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Abstract: Sub-Saharan Africa (SSA) is experiencing an increase in food insecurity, which is fueled
by both high population growth and low agricultural productivity. Smallholder farmers are
seriously affected by low soil fertility, land degradation, and poor agronomic management practices
that reduce crop productivity. Therefore, there is a huge need for reliable soil information to support
agricultural decision-making in smallholder farms to ensure sustainable agricultural production.
However, most studies focused on land capability and soil suitability do not consider the spatial
variability of soils and their inherent properties. The main objectives of this study were (1) to survey,
classify and characterise soils at Makuleke farm in order to derive and map the land capability
classes and (2) to quantify the physical and chemical properties of the soils in order to derive and
map the suitability classes. A field survey and classification of soils led by transect walks
complemented by auger holes revealed existential spatial variation of soils across the 12 ha banana
plantation. The dominating soil forms in the plantation were Hutton, Westleigh, Glenrosa and
Valsrivier. Land capability analysis revealed that 17% of the 12 ha portion of the farm had very high
arable potential, while 60% had medium arable potential, 6% of the farm had low arable potential
and 17% was considered non-arable. Subsequent soil suitability analysis revealed that 12% of the
farm is highly suitable, 34% is moderately suitable, 38% is marginally suitable and 16% is
permanently not suitable for banana production. The variable capability of the land and suitability
of soils for banana production led to notable yield gaps. The in-depth description and quantification
of the productive capacity of the land is pivotal to the farmers at Makuleke farm as it unlocks their
true potential and such information is crucial to effectively manage the soil and utilize the land for
sustainable banana production.

Keywords: land evaluation; land capability; soil suitability; smallholder farmers; soil spatial
variability; soil information

1. Introduction

Food insecurity in Sub-Saharan Africa (SSA) is worsening, and it is underpinned by
low crop output and high population expansion [1]. In South Africa, smallholder
agriculture has been recognised as the vehicle through which the goals of poverty and
rural development can be attained [2]. However, this type of farming is faced with
numerous challenges, chief among which is soil degradation caused by unsustainable
farming practices [3]. Soil degradation is often caused by the mismatch between land use
and land potential, specifically using marginal lands for agriculture [4]. Moreover, the
ever-increasing African population, which is directly proportional to an increase in the
demand for food, makes the situation grimmer. This has consequently resulted in the
active search for alternative approaches to agricultural production that do not only ensure
that there is enough food at the table but do so sustainably [5].
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One of the major challenges is to sustainably use the land to feed and sustain the
burgeoning population [6]. Accordingly, there is a need to maintain and increase
agricultural productivity in order to meet the increasing population pressure on arable
land that fosters soil degradation, which threatens food production, especially in
smallholder farming systems [7]. In recent times, there has been growing interest in better
managing soils to underpin food security [8]. As such, the need for reliable soil
information to support agricultural decision making has never been greater [9]. Improved
management of soil resources and identification of the agricultural potential of soils is
needed to prevent land degradation and stimulate crop production [10].

A better understanding of the factors limiting crop yields may provide a solution to
reducing the existing yield gaps in smallholder farms [11]. The nexus between the quality
of the soil and potential productivity is paramount in agriculture in pursuit of maximizing
production and sustainability [12]. The assessment of the status of the soil and the
capability of the land requires the proper establishment of a reference state-specific to each
soil unit [13]. In this context, both land capability and soil suitability can be useful tools to
ensure delineation of management zones aimed to improve agricultural productivity [14].

Land capability assessment is based on the inherited permanent physical properties
of the land (i.e., slope, soil depth, texture and permeability), while soil suitability is based
on soil properties (e.g., soil texture, organic carbon, nutrient availability and pH) which
have greater impact on the growth of a specific crop [15]. An assessment of the factors
influencing the capability and suitability of the land, such as the soil quality and climate,
yields essential information on the potential of the land for agricultural use [16]. A
majority of land capability and soil suitability studies do not consider the spatial
variability of the soils and their inherent properties, yet this information is crucial for
resolving site or location specific land management issues [17]. A thorough analysis of the
soil spatial variability results in precise derivation of land capability and soil suitability
classes [14]. In light of this, gathering precise site-specific information on land and soil
resources can aid in identifying the limitations and potentials of these limited resources.
The objectives of this study were (1) to survey, classify and characterise soils at Makuleke
farm in order to derive and map the land capability classes and (2) to quantify the physical
and chemical properties of the soils in order to derive and map the soil suitability classes.

2. Materials and Methods
2.1. Site Description and History

The Makuleke farm (30°56'16.3" E and 22°51'31.9" S) is situated in the Collins
Chabane Local Municipality, Vhembe District, Limpopo Province in South Africa (Figure
1). The study was conducted on a 12 ha banana plantation portion of the farm. The farm
experiences a humid subtropical climate with long summers and short winters
characterised by rain and cool weather respectively [18]. The minimum and maximum
temperature of the site is 12 °C and 30 °C respectively. The average annual temperature
of the site is 21.7 °C, while the mean annual rainfall is 731 mm [19]. In terms of rainfall
classification, the site falls under wet category.
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Figure 1. Location of Makuleke farm in the Collins Chabane Local Municipality, Vhembe District,
Limpopo province, and photographs showing the dominant soil forms in the farm.

The Makuleke Farm (formerly known as Makuleke Irrigation Scheme) was
established in 1985. The sole purpose of the scheme was to produce food (by planting
crops) and to create jobs for Makuleke community members. This led to the establishment
of Makuleke Farmers’ Cooperative. The cooperative was first registered in 1991,
comprising of 52 farmers. The farmers were producing maize, tomatoes and cabbage until
the cooperative collapsed in 1998. It was only after the year 2000 that the farmers
mobilised again to start cultivating crops. In 2007, Makuleke farm was producing maize,
dry beans, and potatoes until December 2018, when they switched to banana fruit
production. They switched to banana fruit because the crops (i.e., maize, dry beans and
potatoes) were not doing well, characterised by low yield throughout the seasons. In terms
of banana production, the farm can produce up to 56 tons per hectare of banana, which is
below the average yield of bananas and that is 65 tons/ha.

2.2. Field Soil Survey and Classification

A field soil survey was conducted using transect walks complemented by auger holes
to sub-divide the 12 ha portion of the farm into varied soil units [20]. This was done by
grouping soils both to their properties and where they are located across the farm. At each
defined soil unit, morphological features including soil colour, texture, and topographic
attributes (i.e., slope gradient and elevation) were determined in the field. The focus on
soil morphological properties, described in the field including soil texture, consistency,
and structure is because they yield a significant benefit on the potential productivity of
the soil [12].

Soil classification, which is linked to soil survey, was done to determine the
morphological and pedological characteristics of the soil. To aid soil classification, pits
were dug up to the limiting layer using an excavator. The dimensions of the dug soil
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profiles were 1.5 m wide x 1.5 m long, and the depth was defined to the limiting layer.
Twelve soil profile pits were sited, excavated, studied, described, and sampled. Soil
profiles were described, and horizons delineated to determine the form, structure, and
organization of soil material [21]. The thickness of each horizon and effective rooting
depth of the soil profiles were determined using a measuring tape. Specifically, the
effective rooting depth was determined based on the number of roots found within the
depth of each opened soil pit. Soil colour for each diagnostic horizon was determined by
matching a freshly broken soil fragment to the Munsell colour chart both in dry and moist
state. Soil permeability and slope percentage were determined following the methodology
by [22]. Each soil profile was georeferenced using a portable handheld global positioning
system (GPS) (Model Garmin 12 L).

2.3. Collection of Soil Samples in the Field

The soil samples were collected from the 12 dug soil profiles. At each dug pit, soil
samples were collected at the 30 cm depth interval on three faces. The three faces of the
pit served as replicates. This means that from each pit, three soil samples were collected
at the 30 cm depth interval. As such, a total of 36 samples were collected representing the
12 dug profiles across the 12 ha plantation. The soil samples were collected using a spade
and a geological hammer. The collected samples were bagged and labelled according to
the georeferenced pits and replicate number. The soil samples were carefully handled and
then taken to the laboratory for preparation and analysis.

2.4. Preparation and Laboratory Analysis of Soil Physicochemical Properties

In the laboratory, soil samples were air-dried, crushed, and then passed through a 2
mm sieve in the laboratory prior to soil physical and chemical analyses. Particle size
distribution of sand, silt, and clay content was determined using the hydrometer method
[23]. Soil organic carbon was determined using the Walkley-Black Method [24]. Soil pH
(KCI) was determined using 1:25 1 mol dm? KCl ratio suspensions on mass-based methods
respectively and read with a glass electrode pH meter [25]. Soil phosphorus (P) was
determined on a 2-mL aliquot filtrate using a modification of the Murphy and Riley
[25]molybdenum blue procedure. Soil calcium (Ca), magnesium (Mg) and potassium (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-ionized water [26]. Total nitrogen (TN) was
analyzed by an automated Dumas dry combustion method using a LECO TruSpec CN
(LECO Corporation, Michigan, USA; Matejovic, 1996) [25].

2.5. Derivation of Land Capability and Soil Suitability Classes

The land capability classes were derived using the concepts and principles of the
FAO Framework for Land Evaluation [27], but adapted to South African conditions by
[22]. The physical land attributes and morphological characteristics of the soil that were
used to derive the capability classes include slope percentage, soil texture, soil
permeability, and effective rooting depth [22]. Once all the physical characteristics of the
land and morphological features of the soil were gathered, a land evaluation criterion was
followed to assess the capability of the land for arable agriculture. Land capability classes
of the studied farm were derived using the agricultural assessment framework developed
by [22].

The FAO framework for land evaluation [27] coupled with the guidelines for rainfed
agriculture [28] was used to determine the suitability of the soil at Makuleke farm. The
criteria proposed by [29] and [15] for crop suitability with degrees of limitations were
adopted and logically categorized based on soil site characteristics for highly suitable (S1),
moderately suitable (S2), marginally suitable (S3), currently (N1), and permanently not
suitable (N2) classes. Soils that fall under S1 have no substantial limitations to sustained
application for a specific use. Moderately suitable (S2) soils have moderate severe
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limitations for sustained application of a particular use, while soils in the S3 category have
severe limitations for sustained application of a specific use. Currently not suitable (N1)
soils have limitations which may be manageable in time, however the limitations are so
severe that they impede successful sustained use of the land for a given use. Permanently
not suitable (N2) soils have severe limitations that eliminate any chance of being
successfully used in the intended way [27]. Soil suitability classification was done by
matching plant growth requirements of banana with agro-climatic, soil properties (soil
texture, pH, and SOC), and land physical characteristics (i.e., topography) (Table 1)
[15,29,30].

Table 1. Soil site criteria determination for banana fruit.

Soil Site Characteristics Class, Degree of Limitation and Rating Scale
S1 S2 S3 N1 N2
Climatic Regime (c)
Mean temperature in growing season (°C) 26-33 34-36; 24-25 37-38 >38
Topography (t)
Slope (%) 0-2 2-4 4-8 8-16 - >16
Wetness (w)
Drainage Good Well drained Moderately drained Poorly drained Vecgali)::dﬂy
Physical soil characteristics (s)
Texture/structure. L, Cl, Sql, Sil Sicl, Sc, C (<45%)  C (>45%), Lic, sl Is, s
Soil depth (M) >1.25 1.25-0.75 0.5-0.75 <0.5
Soil fertility characteristics (f)
Base saturation (%) >50 50-35 35-20 <20 - -
Sum of basic cations (cmol (+)/kg soil) >6.5 6.5-4 4-2.8 - - -
pH 6.0-5.4 5.4-5.0 5.0-4.8 4.8-4.1 <4.1 -
Organic carbon (%) >2.4 2.4-1.5 1.5-0.8 <0.8 - -

S1, Highly suitable; S2, Moderately suitable; S3, Marginally suitable; L, Loam; cl, Clay; scl, Sandy
clay loam; sil, Silt loam; Sc, sandy clay; C, clay; Ls, Loamy sand; S, Sand; N1, Currently not suitable;
N2, Permanently not suitable.

2.6. Generation of Soil Form, Land Capability and Soil Suitability Maps

The soil form (also referred to soil type), land capability and soil suitability maps
were generated using Google Earth pro (Google earth, 2022, Keyhole, Inc.,, Mountain
View, CA, USA) and ArcGIS 10.8.1 software (ESRI, Redlands, CA, USA). Firstly, the
coordinates of the 12 profile pits were used to demarcate the location of each profile pit
using the “add placemark” tool in Google Earth. Each placemark was labelled according
to the name of the soil form found at that particular profile pit. Once all the 12 placemarks
were inserted and labelled, the “add path” tab was used to join placemarks of the same
soil form. The soil characteristics determined from the profile pits were used to establish
the mapping units. The “add polygon” tool was used to create a polygon using the joined
placemark of Westleigh, Valsrivier, Hutton and Glenrosa soil forms. Then the polygon
was digitised to create the shape of each soil form. The polygon was named according to
soil form and then saved as a KML layer.

Secondly, in ArcMap, a conversion tool “From KML” was used to convert the KML
layers of the polygons from Google Earth and thereafter saved as a shapefile. Once all the
shapefiles of the four soil forms were generated, a spatial distribution map was produced
by “checking” all the shapefiles on the same data frame. The “add data” tool was used to
insert the base map of the Makuleke farm. Thereafter shapefiles of South African
provinces, districts and local municipalities were used to extract the Limpopo province,
Vhembe district and Collins Chabane local municipality using the “select tool”. In case of
land capability and soil suitability maps, each profile pit was renamed according to a
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derived land capability and soil suitability class. Then they were mapped following the
procedure used to map the soil forms.

3. Results

3.1. Pedological and Morphological Characteristics of the Soils Underlying the 12 ha Banana
Plantation

Soil morphology describes and measures a wide range of characteristics of the soil
within the numerous soil horizons [31]. It deals with the form, structure, kind and
arrangement of the soil material within the horizons. In the study area (Makuleke farm),
four soils were identified and classified as Valsrivier (4.5 ha), Westleigh (1.4 ha), Hutton
(4.05 ha) and Glenrosa (2.05 ha) (Figure 2) (Soil Classification Working Group, 2018). The
classified soils at the farm, namely Valsrivier, Westleigh, Hutton and Glenrosa are well
known as Lixisols, Plinthosols, Cambisols and Leptosols, respectively from the World

Reference base for soil resources [32].
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Figure 2. Spatial distribution of soil forms across the 12 ha banana plantation.

The Valsrivier soil (Lixisol) covered 38% (equivalent to 4.5 ha) of the 12 ha banana
plantation. This soil form was mainly found at the footslope and middleslope positions of
the farm (Table 2). At the footslope, the soil was characterised by a dark reddish colour
(10R 2.5/1), 0.30 m thick orthic A horizon underlain by dusky red colour (2.5YR 3/2), 1.2
M thick pedocutanic B horizon. The permeability of the soil ranged from 1-3 s, with a clay
content of 19% and a slope class of 0-3%. The effective rooting depth was 0.30 m and the
total depth of the pit was 1.50 m. At the middleslope, Valsrivier soil form was
characterised by a dark reddish brown (5YR 3/3) colour, 0.31 m thick orthic A horizon
underlain by a dusky red (10R 3/3), 0.60 m thick pedocutanic B horizon. The permeability
of this soil ranged from 1-3 s, with an average clay content of 29% and a slope class
ranging from 3-8%. The effective rooting depth of the soil was 0.30 m and the total soil
depth was 0.91 m. These soil forms fall under the duplex soil group [33]. They are enriched
with clay in the subsoil, which results in strong blocky and cutanic character.



Sustainability 2023, 15, 453

7 of 16

Table 2. Pedological and morphological characteristics of soils at Makuleke farm located in the footslope and middleslope position.

Particle Size Distribution

T Pit T il TSD ERD P ili 1 T i
ransect Pit - Topsol Colour (Topsoil) Subsoil Name Colour (Subsoil) S Soil Form ermeability Slope erra}m Clay Silt Sand
No. No. Name (m) (mm) (s) (%) Unit Texture Class
(%) (%) (%)
1 Orthica R Z'i/liieddmh Pedocutanic B 2R f’{/e ZdDuSky 1.5 200-300 Valsrivier ~ 1-3 0-3 TFootslope 19 26 55  Sandyloam
1 2 Orthica YR3MDark g b pithicB  25YR4/6Red  1.02 0-200 Westleigh  1-3 0-3 Footslope 29 25 46 Sandy clay loam
Reddish Brown
. 5YR 3/4 Dark 5YR 3/4 Dark
3 Orthic A Reddish Brown Red Apedal B Reddish Brown 1.35 200-300 Hutton 1-3 0-3 Footslope 41 33 26 Clay
7.5YR 3/4 Dark 7.5YR 3/3 Dark
1 Orthic A 5YR 3/4 Dar Pedocutanic B 5YR 3/3 Dar 1.32 300-500 Valsrivier 4-8 0-3 Footslope 25 27 48 Sandy clay loam
Brown Brown
2 2 Orthica OYRSMDark ,icutanicp ZOYRAAReddish g 0000 300 Valsrivier  4-8 0-3 TFootslope 41 33 26 Clay
Brown Brown
5YR 4/6 Yellowish
3 OrthicA 10R 3/3 Dusky Red Red Apedal B / Recei OWIST 1 16 200-300 Hutton 4-8 0-3 Footslope 39 32 29  Clayloam
YR 3/3 Dark
1 Orthic A > ,3/3 ar Pedocutanic B 10R 3/3 Dusky Red 0.907 200-500 Valsrivier 1-3 4-8 Middleslope 29 27 44 Clay loam
Reddish Brown
. 5YR 3/3 Dark . 2.5YR 3/3 Dark .. .
3 2 Orthic A Reddish Brown Pedocutanic B Reddish Brown 1.35 0-200 Valsrivier 1-3 4-8 Middleslope 33 33 34 Clay loam
. 5YR 3/4 Dark 2.5YR 3/4 Dark .
3  Orthic A Reddish Brown Red Apedal B Reddish Brown 1.12 200-300 Hutton 1-3 4-8 Middleslope 33 31 36 Clay loam
1 OrthicA 5YR,3/3 Dark Lithocutanic B 2:5YR 4/4 Reddish 1.2 0-200 Glenrosa 1-3 4-8 Middleslope 21 17 62 Sandy clay loam
Reddish Brown Brown
. 5YR 3/3 Dark . 5YR 3/4 Dark . .
4 2 Orthic A Reddish Brown Pedocutanic B Reddish Brown 1.3  0-200 Valsrivier 1-3 4-8 Middleslope 25 33 42 Loam
3 Orthica OYR3BDakk o i Apedalp  O1R3ADark 0002300 Hutton 1-3 48 Middleslope 39 32 29  Clayloam
Brown Reddish Brown

TSD, total soil depth; ERD, effective rooting depth.
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The Westleigh soil form (Plinthosol) covered 12% (1.4 ha) of the Makuleke farm and
was mainly found in the footslope position (Table 2). This soil was characterised by a dark
reddish (5YR 3/4), 0.34 m thick orthic A horizon underlain by a red (2.5YR 4/6), 0.68 m
thick soft plinthic B horizon. The permeability of the soil ranged from 1-3 s, with a clay
content of 29% and a slope class of 0-3%. The effective rooting depth was 0.20 m and total
soil depth of 1.02 m. The Westleigh soil form falls under the plinthic soil group [33]. The
plinthic horizon has 25% by volume or more of an iron-rich, humus-poor mixture of
kaolinitic clay with quartz, which changes irreversibly to a hard mass or to irregular
aggregates on exposure to repeated wetting and drying with free access to oxygen [33].

The Hutton soil (Cambisol) covered 34% (4.05 ha) of the farm. It was found at the
footslope and middleslope positions (Table 2). At the footslope, this soil form was
characterised by a dark reddish brown (5YR 3/4), 0.34 m thick orthic A horizon underlain
by a dark reddish brown (5YR 3/4), 1 m thick red apedal B horizon. The permeability of
the soil ranged from 1-3 s, with a slope class of 0-3%. The effective rooting depth of the
soil was 0.30 m and the total soil depth was 1.35 m, with a clay content of 36%. At the
middleslope position, the Hutton soil was characterised by a dark reddish brown (5YR
3/4), 0.35 m thick orthic A horizon underlain by a dark reddish brown (2.5YR 3/4), 0.77 m
thick red apedal B horizon. The permeability of the soil ranged from 1-3 s, with a slope
class of 3-8%. The effective rooting depth and total depth of the soil was 0.3 m and 1.12 m
respectively. The Hutton soil falls under the Oxidic soil group [33]. An overriding feature
of Oxidic soils is uniformity of the B horizon colour. Oxidic soils have a B horizon that is
uniformly coloured with red and/or yellow oxides of iron [33].

The Glenrosa (Leptosols) soil form covered 16% (2.05 ha) of the farm, and was found
at the middleslope position. This soil was characterised by a dark reddish brown (5YR
3/3) colour, 0.05 m thick Orthic A surface horizon underlain by a reddish brown (2.5YR
4/4), 1.15 m thick Lithocutanic B horizon. The permeability of the soil ranged from 1-3 s,
with a slope class of 3-8%. The total depth of the horizon was 1.2 m and the effective
rooting depth was 0.20 m. This soil type falls under the Lithic soil group. The prevailing
characteristic of lithic soils is their resemblance with the underlying parent rock [33].

3.2. Chemical Properties of the Soils across the 12 ha Banana Plantation

The chemical properties of the classified soil pits across the banana plantation are
depicted in Table 3. In transect one at the footslope position, Valsrivier soil form had soil
P, K Ca and Mg content of 32 mg/kg, 147 mg/kg, 2662 mg/kg and 573 mg/kg respectively
(Pit 1). The pH of this soil (Valsrivier) was 5.20 while OC and N was 1.6% and 0.04%
respectively. Westleigh soil form had a P, K, Ca and Mg content of 19 mg/kg, 157 mg/kg,
1355 mg/kg and 340 mg/kg respectively (Pit 2). The pH of Westleigh was 5.22 with OC
content of 1.4% and N of 0.08%. Soil P, K, Ca and Mg content of Hutton soil was found to
be 12 mg/kg, 82 mg/kg, 1649 mg/kg and 429 mg/kg respectively (Pit 3). Moreover, the pH
of Hutton was found to be 5.31 with the OC % of 0.5 and N % of 0.03. In transect two at
the footslope, on average Valsrivier soil had a P, K, Ca and Mg of 28 mg/kg, 240 mg/kg,
1934 mg/kg, and 579 mg/kg respectively (Pit 1 and 2). The average pH, OC and N of the
soil (Valsrivier) was 5.02, 1.4% and 0.05% respectively. The soil P, K, Ca and Mg content
of Hutton soil was 31 mg/kg, 175 mg/kg, 1539 mg/kg and 375 mg/kg respectively (Pit 3).
This Hutton soil had a pH, OC and N of 5.05, 1.6% and 0.09% respectively.

Table 3. Chemical properties of the soils from the soil pits across the 12 ha banana plantation.

Trell\r;;‘ect Pit No. Soil Form Slope % T:;:il:n P K o g/k?)l Me (II()EI) oc % N
1 1 Valsrivier 0-3 FS 32 147 2662 573 5.2 1.6  0.04

2 Westleigh 0-3 FS 19 157 1355 340 522 14  0.08

3 Hutton 0-3 FS 12 82 1649 429 531 05 0.03

2 1 Valsrivier 0-3 FS 24 174 1843 751 506 13  0.03
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Valsrivier 0-3 FS 31 305 2025 406 4.97 1.5 0.06
Hutton 0-3 FS 31 175 1539 375 5.05 1.6 0.09
Valsrivier 4-8 MS 21 106 1790 498 5.42 0.9 0.03
Valsrivier 4-8 MS 18 112 1725 425 5.04 1.7 0.04
Hutton 4-8 MS 23 206 1805 501 5.27 1.2 0.03
Glenrosa 4-8 MS 8 175 1212 327 4.62 1.1 0.05
Valsrivier 4-8 MS 37 254 2424 361 5.25 1.7 0.08
Hutton 4-8 MS 29 147 1862 477 5.33 1.2 0.05

ES, Footslope; MS, middleslope; P, Phosphorus; K, Potassium; Ca, Calcium; Mg, Magnesium; OC,
Organic carbon; N, nitrogen.

In transect three at the middleslope position, on average Valsrivier soil had a P, K,
Ca and Mg content of 19 mg/kg, 109 mg/kg, 1758 mg/kg and 462 mg/kg respectively (Pit
1 and 2). The average pH, OC and N was 5.23, 0.5% and 0.04% respectively. The Hutton
soil had a P content of 23 mg/kg while the K, Ca and Mg content was 206 mg/kg, 1805
mg/kg and 501 mg/kg respectively (Pit 3). The pH, OC and N of this soil was found to be
5.27,1.2% and 0.03% respectively. In transect four at the midslope, Glenrosa soil form had
a soil P, K, Ca and Mg content of 8 mg/kg, 175 mg/kg, 1212 mg/kg and 237 mg/kg
respectively (Pit 1). This soil had a pH of 4.62, with the OC and N of 1.1% and 0.05%
respectively. The soil P, K, Ca and Mg of Valsrivier soil form was found to be 37 mg/kg,
254 mg/kg, 2424 mg/kg and 361 mg/kg respectively (Pit 2). The pH, OC and N of this soil
form (Valsrivier) was found to be 5.25, 1.7% and 0.08% respectively. The Hutton soil form
had a P, K, Ca and Mg content of 29 mg/kg, 147 mg/kg, 1862 mg/kg and 477 mg/kg. The
pH of Hutton was found to be 5.33 while the OC and N content was 1.7% and 0.08%
respectively.

3.3. Land Capability Classification for Arable Farming

The farm showed variable capability use classes, ranging from class I to VI (Figure
3). The land capability class L IIL, IV, and VI covered 17%, 61%, 6% and 16% respectively
of the farm. Lands in class I, III, and IV are referred to as arable with class I having none
or few limitations. Class III and IV lands have moderate and severe limitations
respectively, that constrain their use [21]. Class VI lands are described as not suitable for
cultivation of crops, as their limitations hinder the growth of crops. Class I falls under
Hutton (occupied 17%). Class III falls under Westleigh, Hutton (occupied 17%) and
Valsrivier (occupied 32%), while Class IV falls under Valsrivier (occupied 6%). Class VI
lands fall under Glenrosa soil. Classes I to IV falls under arable and class IV under low
arable potential while class VI falls under non arable potential [22].
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Figure 3. Spatial distribution of land capability classes across the 12 ha banana plantation.

3.4. Soil Site Suitability for Banana Production

Figure 4, shows the soil suitability classes of the farm utilised for banana production.
Soil site suitability assessment for banana revealed that 12%, 34%, 37% and 16% is highly
suitable (S1), moderately suitable (52), marginally suitable (53), and permanently not
suitable (N2) respectively for banana cultivation. The moderately suitable portion of the
farm has slight to moderate limitations caused by slope, texture, pH and OC for banana
cultivation. The S3 portion of the studied area has severe limitations posed by slope,
texture, pH, and depth. The N2 portion of the area is permanently not suitable because of
severe limitations posed by slope, depth, texture and soil erosion.
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Figure 4. Spatial distribution of soil suitability classes across the 12 ha banana plantation. The main
liming factors, indicated by the suitability subclasses alongside the suitability classes on the map: t,
topography; e, erosion; m, moisture; s, soil physical characteristics (i.e., clay and effective rooting
depth); f, soil fertility limitation (i.e., organic carbon and pH).

4. Discussion

In this study, we found that a greater proportion of the farm was arable (78%). This
arable portion of the farmland was characterised by Westleigh, Hutton and Valsrivier soil
forms. These soils were found to be highly (Westleigh), moderately (Hutton) and
marginally suitable (Valsrivier-footslope) for banana production. Even though Westleigh
soil was arable and highly suitable for banana, the presence of the soft plinthites (an iron
rich, humus poor mixture of kaolinitic clay with quartz) below the topsoil horizon may
impose limitations [32]. Soils characterised by a clay fraction dominated by kaolinite have
a low cation exchange capacity (CEC). The implications of soils with low CEC are that
they are likely to develop deficiencies in K, Mg, sulphur (S) and other cations [33]. Another
limitation associated with plinthic horizons is that even when soft they do not appear to
be well colonised by roots. This is because the plinthites are cemented by iron to the extent
that the dry fragments do not soak in water, and cannot be penetrated by roots [34]. The
consequence of such cementations is that during a period of heavy rainfall and irrigation,
the soil gives rise to waterlogging conditions. Intermittent wetness in the soil directly
affects plant growth through oxygen deficiency and indirectly by reducing the availability
of nitrogen (N) and sometimes causing manganese (Mn) toxicity [35]. In sandy soils,
excessive water can leach nitrate N beyond the rooting zone of the developing plant. In
heavier soils (soils with very high clay content), nitrate N can be lost through
denitrification (the microbial process of reducing nitrate and nitrite to gaseous forms of
N, principally nitrous oxide (N20) and nitrogen gas (N2) [35].

In as much as the Hutton soil was arable and moderately suitable, it was found to be
limited by its location in the field as evident in slope ranging from 4-8%, low levels of OC
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(1.1%), and an acidic pH (5.1). Moreover, the Hutton soil had a high clay content (42%)
and falls under the Oxisols, which are mostly rich in oxides [33]. In oxides or oxide layer
silicate coated systems, phosphorus (P) fixation increases with an increase in clay content
[36]. Therefore, the nutrient P in Hutton may be fixed in the soil and not be available for
plant uptake.

The land capability assessment further revealed that some portions of the farmland
had low arable potential (6%) and 17% of the land was considered non-arable. The low
arable potential and non-arable portion of the farmland was characterised by Valsrivier
(middleslope) and Glenrosa soil forms respectively. Notably, Valsrivier was found to be
marginally suitable while Glenrosa was permanently not suitable for banana production.
Limiting factors for the Valsrivier soil included its shallow rooting depth (0.5 m), acidic
pH (5.0), low OC (1.54%), and the fact that it was located on steeper slope gradient (4-8%).
Similarly, Glenrosa was limited by its location on a steep slope gradient (4-8%), shallow
effective rooting depth (0.05 m), low OC (1.1%), lower clay content (21%) compared to the
other soil forms and acidic pH (4.6).

In order to grow bananas optimally, the slope percentage must be in the range of 0-
3%, clay content ranging from 30% to 50%, pH varying between 5.5 and 7, OC and depth
of at least 1.5% and 0.51 m respectively [15,29,37]. At high altitude, banana plants may
break since they are prone to wind damage because of their height [37]. Additionally,
water tends to travel from less level areas to flat ones during periods of high rainfall or
irrigation. This leads to the removal of smaller topsoil particles, which causes soil erosion
and subsequent loss of nutrients (they are carried away with finer topsoil). Banana in less
flat lands would thus receive less water and nutrients. Moreover, low clay content soils
typically have poor capacity to hold water and nutrients. This is explained by the
combination of high surface area and density of clay, which causes moisture and nutrients
to be retained [35]. The particles that make up clay soil are negatively charged, which
means they attract and hold positively charged particles, such Ca, K, and Mg [38]. For
these reasons, bananas grown on low clay soils will suffer from water stress and low
nutrient availability which would lead to poor crop growth and subsequent yield
reduction.

Plant growth and most soil processes, including nutrient availability and microbial
activity, are favoured by a soil pH range of 5.5-8 [39]. When soil pH drops, aluminium
(Al) becomes soluble. A small drop in pH can result in a large increase in soluble Al [40].
In this form, Al retards root growth, thus restricting access to water and nutrients.
Accordingly, poor banana growth and yield reduction would occur as a result of inacces-
sible water and nutrients [40]. In very acidic soils, all the major plant nutrients (e.g., N, P,
K, S, Ca, Mn) and also the trace element molybdenum (Mo) may be unavailable, or only
available in insufficient quantities [40]. This is because most microbial processes, includ-
ing the breakdown of organic matter and cycling of nutrients, are reduced in acidic soil
because growth and reproduction of the soil microbes, primarily bacteria and fungi, are
reduced [38]. This would explain why there is low OC in such soils even though the farmer
practices organic mulching using banana leaf litter. Consequently, this would imply that
the soil might not have sufficient nutrients and inadequate water for optimum banana
production since OC is responsible for nutrients and water retention.

The defining characteristic of Valsrivier soils is clay enrichment in the subsoil [33]
which causes the development of strong structure in the B horizon (Pedocutanic B). The
overriding feature of Glenrosa soils is their clear resemblance with the underlying parent
rock (Lithocutanic B) [33]. The B horizons (of Valsrivier and Glenrosa) are often
sufficiently hard and dense, and as such are an impediment to both root growth and water
movement [33]. As a result, the roots of the bananas planted on these soils will remain
confined to a small volume of soil that cannot provide adequate anchorage, water and
nutrients [41]. Shallow Lithocutanic and Pedocutanic B horizons reduce the usable soil
depth and enhance the tendency of soil to waterlogging in heavy rains, and fall below the
permanent wilting percentage under drought conditions [42]. Consequently, bananas
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grown on these soils will suffer from stunted root growth and waterlogging. Stagnant
water in banana farmlands might cause diseases such as the Panama disease (a wilting
disease caused by the fungus Fusarium oxysporuf. sp. Cubense) [37,43]. This disease can
ultimately kill the banana plant in not properly managed. The Panama disease is caused
by an upsurge (favoured by reducing soil environment caused by stagnant water) of the
solubility and bioavailability of redox-sensitive micronutrients [44]. Increased
micronutrient bioavailability from reduced pockets within the crop root zone has been
linked to increased F. oxysporum pathogenicity [45]. Furthermore, a reducing environment
inhibits nitrification, increasing the concentration of soil ammonium, which is favourable
to Fusarium wilt development [44].

The excess water in the root zone is accompanied by anaerobic conditions (refer to
when the soil has little to no available oxygen) [45]. In the case of plants, oxygen (O2) is a
necessary component in many processes including respiration and nutrient movement
from the soil into the roots [38]. In the absence of O, root respiration and nutrient
movement are hampered. This is because root respiration in aerobic conditions requires a
continuous supply of Oz to the rhizosphere [46]. As a result, the banana plant will show
reduced water consumption and stomatal conductance, slow growth, wilting and
decreased yield [47,48].

The principal soil forming process of Glenrosa soils is the dissolution and subsequent
removal of carbonates [33]. This intensive removal of soil carbonates leads to further eco-
logical consequences, mostly related to a decline of soil functions such as decreased net
primary production and lower soil organic matter (OM) stability [49]. Soil OM has both a
direct (It serves as a source of N, P, S through its mineralization by soil microorganisms)
and indirect (is required as an energy source for N-fixing bacteria hence influences the
supply of nutrient from other sources) effect on the availability of nutrients for plant
growth [50]. Moreover, OM leads to the synthesis of complex organic compounds (e.g.,
humic and fluvic acids) that bind soil particles into structural units called aggregates [51].
Therefore, the less stable soil OM will contribute to decreased nutrients and a poorly
structured soil which would limit water infiltration because of compaction subsequently
leading to less water in the root zone [51]. Consequently, bananas grown on these soils
will suffer from inadequate water and nutrient supply.

5. Conclusions

In conclusion, four soil forms were identified and classified in the study area, namely
Hutton, Westleigh, Valsrivier and Glenrosa. The land capability assessment revealed that
Makuleke farm is categorised by four land capability classes with class I, III, IV and VI
occupying 17%, 61%, 6% and 16% sequentially. In essence, 78% of the farm was arable, 6%
had low arable potential while 16% was non arable. Furthermore, soil site suitability
assessment revealed that the suitability of the soils at Makuleke farm for banana
production is highly variable. The farm was grouped into four suitability classes for
banana production; S1 (highly suitable), S2 (moderately suitable), S3 (marginally suitable)
and N2 (not suitable), which covered 12%, 34%, 38% and 16% respectively.

Owing to that the farmers at Makuleke were utilising the land and soil resource
without prior land evaluation, this contributed to below par banana yield and soil
degradation in some portions of the farm. The findings of this study will be useful to
decision making and planning at the farm going forward. The land capability and soil
suitability assessment of this farm would help to define best agricultural practices to adopt
in order to preserve soil functions (soil and water retention). It will help farmers to tailor
their soil management practices to specific areas in the farm in order to improve the
productivity of the land. By doing so, the farmers will be able to improve banana yield
which was affected by a lack of soil information in their plantation.

This study provides baseline for agricultural land assessment. It will help farmers
and decision makers in other agroecological zones on how best to conduct land evaluation
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in order to improve their agricultural productivity and to avoid inappropriate agricultural
practices which might lead to land degradation.

Author Contributions: Conceptualization, S.M.S. and P.E.D.; Introduction, S.M.S.; methodology,
Results and Discussions, S.M.S. and P.E.D.; S.M.S. and P.E.D.; Reviewing and conclusions, S.M.S.
and P.E.D.; writing —review and editing, S.M.S. and P.E.D.; supervision, P.E.D. Funding acquisition,
S.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation (NRF) South Africa, and
the grant number is MND210826635262.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: I would like to thank Mbanjwa V_E. for assisting with soil survey, classification,
mapping and with the laboratory analysis of the physical and chemical properties of the collected
samples of the study area. I would also like to thank Chauke R. with site selection, soil survey and
classification of the soils of the study area. Lastly, I would like to thank Maluleke H (land manager
at Makuleke farm) for giving us a permission to conduct soil survey, classification and land
evaluation of the farm.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Giller, K.E. The food security conundrum of sub-Saharan Africa. Glob. Food Sec. 2020, 26, 100431.

2. Pienaar, L.; Traub, L. Understanding the smallholder farmer in South Africa: Towards a sustainable livelihoods classification.
In Proceedings of the International Association of Agricultural Economists, Milan, Italy, 9-14 August 2015.

3. Adekunle, O.O. An investigation of challenges facing home gardening farmers in South Africa: A case study of three villages
in Nkonkonbe municipality, Eastern Cape Province. J. Agric. Sci. 2014, 6, 102-109.

4. Quandt, A.; Herrick, J.; Peacock, G.; Salley, S.; Buni, A.; Mkalawa, C.C.; Neff, J. A standardized land capability classification
system for land evaluation using mobile phone technology. J. Soil Water Conserv. 2020, 75, 579-589.

5. Nciizah, A.D.; Mupambwa, H.A.; Nyambo, P.; Muchara, B. From Soil to Fork: Can Sustainable Intensification Guarantee Food
Security for Smallholder Farmers? In Food Security for African Smallholder Farmers; Springer: Singapore, 2022; pp. 27—46.

6. Barnard, R.O.; van der Merwe, A.].; de Villers, M.C.; van der Merwe, G.M.E.; Mulibana, N.E. Problem soils (including degraded
soils): Extent, present use, management and rehabilitation in South Africa. In Proceedings of the 2nd MADS-SEA (Management
of degraded soils in Southern and East Africa) Network Meeting, Agricultural Research Council Institute for Soil, Climate and
Water, Pretoria, South Africa, 6 July 2000.

7. Nziguheba, G.; Adewopo, J.; Masso, C.; Nabahungu, N.L.; Six, J.; Sseguya, H.; Taulya, G.; Vanlauwe, B. Assessment of
sustainable land use: Linking land management practices to sustainable land use indicators. Int. J. Agric. Sustain. 2022, 20, 265~
288.

8.  Scholes, R.J.; Biggs, R. Ecosystem Services in Southern Africa: A Regional Assessment; Millenium Ecosystem Assessment; Council
for Scientific and Industrial Research: Pretoria, South Africa, 2004.

9. Manderson, A.; Palmer, A. Soil information for agricultural decision making: A New Zealand perspective. Soil Use Man. 2006,
22, 393-400.

10. Abd-Elmabod, S.K.; Bakr, N.; Mufioz-Rojas, M.; Pereira, P.; Zhang, Z.; Cerda, A.; Jordan, A.; Mansour, H.; De la Rosa, D.; Jones,
L. Assessment of soil suitability for improvement of soil factors and agricultural management. Sustainability 2009, 11, 1588.

11. Munialo, S.; Dahlin, A.S.; Onyango, M.C.; Oluoch-Kosura, W.; Marstorp, H.; Oborn, 1. Soil and management-related factors
contributing to maize yield gaps in western Kenya. J. Food Energy Secur. 2020, 9, 189-204.

12.  Olivaries, B.O.; Calero, J.; Rey, J.C.; Lobo, D.; Landa, B.B.; Gémez, J.A. 2021. Correlation of banana productivity levels and soil
morphological properties using regularized optimal scaling regression. CATENA 2021, 208, 105-118.

13. Dobarco, M.R.; McBratney, A.; Minasny, B.; Malone, B. A framework to assess changes in soil condition and capability over
large areas. Soil Secur. 2021, 4, 100011.

14. De Feudis, M.; Falsone, G.; Gherardi, M.; Speranza, M.; Vianello, G.; Antisari, L.V. GIS-based soil maps as tools to evaluate land
capability and suitability in a coastal reclaimed area (Ravenna, northern Italy). Int. Soil Water Conserv. Res. 2021, 9, 167-179.

15. Naidu, L.G.K,;; Ramamurthy, V.; Challa, O.; Hegde, R.; Krishnan, P. Manual on Soil-Site Suitability Criteria for Major Crops; NBSS
publication 129; NBSS: Nagpur, India, 2006.

16. AbdelRahman, M.A.E.; Natarajan, A.; Hegde, R. Assessment of land suitability and capability by integrating remote sensing

and GIS for agriculture in Chamarajanagar district, Karnataka, India. EQypt. ]. Remote Sens. Space Sci. 2016, 19, 125-141.



Sustainability 2023, 15, 453 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

Amara, D.M.K,; Nadaf, S.A.; Saidu, D.H.; Vonu, O.S.; Musa, RM.; Kamanda, P.J.; Sawyerr, P.A.; Mboma, J.C.; Mansaray, S.D.;
Sannoh, M.A. Studies on Land Resource Inventory for Agricultural Land Use Planning in Northern Transition Zone of India
through Remote Sensing and GIS Techniques. J. Geographic Infor. Sys. 2021, 13, 710-728.

Hilton-Baber, B.; Berger, L.R. Prime Origins Guide to Exploring Kruger, 2nd ed.; Prime Origin (Pty) Ltd.: Cape Town, South Africa,
2007.

Kock, A. Diatom Diversity and Response to Water Quality within the Makuleke Wetlands and Lake Sibaya. Master’s Thesis,
the Potchefstroom Campus of the North-West University, Potchefstroom, South Africa, 2017.

United States. Department of Agriculture. Soil Survey Division, and United states. Division of Soil Survey. In Soil Survey Manual
(No. 18); US Department of Agriculture: Washington, DC, USA, 1993.

Soil Classification Working Group. Soil Classification: A Natural and Anthropogenic System for South Africa; Agricultural Research
Council, Institute for Soil, Climate and Water (ARC-ISCW): Pretoria, South Africa, 2018.

Smith, B. The Farming Handbook; UKZN-Press: Pietermaritzburg, South Africa, 2006.

Bouyoucos, G.J. Hydrometer Method improved for making particle size analysis of soils. Agron. J. 1962, 54, 464—465.

Walkley, A.; Black, I.A. An Examination of Different Method for Determining Soil Organic Matter and a Proposed Modification
of the Chromic Acid Titration Method. J. Soil Sci. 1934, 37, 29-37.

Manson, A.D.; Bainbridge, S.H.; Thibaud, G.R. Methods Used for the Analysis of Soils and Plant Material by Analytical Services at
Cedara; KwaZulu-Natal Department of Agriculture and Rural Development: KwaDukuza, South Africa, 2020.

Murphy, J.; Riley, J.R. A modified single solution method for the determination of phosphate in natural waters. Anal. Chim.
Acta. 1962, 27, 31-36.

Food and Agriculture Organizations of the United States, FAO. A Framework for land evaluation. In Soils Bulletin 3; FAO:
Rome, Italy, 1976; Volume 72.

Food and Agriculture Organizations of the United States, FAO. Guidelines in land evaluation for rain fed agriculture. In Soils
Bulletin; Food and agricultural organization: Rome, Italy, 1983; Volume 52, pp. 210-237.

Sys, C.; Van Ranst, E.; Debaveye, J.; Beenaert, F. Land evaluation part IIl. Crop Requir. 1993, 1, 3.

Food and Agriculture Organizations of the United States, FAO. Soil Fertility Degradation and Restoration under Banana Cultivation;
Ekona Banana Estate of CDC. Soil resources project. Technical report No. 19; FAO: Rome, Italy, 1983.

Balasubramanian, A. Soil Morphology; University of Mysore: Mysuru, India, 2017. https://d0i.10.13140/RG.2.2.14083.91686.
IUSS Working Group WRB. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps, 4th ed.; Inter-national Union of Soil Sciences (IUSS): Vienna, Austria, 2022.

Fey, M. Soils of South Africa; Cambridge University Press: Cambridge, UK, 2010.

Baxter, S. Guidelines for soil description. Experimental Agric. 2007, 43, 63-264.

Weil, R.R.; Brady, N.C. The Nature and Properties of Soils (Global Edition); Pearson: Harlow, UK, 2017.

Kome, G.K,; Enang, RK.; Tabi, F.O.; Yerima, B.P.K. Influence of clay minerals on some soil fertility attributes: A review. Open
J. Soil Sci. 2019, 9, 155-188.

Food and Agriculture Organizations of the United States, FAO. Banana. 2018. Available online: http://www .fao.org/land-
water/databases-and-software/crop information/banana/en/ (accessed on 23 June 2022).

White, R.E. Principles and Practice of Soil Science: The Soil as a Natural Resource, 4th ed.; Blackwell Publishing: Oxford, UK, 2005.
Havlin, J.L.; Tisdale, S.L.; Nelson, W.L.; Beaton, J.D. Soil Fertility and Fertilizers; Pearson Education: Noida, India, 2016.

Neina, D. The role of soil pH in plant nutrition and soil remediation. Appl. Environ. Soil Sci. 2019, 15, 216-227.

Fullen, M.A; Catt, J.A. Soil Management: Problems and Solutions; Routledge: Abingdon-on-Thames, UK, 2014.

Jackson, R.S. 5—Site selection and climate. In Food Science and Technology, Wine Science, 3rd ed.; Academic Press: Cambridge,
MA, USA, 2008; pp. 239-269.

Ploetz, R.C. Panama disease: A classic and destructive disease of banana. Plant Health Progress. 2000, 1, 10.

Orr, R; Nelson, P.N. Impacts of soil abiotic attributes on Fusarium wilt, focusing on bananas. Applied Soil Eco. 2018, 132, 20-33.
Dominguez, J.; Negrin, M.A.; Rodriguez, C.M. Aggregate water-stability, particle-size and soil solution properties in conducive
and suppressive soils to Fusarium wilt of banana from Canary Islands (Spain). Soil Biol. Biochem. 2001, 33, 449-455.
Moreno-Roblero, M.D.].; Pineda-Pineda, J.; Colinas-Ledn, M.T.; Sahagtn-Castellanos, J. 2020. Oxygen in the root zone and its
effect on plants. Revista Mexicana De Ciencias Agric. 2020, 11, 931-943.

Bhattarai, S.P.; Midmore, D.].; Pendergast, L. 2008. Yield, water-use efficiencies and root distribution of soybean, chickpea and
pumpkin under different subsurface drip irrigation depths and oxygation treatments in vertisols. Irrig. Sci. 2008, 26, 439-450.
Maestre, V.J.F.; Martinez, A.V. Effects of drip irrigation systems on the recovery of dissolved oxygen from hypoxic water.
Science Direct. Agric. Water Management. 2010, 97, 1806-1812.

Rowley, M.C.; Grand, S.; Adatte, T.; Verrecchia, E.P. A cascading influence of calcium carbonate on the biogeochemistry and
pedogenic trajectories of subalpine soils, Switzerland. Geoderma 2020, 361, 114-135.



Sustainability 2023, 15, 453 16 of 16

50. Senesi, N.; Loffredo, E. The chemistry of soil organic matter. In Soil Physical Chemistry; CRC Press: Boca Raton, FL, USA, 2018;
pp- 239-370.

51. Stott, D.E.; Kennedy, A.C.; Cambardella, C.A. Impact of soil organisms and organic matter on soil structure. In Soil Quality and
Soil Erosion; CRC Press: Boca Raton, FL, USA, 2018; pp. 57-73.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



