM) of the study area was generated using Google Earth Pro (Google Earth, 2023, Keyhole, Inc., Mountain View, CA, USA), Global Positioning System (GPS) visualiser elevation (GPS Visualiser: Assign DEM elevation data to coordinates) and ArcGIS Version 10.8.14362 (Environmental Systems Research Institute (ESRI), Inc., Redlands, CA, USA). Briefly, Google Earth Pro was used to join all the sampled points using the “Add Path” button, and stored them as a “KML” file. Global Positioning System visualiser elevation was used to convert the “KML” file from Google Earth into a “GPX” file. In ArcMap, the “Conversion tool” was used to convert the “GPX” file into a raster. Then the “3D Analyst tool” was used to generate the environmental covariates (Figure 2) from the DEM raster file.




2.6. Classical and Geostatistical Analysis


The data were organised in Microsoft Excel (Microsoft Corporation NASDAQ, MSFT, One Microsoft Way, Redmond, WA, USA). Descriptive statistics was used to summarise the soil physicochemical properties (mean, median, maximum, minimum, variance, standard deviation, coefficient of variation (CV), skewness, and kurtosis). The CV was calculated to characterise the variability of the studied soil nutrients across the 12 ha banana plantation. The criterion by [54] was used to classify the soil properties into low (CV < 15%), medium (CV = 15–35%), and high variability (CV > 35%). A correlation matrix was generated to determine the univariate relationships between land physical characteristics (slope gradient), soil physical properties (clay content), and soil nutrients (P, TC, TN, C:N ratio, K, Ca, Mg, Exch. acidity, ECEC, pH, Zn, Mn, and Cu) at p ≤ 0.05 using GraphPad version 8.1.244 software (GraphPad Software Inc., San Diego, CA, USA). Mean error bars, which characterise the sample using the mean and standard error were computed to compare the essential soil nutrients affecting the growth of bananas in dissimilar soil forms using the Sigma Plot 14.0 (Systat Software Inc., Richmond, CA, USA).



Geostatistical analysis was conducted using Surfer version 23.4.238 software (Golden Software LLC., Golden, CO, USA) to encapsulate the spatial structure of the soil nutrients across the banana plantation [55]. The spatial analysis was conducted using the following procedures. Firstly, a semivariogram of each soil nutrient was drawn in the active lag distance of 275.25 m with a uniform interval of 31.45 m. Secondly, a suitable model was fitted depending on the smallest residual sum of squares (RSS). Lastly, the semivariogram parameters were calculated (nugget (Co), sill (Co + C), range (Ao), and an index of spatial dependence (Co/Co + C ratio)). The three basic parameters of a semi-variance are the nugget (Co), sill (Co + C), and range (Ao). Briefly, nugget is the value at which the semi-variogram intercepts the y-value. It refers to the local variance that occurs due to sampling errors or measurement errors [56]. The sill value indicates the total variance associated with the sampling or measurement [56]. The range is the distance at which the model first flattens out [27]. It is the separation distance of spatial dependence. Spatial dependence refers to the degree of spatial autocorrelation between independently measured values observed in geographical space that are more similar (positive autocorrelation) or less similar (negative autocorrelation) than expected for randomly associated pairs of observations [57]. The spatial dependence of selected soil parameters was estimated through the Co to Co + C ratio. A Co/Co + C ratio of <25%, 25–75%, >75%, and =100% reflects a strong, moderate, weak, and non-spatial dependence (pure nugget), respectively [58]. The strong spatial dependence is controlled by intrinsic factors (i.e., topography, parent material, soil types, organisms, climate), while moderate and weak spatial dependences are more related to extrinsic factors (i.e., soil management practices), which can homogenise some soil attributes [58].




2.7. Generation of Soil NutrientSpatial Maps and Delineation of Management Zones


To generate soil nutrient maps, a spreadsheet was created in Microsoft Excel (Microsoft Corporation, NASDAQ, MSFT, One Microsoft Way, Redmond, WA, USA) listing the geographic coordinates in columns, easting (x-coordinate or longitude), and northing (y-coordinate or latitude). The coordinates were expressed in a suitable coordinate system (GCS WGS 1984) that was used to carry the map projection and datum (WGS 1984). The soil nutrients (z value) were then interpolated (a process of obtaining a soil property value at an unsampled location within a field of sampled locations) using regression kriging (RK). Regression kriging is a spatial interpolation technique that combines a regression of the dependent variable on covariates with simple kriging of the prediction residuals [59]. The RK first uses multiple regression on auxiliary variables and then uses ordinary kriging (OK) to interpolate the residuals from the regression model [60]. It is calculated using the following equation:


  Z ×    x o    =   m    ^     x o    +  e ^       x o    =   ∑   k = 0  p    β ^  k  ×  q k     x o    +   ∑   i = 1  n   ⋋ i  × e    x i     



(1)




where     m    ^     x o      is the fitted deterministic part,    e ^       x o      is the interpolated residual,     β ^  k    is the estimated deterministic model coefficient,    ⋋ i    is the kriging weight determined by the spatial dependence structure of the residual, and   e    x i      is the residual at position    x i   . The general linear regression model algorithm which uses ordinary least squares (OLS) method was used for multiple linear regression. The OLS method relies on minimising the sum of squared residuals between the actual and the predicted values. This method is used to find the best-fit line for data by minimising the sum of squared errors or residuals between the actual and predicted value [61]. In the current study, topographic factors (elevation, slope, aspect, slope position and curvature), slope type (Hutton, Westleigh, Glenrosa and Valsrivier), and other soil properties (Exch. acidity, pH, ECEC, Clay, C:N, TC, Mn and Mn) were used as covariates, while soil nutrient P, K, Ca, Mg, Zn and TN which are essential for banana production were used as dependent variables.



The soil management zones were then delineated using the spatial distribution maps of the essential nutrients. Specifically, the soil nutrient management zones were delineated by matching the optimal banana nutrient requirement [42,43,49] with the measured soil nutrients depicted by the spatial maps. The required banana nutrient levels were subtracted from the predicted maps using a raster which has the constant values of the optimal levels for the targeted nutrient.





3. Results


3.1. Descriptive Statistics of Soil Nutrients Essential for Banana Production


The descriptive statistics for the selected soil macro and micro-nutrients across the 12 ha banana plantation field are presented in Table 2. Soil P varied widely across the plantation, ranging from 1 to 44 mg/kg with a mean of 22 mg/kg and a high coefficient variation (CV) of 50%. Similarly, K ranged from 82 to 516 mg/kg, with a mean of 212 mg/kg and a high CV of 50%. Soil Ca ranged from 715 to 4364 mg/kg with a mean of 2338 mg/kg and a high CV of 40%. Additionally, soil Zn ranged from 0.2 to 16 mg/kg, with a mean of 7 mg/kg and a high CV of 60%. In contrast, TN varied slightly across the plantation, ranging from 0.3 to 1.1 g/kg with a mean of 0.58 g/kg and a medium CV of 28%. Similarly, Mg ranged from 238 to 751 mg/kg with a mean of 453 mg/kg and a medium CV of 26%.




3.2. Spatial Structure of Essential Soil Nutrients across the Banana Plantation


The semivariograms were used to determine the spatial structure of the soil nutrients across the 12 ha banana plantation field. The parameters of the semivariograms are given in Table 3 and the semivariograms of the nutrients are shown in Figure 3. Analysis of the isotropic variograms indicated that P and K were well described by the spherical model in Figure 3a,b, respectively (Table 3). The nugget and sill of P were 6 and 126, respectively, while the range was 51 with a coefficient of determination of 0.43. The nugget and sill of K were 10 and 12,020, respectively, with a range of 130, and a coefficient of determination of 0.70. The best-fitted models for Ca (Figure 3c) and Mg (Figure 3d) were the linear and exponential model, respectively (Table 3). The nugget and sill of Ca were 818,206 with a range of 234 and a coefficient determination of 0.74. The nugget of Mg was 9300 with a sill of 28,060, while the range and coefficient of determination were 1833 and 0.15, respectively. The best-fitted model for Zn (Figure 3e) was the spherical model, while TN was described by the linear model (Figure 3f) (Table 3). The nugget of Zn was 11 with a sill of 26, while the range and determination coefficient were 721 and 0.26, respectively. Both the nugget and sill of TN were 0.03 with a range of 234 and a coefficient determination of 0.34.




3.3. Spatial Distribution of Soil Nutrients across the 12 ha Banana Plantation


The surface-predicted maps of the nutrients for banana production are illustrated in Figure 3. The map of P shows that there was a slight variation in the distribution of P across the banana plantation field. The slightly low P content was distributed from the centre towards the northwest portion of the field, while the slightly high P content was distributed from the centre towards the northeast portion (Figure 4a). Soil K content changed markedly from the northwest to the southeast portion of the field as shown in Figure 4b. The high K content was distributed in the north to northwest portion of the field, with the low K content mainly distributed in the south to the southeast portion of the field. Soil Ca content changed markedly from the southeast to the northwest portion of the field as shown in Figure 4c. The low Ca content was mainly distributed in the southeast portion of the field with the high Ca content mainly distributed in the west to northwest part of the plantation (Figure 4c). As shown by Figure 4d, the low Mg content was slightly distributed at the centre towards the southeast and northeast portion, with the high Mg content distributed from the centre towards the northwest portion of the field. Figure 4e shows that the low content Zn was distributed in the southwest portion of the field. The map further revealed a marked increase in the Zn content towards the centre of the field with patches of the high Zn content in the northeast. Figure 4f shows that low TN content was distributed in the east-northeast portion of the field with the highest concentration observed in the south to southwest portion of the field.




3.4. Correlation of Soil Nutrients and Edaphic Factors


The univariate correlation analysis (Figure 5) showed that the macronutrient P was positively correlated with C:N (r = 0.47; p < 0.05), Cu (r = 0.52), K (r = 0.55), Zn (r = 0.55) and Mn (r = 0.59). Soil K was mainly positively correlated with Zn (r = 0.6), Cu (r = 0.64) and Mn (r = 0.85), and negatively related to Exch. acidity (r = −0.47). Soil TN was positively correlated with clay content (r = 0.56) and TC (r = 0.66). Soil Ca was positively correlated with Mg (r = 0.42), pH (r = 0.72) and ECEC (r = 0.98). Soil Mg was positively correlated with Cu (r = 0.44), C:N (r = 0.48) and ECEC (r = 0.58), but negatively correlated with elevation (r = −0.39). Soil Zn was positively correlated with Cu (r = 0.61) and Mn (r = 0.64), but negatively correlated with Exch. acidity (r = −0.72). Soil Mn was positively correlated with clay content (r = 0.39), TC (r = 0.40), C:N (r = 0.43) and Cu (r = 0.76), but negatively correlated with Exch. acidity (r = −0.63). Soil Cu was positively correlated with clay content (r = 0.54), but negatively affected by Exch. acidity (r = −0.40) across the 12 ha banana plantation.




3.5. Distribution of Soil Nutrients in Hutton, Valsrivier, Glenrosa, and Westleigh Soil


As shown by Figure 6a, the average P content was higher in Valsrivier (25 mg/kg) as compared with Westleigh (15.4 mg/kg). Average soil K content (shown by Figure 6b) was higher in Glenrosa (251.20 mg/kg) compared with Westleigh (119.7 mg/kg). Similarly, the average Mg content of Glenrosa (480.34 mg/kg) was higher compared to Westleigh (384.65 mg/kg) as depicted in Figure 6c. In addition, the average Ca content was lower in Westleigh (1502 mg/kg) compared with Glenrosa (2757.32 mg/kg) (Figure 6d). Soil micronutrient Zn content on average was higher in Valsrivier (8.73 mg/kg) compared to Westleigh (5.10 mg/kg) (Figure 6e). Surprisingly, the average mean soil TN content was slightly lower in Hutton soil (0.54 g/kg) compared to Westleigh (0.65 mg/kg) (Figure 6f).




3.6. Soil Nutrient Management Zones


The resultant soil nutrient MZs are shown in Figure 7. For soil nutrients P, K and Ca, three MZs were delineated. In terms of soil P, MZ one, two and three had a negative content of −35 mg/kg, −26 mg/kg and −20 mg/kg, respectively. Management zone one of soil K contained −126 mg/kg, while two and three had −62 mg/kg and 18 mg/kg, respectively. Soil Ca also exhibited different contents within the MZs, with MZ one having a content of 1333 mg/kg, two 1983 mg/kg, and three 2796 mg/kg. Two MZs were delineated for soil Mg, MZ one had 98 mg/kg while MZ two had 171 mg/kg. Similarly, soil Zn had two MZs. The first MZ had a Zn content of 4 mg/kg, while the second had a content of 6 mg/kg. Soil TN had two MZs with MZ one having a content of −0.55 g/kg and two having a content of −0.46 g/kg.





4. Discussion


Soil nutrients are well known to vary across similar fields and the factors influencing their spatial distributions are often different. In this study, classical statistics results revealed that soil P, K, Ca, Zn, Mn, and Cu contents were highly variable (CV > 35%), while Mg and TN were moderately variable (CV = 15–35%) across the 12 ha field. Comparatively, high soil P and Zn contents were observed in the northeast part of the banana plantation field underlain by Valsrivier and low in the northwest part underlain by Westleigh. The high P and Zn contents in the northeast part of the can be explained by the positive correlation of P and Zn with Mn. Soil Mn has a greater capacity to adsorb cationic elements [62]. The sorbed elements can be solubilised by the reductive dissolution of Mn [63]. This is because soil Mn has multiple redox states and can, therefore, function as both an electron donor and electron acceptor in soils [61]. In our case, it might be functioning as an electron acceptor. Valsrivier soils contain high Mn compared with Westleigh, hence there were high P and Zn contents in the northeast part of the field. Soil Zn has been reported to have low mobility in soils [62] and tends to be adsorbed on clay-sized particles [64]. As such, the high spatial variability of soil Zn might also be a consequence of varying clay contents of the soils, leading to varying surface ion exchange and, thus, increasing the Zn content in some areas of the field [65]. Another possible reason could be that Valsrivier soils are known to be characterised by 2:1 clay-type mineral which has a greater cation exchange capacity (CEC) (ECEC was 17.6 cmol/kg) and high surface area [45]. On the other hand, Westleigh soils are characterised by 1:1 kaolinitic clay, which has low CEC (ECEC was 11 cmol/kg), low surface area, and low base saturation [66]. Soil minerals with low CEC (measured as ECEC in our study) often have a low affinity for cations hence the low P and Zn in Westleigh soils [67]. This is because the exchange sites of soils with low CEC are mostly characterised by H+ ions which leads to cations repelling from the exchange sites. This also tells us that when the farmers are uniformly applying their fertilisers containing P and Zn, these soils retain them differently. In Valsrivier soils, it is easily retained, while in Westleigh soils it is easily lost and, thus, resulting in a high variation of these nutrients across the field.



Soil K and Ca were highly variable across the field. The high K and Ca contents were found mostly in the south to southwest part of the field underlain by Glenrosa, while the low content was found in the northwest part underlain by Westleigh. The high and low soil K content under the above-mentioned parts of the field is explainable by the strong positive correlation of K and Mn. The high Mn content in the south to southwest part of the field was able to retain more K (since soil Mn has a greater capacity to adsorb cationic elements) compared with the low Mn content in the northwest part of the field. Additionally, Westleigh soil (pH = 5.3) was slightly more acidic than Glenrosa soil (pH = 5.7), and highly acidic soils have poor K+ binding capacity and, thus, are low in K [64]. Soil Ca was strongly correlated with ECEC (a measure of cation exchange capacity (CEC)). Glenrosa soils which were mostly found in the south-to-west portion of the field had a high ECEC compared with Westleigh soil. Soils with high CEC have a greater affinity for cations [67]. Another possible reason might be that the underlying soils in these respective parts of the field have different rates of weathering and mineralogical compositions. Glenrosa soils are young soils that are not highly weathered, and the proximity of their readily recognised material close to the surface suggests a high base status and reserve of weatherable minerals compared with Westleigh soil [68].



Soil Mg was moderately variable (CV = 26%) across the field, with slightly high Mg contents in the south to southwest part of the field underlain by Glenrosa, while the low content was found in the northwest part underlain by Westleigh. Slightly high soil Mg content in the south to southwest part is due to the positive correlation of Mg with ECEC. Soils with high ECEC have a greater affinity for cations [67], and Glenrosa had a high ECEC compared with Westleigh, hence it was able to retain more Mg than Westleigh. Soil TN was moderately variable (CV = 28%) across the field, with a slightly high TN content in the west underlain by Westleigh soil. Low TN contents were found in the east-northeast portion of the field underlain by Hutton soil. Westleigh soil had a higher TC compared with Hutton soil. Hutton soil falls under the highly weathered soil group, and these soils are mostly scant in nutrients due to excessive leaching and heavy desilication–aluminisation [69,70].



Geostatistical analysis revealed that soil P had a strong spatial dependence, which solely means that P exhibited a good structure across the 12 ha field. Soil P was positively correlated with C:N ratio (an indicator of mineralisation) [71,72,73]. Phosphorus originates in the soil both in inorganic and organic forms. Microorganisms decompose the organic P compounds to release P in the simple organic form [74]. Therefore, higher microbial activity would promote a good spatial structure of P and increase its availability and uptake by plants [73]. Another possible reason for the good structure might be the potential of the banana plantation in enhancing the growth of beneficial microbial populations, especially P solubilising microorganisms and their activity through the deposition of banana residues and litter, taking into consideration that the farmer in this study practices mulching [64]. Soil K also had a strong spatial dependency across the field, and K was positively correlated with Mn across the field [74]. Soil Mn also had a strong spatial dependency. The strong spatial dependency of Mn was driven by the proportion of clay particles in the soil as shown by the positive correlation between Mn and clay content. Clay particles tend to carry a negative charge, so they tend to hold onto the polyvalent Mn [75]. The strong spatial dependency of K might also be ascribed to the higher microbial activity which was likely promoted by mulching using banana residue material. Higher microbial activity has been linked to a good spatial structure (shown by strong spatial dependency) of soil nutrients [76].



The micronutrient Zn was moderately spatially dependent. The moderate spatial dependency of Zn was driven by Mn and Cu at our study site. Magnesium was moderately spatially dependent across the 12 ha field. The moderate spatial dependency of Mg was influenced by ECEC, TC, and C:N. The correlation of Mg, TC, and C:N might be because soil organic carbon (SOC) is an important part of soil organic matter (SOM) which influences soil physical, chemical, and biological properties affecting soil nutrient availability to crops [77]. Soil Ca and TN had a pure nugget indicating that there was no spatial dependency of these nutrients across the field. No spatial dependency implies that the spatial structure of the soil nutrients is poor, and this is generally accredited to extrinsic factors. In our case, this means that the distribution of Ca TN was more sensitive to extrinsic factors such as fertilisation, irrigation, and other soil management practices (weeding), which might have led to a reduction in their spatial dependency [78].



In this study, MZs were delineated based on spatial maps and banana nutrient requirements. The studied banana plantation field was deficient in P; the optimal nutrient requirement for P is 50 mg/kg [49]. Therefore, the farmer must fertilise the 12 ha banana plantation with varying fertiliser quantities based on the delineated MZs. To reach the optimal nutrient requirement of P in MZs one, two and three, the farmer must fertilise with 78 kg/ha, 58.24 kg/ha and 6044.8 kg/ha of P per growing season [41]. When correcting the P level, it is also important that the farmer increases the level of K, Zn, Mn, and C:N ratio because they are the ones influencing the P level across the banana plantation. The plantation is also deficient in K. To raise the soil K to optimal levels in the MZs, the farmer must fertilise the area with an amount of 282 kg/ha, 139 kg/ha, and 40.32 kg/ha of K for MZ one, two and three, respectively [41,43,49]. When correcting the deficiencies, the farmer also needs to use mulch. Mulch will help to raise the TC of the soil, which is influencing the K levels of this banana plantation. The banana plantation has excessive Ca content in all the MZs. Management zones one, two and three are over the optimal requirement of Ca by 1333 mg/kg, 1983 mg/kg and 2796 mg/kg, respectively. Over time, the excess Ca contents will cause salinity issues and ultimately lead to the degradation of the overall soil fertility of the plantation [11]. In this case, the farmer must stop fertilising with Ca-containing fertilisers and also apply lime based on the pH test of the soils. Consequently, for each growing season, soil testing must be undertaken to check whether Ca is required or not. Soil Mg is deficient in the plantation. An amount of 220 kg/ha and 342 kg/ha is required to optimise the Mg content of the soils in MZ one and MZ two, respectively. Surprisingly, MZ one soil Zn had the optimal level required by the banana fruit, while MZ two was only excessive by 2 mg/kg. Given that the farmer must perform regular soil testing to avoid the Zn content of the overall plantation being deficit, our correlation matrix also showed that to effectively manage Zn, it is crucial to also manage the levels of other micronutrients (Cu and Mn) which affect the level of Zn. The amount of TN in this study area was deficit by 550 mg/kg in MZ one, and 460 kg/ha in MZ two. The farmer must apply N fertiliser at 1232 kg/ha and 1030 kg/ha to reach the optimal level for MZs one and two, respectively [41]. Additionally, TN is influenced by TC. The use of mulch which might help in raising the TC through microbial decomposition might also be an important factor leading to the retention of TN in the soils [39].




5. Conclusions


The purpose of the study was to determine the spatial variability and structure of soil nutrients, identify the factors controlling their distribution, and delineate soil management zones based on the spatial maps of soil nutrients across a 12 ha banana plantation at Makuleke farm. This study has shown that great variation exists in the soil properties across the farm. The most variable soil nutrients were soil P, K, Ca, Zn, Mn, and Cu, whereas TN and Mg were moderately variable. The soil nutrients exhibited a varied spatial dependency, with P, K, and Mn demonstrating a strong spatial dependency while Zn and Mg had a moderate spatial dependency. In addition, soil Cu, TN, and Ca had a weak spatial dependency. In the study, we found that soil type was the key factor influencing the spatial variability of the soil nutrients across the farm. Soil Mn was found to be the key nutrient driving the spatial variability of P, K, and Zn in the farm. The spatial variability of Ca was controlled by both pH and ECEC, while Mg was only influenced by ECEC. The spatial variability of soil micronutrients; Mn and Cu spatial was influenced by Cu and clay content, respectively. The spatial distribution maps showed that P, Mg, Zn, and Mn were high in the northeast part of the farm and low in the northwest part of the banana plantation farm. Similarly, soil K and Ca were low in the northwest part, but were high in the south to southwest part of the farm. Soil TN was high in the west part and low in the east-northeast part, while Cu was evenly distributed across the banana plantation.



The evidence gathered from this study showed that there was a huge variation of soil nutrients across the 12 ha plantation. This can result in over- or under-fertilisation, thus decreasing the efficiency of fertiliser use and consequently affecting banana growth. In light of the variability, MZs were delineated for each nutrient to achieve effective soil management. Fertiliser applications should be undertaken based on the MZs to avoid deficit or excessive applications. Most importantly, the farmer needs to undertake proper soil testing prior to any fertiliser application. Therefore, the results of this study will help farmers to tailor their fertilisation and other soil management practices such as irrigation to specific locations of the 12 ha banana plantation.
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Figure 1. Location of Makuleke smallholder farm in the local municipality and district of Limpopo province in South Africa, with soil sampling points masked by lines of different soil types underlying the study area. The aerial photograph showing the banana plantation was sourced from Google Earth Pro (Google Earth, 2023, Keyhole, Inc., Mountain View, CA, USA). 
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Figure 2. Environmental covariates (predictors) for the 12 ha banana plantation: (a) elevation (b) aspect, (c) slope, and (d) curvature. 
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Figure 3. Semivariograms and fitted models for soil nutrients (a) phosphorus (P), (b) potassium (K), (c) calcium (Ca), (d) magnesium (Mg), (e) zinc (Zn), and (f) total nitrogen (TN) across the 12 ha banana plantation. The red solid line within the axis of the graph represents the model type, while the dotted line represents the variance. 
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Figure 4. Spatial distribution of soil nutrient (a) phosphorus (P), (b) potassium (K), (c) calcium (Ca), (d) magnesium (Mg), (e) zinc (Zn), and (f) total nitrogen (TN) across the 12 ha banana plantation. 
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Figure 5. Pearson correlation coefficients of soil nutrients and edaphic factors of the 12 ha banana plantation significant at p < 0.05: P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Exch. acidity, exchangeable acidity; ECEC, effective cation exchange capacity; Zn, zinc; Mn, manganese; Cu, copper; TC, total carbon; TN, total nitrogen. 
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Figure 6. The comparison (mean ± standard error) of soil nutrient (a) phosphorus (P), (b) potassium (K), (c) magnesium (Mg), (d) calcium (Ca), (e) zinc (Zn) and (f) total nitrogen (TN) in Hutton, Valsrivier, Glenrosa, and Westleigh soil forms. Values are the mean ± standard error of replicate soil samples among the four soil forms across the 12 ha banana plantation (n = 27). 
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Figure 7. Management zones (MZ) for the essential soil nutrient (a) phosphorus (P), (b) potassium (K), (c) calcium (Ca), (d) magnesium (Mg), (e) zinc (Zn), and (f) total nitrogen (TN) of the 12 ha banana plantation. The number in brackets next to the class limits represents the MZ number based on the presence of that particular class in the soil nutrient MZ map. The varying shades of green and red indicate corresponding degrees of excess and deficit content of a specific nutrient. Dark green and red indicate highly excessive and deficit contents, respectively. 
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Table 1. Morphological and physicochemical characteristics for the four soils identified across the 12 ha banana plantation (0–30 cm).
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	Soil
	Topsoil Name
	Topsoil Colour
	EA (cmol/kg)
	ECEC (cmol/kg)
	pH (KCl)
	C:N Ratio
	TC (g/kg)
	Mn (mg/kg)
	Cu (mg/kg)
	Clay (%)
	Silt (%)
	Sand (%)
	Texture





	Hu
	Orthic A
	5YR 3/4 Dark Reddish Brown
	0.08 ± 0.1
	14.5 ± 2.0
	5.5 ± 0.24
	19 ± 3.57
	10.2 ± 2.0
	21.25 ± 3.5
	12.1 ± 1.8
	33 ± 0.9
	31 ± 2.5
	36 ± 2.8
	Cl



	Va
	Orthic A
	10R 2.5/1 Reddish Black
	0.06 ± 0.0
	17.6 ± 1.4
	5.6 ± 0.2
	20 ± 2.6
	12.1 ± 1.8
	28.00 ± 4.4
	10.77 ± 1.2
	25 ± 0.89
	27 ± 2.3
	48 ± 2.01
	Scl



	Gs
	Orthic A
	5YR 3/3 Dark Reddish Brown
	0.07 ± 0.0
	18.4 ± 2.8
	5.7 ± 0.3
	19.5 ± 2.7
	10.5 ± 2.1
	26.74 ± 8.6
	11.9 ± 2.0
	21 ± 2.4
	17 ± 2.1
	62 ± 3.3
	Scl



	We
	Orthic A
	5YR 3/4 Dark Reddish Brown
	0.1 ± 0.0
	11 ± 1.0
	5.3 ± 0.05
	20.5 ± 3.4
	13.5 ± 3.2
	26.15 ± 4.2
	12.9 ± 1.7
	29 ± 1.5
	25 ± 1.5
	46 ± 2.87
	Scl







Notes: Hu: Hutton; Va: Valsrivier; Gs: Glenrosa; We: Westleigh; EA: exchangeable acidity; ECEC: effective cation exchange capacity; C:N: carbon to nitrogen ratio; TC: total carbon; Mn: manganese; Cu: copper; Cl: clay loam; Scl: sandy clay loam.













 





Table 2. Descriptive statistics of the soil nutrients (n = 27) across the farm.
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	Property
	Min
	Max
	Mean
	Median
	SD
	Skewness
	Kurtosis
	CV (%)
	CV Classification





	P (mg/kg)
	1
	44
	22
	22
	11
	0.02
	−0.17
	51
	High



	K (mg/kg)
	82
	516
	212
	195
	105
	1.21
	1.49
	49
	High



	Ca (mg/kg)
	715
	4364
	2338
	1987
	941
	0.43
	−0.65
	40
	High



	Mg (mg/kg)
	238
	751
	453
	429
	117
	0.31
	0.1
	26
	Moderate



	Zn (mg/kg)
	0.2
	16
	7
	8
	5
	−0.11
	−0.8
	60
	High



	TN (g/kg)
	0.3
	1.1
	0.58
	0.5
	0.16
	1.47
	2.79
	28
	Moderate







Notes: SD, standard deviation; CV, coefficient of variation; P, phosphorus; Ca, calcium; Mg, magnesium; Zn, zinc; TN, total nitrogen.













 





Table 3. The optimal parameters of fitted semivariogram models for soil nutrients.
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	Variable
	N
	Model
	Co
	Co + C
	Ao
	N:S (%)
	R2





	P (mg/kg)
	27
	Spherical
	6
	126
	51
	5
	0.43



	K (mg/kg)
	27
	Spherical
	10
	12,020
	130
	0.08
	0.70



	Ca (mg/kg)
	27
	Exponential
	818,206
	818,206
	234
	100
	0.74



	Mg (mg/kg)
	27
	Exponential
	9300
	28,060
	1833
	33
	0.15



	Zn (mg/kg)
	27
	Linear
	11
	26
	721
	42
	0.26



	TN (mg/kg)
	27
	Linear
	0.03
	0.03
	234
	100
	0.34







Notes: Co: nugget variance; Co + C: sill; Ao: range; N:S: nugget to sill ratio; R2: determination coefficient. P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium; Zn: zinc; TN: total nitrogen.
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