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Abstract: Land evaluation has an important role in agriculture. Developing countries such as Egypt
face many challenges as far as food security is concerned due to the increasing rates of population
growth and the limited agriculture resources. The present study used multivariate analysis (PCA and
cluster analysis) to assess soil capability in drylands, Meanwhile the Almagra model of Micro LEIS
was used to evaluate land suitability for cultivated crops in the investigated area under the current
(CS) and optimal scenario (OS) of soil management with the aim of determining the most appropriate
land use based on physiographic units. A total of 15 soil profiles were selected to characterize
the physiographic units of the investigated area. The results reveal that the high capability cluster
(C1) occupied 31.83% of the total study area, while the moderately high capability (C2), moderate
capability (C3), and low capability (C4) clusters accounted for 37.88%, 28.27%, and 2.02%, respectively.
The limitation factors in the studied area were the high contents of CaCOs, the shallow soil depth, and
the high salinity and high percentage of exchangeable sodium (% ESP) in certain areas. The application of
OS enhanced the moderate suitability (S3) and unsuitable clusters (S5) to the suitable (52) and marginally
suitable (54) categories, respectively, while the high suitability cluster (51) had increased land area, which
significantly affected the suitability of maize crop. The use of multivariate analysis for mapping and
modeling soil suitability and capability can potentially help decision-makers to improve agricultural
management practices and demonstrates the importance of appropriate management to achieving
agricultural sustainability under intensive land use in drylands.

Keywords: soil capability index; PCA; GIS; land capability and suitability; cluster analysis;
sustainable agriculture

1. Introduction

Worldwide food insecurity is currently one of the most significant challenges facing
humanity. Demand for food is expected to rise by 70.00% by 2050, and agricultural pro-
ductivity is a crucial component of global food security [1]. Rapid population growth
has exacerbated global human food insecurity, thus necessitating long-term evaluation of
natural resources. It is thought that the world population will be more than nine billion
by 2050 [2,3]. As such, it is anticipated that there might be shortages in both agricultural
resources and land [4,5]. One possible solution to compensate for this shortage is to encour-
age increasing crop yields. However, this entails using pesticides and fertilizers that may
affect the environment negatively. Another possible solution is to import more crops to fill
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the food gap [4,6]. If properly managed, soil is one of the most significant natural resources
that can abet in bridging the food demand gap to achieve food security [7]. Agricultural
fields in the Nile Valley and Delta, Egypt, account for about 4.00% of the country’s total
land area [8]. The growth of the agricultural sector in Egypt is considered an important
long-term development backbone. The agricultural sector contributes about 14.50% of the
gross national product in Egypt and 30.00% of foreign revenue from the export of agricul-
tural products, and has led to a 41.00% decrease in unemployment [9]. Agricultural growth
on arable land strives to accomplish long-term agricultural development by the integration
of soil, water, and environmental factors [10,11]. The term “land evaluation” refers to the
performance rate of the land and its ability for crop production, with the capacity varying
according to climate, geographical location, and physiochemical characteristics [12]. Land
evaluation can enable decision-makers to select the best-performing crops based on soil
properties [11,13]. The soil limiting factors for crop suitability vary in different areas in
Egypt, with soil salinity, poor drainage, and compaction as the most common factors in the
northern Nile Delta [14-17]. Agriculture is the greatest user of water in Egypt, especially
in the northwestern Nile Delta; thus, determining and controlling surface water quality
in such areas is vital for protecting water resources and ensuring long-term sustainable
agriculture [18]. Soil property characterization, modeling, and mapping at various spatial
and temporal scales are required for the study of diverse environments [19] The Geographic
Information System (GIS) technique has accelerated spatial variability studies of different
environmental phenomena [20]. Thus, integrating GIS and geostatistical analysis to map
and detect the spatial variation of soil parameters in previously unstudied areas might be
beneficial. For instance, inverse distance weighted is an interpolation procedure that uses
known values with corresponding weighted values to estimate unknown values in a study
location [21]. Land capability assessment has a vital role in adequate planning, particularly
in arid climate zones [22]. Combining the properties of soil in order to evaluate its capability
is limited by the intricate nature of the soil system. Consequently, multivariate analysis
has been identified as an appropriate tool for soil capability zone evaluation owing to its
ability to perform systematic modeling in unclear and indistinct scenarios [23-25]. PCA
and cluster analysis are multivariate procedures that are widely used for soil data recogni-
tion, classification, and modeling [26]. Models of soil evaluation, theoretical agricultural
management scenarios, and spatial analyses are valuable tools used by land managers and
decision-makers to achieve sustainability of land use and management for different studied
areas [27,28]. The Micro Land Evaluation Information System (Micro-LEIS) has been widely
used to assess land suitability around the world [29]. The Micro-LEIS system is based
on an integrated soil, climate, and agricultural management databases for assessing land,
and contains two models related to land vulnerability and suitability [30]. The Almagra
model was designed for land suitability assessment and is one of the major components of
Micro-LEIS DSS [31]. The main aim of this work is to use multivariate analysis to assess
soil capability in the dryland areas of the northwestern Nile Delta in Egypt. In addition,
land suitability for cultivated crops in the study area under CS and OS of soil management
was evaluated to determine the most appropriate land use based on physiographic units.

2. Materials and Methods
2.1. The Site Description

The study area was in the northwest Nile Delta in Egypt. It lies between longitudes
30°15'0"-30°40’0" E and latitudes 31°7/15"”-31°30'45" N, with a total area of 797.00 km?2
(Figure 1). The area is categorized by a Mediterranean climate based on the mean climatic
parameters for a period of 50.00 years from 1960 to 2011 [32]. A relatively high average
maximum temperature of 30 °C is usually recorded during the dry season in August. The
mean minimum temperature in January is 13 °C. Precipitation is naturally light and drizzly
from November to February, with a mean rainfall of about 17.23 mm/year. The lowest
evaporation rates are noticed in January and December owing to low temperatures, while
the highest rates are observed in June and September owing to relatively high temperatures.
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The annual mean rate of evaporation ranges from 3.3 to 4.8 mm/day. The lowest percentage
of relative humidity of 51% is observed in April, while the highest proportion of 58.4% is
observed in December. The area has a torric and thermal soil moisture and temperature
regime [33]. Geologically, the western Nile Delta is formed from sedimentary deposits that
vary in age from the Late Cretaceous to Quaternary. The eastern and western parts of the
study area are covered with Holocene clay and Quaternary sediments, respectively [34].
Surface irrigation is the most commonly used system, in which water is pumped from
irrigation canals and drained in furrows and basins [18].
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Figure 1. Location of investigated area.

2.2. Extraction of Physiographic Units

In this study, a SENTINEL-2 image acquired in August 2020 under clear-sky conditions
was utilized to create landforms and digital soil map features of the study area with
the aid of a digital elevation model (DEM). The Sentinel application platform (SNAP)
and Environment for Visualizing Images (ENVI 5.4) software were used to process the
spectral subset, radiometric calibration, atmospheric, and geometric corrections of the
image [35]. Remote sensing (RS) and geographic information system (GIS) are effective for
identifying geomorphological units [36]. Thirteen geomorphological units were recognized
as representing different geomorphological features within the study area. Subsequently,
the image obtained was used as the base map, and each geomorphic unit was homogeneous
with the natural land properties [37]. The stepwise methodology for evaluating soil relied
on the integrated soil data, remote sensing data, and GIS utilizing multivariate analysis, as
illustrated in Figure 2.
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Figure 2. Flow chart illustrating methodology of current work.

2.3. Sample Collection and Lab Analysis

A total of 15 soil profiles were geo-referenced based on geomorphological field map-
ping of the research area using the Global Positioning System. These profiles were selected
from three sampling areas spanning about 80 km? to represent the identified geomorphol-
ogy and landscape units of the area in Figure 3. Morphological description and classification
of soil profiles were carried out according to FAO [12] and USDA [33], respectively. Soil
profiles were dug to 150 cm depth or until the water table appeared. Thus, the soil profiles
range from 80-150 cm depth. The soil physiochemical parameters (61 soil samples) were
analyzed in an ISO/IEC 17025 (2017)-compliant and accredited soil, water, and plant labo-
ratory at the Faculty of Agriculture, Tanta University. Chemical analyses, including salinity
(EC), soil reaction (pH), cation exchange capacity (CEC), calcium carbonate percentage
(CaCO;3), exchangeable sodium percentage (ESP), and trace elements (As, Co, Cu, Nij,
and Zn), were conducted to determine the Irrigation Water Quality Index IWQI). Trace
elements and heavy metals in irrigation water are responsible for soil contamination, and
are key indicators of irrigation water quality [38]. In addition, analysis of soil physical
characteristics, including bulk density, particle size distribution, and fertility as defined by
percentage soil organic matter content (SOM%) and available soil nitrogen (N), phosphorus
(P), and potassium (K) was conducted [39-43].



Land 2022, 11, 1027

50f18

30°17'0"E 30°32'30"E
N

z z
o o
in Lo
g e
o o
- -
el el
0255 10 15Km
T T
30°17'0"E 30°32'30"E
Geomorophology and profiles distribution
@ Profiles - Low overflow basins Dry sabkha
Sample area - High overflow basins Sand sheet
- Low river terraces Decantation basins 7~/ Fish farms
- Moderately river terraces iver levees Wet sabkha
High river terraces Meandering belt Costal sand dunes

Lake

Figure 3. The distribution of soil profiles and sampling areas in this study.

2.4. Determination of INQI Values

The nature and severity of problems caused by poor irrigation water quality are widely
considered to differ based on a variety of factors, such as soil type and crops, the regional
environment, and how water is used by farmers. Generally, five measures are used to
assess irrigation water quality, including salinity level, infiltration and permeability hazard,
and the level of toxic chemicals in water [44,45].

The proposed IWQI, which evaluates the mutual effect of quality parameters, was
calculated using Equations (1) and (2):

N
w
G—Nl;rk (1)

where k is an incremental index, w is the weight of each hazard, N is the total number of
parameters, and r is the rating value of each parameter.

5
IWQindex = )+, Gi )

where i is an incremental index and G is the contribution of each water quality parameter,
(salinity, infiltration, specific ion toxicity, trace element toxicity, and miscellaneous effects).

2.5. Statistical Analysis

Descriptive statistics of the studied soil characteristics, including the minimum, maxi-
mum, arithmetic mean, standard deviation, and coefficient of variation, were computed
using SPSS version 25. PCA was used to reduce the dataset into principal component (PC)
variables and to avoid multi-collinearity between the original variables. Prior to PCA, the
Pearson correlation coefficient was utilized to verify linear relationships among the soil
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variables. The Kaiser-Meyer—Olkin (KMO) method was used to assess adequacy of samples
for the whole data set, with KMO values larger than 0.5 indicating the suitability of the data
for PCA. In addition, data fitness was determined using the Bartlett test, and the results
revealed a p < 0.05, which further confirmed the data fitness for PCA [46]. SPSS software
version 25 was used to perform all statistical analyses. The soil profiles were considered
as objects for evaluating soil capability, and were divided into dissimilar clusters utilizing
agglomerative hierarchical clustering (AHC) in PCA.

2.6. Soil Capability Assessment Based on PCA
The Weighted Additive method was used according to Equation (3):

n
WAL =) "W; xS; ®)
i=1

where WAL is the Weighted Additive index, S; is the score, n is the number of indicators,
and Wi; is the weight of indicators.

All parameters were weighted based on the communality of indicators, which were
computed statistically or obtained using factor analysis (IBM, SPSS Statics 25). The weighted
value of each parameter was either calculated by dividing each parameter value by the over-
all sum of their values or reported as a ratio [47]. Each parameter was analyzed using four
indicators, namely, chemical (CI), physical (PI), fertility (FI), and environmental (EI) indices,
and scores ranging from 0.2 to 1.0 were obtained (Table S1). The final index values were
classified into high capability (C1), moderately high capability (C2), moderate capability
(C3), and low capability (C4) categories (Table S2). The range of values for each index was
divided by the number of categories obtained (4), and the results were subsequently used
as the width of each category. The resulting values were successively added to the lowest
values of each index to obtain the upper limits of each category. Soil capability assessment
depends on defining soil properties and their relationship with agricultural suitability. In
this context, PCA classifies the capability of soil by harmonizing soil properties within each
class. In addition, PCA provides a visual representation of the main clustering patterns for
identifying similarities and differences among soil characteristics [48].

2.7. Mapping Soil Properties Using Inverse Distance Weighted (IDW)

The IDW tool in ArcGIS10.7 software was used to produce interpolation maps of chem-
ical, fertility, physical, and environment parameters. This approach works by computing
the grid note by considering neighboring locations within a user-defined search radius.
The IDW is widely used in soil investigations because it is easy to implement [49-54]
The local impact of the measurement point decreases with distance, as illustrated in the

following equation:
(&)

Zp = ———7 -\ 4)
o (%)
where z;, is the value predicted at point P, z; is the z value at measured point i, and d; is the
distance between point 0 and point i".

Based on SPSS results, the geometrical interval classification method was used to
produce most of the interpolation maps, because these data were not distributed normally,
whereas natural breaks classification (Jenks) was used for EC, ESP, and CaCO3 maps, as the
data used for these maps were normally distributed.

2.8. Determination of Land Suitability

The Almagra model defines soil suitability in five different clusters, namely, optimum
(S1), high (S2), moderate (S3), marginal (S4), and unsuitable (S5), for five traditional annual
crops, including wheat, maize, and potato, as well as for semiannual and perennial crops
such as alfalfa and citrus, respectively. The model was implemented in Micro-LEIS and
uses soil variables and favorable crop conditions to evaluate suitability [29,31,55]. The
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variable generalization levels were determined based on crop requirements for each soil
parameter using the most limiting factor method to define soil suitability classes. In this
study, the Almagra model was implemented to assess the CS of soil suitability for five crops
that are predominantly cultivated within the study area. The OS was based on manageable
soil parameters, such as EC, ESP, and CaCOj3, without considering the interaction between
them. Other soil parameters such as texture and depth were not considered owing to the
difficulty in their modification.
The suggested OS was calculated based on Equation (5) [30]:

0S = CS — UR, (5)

where OS, CS, and URs represent the optimal scenario, the current scenario, and the units
of reduction, respectively.

The reduction units were defined by assessing CS to meet the suggested fixed value of
OS to raise the final soil suitability class. Notably, when the soil under CS was unsuitable
(S5) or marginally suitable (54), higher URs were required relative to those of moderate
suitability (S3), which required lower URs to meet the fixed OS value for each soil variable.
Under OS, EC classes were reduced and the values varied from slightly to highly saline,
with a fixed value of 2 dSm~!, which represents nonsaline soil. For ESP, the projected value
of OS was 5%. Finally, OS decreased the CaCOj3 values from 9.04% to <2.

3. Results and Discussion
3.1. Geomorphology of the Study Area

The geomorphological units of the study area were determined using Sentinel-2
satellite imagery, DEM, and field truth points (Figure 4). The study area included flood
plain, lacustrine plain, and marine plain as the three main landscape features. These
features are very common in the north of the Nile Delta and the southern areas of lakes
such as Idku in Egypt [1,56]. The flood plain (713 km?) formed from deposits of the Nile
before the high dam’s construction. There are many landforms under this landscape, i.e.,
river terraces, overflow basins, decantation basins, river levees, and meandering belt. The
lacustrine plain (40 km?) is formed from Holocene-era lacustrine sediments. This landscape
includes fish farms, dry and wet sabkha, and coastal sand dunes. The marine plain (40 km?)
is located in the north zone of the study area, and includes sand sheet landforms. Water
bodies (Lakes) represent 4 km? of the total area.

3.2. Spatial Analysis and Soil Physiochemical Properties
3.2.1. Chemical and Physical Soil Capability Indicators

Chemical soil capability indicators (CSCI) are dynamic indicators that vary over time as a
result of land management. The CSCI were chosen based on their sensitivity to disturbance and
their ability to execute soil ecosystem functions. CSCI included EC, pH, ESP, CaCO3, and CEC
as well as physical indicators including depth, as represented in Figure S1.

The spatial trends of EC and ESP increased in the upper part of the northwest of the
study area (around 12-20 dS/m and 18-25%), respectively. The high values of ECe in
certain areas of the study area may have resulted from the high salinity of the water table
and the effects of lake water and seawater. This agrees with the common pattern of the
northern delta, where most of the soil is categorized by high soil salinity [15,57]. This high
sodium percentage can negatively affect soil properties such as soil structure and hydrology,
consequently reducing crop productivity [7]. The highest values of pH (approximately
8.6-8.9) were found in sites in the northeast and southeast of the study area. The highest
values of CaCOj3 (roughly 6-9%) were found in the middle and southwest of the studied
area due to shell fragments, which can lead to solid layer formations impermeable to crops
of plants and water in addition to fixation of P fertilizer [7,58]. From the interpolation map,
the highest value of CEC (around 3742 cmolc/kg) was found in sites in southwest and
middle of study area. The profile depth ranged from 80-150 cm.
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Figure 4. Geomorphological map illustrating the study area.

3.2.2. Fertility and Environmental Soil Capability Indicators

The spatial distribution map for available N, P, K, and SOM in Figure S2 shows that
the trend of both N, with values ranging from 7.50 to 81 mg/kg, and P, with values ranging
from 6.30 to 22.3 mg/kg, increased from north to south across the study area. On the other
hand, the spatial trend of K, with values ranging from 9.30-457.1 mg/kg, increased in sites
in the upper north and lower south of the study area. The highest values of SOM (0.9-1.22%)
were found in the middle of the northeast and northwest of the study area. The IWQI map
(Figure S3) is thought to be a useful tool in future agricultural management plans [18].

3.3. Multivariate Statistical Analysis
3.3.1. Descriptive Statistics of Soil Indicators

Fifteen soil characteristics were analyzed as prospective soil capability indicators. The
descriptive statistics obtained based on the weighted mean of parameters of investigated
soil profiles are provided in Table S3. The skewness and kurtosis of the tested soil properties
revealed a normal distribution in EC, ESP, and CaCO3, while other properties had skewed
distribution. The normality test using the Anderson-Darling method obtained p values < 0.05
for all the tested soil properties.

3.3.2. Correlations of Soil Physicochemical Indicators and Principal Component Analysis

The Pearson correlation coefficient plot revealed both positive and negative coefficients
at both p < 0.01 or p < 0.05 (Figure 5). A significant positive association was observed
between depth and both EC and ESP, with r = 0.38 and 0.41, respectively. Similarly,
significant positive coefficients of r = 0.55, 0.56, 0.57, 0.5, and 0.34 were observed between
depth and AK, AN, AP, CEC, and OM, respectively. In addition, positive significant
correlations of r = 0.87 between EC and ESP and 0.46 between EC and AP were detected. In
contrast, negative correlation coefficients were observed between pH and other properties,
except for ESP and CaCOj3. Notably, higher positive correlations were observed between OM
and CaCO3, AN, AP, AK, and CEC, with coefficients of r = 0.48, 0.80, 0.71, 0.82, and 0.89,
respectively. In addition, a positive significant correlation between CEC and AN (r = 0.94),
AP (r = 0.84), and AK (r = 0.95) was observed.
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Figure 5. Correlation plot showing coefficients between soil properties. Note: p <0.01 and/or p < 0.05.
AK, AP, and AN represent available potassium, phosphorus, and nitrogen, respectively.

The factor loading results revealed the acceptable clustering of soil properties and
confirmed the reliability of PCA for defining soil characteristics in different clusters [59].
PCA was used to assess land capability based on the variation in soil physicochemical
properties and environmental conditions. The method uses eigenvalues, proportions of
variance, and cumulative variance of PCs to estimate clusters based on soil characteristics.
In this study, PCs with eigenvalues > 1 were retained, while those with values <1 were
screened out. As a result, the first four groups with eigenvalues >1 were selected. The
soil indicators and these four PCs are shown in Table 1. Notably, a cumulative variance of
91.24% for all the tested variables was observed, with PC1, PC2, PC3, and PC4 explaining
about 51.12%, 18.37%, 12.48%, and 9.27% of the total variance, respectively. The factor
loadings and component score coefficient outputs from the varimax method showed higher
factor loads. The most representative physical and chemical indicators for PC1 based on
their close correlation included AN, AP, AK, OM, CEC, and CaCOj3, which might be due to
the association between natural conditions and the soil formation processes in the study
area [60]. In contrast, PC2 was correlated with soil depth, pH, and IWQI. In addition, PC3
was linked with EC and ESP, while PC4 was attributed to ESP.

Table 1. Summary of PCA.

PC Parameters PC1 PC2 PC3 PC4
Eigenvalue 5.62 2.02 1.37 1.02
Variability (%) 51.12 18.37 12.48 9.27
Cumulative (%) 51.12 69.49 81.96 91.24
Component score coefficients
Indicator PC1 PC2 PC3 PC4
Depth 0.64 0.47 —-0.44 0.04
EC (dSm™1) 0.49 0.70 0.36 —0.24
pH —-0.41 0.20 0.60 0.58
ESP 0.48 0.69 0.51 0.02
CaCO3 0.28 —0.76 0.52 0.06
AN 0.96 -0.15 0.02 —0.01
AP 0.93 —0.05 —0.00 —-0.23
AK 0.97 —-0.13 0.04 —0.07
CEC 0.96 -0.17 0.04 0.10
OM 0.83 —0.34 0.06 0.24
IWQI 0.42 0.20 —-0.41 0.71

Table 2 shows the acceptable level of p values for the Bartlett sphericity and the KMO
tests at p = 0.05. The Bartlett sphericity test revealed a p value of <0.0001, which confirmed
the suitability of PCA for defining soil clusters based on their characteristics.



Land 2022, 11, 1027 10 0of 18

Table 2. The Kaiser-Meyer-Olkin (KMO) and Bartlett sphericity tests.

KMO and Bartlett Tests
KMO Measure of Sampling Adequacy 0.692
Chi-square (approx. value) 138.160
Bartlett Test of Sphericity Degree of freedom (DF) 55
p value 0.0001

The cluster analysis revealed two dissimilar clusters based on PC scores. A dendrogram
showing hierarchical clustering of the four groups based on soil properties was obtained, with
each group sharing soil profiles that contained a set of similar characteristics (Figure 6).

25
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£
‘»
2
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]
o L 1 T - | i1 1 |
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Figure 6. Agglomerative hierarchical clustering dendrogram showing clustering based on soil properties.

3.3.3. Assessment of Land Capability Based on PCA

Soil characteristics classification and its correlation with soil capability and crop
suitability is an unprecedented soil analysis approach that can overcome the challenge of
classifying soils into clusters based on similarities in their properties, which relies on the
intricate determination of increasing and decreasing soil characteristics. The investigated
area land capability map was constructed using PCA results; the map reflected the four
previously identified groups (Figure 7). The statistical analysis of soil parameters for land
capability clusters (C1-C4) are shown in (Table 3). The high capability cluster (C1) occupied
31.83% of the total investigated area, with the soils of this class being identified by moderate
salinity, ESP, IWQI, and CaCOj values. The moderately high capability class (C2) accounted
for 37.88% of the total study area. The limiting factors of this class were high CaCO3 content
of 9.04% and shallow soil depth of 80 cm. The moderate capability class (C3) accounted for
28.27% of the total study area, and the unit was characterized by a number of limitations,
such as high pH and salinity values, which represented the major limiting factors for soil
capability, and low SOM%. In addition, the soils of C3 showed a moderate ESP content of
14.01%. The low capability class (C4) represented a small area of 2.02% of the total study
area. The soil chemical analysis of this class illustrated high salinity values and moderate
ESP and SOM contents.
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Figure 7. Land capability classes within study area.

Table 3. Statistical summary of soil properties in the four land capability clusters.

Classes Depth  EC (dS/m) pH ESP CaCOs3 AN AP AK CEC OM IWQI
C1 108 222 8.58 7.01 2.80 13.55 8.43 14.18 9.34 0.38 30.67
C2 80 1.50 8.37 4.73 9.04 63.00 17.40 413.30 36.84 1.17 26.50
C3 123 5.32 8.67 12.76 3.97 43.60 12.53 272.13 32.26 0.93 37.40
C4 150 7.92 8.37 14.01 3.77 68.16 19.41 409.80 39.42 0.97 34.28

3.3.4. Soil Suitability

Soil profiles were evaluated based on their suitability for crop production by consider-
ing the specific soil property requirements of each crop to achieve maximum yield. The
results showed that soil suitability of selected crops could be categorized into 52-S5 classes,
with different limiting factors being identified in each class based on geomorphological
units. The soil suitability was examined with five horticultural and field crops, namely,
wheat, maize, alfalfa, potato, and citrus (Figure 8). Overall, cultivating field crops in the
area demonstrated good potential for sustainable agricultural development (Figure S4);
however, improved quality of irrigation water is highly necessary [18].

3.3.5. Soil Factors under Current and Optimal Scenarios

The key soil limiting factors in the study area were identified to be high salinity,
increased sodium saturation, poor drainage, calcium carbonate, and rough soil texture
(Figures S5 and S6). Reducing the manageable soil limiting severity of factors, such as
EC, ESP, CaCOg;, and drainage, where possible, resulted in enhanced soil suitability for
all selected crops under OS. In addition, under OS, soils in all suitability classes showed
decreased salinity contents to 2 dSm~!, which correspond to non-saline soil levels. No
detectable change in salinity content was observed in nonsaline soil (<2 dSm™1), while
10-18 reduction units were observed in highest-salinity soils with contents of 12-20 dSm .
Numerous soil management options have been proposed to decrease soil salinity, such
as using low-salinity water to enhance the leaching of salts from the soil root zone [61].
The rate of plant growth under salt stress strongly varies among plant species [62,63].
Sodium saturation values can be reduced to low sodium levels of 5% with 4-20 reduction
units. Previous studies have demonstrated that the addition of gypsum can lower high
soil sodium saturation content [64-66] owing to its ability to absorb calcium instead of
sodium in soil particles, directly leading to improved aggregation and decreased pH [65,67].
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In addition, low values of SOM may affect the soil structure negatively [68]. Thus, it is
recommended to raise the SOM level by adding organic amendments and residues of crops
such as leguminous plants [69]. Similarly, about 1.6-7 reduction units are necessary to
improve calcium carbonate content to the optimum <2% level. The best practice in the study
area is to cultivate different seasonal crops and to avoid replanting the same plants in the
same sites in order to maintain soil fertility and increase the SOM level [68-76]. This helps
to maintain soil quality over the long run, which leads to an increased degree of crop yield
and soil sustainability for different varieties of crops [68]. The spatial distribution of salinity,
sodium saturation, and calcium carbonate under CS and their projected reduction units in
each suitability class are shown in Figure 9. The status of the agricultural drainage system
in the investigated area ranged from excessive to poor (Figure S6) and was predominantly
poor under CS.
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Figure 8. Maps showing soil suitability classes (51-S5) for selected field and horticultural crops.
Lowercase letters represent main soil limiting factors in each class; s, salinity; t, texture; a, sodium
saturation; d, drainage; c, carbonate content; p, profile depth.
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Figure 9. Spatial distribution of soil factors under CS and their projected reduction units under OS:
soil salinity (a,b), sodium saturation (c,d), and carbonate content (e,f).

3.3.6. Evaluation of Soil Suitability under CS and OS

Geomorphic features such as coastal sand dunes, wet sabkha, and fish farms, which
cumulatively account for 4.52% of the total study area, were not considered in the suitability
evaluation. In addition, water bodies (lakes), which account for 0.5% of the total study area,
were not considered in the suitability evaluation. Under CS, subclasses 8-20 represented
the main soil suitability subclasses, covering suitability classes S2, S3, S4, and S5 for most
evaluated crops (Figure 8). With the application of OS, the moderate suitability class (S3)
and the unsuitable class (S5) were enhanced to the suitable (S2) and marginally suitable
(S4) classes, respectively, while the high suitability class (51) showed increased area, which
had significant effects on the suitability of maize crop (Table 4).

Table 4. The soil suitability for the five crops evaluated.

Crops
Class Wheat Maize Potato Alfalfa Citrus
A B A B A B A B A B
S1 _ _ _ 39.9 _ _ _ _ _ _
S2 31.8 82.6 31.8 42.7 51.0 82.6 31.8 82.6 2.0 39.9
S3 39.9 _ 39.9 _ 20.7 _ 39.9 _ 17.4 17.4
S4 174 17.4 17.4 17.4 174 17.4 27.8 17.4 69.7 42.7
S5 10.9 _ 10.9 _ 10.9 _ 0.5 _ 10.9 _
Total 100 100 100 100 100 100 100 100 100 100

Note: (A) Current situation and (B) optimal scenario.

4. Conclusions

Integrated PCA and AHC analysis were used to classify soil capability within the
study area, relying on the associations and interactions between soil characteristics. The
study area could be classified into four classes relying on PCA. The main limiting factors
within the study area included shallow depth, high salinity, and high CaCOj3 content in
certain sites. Subsequently, multivariate analysis was used to assess soil capability based
on its properties under different conditions. The observed crop suitability under CS can
provide valuable information to decision-makers about key limiting factors. Moreover,
evaluation of crop suitability under OS could potentially be used to predict the degree of
improvements necessary to achieve agricultural sustainability. Similarly, remote sensing
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data are useful for extracting geomorphologic units, which are considered the base map for
soil evaluation studies. GIS techniques are vital tools for mapping soil capability and crop
suitability in order to achieve the best land use and food security in arid zones.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1and11071027/s1, Figure S1: Spatial distribution of chemical and
physical soil properties: (a) electric conductivity (EC: dS/m), (b) soil reaction (pH), (c) exchangeable
sodium percent (ESP), (d) calcium carbonate percentage (CaCOs3: %), (e) cation exchange capacity
(CEC: cmolc/Kg), and (f) depth (cm); Figure S2; Spatial distribution of fertility soil properties:
(a) (Available N: mg/kg), (b) (Available P: mg/kg), (c) (Available K: mg/kg), (d) Soil Organic Matter
(SOM %); Figure S3:The IWQ index map of the study area Figure S4: Cultivated orchards (a) Mango
and (b) Orange in the study area; Figure S5: Saline soils near the fish ponds south of Idku lake in the
studied area; Figure S6: Very poorly drained soil in the study area; Table S1: Scores of all parameters;
Table S2: Final SC range of study area; Table S3: Statistical characterization of the weighted mean of
the studied soil profiles properties (1 = 61).
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