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Abstract: Today, the global food security is one of the most pressing issues for humanity, and,
according to Food and Agriculture Organisation (FAO), the increasing demand for food is likely to
grow by 70% until 2050. In this current condition and future scenario, the agricultural production
is a critical factor for global food security and for facing the food security challenge, with specific
reference to many African countries, where a large quantities of rice are imported from other continents.
According to FAO, to face the Africa’s inability to reach self-sufficiency in rice, it is urgent “to redress
to stem the trend of over-reliance on imports and to satisfy the increasing demand for rice in areas
where the potential of local production resources is exploited at very low levels” The present study
was undertaken to design a new method for land evaluation based on soil quality indicators and
remote sensing data, to assess and map soil suitability for rice crop. Results from the investigations,
performed in some areas in the northern part of the Nile Delta, were compared with the most
common approaches, two parametric (the square root, Storie methods) and two qualitative (ALES and
MicrioLEIS) methods. From the qualitative point of view, the results showed that: (i) all the models
provided partly similar outputs related to the soil quality assessments, so that the distinction using
the crop productivity played an important role, and (ii) outputs from the soil suitability models were
consistent with both the satellite Sentinel-2 Normalize Difference Vegetation Indices (NDVI) during
the crop growth and the yield production. From the quantitative point of view, the comparison of the
results from the diverse approaches well fit each other, and the model, herein proposed, provided the
highest performance. As a whole, a significant increasing in R? values was provided by the model
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herein proposed, with R? equal to 0.92, followed by MicroLES, Storie, ALES and Root as R? with value
equal to 0.87, 0.86, 0.84 and 0.84, respectively, with increasing percentage in R? equal to 5%, 6% and
8%, respectively. Furthermore, the proposed model illustrated that around (i) 44.44% of the total soils
of the study area are highly suitable, (ii) 44% are moderately suitable, and (iii) approximately 11.56%
are unsuitable for rice due to their adverse physical and chemical soil properties. The approach herein
presented can be promptly re-applied in arid region and the quantitative results obtained can be used
by decision makers and regional governments.

Keywords: Sentinel-2; SRTM; NDVI; GIS; soil health; soil suitability for rice; Nile Delta

1. Introduction

The global food security is a key challenge for the 2030 Agenda for Sustainable Development and
one of the most pressing issues for humanity, as highlighted by the annual reports jointly prepared
by FAO, IFAD, UNICEE, WFP and WHO. Advances in ending hunger, achieving food security and
improving nutrition can be faced also thanks to research and innovation devised for agricultural
production. In particular, the possibility of finding the best locations for cultivation according to the
specific use and crops can reduce negative environmental impact and increase food production and
economic benefits [1,2]. The evaluation of land suitability, defined as an assessment of the “quality”
for particular land uses and specific crops [3,4], is a significant step in the sustainable management
and land use planning. The assessment of land suitability can not only enable the improvement of
crop management system and the raise of land capacity [5,6], but also provide information related to
the major factors of shortage in the production of a particular crop [7]. This approach is particularly
relevant in arid and semiarid ecosystems, as, for example, in Egypt, where the agricultural activities
play a key role in the national economy, and are considered a significant source of income for a sizable
part of the population. The agricultural sector in Egypt currently accounts for 38.2% of the labor
force and is able to account for an even higher percentage. In Egypt, the management of the different
natural resources (land and water) is necessary to maintain food deliveries and for the achievement of
agricultural development sustainability; unfortunately, however, the natural resources face critical
pressures from the increasing number of people and a continuing land degradation [8]. Egypt has
a population of around 100 million (with an increasing grown at a rate of 1.9% per year) mostly
(around 97%) concentrated in the basin of the Nile river and the Nile Delta and a significant percentage
(around 29%) of the total work force is the agricultural sector [9]. Actually, in Egypt, soil degradation
is a pressing issue; as an example, around 809,400 hectares in the North Delta have been lost due to
several factors including the increasing levels of water table along with the difficulty of the maintenance
of drainage operations and the impacts of sand dunes that threaten the agricultural development.
The current situation is critical not only for the sustainability of the agriculture but, and above all,
for the entire ecological system [8,10]. The cultivation of rice is spread in all continents of the world
(Europe, Africa, Asia, North America, South America and Australia). The total world production was
741 million tons in 2013. Rice (Oryza sativa L.) is one of the most important cereal grains in the world
and provides a major contribution to fulfill the food needs across the globe, serving as a food source
for more than half of the world’s population [11]. In addition, it supplies an amount of carbohydrates
ranging between 20%-30% of the energy needed per capita, along with protein ranging between
10%—-13% of the proteins consumed around the world [12]. Rice will become increasingly more valuable
if the population of developing countries, which are highly dependent on rice, increases in the future.
Rice is one of the most important export crops that bring in hard currency and affect the Egyptian
economy; annually, about 0.5 million hectares are cultivated, and a total production is around 6.1 million
tones [13]. Moreover, in many countries of Africa, rice is a major part of the diet and, therefore, it has
an increasing growing importance in the strategic food security planning policies of many African
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countries, where a large quantities of rice are imported from other continents. According to FAO,
to face Africa’s inability to reach self-sufficiency in rice, it is urgent “to redress to stem the trend of
over-reliance on imports and to satisfy the increasing demand for rice in areas where the potential of
local production resources is exploited at very low levels” (http://www.fao.org/3/X2243T/x2243t05.htm).

In this context, it is important to consider that the growth of rice plants depends on the
physical and chemical conditions of the soil, which affect the ability of the crop root system to
grow efficiently. Agricultural operations such as the preparation of the ground for cultivation, tillage,
fertilization, irrigation management and planting methods alter the soil properties at short and long
term, thus impacting directly both the sustainability and the crop performance system. To assess the
land conditions, three general types of methods are generally used, as:

(i) qualitative evaluations [14-17] that are mainly based on expert decisions and qualitative
procedures to obtain physical suitability and categorize it in several ranked classes.

(ii) parametric-quantitative methods [18-21], which are used to evaluate the degrees of soil suitability
using a continuous scale instead of discrete land capability classes.

(iii) simulation models [5,14,15,22,23], wherein performance of land is depending on land
characteristics individually, and the final effect is evaluated using land function models.

Moreover, during the last four decades, remote sensing and GIS have been increasing used for
several application fields including the assessment of land suitability [24-26]. Nevertheless, it is
important to consider that to assess land suitability [24-26] and delineate various physiographic
units, it is mandatory to integrate remote-sensing-based parameters (input factors of the models) with
ancillary information related to site characteristics (including slope, aspect, elevation) and soil survey.

In the current study, to assess and map soil suitability for rice crop, a new method was designed
for the land evaluation based on both soil quality indicators and remote sensing data. Results from the
investigations, performed in some areas in the northern part of the Nile Delta, were compared with
two parametric (the square root, Storie methods) and two qualitative (ALES and MicrioLEIS) methods
selected among the most commonly used approaches.

2. Materials and Methods
The method herein proposed is made up of four diverse steps, as depicted in Figure 1:

(i) remote sensing data (based on Sentinel-2 images and SRTM DEM) were used to calculate
Normalize Difference Vegetation Index time series (NDVItg) of rice crop (recognized as a suitably
satellite based indicator of crop growth, state and production) and to extract geomorphologic units.

(ii) fieldworks were conducted in the study area to collect primary data and ground reference
information using a global positioning system (GPS) receiver to determine the locations of profiles
and check the accuracy of mapping units boundaries.

(iii) laboratory analyses were performed for obtaining physical and chemical soil properties.

(iv) parametric and qualitative methods were applied to calculate land suitability.

The proposed approach was used for assessing the land suitability for rice cultivation and
validated using a comparison with the outputs obtained from other independent methods.

2.1. Study Area

The study area is located in the northeastern of the Nile Delta in geographical location UTM zone
36 (31°03'277-31°31"36" N; 31°21'40”-32°10"29" E), covering about 2543 km? (Figure 2). The study area
is characterized by a Mediterranean climate (a hot arid summer and little rain in winter). The maximum
rainfall varies from 49.0 to 59.5 mm and is recorded in January and December. Temperatures are
depending on seasons as they are high during summer, reaching 31 °C in August, and relatively low
in winter, where temperature reaches 18 °C in January. Coinciding with the advent of the summer
season, when temperatures rise relatively between June and September, the potential evaporation
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increases (5.4 mm/day). The potential evaporation values are low (3.2 mm/day) between January and
December [27,28], the soil temperature regime is “thermic,” and the soil moisture regime is “torric”
according to the USDA soil taxonomy system [29]. Geological studies indicate that the region had
been formed during the last part of Miocene and the beginning of Pliocene, the surface of the area
occupied by formations of the Quaternary and Holocene. In the study area, the agricultural lands are
generally irrigated from several sources, including freshwater, drainage water and mixed water [30].
The common cultivated orchards are date palm tree, guava, citrus, banana and orchards, and the main
cultivated crops are rice, cotton, clover, corn, barley and beans. Vegetables, such as tomato, eggplant,
potato, watermelon and others, are grown in small, scattered areas.
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Figure 1. Flowchart of the methodological approach devised in the study.
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Figure 2. Location of the study area in Egypt (on the left) from Landsat 7 (RGB 5, 4, 3) and (on the
right) from Sentinel-2 (RGB 4, 3, 2).
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2.2. Digital Image Processing

In the current study, Sentinel-2 data were selected for their free availability and spatial accuracy
(see Table 1). For the purposes of our investigations, we focused on the vegetation indices (VIs)
obtained using the red, blue and infrared spectral bands. In particular, Sentinel-2 (10-days) composite
of multispectral product at 10 m spatial resolution were downloaded from the ESA website for diverse
seasons of the year 2017 (see Table 1) to cover each rice crop growth stage. Sentinel-2 data were
atmospherically corrected using the FLAASH model available in ENVI 5.3 software [31,32].

Table 1. Sentinel-2 data acquired for the study area in the 2017 rice season.

Sensor Acquisition Date Special Resolution after Resampling Source
Sentinel 2A 14 May 2017 10m
Sentinel 2A 24 May 2017 10 m
Sentinel 2A 13 June 2017 10 m
Sentinel 2A 23 June 2017 10m
Sentinel 2A 3 July 2017 10m ESA
Sentinel 2A 13 July 2017 10 m
Sentinel 2A 2 August 2017 10m
Sentinel 2A 22 August 2017 10 m
Sentinel 2A 11 September 2017 10m

2.3. Fieldwork and Laboratory Analyses

The fieldwork studies were conducted to collect ground truth data, identify the geomorphological
units and assess the information obtained from the satellite data. To examine the precision of the units
of map and represent the different map units, as a whole, 120 check points were collected and soil
profiles (30) were dug. The morphological description was obtained from studying the soil profiles
according to the procedure outlined by the FAO [33]. One hundred and fifteen representative soil
samples were taken from the soil profiles, and the soil properties of the samples were assessed using
standard analytical methods [34-39]. The soils were classified to the sub-group level based on the
USDA soil taxonomy classification [29].

2.4. Land Suitability Assessment

Analysis of land sustainability according to this model can support the achievement of regional
food security improving agricultural land use management through yield prediction [40].

Four indicators were used to assess the suitability degrees for rice crop (rice land suitability):
soil fertility index, physical quality index, chemical quality index and the rice normalized difference
vegetation index (RNDVI). The selection of the factors that influence the soil properties (fertility,
chemical and physical) was based on the fundamental properties of soils i.e., parent materials,
soil texture and depth, characteristics that can be altered by human management (e.g., drainage, salinity,
nutrient concentration and vegetation cover) and the rice growth requirement according to [41-45].
In this paper, the NDVI of rice was used as it is correlated with a lot of important biophysical properties
and generates several different crop indices [46].The percentage of vegetative biomass in the study
as captured in satellite data is very important in the monitoring of rice crop and the estimation of
crop yield.

The evaluation of the soil suitability for the rice crop production is based on several steps as
follows: (i) the maps resulted from the soil Fertility quality index FQI, Chemical quality index CQI,
Physical quality index PQI, and RNDVI were converted to raster; (ii) these raster were classified;
(iii) each layer was weighted and overlaid to the other layers; (iv) each cell was reclassified to soil
suitability degree, and, finally, (v) the output data were presented and evaluated as a map of land
suitability (Figure 3).
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; ’

Figure 3. Flowchart of the proposed model created in the GIS model builder.

Equation (1) was used to calculate suitability of land for rice crop using a GIS spatial capability,
as shown in Figure 4:
LSR = (FQI x CQI x PQI x RNDVI)/4 (1)

where LSR is the land suitability of rice crop; QI, CQI, and PQI are the fertility, soil chemical and soil
physical quality indices, respectively; and RNDVI is the rice normalized difference vegetation index.
The fertility quality index (FQI) has been calculated based on the following Equation (2):

FQI = (Sn x Sp x Sk X Szn x SSOM)*/> 2)

where Sn, Sp, and Sk, are parameters related to available macro nutrients (N, P, K, respectively),
as well as SZn and SSOM available zinc and soil organic matter (SOM content), respectively.
The following Equation (3) was used to calculate the index of chemical quality:

CQI = (SS x SE x SC x SH)4 (3)

where SS, SE, SC, and SH are the soil salinity, Exchangeable sodium percent (ESP), CaCO3 content and
soil pH parameters, respectively.
The physical quality index (PQI) was calculated using the following Equation (4):

PQI = (SR x ST x SD x SF X SY X SP x SG)1/7 (4)

where SR is drainage condition, ST is soil texture, SD is soil depth, SF is slope, SY is surface stoniness,
SP is hardpan and SG is hydraulic conductivity, respectively.

A rating reflects, usually in numerical terms, how suitable a site is for supporting a specific land
use, and there is no uniform standard for rating factors [3]. Tables 2—4 show the different rates where the
acceptable scores range from 0.2 to 1, namely, from the worst condition to the best conditions [45,46].
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Figure 4. Schematic diagram devised to estimate the suitability for rice cultivation.

Table 2. Soil fertility parameters for rice.

: Factor Score
Analytical Units
Factor 1.0 0.8 0.5 0.2
N ppm >2000 1000-2000 <1000 -
P ppm >25 10-25 <10 -
K ppm >60 30-60 <30 -
Organic matter g/100 g >2 1-2 0.5-1 <0.5
Zn mg/kg >0.7 0.5-0.7 <0.5
Table 3. Physical properties parameters for rice.
: Factor Score
Type Analytical Units
Factor 1.0 0.8 0.5 0.2
Drainage (R) Poor Moderately Good Very Poor
poor
CL, SiCL, .
Texture (T) SiL, C, SC L, SCL, SIC Si, SL, FSL C,S, LS
Depth (D) cm >50 25-50 15-25 <15
Topography (F) Slope Slope 0-2% 2—4% 4-6% >6%
Surface stoniess (Y) >2 mm >2 mm <20 20-35 35-55 >55
Hard pan (P) cm >90 90-50 50-20 <20
Hydraulic 1
conductivity (G) cmh <0.5 0.5-2 2-6.25 >6.25

CL = Clay loam, SiCL = Silty clay loam, SiL = Silty loam, C = Clay, SC = Sandy clay, L = Loam, SCL = Sandy clay
loam, SIC = Silty clay, Si = Silty, SL = Sandy loam, FSL = Fine sand loam, C = Clay, S = Sand and LS = Loamy sand.
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Table 4. Chemical properties parameters for rice.

Type Analytical Factor Units Factor Score
1 0.8 0.5 0.2
Salinity hazard (S) dS/m 0-3.1 3.2-4 4.1-5 >5.1
ESP % 10 10-20 20-30 >30
CaCOj3 (K) Y% 0-5 5-15 15-20 >20
Soil reaction (H) pH - 5.5-7.3 7.4-7.8 7.9-8.4 >8.4

The land suitability for rice was divided into the following classes (highly suitable (51), moderately
suitable (S2), marginally suitable (S3) and unsuitable (N). A comparison was done between the
results obtained from the proposed model and the outputs from the two parametric (the Square root,
Storie methods) and two qualitative methods ALES model and MicroLEIS modelS.

The Storie method was used to estimate the land suitability index according to the following
Equation (5):

SI = A x B/100 x C/100 x D/100 ®)

where Sl is the Storie index; A is soil parameter of surface texture rating, and B, C and D present the
other parameters rating values. To generate an index rating, a score fluctuating from 0% to 100% is
defined for each element; in addition, the scores are obtained [47]. The square root was used based on
the following Equation (6):

I = Rmin+/(A/100 x B/100 x C/100) 6)

As 1 is the square root index; Rmin is the minimum rating, and A,B,C, are the other values of
rating [45].

The automated land evaluation system (ALES) is a computer program that lets land assessors
to build expert systems and assessment of land depends on the FAO method “Framework for Land
Evaluation” [48].

MicroLEIS is a combined software for evaluating land data and agro-ecological systems. MicroLEIS
is considered as a computer-based has set of functions for the systematic arrangement and gives
a logical explanation of land resource [15]. The data input parameters for this model include the depth
of roots, soil texture, calcium carbonate, drainage condition, salinity and soil profile development.

The validation of the results from these models was performed using the kappa test to check
the fit among the different results [49] and assess the variance of the fitting degree. This actually is
an indicator of the fit among the diverse outputs, so that Kappa values from 0 to 1 show a poor (in the
case of 0) or an almost a perfect fit (in the case of 1), respectively.

2.5. Calculation and Stacking of NDVI Images

Figure 4 shows the diagram of the proposed method devised to estimate how the area under
investigation is suitable for the rice cultivation using remote sensing and GIS techniques. It depends on
the following major components: (i) average and standard deviation of NDVI time series; (ii) threshold
value for NDVI to mask non agriculture areas; (iii) many resolution segmentations along with post
classification methods to define the signatures of rice in temporal dimension; (iv) classification,
calibration and validation as well as the determination of the rice spatial distribution in the selected
study area. The following flowchart shows the methods subsections in brief.

The identification of the NDVI-based temporal signatures of rice growth stage during the diverse
seasons was made using the segmentation and clustering of the NDVI time-series (May—September
2017) on the basis of the NDVI distribution value. We considered nine classes obtained from the
thresholds of the average values (0.85), similarly to previous studies [50-52] adopted for the ability
to: (i) categorize both the spectral and temporal similarities; (ii) determine classes on the basis of
the characteristics of the time-series; and (iii) discriminate areas covered by different crop types and
heterogeneous landscape.
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The signature was temporally defined by determining the average of NDVI changes during the
crop growth stages and validated using data obtained from field survey, which clearly confirmed the
capability of Sentinel-2 data to discriminate (i) rice crops from irrigation systems [53], and (ii) the
phenology of rice crop from the NDVI temporal characteristics NDVI-values.

The average and standard deviation values of NDVI were used to determine the thresholds, which
capture the NDVI images during the season of rice (from May to September) and produced rice area
map. These were evaluated against ground-based information.

2.6. Object-Based Classification

The classification methods to discriminate rice yield was made using an object-based classification,
based on a multi-resolution segmentation available in the eCognition® software.

After the segmentation, a standard nearest-neighbor algorithm (with manual sample selection)
was used to classify objects into nine layer basic classes; among them, eight classes identified the
diverse crops as: rice, maize, orange, banana, peanut, grape, cabbage and mango, and the other class
as non-cultivated lands (as bare soil, urban, etc.). [54].

2.7. Crop Yield Estimation

The rice yield estimation was made using the multi-temporal variability with specific reference to
the changes of NDVI values over time, as common in previous studies, as in [55] and from several
satellite data, such as Landsat (TM, ETM, OLI), Sentinel-2 and others. The following Equation (7) was
developed to predict the rice yield production based on NDVI values at the peak of the greenness of
rice phenology stage:

Y =2.355 + 22.928 - NDVI )

The performance of the rice yield map was validated using the R? coefficient, which describes the
correlation between the actual yield collected during the field surveys and the predicted amount.

3. Results

3.1. Geomorphological Description of the Study Area

The landforms of the investigated area were identified and delineated using Sentinel-2 images,
SRTM DEM and field trips. Figure 5 indicates that the major landscapes units are alluvial, lacustrine
and marine plains. The main landscape is an alluvial plain covering approximately 1741 km? and
dominating the southern part of the area. The lacustrine plain (results from the action of the Nile and
El-Manzala Lake deposits) covers 684 km? of the study area. The marine plain is the main feature of
the north of the area, covering 322 km?. The alluvial plain landscape includes different landforms,
high river terraces (90 km?), moderate river terraces (584 km?), low river terraces (171 km?2), high basins
(275 km?), moderate basins (474 km?), low basins (137 km?) and river levees (10 km?). The landforms
of the lacustrine landscape are high clay flats, moderate clay flats, low clay flats, fish farms and water
bodies with areas of approximately 76, 192, 240, 176 and 42 km?2, respectively. Sand sheet and coastal
plain landforms encompass the marine plain landscape (Figure 5).

3.2. The Soil Characteristics of Study Area

The soil texture varies from one location to another according to the magnitude of the sediments
and according to the distance from the river branch as it generally ranges between sand and clay.
Soil salinity varied from low to high as EC values ranging from 0.48 to 23.6 dS/m. ESP (4.31 to
26.31%), and hydraulic conductivity varies from 0.237 to 14.95 cm/h. The soil pH ranges between 7.7
and 8.1, the CaCOj3 content ranges between 2.38% and 8.74%, and the shell fragments occurrence in
some areas of study area cause increasing in values of calcium carbonate content. Vertic Torrifluvents,
Typic Torrifluvents and Typic Torripssaments are the main soil subgroups in the study.
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Figure 5. Geomorphologic map of the study area.

3.3. Land Suitability

The method proposed to evaluate the soil suitability for the rice crop is based on the analyses of
the state of soil fertility, the physical and chemical properties, along with the assessment of the state of
the plant’s biomass represented by NDVI. Finally, the results of the proposed method were compared
with the results obtained from the: square root (Sq), Storie index (St), ALES (Al) and MicroLEIS
(Micro) methods.

3.3.1. Land Suitability Methods

GIS was used to build data base and map the different factors of soil suitability degrees to rice
crop production as follows:

e  Soil fertility quality index (FQI)

The results of SQI reveal that 11.56% and 16.16% of the total study area is characterized by very
low to low soil fertility, respectively. The moderate fertility class accounted for 1838 km? of the total
study area dominating the high river terrace, moderate river terrace, high basin, moderate basin,
low basin, river levee, high clay flat and moderate clay flat landforms in Table 5 and Figure 6.
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Table 5. The Soil fertility quality classes in the study area.

FOQI Score Area (km?) Area (%)
High quality >0.9 0 0
Moderate quality 0.9-0.7 1838 72.28
Low quality 0.7-0.5 411 16.16
Very low quality <0.5 294 11.56
31°40'0"E 32°0'0"E
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Figure 6. Soil fertility quality index in the study area.
e  Soil chemical quality index (CQI)

Figure 7 and Table 6 show the spatial distribution of the CQI and indicate that the study area
classified four classes: “high” (37.31%) was observed in high basin, high river terrace, moderate river
terrace and levee area; “moderate” (2.99%) was dominated by high clay flat units, and low quality was
observed in moderate clay flats, low clay flats and low river terraces, “low” (23.71%) and “very low”
(35.59%) was found in moderate basins, low basins and sand sheet units, and this class may be related
to limitations such as a high pH, high salinity and high ESP.

Table 6. Soil chemical quality index in the study area.

CQI Score Area (km?) Area (%)
High quality >0.9 959 37.71
Moderate quality 0.9-0.7 76 2.99
Low quality 0.7-0.5 603 23.71

Very low quality <0.5 905 35.59
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Figure 7. Soil chemical quality index in the study area.
e  Soil physical quality index (PQI)

The PQI of the investigated area showed the following: high quality (40.19%) occurred in moderate
basin, low basin, low clay flat and low river terrace areas; moderate quality (48.25%) was observed in
high clay flat, moderate clay flat, high river terrace, moderate river terrace and levee areas and low
quality (11.56%) as shown in Figure 8 and Table 7.

Table 7. Soil physical quality (PQI) classes in the study area.

PQI Score Area (km?) Area (%)
High quality >0.75 1022 40.19
Moderate quality 0.75-0.50 1227 48.25
Low quality 0.50-0.25 294 11.56

Very low quality <0.25 0 0
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Figure 8. Soil physical quality index in the study area.
e Rice normalized difference vegetation index (RNDVI)

Table 8 presents the spatial distribution of the RNDVI of the study area. Four RNDVI classes were
obtained. High-density vegetation of the rice crop that represented about 37.71% of the total area is
located in the geomorphic units of high basin, high river terrace, moderate river terrace and levee areas.
Moderate density vegetation that represented an about 10.54% of the total study area is prevalent in
the geomorphological units of high clay flat and moderate clay flat units. The low density vegetation
was observed in moderate basins, low basins, low clay flats and low river terraces, which covered
about 40.19% of the study area. On the other hand, very low density vegetation occupy about 11.56%
of the total area, which was located in sand sheet units.

Table 8. RNDVI classes in the study area.

RNDVI Area (km?) Area (%)
High 959 37.71
Moderate 268 10.54
Low 1022 40.19

Very low 294 11.56
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e  Modeling Land suitability for rice crop

Figure 9 and Table 9 represent the spatial distribution of the rice crop suitability. The outputs
of the proposed model reveal that the study area is classified into three suitability classes: highly
suitable (S1), moderately suitable (S2) and unsuitable (N) classes. The highly suitable class accounts
for approximately 1130 km? (44.44% of the total area) and can be observed in high basin, high river
terrace, moderate river terrace, low river terrace and levee areas, dominating the moderate basin,
low basin, high clay flat, moderate clay flat and low clay flat landforms. The moderately suitable class
accounts for 1119 km? (44.00% of total study area). Around 11.56% (sand sheet units) of the study area
is unsuitable due to poor soil properties. The results obtained that were classified mostly as highly to
moderately suitable soil for the rice crop, were consistent with the improvement of the soil fertility in
such soil in the Nile delta on one hand, and with the results of other authors on the other [56-58].

31 °49'0"E 32°q‘0"E

z z
2 s

Legend

Proposed model

w S1 Manzala Lake
2 Wz S2 Il Fish farms .
g|-%N Shoreline ©
5 Nile River Il M.Sea i

31°40'0"E 32°0'0"E

Figure 9. Land suitability in the study area according to the proposed model.



Sustainability 2020, 12, 9653 15 of 25

Table 9. Land suitability evaluation of rice crops in the study area.

Suitability Suitability Class  Index Value Area (km?) Area (%)
High S1 1-0.8 1130 44.44
Moderately S2 0.8-0.6 1119 44.00
Marginally S3 0.6-0.4 0 0.00
Unsuitable N <0.4 294 11.56

e  Soil suitability for rice using other methods

The soils of the study area were assessed to the suitability for rice crop production based on the soil
characteristics using the proposed model, two parametric methods (the square root, Storie method) and
two qualitative methods ALES model and MicroLES model. The results of the Storie method showed
that about 44.44% of the total area is classified as highly suitable for rice (S1), 34.56% are classified
as moderately suitable (S2) and 21.00% are marginally suitable (S3 class). The square root method
results indicate that 44.44%, 24.02% and 19.98% of the soils are in the S1, 52, and S3 classes, respectively,
11.56% are unsuitable for rice crop as well. The ALES model results indicate that 40.70% of the soils
represent S1 class, 38.30% are under S2 class and 20.00% are unsuitable for rice cultivation. The results
of the MicroLEIS model show that an about 52.81% of the study area is classified as S1. In addition,
about 35.63% of the area classified as S2 class while about 11.56% classified as N. Figures 10 and 11
showed the degree of suitability of the rice crop between the proposed model and the previous models.

The kappa coefficient showed that the degree of similarity between the real and expected similarity
was 0.83 between the MS and both models, the square root and Stories methods, and it was 0.75
between the proposed model and both the ALES and Micro LEIS models. The results indicate that the
suitability index values of the ALES and Micro LEIS models are higher than those of the other methods
in all the geomorphic units.

31°30'0"E 31°45'0"E 32°0'0"E
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o i
° 5
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Figure 10. Land suitability classes in the study area based on the proposed model (SM) and square root
(S5q) and Storie index (St) methods.
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Figure 11. Land suitability classes in study area based on the SM model and ALES (Al) and MicroLEIS
(Micro) methods.

e  Normalized difference vegetation index (NDVI) and rice yield

Figure 12 shows the temporal profiles of the NDVI, calculated using Sentinel-2 imagery for
rice crop. At the beginning of the season, average NDVI value was 0.1 (low). The values increased,
reaching a peak in July and the maximum growing of the crop was recognized in August, then decreased
to around 0.25 in September due to crop maturity with decreased biomass. Figure 13 illustrates the
spatial distribution of the predicted rice yield linked with the growth stages of crop and considering
changes in the NDVI time series during the season. The results illustrate that the yield ranging from 8
to 12 tons/hectare in the southern parts of the study area dominated by yields, and the magnitude
of the yield reflects the capability of the soil to produce rice. These results correspond with the high
NDVI values during growth stages, ranging between 0.023 and 0.84 (Figure 14). The validation of the
current work showed reasonable results where R? was 0.89 as it describes the correlation coefficient
between the actual yield collected by field surveys and the predicted yield accordingly (extracted from
produced map) (Figure 15). In addition, SEE was 0.722.
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Figure 13. Spatial distribution of the rice yield in each pixel based on the NDVI value.
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Figure 14. NDVI values during growth stages.
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Figure 15. Correlation between the actual and predicted rice crop yields.
3.3.2. Yield Prediction and Land Suitability

Table 10 lists the correlation values between the suitability models and rice yield production;
the proposed model provided the highest performance followed by MicroLES, Storie, ALES and Root
with R? being 0.92, 0.87, 0.86, 0.84 and 0.84, respectively. The results of the proposed model applied
for assessing the land suitability of rice production according to its capability, showed the variation
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of yield prediction from 3.0 to 11.12 tons/hectare, and the suitability values ranged from 0.38 (N) to
0.82 (S1) (Table 11).

Table 10. Correlation coefficient (R?) between the suitability models and Yield production.

Model Type R?
Proposed 0.92
MicroLES 0.87

Storie 0.86
ALES 0.84
Root 0.84

Table 11. Land suitability classes, values according to the proposed model and rice yield prediction.

Physiographic Units Class Suitability Value Yield (tons/hectare)
High sand sheets N 0.39 3.96
Low sand sheets N 0.39 4.36

Low clay flat S2 0.60 5.98
Moderate clay flat 52 0.68 7.34
High clay flats 52 0.70 7.62
Moderate basins S2 0.70 7.87
Low basins S2 0.72 8.19
Low recent river terraces S2 0.79 8.75
High recent river terraces S1 0.82 9.68
High basins S1 0.82 10.65

Moderate recent river
S1 0.83 10.98

terraces

River levees S1 0.83 11.12

4. Discussion

4.1. Geomorphology and Soil of the Study Area

The main landscapes of the study area are alluvial, lacustrine and marine plains. These units are
prevalent in the north of the Nile Delta of Egypt, and they are shown in the formation condition of the
region. These units occupy the northern parts of Nile delta where located south are the lakes such as El
Manzala, El Burolous, Edko and Marriott Lakes [59]. The salinity of soils varies between slight to high
saline, where the high values of soil salinity in the study area were noted in sand sheets, which are
attributed to the effect of the Mediterranean Sea water; this corresponds to the general pattern of the
northern delta, where most of the soil is characterized by high soil salinity [60-64]. The rising of the
water table level may be due to bad drainage and to the leakage from neighboring channels [65,66].
SOM content ranges between 0.36% and 1.89%, decreases irregularly with depth and the highest
value was obtained in river levees related to the continuous addition of organic manure and plant
residues [8].

4.2. Land Suitability

The assessment of the suitability of land for rice crop production depends on the conditions
surrounding the agricultural process, ultimately, tracking crop growth and amount of production is
the true indicator of soil condition. The current study considered the state of soil fertility and physical
and chemical properties as well as the assessment of the state of the plant’s biomass represented by
NDVI because these characteristics are the most relevant to the crop production. Rice crop production
depends primarily on the fertility condition of the soil, along with water availability and climate
factors [5]. The low fertile soils are located in north of the study area as soil texture is sand to loamy
sand; in addition, low organic matter is dominant in these areas, and also low concentrations of both
macro- and microelements [65]. The reason for the low fertility situation may be due to agricultural
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practices that have caused many effects that reduce soil fertility, as land degradation factors are
activated in some regions, which affects the availability of nutrients on one hand and increases carbon
release to the atmosphere on the other [65-68]. The chemical properties of the soil are related to many
surrounding factors such as soil salinity, temperature, evapotranspiration and soil moisture, and other
factors that affect the chemical balance in the soil, which is later reflected in the fertile state of the
soil [64—67]. The sand mapping unit is characterized by low quality, which is a result of the coarse soil
texture, saturated hydraulic conductivity and poor drainage conditions, where the physical properties
of the soil depend on soil tillage conditions, organic additives, land use, fertilization and irrigation, in
addition to soil conservation against the potential for degradation; this is in agreement with [68-72].
The growth and density of the crop were high, and this was reflected in the values of RNDVI.

4.3. Modeling of Land Suitability for Rice Crop

The proposed model depends on the integration of the fertility, chemical and physical properties
together with the state of the biomass of the crop. The results obtained using the proposed model were
logical, where, the study area is classified in to three suitability classes highly (S1), moderately (52)
and unsuitable (N) classes. These results were consistent with other models in the classification of soil
suitability in some parts of the study area and differed in others, as shown in Figure 3.

4.4. Quality of Prediction Results

The results of suitability classes in Figure 12 showed the similarity between the proposed model,
square root and Storie, where soils suitability degree for rice are highly identical; this classification
corresponds to the chemical, physical, biological and moisture properties of the soils of North
Delta [48,68,69]. These results confirm that the proposed model provides satisfactory results and can be
applied under similar climatic conditions. On the other hand, the results showed an inconsistency in
the evaluation of the soils of high clay flats unit, which were classified as marginally suitable (S3) based
on the square root method, but was classified as moderately suitable (52) based on the Storie method
and proposed model, of which the findings are consistent with [65,69,70]. The results in Figure 13
highlighted a similarity in the degree of suitability of the soil for cultivation in most units based on the
proposed model, ALES and MicroLEIS models, except for low basin units, which were classified as S1
class according to MicroLEIS model and S2 based on other models. Additionally, soils in high clay flat
areas are highly suitable (S1) in both the ALES and MicroLEIS models, but in the proposed method,
these soils are classified as moderately suitable (S2). These results are consistent with previous studies
to classify the degree of suitability of the soil north and east of the Nile Delta to produce various crops,
including rice [2,9,71-75]. The kappa coefficient values indicate reasonable results with the parametric
methods and a good level of agreement with qualitative methods. The results reflect that the NDVI
values decrease towards the north. Lower NDVI values were consistent with the decrease of yield
production ranging from 3 to 8 tons/hectare. These results are compatible with [49-52], except in
some patches with NDVI values and yields that may be due to good management practices in those
areas. Hence, appropriate management is considered the main key to soil fertility and crop production,
especially in areas that suffer from active degradation processes, such the area north of the Nile
Delta [65,76-78].

4.5. The Suitability of the Soil is Reflects in the Productivity of the Crop

The results indicate that there was a correlation of crop production with the degree of soil
suitability, where the soils located at south of the study area were characterized by a high degree of
suitability for rice, and this was associated with soil fertility condition in those areas, on one hand,
and improvement of physical and chemical properties on the other hand. These outputs are consistent
with [46-63]. Meanwhile, for the soils that were classified by low suitability for the rice crop, located at
north of the study area, where land degradation factors are active such as salinity, alkalinity and high
water table, among others, this was reflected by the NDVI values during the crop growth season,
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which is consistent with [63,64,79-81]. Moreover, the results suggest that the soils that characterized by
high suitability tend to have high rice yields. This relation can be used to determine soil characteristics
that will be used in computerizing and calculation of crop yields more easily and more accurately
than before.

5. Conclusions

Improvements in food security can benefit from modern information and sustainable agricultural
technologies recognized as essential for countries to meet the SDGs, in other words to improve food
production limiting environmental impact. In order to fully comprehend the deficiencies in our
food system, the assessment of the appropriateness of the soil for crop production play an important
role; thus, the proposed model includes the characterization and categorization of soil properties,
soil fertility, physical, chemical and biological factors that affect the quality of the land and in turn crop
yields. The use of Remote Sensing and GIS technologies can facilitate land suitability analysis and
support sustainable land management, thus helping decision makers and regional governments to
support the implementation of precision farming. This is a global critical issue, particularly relevant
in developing countries, and the use of remote sensing can provide reliable low-cost tools promptly
applicable in operational conditions.

The present study was undertaken to design a new method for land evaluation based on soil
quality indicators and remote sensing data to assess and map soil suitability for rice crop. Results from
the investigations, performed in some areas in the northern part of the Nile Delta, were compared with
the most common approaches, two parametric (the square root, Storie method) and two qualitative
(ALES and MicrioLES) methods. The devised model provided the highest performance with R? equal
to 0.92, followed by MicroLES, Storie, ALES and Root as R? with value equal to 0.87, 0.86, 0.84 and 0.84,
respectively, and significant increasing in the percentage rates of the R? values equal to 5%, 6% and
8%. In addition, soil suitability models were consistent with NDVI during the crop growth, on one
hand, and the overall the yield production on the other hand. From the quantitative point of view,
results from the proposed model indicate that around 44.44% of the soils of the investigated area are
classified as highly suitable for rice crop, 44% are moderately suitable, and approximately 11.56% are
unsuitable for rice growth, and these areas have diverse physical and chemical properties. The validity
of the model has been confirmed where the kappa coefficient reflected reasonable results 0.75 between
the proposed model and both the ALES and Micro LEIS models, and 0.83 between the proposed model
the square root and Storie methods. The obtained results indicate that the density of vegetation rice
vegetation was consistent with the improvement of the natural and chemical soil condition south of
the study area.

Thus, compared to the most traditional approaches, the proposed model provides significant
improvements in land evaluations with very good outputs in arid regions. The soil evaluation map
produced in this research can promptly aid decision makers and regional governments, and the
approach herein proposed can be easily re-applied for wide areas to assess land suitability and predict
the crop yield. The model herein proposed can be promptly implemented in other arid regions
(different from those the model was developed) to support the development and implementation of
sustainable agricultural activities and to achieve the SDGs of Agenda 2030.
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