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Abstract: Soil information is the basis for the site-specific management of soils. The study aimed to
digitize soil information and classify it into soil mapping units (SMUs) using geostatistics. The study
area was grouped into 12 SMUs, or management zones. The pH of the soils ranged from 7.3 in SMU2
to 8.6 in SMUS5. Most SMUs exhibited low total nitrogen (TN) that could be attributed to very low
soil organic carbon (SOC) in the soils. Available phosphorus (AvP) was very low in all the mapping
units. The exchangeable K varied between 0.12 cmol(+) kg™ (SMU?7) and 0.95 cmol(+) kg (SMU10).
SMU12 was identified as marginally sodic and at a high risk of developing severe alkalinity unless
possible management measures are implemented. Our findings show that a lack of soil information
causes an imbalance between soil requirements and external nutrient inputs, negatively affecting
crop production. Therefore, high-resolution digital soil information can assist the site-specific ap-
plication of soil nutrients and amendments based on spatial variability in line with soil require-
ments.

Keywords: soil survey; geostatistical analysis; digital soil mapping; spatial soil variability; manage-
ment zone; nutrient management; soil salinity; site-specific management

1. Introduction

To meet global food demand, higher crop production in developed and developing
countries has to come from agricultural intensification [1,2]. However, some of the major
constraints reducing agricultural yields are soil nutrient deficiencies, suboptimal manage-
ment of resources, and limited information on soil nutrient availability [3]. Digital soil
fertility information is very scarce in developing countries, and land managers are largely
unaware of this technology [4,5]. In traditional farming systems, inputs such as fertilizers
are applied uniformly for the whole field, although the availability of the nutrients in soils
is not homogeneous. For this reason, the application of uniform fertilizer rates to a non-
homogeneous area of land based on soil data obtained from a few points results in low
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crop yield, economic loss, and land degradation [4,6]. This suggests that a lack of up-to-
date soil information containing high-resolution soil conditions is one of the major imped-
iments to agricultural intensification in developing countries and anywhere across the
world. As a result, knowledge of the spatial heterogeneity of soil properties at the farm-
land/landscape scale is critical for determining crop production constraints and imple-
menting appropriate soil management practices [7,8].

Though the harmonized soil polygon map of Africa, known as the ‘Soil Atlas of Af-
rica’ recently produced by [9] at scales varying between 1:1M and 1:5M can be useful, it is
not at a required resolution to be applied at the farm level. Soil information maps can be
produced using a wide range of statistical and mathematical approaches such as machine
learning, data mining, regressions, deep learning, and geostatistics [10-13]. Geostatistics
are used to generate maps and thus to estimate the value of soil properties for unsampled
sites based on those of sampled sites [14]. Digital soil maps can display the spatial varia-
bility of soil nutrients at a finer resolution, assisting landowners in identifying high and
low nutrient distributions within their fields [15,16]. As a result, there is a need to generate
digital soil information to develop precise nutrient recommendations [17-19] and ulti-
mately to mechanize the traditional agricultural systems in developing countries such as
Africa [5].

In this regard, digital soil information helps to classify soils into management zones
that aid spatially targeted nutrient advisory works, thereby reducing under and/or over-
application of nutrients and amendments [13,20]. In addition to its agronomic efficiency,
it has also economic benefits in terms of saving farmers’ money through more efficient
use of fertilizers. Therefore, the study was aimed to map soils at a finer resolution of
1:10,000, to produce management zones, and to provide soil information for precise nu-
trient management.

2. Materials and Methods
2.1. Study Site

The research was carried out in the Gololcha district of the west Hararghe of Oromia
region in Ethiopia. It is located between 8°53'33"” and 8°56'02" N latitudes and 40°18'30"
and 40°53'33" E longitudes, at an elevation of 1150 to 1240 m above sea level (Figure 1).
The study area covers 489.96 ha of land, excluding rock surfaces. About 54% of the study
site comprised of gentle slope (4-8%) and moderate to steep slope classes (8-15%). The
remaining portion of the site showed level land (0—4%). Communities residing in the
study area practiced the mixed farming system. Cereals (maize, and sorghum), fruits (ba-
nana and avocado), stimulants (coffee and chat), and oil crops (groundnuts, Niger seed,
and haricot bean) are the main crops grown in the area.

2.2. Research Design and Procedures
2.2.1. Pre-Field Survey

This stage involved office activities such as the preparation of a base map to aid in
land surveying. The base maps of landform and land use for the study boundary were
produced by overlaying a 30 m resolution Landsat ETM+ and Google Earth image using
ArcGIS 10.3 software. The slope classes were generated from a 30 m resolution digital
elevation model (DEM) using Global Mapper 30.2 software. Hereafter, the boundary of
the study site (i.e., arable land) was delineated from the base maps produced for slope,
landform, and land use. The location and number of predefined auger observation points
that aided field survey activities were then estimated using a 300 m x 300 m grid size and
distributed on the 1:10,000 scale base map. The grid points were encoded into the Global
Positioning System (GPS) and used to locate points for soil characterization and sampling
activities during the field survey.
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Figure 1. Location map of the study site and the distribution of auger observation points and profile
pits within the study site boundary.

2.2.2. Field Survey

First, augering points in the field were identified using predefined sampling points
on the map (Figure 1). The soil was then described and sampled for 68 auger observation
points. Different landscape variables, for example, Universal Traverse Mercator (UTM)
coordinates, elevation, erosion status, slope steepness, and surface drainage conditions
were characterized at each auger observation point following [21] guidelines. Further-
more, various soil properties, i.e., soil depth and textural classes, were investigated at
every auger observation site.

The slope, soil depth, and texture were used as covariates to categorize the soil sam-
ples at the study site into various soil mapping units (SMUs). By combining the data of all
coordinates derived from the auger observation points and the mini pits, the entire study
site was classified into 12 SMUs. This was accomplished by overlaying maps of the slope,
soil depth, and texture to create soil units with similar characteristics. Later on, soil sam-
ples were collected from 0-20 cm depth to estimate the soil fertility of the land units. For
each grid point, 12 subsamples were collected and mixed to form a composite sample. As
aresult, a total of 68 composite samples were collected from all the SMUs in the study site.

2.2.3. Post-Field Survey

The post-field survey work focused on soil sample preparation, soil analysis, digital
mapping, grouping farmlands into management zones, and placing management recom-
mendations. The final soil map with SMUs was created at a scale of 1:10,000 with ArcGIS
10.3 software. Then, the boundaries of the SMUs or management zones were coded into
GPS and navigated on the ground. Consequently, the management zones were used to
advise on nutrient recommendations and other soil management practices. Farmers and
land users residing in similar management zones were advised to follow the harmonized
management decisions.

2.3. Sample Preparation and Analysis

Soil samples were air dried and then ground to pass through a 2 mm sieve size. Se-
lected soil physical and chemical properties were tested based on standard methods. The
percentage of sand, silt, and clay in the soils was determined by the modified
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sedimentation hydrometer method [22]. Soil pH and electrical conductivity (EC) was es-
timated using a suspension of 1:1.25 soil to water ratio as outlined by [23]. The soil organic
carbon was measured using the oxidation method of Walkley and Black [24]. Total nitro-
gen (TN) was determined by the Kjeldahl method [25]. Available phosphorus (AvP) was
determined by the Olsen method [23]. Cation exchange capacity (CEC) was determined
by using the 1M ammonium acetate (pH 7) extraction method [23]. The similar ammo-
nium acetate leachate was used to measure the amounts of exchangeable Ca?* and Mg?*
using an Atomic Absorption Spectrophotometer (AAS), as well as exchangeable K* and
Na*with a flame photometer.

2.4. Statistical Data Analysis

Statistical analyses including descriptive statistics and principal component analysis
(PCA) were carried out using XLSTAT 2015 (version 4.01) software. Geostatistical analysis
was performed using ArcGIS 10.3 software. The Pearson correlation coefficient was used
to evaluate the relationship between soil variables at a significance level of 0.05.

3. Results
3.1. Descriptive Statistics for the Entire Study Site

Table 1 presents a statistical summary of the measured values for the soil properties
representing the entire study area. In this section, the soil properties were interpreted by
considering the whole study area as a single unit. The pH of the soil ranged from 7.3 to
8.7, with a mean of 7.9 and a standard deviation of 0.4, indicating a cluster of values close
to the mean. The pH values had a skewness coefficient of 0.6 and its distribution was
moderately skewed to the right. The minimum and maximum values for total N were
0.08% and 0.24%, respectively. Total N showed a skewness coefficient of 0.21. The values
of exchangeable Mg, TN, OC, PBS, Ca:Mg ratio, and K:Mg ratio are fairly symmetrical,
with skewness values ranging between -0.5 and 0.5 (Table 1). The AvP content of the soils
across the entire study area ranged from 1.14 to 5.34 ppm, with a mean value of 2.69 ppm.
The mean percent base saturation (PBS) of the soils was 86.30%, varying between 73.22
and 94.16%.

Table 1. Minimum, maximum, mean, standard deviation, and skewness coefficient of selected soil
properties for the entire study area.

Exchangeable Bases
(cmol+ kg—l 8011) TN O.C Av.P PBS

o o CaaMg K:Mg |
Na K Ca Mg CEC (%) (%) (ppm) (%)

Minimum 73 0.11 0.04 004 29.74 427 4240 0.08 098 114 339 001 7322
Maximum 8.7 028 1.16 113 4222 893 5652 024 243 534 8.66 016 94.16
Median 77 022 024 044 3723 638 5240 015 155 254 584 0.06 87.12
Mean 79 021 042 049 37.09 644 5152 0.16 1.69 269 6.04 0.08 86.30
SD 040 0.056 039 028 405 149 329 004 042 1.27 145  0.04 6.43
Skewness 0.60 -0.58 0.76 0.64 -0.62 029 -135 021 048 080 -0.07 0.32 -0.50

pH EC (mS

Statistic (H:0) cm)

The first five principal components (PC) accounted for 85.31% (PC1 = 35.29%, PC2 =
16.83%, PC3 = 12.75%, PC4 = 12.18%, and PC5 = 8.27%) of the total variance that best ex-
plains the data set (Table 2). The first five components showed eigenvalues greater than 1
(Table 2). As a result, the total variances of the PCs with eigenvalues greater than 1 were
used to explore the variability of the data.
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Table 2. Principal component analysis (PCA) of soil properties
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Eigenvalue 5.29 2.52 191 1.83 1.24 0.51 0.15 0.12
Variability (%) 35.29 16.83 12.75 12.18 8.27 3.37 1.02 0.78
Cumulative (%) 35.29 52.11 64.86 77.04 85.31 88.68 89.70 90.48

PC—principal component.

3.2. Extent and Distribution of Soil Mapping Units

In the study area, 12 SMUs were identified (Table 3). SMU4 occupied the largest por-
tion of the study area (20.75%), whereas SMU11 occupied the smallest portion (3.35%)
compared with other SMUs. The mapping units demonstrated a range of slope classes,
soil depth, and soil texture (Table 3). The SMU1 was formed on a 0-2% slope with a very
deep (>150 cm) clay soil throughout the profile. The SMU2 was developed on a 0-2% slope
with a moderately deep profile (50-100 cm). However, the SMU5, SMU6, SMU?7, and
SMU12 were all developed on a slope of 4-6% (Table 3) but differ in their soil depth. The
SMUS, SMUY, and SMU10 were all identified on a 6-8% slope, exhibiting soil depth rang-
ing between 100 cm and 150 cm. Exceptionally, the SMU11 occurred on steep slopes of 8-
15% with shallow soils (<50 cm).

The distribution of SMUs across the study site was shown in Figure 2. Cambisols
differing in soil series and qualifiers were identified in SMU2, SMU5, SMU6, SMUS,
SMU9, and SMU12. The Cambisols occupied 41.85% of the total study area. They were
formed on recent alluvial deposits. On the other hand, the soils of SMU1, SMU3, SMU4,
and SMU?7 were Vertisols. Accounting for 37.6% of the entire study area, Vertisols were
distributed in areas with slopes below 6%. The remaining SMU10 and SMU11 were occu-
pied by Fluvisols and Leptosols, respectively. The Fluvisols had clay loam throughout the
soil profile, indicating that there was little profile development. However, the Leptosols
exhibited very shallow soils, which could be attributed to their formation on steep slopes
of 8-16% that were prone to erosion. The SMUs on the current soil map were, in general,
considered as management zones that could be used to harmonize soil management prac-
tices.

Table 3. Selected soil physical characteristics of the studied mapping units.

SMU Slope  Soil Depth Soil Particle Di.stribution (%) Soil Area (%)
(%) (cm) Sand Silt Clay Texture

SMU1 0-2 >150 23 30 47 C 7.47
SMU2 0-2 50-100 42 34 24 L 12.16
SMU3 0-2 50-100 27 27 46 C 5.47
SMU4 2-4 100-150 26 28 46 C 20.75
SMU5 4-6 50-100 47 27 26 SCL 4.45
SMU6 4-6 50-100 39 26 35 CL 3.79
SMU7 4-6 >150 27 29 44 C 7.88
SMUS8 6-8 100-150 37 29 34 CL 13.17
SMU9 6-8 100-150 35 12 53 C 3.44
SMU10 6-8 >150 27 39 34 CL 8.66
SMU11 8-15 <50 35 41 24 L 3.35
SMU12 4-6 100-150 35 23 42 C 9.42

SMU —soil mapping unit; CL—clay loam; C—clay; L —loam; SCL—sandy clay loam.

3.3. Soil Nutrients and Salinity Problems across the Mapping Units

The concentration of soil nutrients varies from soil unit to soil unit. The average pH
ranged from 7.3 (SMU?2) to 8.6 (SMU5) (Table 4). All land units have a pH in the alkaline
range. The mean TN in the SMU?7 ranged from 0.1 to 0.17% in the SMU11. The mean AvP
in all SMUs was very low, making it the major limiting nutrient in the study area. All of
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the SMUs had a very low soil OC (2%), resulting in low TN in the soils; this is because the
main source of TN in soils is organic matter.

Soil mapping units

Il sMui
B smu2
[ ]smus
B svu4
[ smus
B sMuUs
[ smu7?
[ smus
B svud
[ smuio
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Figure 2. Distribution of soil mapping units (SMUs) in the study site. The study site is located in
Gololcha district of Eastern Oromia region, Ethiopia. The area was classified into 12 SMUs, exclud-
ing the rock surfaces (RC). The SMUs, also referred to as delineate management zones, are the basis
for spatially targeted management of soils.

The mean exchangeable Na content of the soils ranged from low (0.25 cmol(+) kg™)
in SMU2 to very high (3.95 cmol(+) kg) in SMU12 (Table 4). However, the rest of the
SMUs had moderate to high exchangeable Na. The mean value of exchangeable K ranged
from 0.12 cmol(+) kg in SMU7 to 0.95 cmol(+) kg in SMU10. Except for SMU10, which
exhibited a high exchangeable K, the remaining SMUs had very low to moderate ex-
changeable K. This demonstrates that, unlike SMU10, the entire mapping unit requires
the application of K fertilizers. The overall mean value of divalent cations (Ca and Mg) in
the SMUs was high to very high, forming calcareous soils. In the entire SMUs, the percent
base saturation (PBS) was consistently greater than 80%. The balance between exchange-
able cations also affects the fertility of soils. Our findings show that the mean Ca:Mg ratio
ranged from 2.75 in SMUI12 to 7.11 in SMU2, and almost all the mapping units had a low
K:Mg ratio (Table 4). Standard deviation (SD) was higher than or equal to the mean for
K:Mg ratio in SMUs 3, 4, 5, 6, 8, 9, 11, and 12 (Table 4). This shows that the data for the
K:Mg ratio was not normally distributed. In such cases, the mean cannot provide a good
measure of central tendency, indicating that K:Mg ratios vary greatly across the land-
scape.



Sustainability 2022, 14, 11710 7 of 13
Table 4. The (mean values, standard deviation) of soil properties for the upper 20 cm layer.
Mean, SD Exchangeable Bases-Mean (cmol+ kg Soil), SD Mean, SD Mean, SD
SMUs  n (gzlé) ECCH:’:‘)S Ex.Na ExK ExCa ExMg CEC CaMg KMg (}‘:‘;’i) PBS (%) OC (%) TN (%)
SMU1 5 79,028 0.62,0.61 0.28,0.20 0.48, 0.22 34.48, 2.10 6.65,0.40 47.31, 3.65 5.21, 0.49 0.07, 0.03 2.21, 1.74 88.69, 3.11 1.53, 0.52 0.13, 0.04
SMU2 6 7.3,0.06 0.20,0.01 0.25,0.05 0.35, 0.05 38.47, 1.76 5.41,0.03 50.90, 2.12 7.11, 0.29 0.06, 0.01 2.79, 1.43 87.39, 0.11 1.45, 0.01 0.12, 0.09
SMU3 5 7.7,0.02 0.23,0.08 1.43,0.60 0.13, 0.14 33.48, 5.29 5.64, 0.58 50.90, 3.54 6.02, 1.56 0.02, 0.03 1.44, 0.51 79.82, 2.81 1.30, 0.14 0.12, 0.03
SMU4 9 76,040 1.36,1.67 1.67,1.43 0.53, 0.47 30.92, 2.75 9.07,2.54 51.82,2.65 3.67,1.15 0.07, 0.07 1.66, 1.16 81.46,2.93 1.43, 0.56 0.14, 0.06
SMU5 6 8.6,0.03 0.22,0.04 0.49,0.63 0.47, 0.36 40.64, 1.02 6.69,2.94 54.59, 3.66 6.69, 2.79 0.09, 0.09 1.81, 0.61 88.41, 1.82 1.66, 0.38 0.16, 0.06
SMU6 4 74,023 0.49,60.54 1.05,1.020.17, 0.20 38.47, 529 8.27,2.79 52.39,1.43 5.05, 2.34 0.03, 0.03 1.35, 0.49 91.53, 0.71 1.37, 0.54 0.11, 0.06
SMU7 6 7.5,0.12 0.67,0.25 1.34,0.12 0.12, 0.03 31.40, 1.44 4.54, 0.63 44.07,2.08 7.01, 0.99 0.03, 0.01 2.22, 0.62 84.91, 3.22 1.10, 0.05 0.10, 0.02
SMU8 7 75,022 1.62,1.85 1.23,1.210.16, 0.18 33.57,3.75 7.78,2.01 47.07, 1.53 4.56, 1.47 0.02, 0.03 1.80, 0.79 90.80, 2.36 1.40, 0.14 0.13, 0.01
SMU9 4 7.7,0.14 1.01,0.88 1.34,1.20 0.19, 0.27 36.06, 4.30 9.53,0.89 51.47,1.90 3.83, 0.83 0.02, 0.03 1.39, 0.60 91.53, 2.30 1.48, 0.31 0.13, 0.02
SMU10 6 84,0.13 0.23,0.03 0.37,0.27 0.95, 0.34 42.01, 2.39 7.46,1.71 54.94,2.64 5.89,1.46 0.13,0.05 4.48, 2.48 92.60, 5.62 1.15, 0.26 0.10, 0.03
SMU11 4 8.0,0.53 0.24,0.04 0.31,0.28 0.16,0.17 37.33, 3.67 5.83,1.47 47.50,7.21 3.72,4.99 0.61, 0.85 2.07, 0.66 92.00, 2.20 1.89, 0.77 0.17, 0.06
SMU12 6 7.8,0.14 2.05,2.08 3.95,2.750.20, 0.15 24.75,4.99 9.51, 2.27 46.07,3.79 2.75,0.97 0.02,0.02 2.83, 1.62 83.58, 5.02 1.41, 0.24 0.13, 0.03

SMU —soil mapping unit; #—number of observations; SD —standard deviation; pH—power of
hydrogen; EC—electrical conductivity; TN —total N; OC—organic carbon; AvP —available phos-
phorus; Ex. Na—exchangeable sodium; Ex. K—exchangeable potassium; Ex. Ca—exchangeable
calcium; Ex. Mg —exchangeable magnesium; Ca:Mg— calcium to magnesium ration; K:Mg—potas-
sium to magnesium ratio; PBS—percent base saturation.

The mean electrical conductivity (EC) of the soils ranged from 0.20 mS cm™ in SMU2
t0 2.05 mS cm™ in SMU12. The SD was greater than or equal to the mean for EC in SMUs
4, 6,8, and 12 (Table 4). This demonstrates that the data for EC was not normally distrib-
uted, similar to the K:Mg ratio. Except for SMU12, which was classified as slightly saline
(ECe 2-4 mS m™), all SMUs were currently non-saline. This suggests that farmlands in
SMU12 require reclamation before the problem becomes severe. Other SMUs that are not
currently saline are also susceptible to developing salinity issues, necessitating regular
soil testing and monitoring.

Despite the spatial heterogeneity of soils across the study site, our survey results
showed that farmers both inside and outside the study border historically similarly man-
aged their farm plots. For example, they were applying nutrients to all SMUs at blanket
fertilizer rates of 150 kg ha-' DAP and 100 kg ha-' UREA for all the SMUs. This apparently
led to considerable yield gaps in the study area.

3.4. The Relationship between Soil Properties

A factor plot describing the first two components was used to illustrate the relation-
ship between soil properties (Figure 3a). As observed from the magnitude and direction
of correlation lines (Figure 3a), there was a good correlation between TN and OC; Na and
EC; AvP and exchangeable K; pH and CEC; silt and Ca. Close correlation lines between
TN and soil OC shows that OC was the primary source of TN in the soils. On the factor
plot, variables positioned in a straight line or at right angles did not correlate positively.
For instance, AvP did not correlate with OC, suggesting that mineral rocks rather than
organic matter could be the main source of AvP in the soils of the study site. Similarly,
there was a poor correlation between AvP and exchangeable Mg. Figure 3b demonstrates
that SMU12 is distinct from other SMUs in terms of its high EC and exchangeable Na,
whereas SMUS5 stands out for having a comparatively high pH value. In general, the
grouping of SMUs based on the magnitude of soil parameters (Figure 3b) can be used for
site-specific management decisions.
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Figure 3. Results of (a) factor plot showing the relationship between soil properties and (b) biplot
showing the distribution of soil properties in the mapping units; (b) shows that the SMUs scattered
out were considerably different from each other. Soil properties located closer to a given SMU in the
biplot exhibited a higher magnitude in that SMU than in the other SMUs.

4. Discussion
4.1. Management Zones for Spatially Targeted Nutrient Management

One of the main causes of low crop production in the study area is a homogeneous
soil management practice across varying soils. According to [26], soil management inter-
ventions that are not tailored to the specific soil conditions result in lower yields and prof-
itability. This problem is particularly acute in areas where soil information is scarce
[27,28]. Uniform management recommendations for spatially heterogeneous soils lead to
low agronomic efficiency because it does not consider the site-specific needs of the soils. As a
result, a management zone approach that considers the spatial variability of soil require-
ments is a good option for optimum nutrient management and improved crop produc-
tion.

The management zone approach divides farmland into mapping units based on site-
specific soil requirements. In this study, soils were divided into management zones using
the grid sampling approach. Using this method, it is possible to determine how soil po-
tentials and constraints vary between management zones and to target fertilizer sources
and rates according to the critical levels of soil nutrients in each SMU. For example, the
total N classifications based on [29,30] ratings showed that SMUS5 and SMU11 exhibited
optimum while the rest of the SMUs contained low TN. As a result, all SMUs require the
application of varying amounts of N fertilizers depending on the critical values of TN in
each SMU. Since the soils in all SMUs have a pH higher than 7, it is advisable to apply
ammonium-containing fertilizers to slow further alkalinization processes in the soils. The
low TN in the soils could be due to very low soil OC (SOC). The low to very low SOC in
the study site is in turn caused by exhaustive tillage practices and low residue incorpora-
tion into the soils [31,32]. As a result, organic amendments that can supply OC and N
including compost, vermicompost, manure, biochar, and straws need to be added to the
soils.

The poor correlation between AvP and exchangeable Mg in the present study (Figure
3) showed that AvP was fixed by exchangeable Mg in the soils, resulting in low AvP con-
centrations. Similar to the report of [33], reactions associated with high amounts of Ca and
Mg might have inhibited the availability of phosphorous in the soils. The diverging rela-
tionship between AvP and CaCO:s (Figure 3) could also show that phosphorus was ad-
sorbed and retained by CaCO:s in calcareous soils, as indicated by [34]. As a result, the
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application of recommended rates of phosphorous fertilizers is necessary for all land units
following the phosphorus calibration test.

Ethiopian soils were previously thought to contain sufficient K nutrient, and thus K
was not included in the soil fertilization programs [35,36]. However, the deficiency of soil
Kand positive responses to the application of K fertilizer have been reported for Ethiopian
soils in recent years [37]. Our study results also proved that K is one of the major limiting
nutrients in the soils. Except for SMU10, all of the SMUs in the study area showed a defi-
ciency of K nutrient. This demonstrates that site-specific applications of K-fertilizers
would help to gain more responses from crops. As K nutrient is involved in many physi-
ological and biochemical processes, its application would play a key role in plant defence
mechanisms against abiotic stresses such as drought [38,39]. In general, the primary nu-
trients (NPK) are lacking in most of the SMUs, necessitating an external source of these
nutrients based on their critical value in the soils of each SMU.

In soil fertility management, it is not just the PBS that determines balanced nutrient
uptake by plants but the relative proportion of the basic cations and other nutrients in the
soils [35,40]. According to [41], a Ca:Mg ratio for balanced Ca and Mg nutrition is 4 to 6.
In this regard, only SMU1, SMU3, SMU6, SMUS, and SMU10 showed a balanced and syn-
ergetic effect between Ca and Mg. Similarly, plants produce higher yields at a K:Mg ratio
of 0.7:1 [42]. Most of the SMUs had a K:Mg ratio below the limit because of low K and
high Mg in the soils, suggesting that an absolute lack of K and an Mg-induced K deficiency
are the major problems of K deficiency in the study area. The Mg-induced K deficiency or
antagonistic effect of Mg on K is attributed to an imbalance between exchangeable K and
Mg. When exchangeable Mg is abundant in soils, it dominates soil binding sites, reducing
K availability to plants [43]. As a result, optimal K fertilization is a suitable strategy for
resolving the antagonistic relationship between Mg and K nutrition [35,40]. In general,
digital soil information helps to reveal the spatial variation of soils and aids in matching
fertilizer applications with soil fertility problems [44,45].

4.2. Site-Specific Management of Soil Chemical Constraints

Considering the optimum pH for most crops to be around 6.8 to 7.2, except those that
tolerate/prefer slightly acidic or slightly alkaline soils [30,46], the entire SMUs showed
higher pH values than the preferred range. According to [47] classifications, the salinity
effects are negligible in all SMUs of the study area, but the yields of sensitive crops such
as beans, carrot, lemon, orange, avocado, pineapple, peach, strawberry, onion, and rose
may be restricted in SMU12. This shows that soil salinity is not a potential limitation for
irrigation development at this moment, provided that the irrigation water contains EC in
the safe range (less than 75 mS m) [48]. However, if farmers rely on saline water for
irrigation purposes, salinity problems could develop in the future. This is because saline
irrigation water is one of the main causes for the development of salinity stress in soils
and crops [49-53]. Based on potential and limitations of each SMU, potential correction
measures can be advised as indicated in Table 5.

Table 5. Potential management measures for the SMUs.

SMUs Potential Management Measures References
SMU1
SMU2
SMU3
SMU4

Variable rate ammonium containing N and P fertilizers, K-
fertilizer, good-quality irrigation water, integrated soil
nutrient management, organic amendments such as biochar, [54-57]

SMU5 ) . .
compost, animal manures, crop residues, digestate, and

SMUe | . .
SMU7 biosolids.

SMU8
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SMU9

SMU10 ‘Arfun(?nium containing N and P fertilizers, good-quality [58-60]
irrigation water, organic amendments.

SMU11 Ammonium containing P fertilizers, K-fertilizer, good- (55-57,60]

quality irrigation water, organic amendments.

Gypsum, ammonium containing N and P fertilizers, K
SMU12 fertilizer, good-quality irrigation water, salt tolerant crops, [58,61,62]
organic amendments.

According to [63] soil salinity ratings, SMU12 is currently classified under marginally
sodic soils where soil aggregates are susceptible to dispersion when wet. As a result, farm-
ers that live in this mapping unit should consider potential management measures, such
as adding chemical amendments such as gypsum [64,65] and acid forming fertilizers
[53,66] to reduce the pH of the soil. Furthermore, they are urged to choose crops that can
adapt and grow in higher pH environments. Digital soil information can also assist in
tracing areas affected by soil pollutants and devise soil pollution control measures [67,68].
In general, the ability to identify production constraints and target specific locations using
the principle of digital soil information can improve agronomic efficiency and economic
returns from fertilization and amelioration programs.

5. Conclusions

Digital soil mapping is used to classify a variable soil into management zones and to
produce detailed soil information to help with precise soil management. Based on a grid
survey technique, 12 SMUs or management zones were identified in the study area. The
management zones are cost-effective techniques for harmonizing soil management deci-
sions and improving agronomic efficiency. It aids in identifying farmland areas with lim-
ited or adequate nutrients and thus improves fertilizer application efficiency. This means
that N, P, and K fertilizer applications can be tailored to the specific needs of soils and
crops. Digital soil information can also support site-specific soil salinity management and
SOC sequestration programs. Finally, we conclude that developing digital soil infor-
mation at the local level can serve as a foundation for the development of large-scale soil
information services at the national level and beyond.
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