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Abstract
Soil survey system is the key word for sustainable soil use and management. This study aimed to generate a digital soil 
mapping (DSM) using various spatial resolutions of freely available digital elevation models (DEMs) i.e., (30 m ALOS 
“Advanced Land Observing Satellite”, 12.5 m ALOS, 30 m SRTM “Shuttle Radar Topography Mission”, and 90 m SRTM) to 
assess the spatial variability of soil physio-chemical characteristics in El-Beheira Province, Western Nile Delta. A total of 
196 geo-referenced soil profiles were collected from agricultural fields, and the soil’s contents of total nitrogen (TN), 
potassium (K), available phosphorous (P), calcium (Ca), sulfur (S), magnesium (Mg), zinc (Zn), copper (Cu), manganese 
(Mn), and boron (B) were analyzed. The study revealed that the soil’s contents of TN, P, S, B, and Cu were low, and Mg was 
suspected to be higher than K, leading to an Mg-induced K shortage. The study also found wide-ranging spatial vari-
ability structures of inverse distance weight (IDW) interpolated maps for several soil physio-chemical characteristics. The 
DSM further revealed that poor status was present in 85.4% of TN, 91.7% of P, 76.9% of S, and 87% of both B and Cu. The 
conclusion is that soil variability, as demonstrated in DSM, outweighs uniform treatment, and this discovery will assist 
extension workers, scientists, and decision-makers in implementing site-specific nutrient management strategies. Valida-
tion of the DSM is recommended for crop and variety-specific nutrient treatment rates. Understanding the geographical 
variance in the soil is critical for long-term nutrient management and higher output.

Keywords  Agricultural practices · DEM · DSM · Geomorphology · Landforms · Physiographic · Soil Management · Soil 
Survey

1  Introduction

Soil science functions a critical role in the development of spatial data by continually creating local, regional, and global 
land databases [1]. Lithology and geology-hydrology-morphology are in the field of soil science, closely interconnected. 
while biota and climate are essential to a lesser extent in soil geomorphology in particular [2–5]. Soils intimately linked to 
the landscape which affirms the paramount function of landform-geomorpholgy-physiographic in soil pedological pro-
cesses. Understanding these relationships helps in study of pedologic fundamental level to understand the distribution of 
contemporary soils geographically. Agriculture soils are Egypt’s most important resource for sustaining the population’s 
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livelihood [6, 7]. Due to the country’s rapid population expansion, the land is under enormous pressure to produce more 
to support human well-being [8, 9]. In the Nile Delta, improper land use and management affect agroecosystems and 
food production due to land degradation [10–13]. Therefore, knowledge-based soil management has become crucial 
for agricultural productivity and sustainability [14–16]. Managing soil regardless of its spatial heterogeneity has severe 
environmental consequences, reduces the efficacy of agricultural input applications, increases production costs, and 
has a negative effect on crop yield and soil health [17–19]. Lack of a well-developed soil information system leads to 
inadequate soil management strategies [20–22]. Regional heterogeneity in soil attributes has been largely neglected 
during soil management interventions in Egypt. This indicates that uniform soil management in spatially diverse fields 
exacerbated macro- and micronutrient deficiencies, resulting in yield variation for the certain field encountering par-
ticular management acquaintance inputs [23, 24]. In addition, it would lead to reduced nitrogen use efficiency and 
inefficient distribution of limited fertilizer resources. For the long-term management of existing soil resources, precise 
soil information that aids farmers in making farm-level decisions is necessary [25]. In this context, when given spatially 
explicit soil knowledge, many producers and communities will implement land management techniques that increase 
crop yields and nutrient content, thereby aiding in the resolution of problems [25, 26].

Knowledge of soil spatial variability and digital mapping is essential for determining the effects of agricultural activi-
ties on soil properties, developing appropriate soil management techniques, and promoting site-specific agricultural 
practices [27–31]. Concerning soil spatial variation, soil information is indispensable for prolonged sustainably managed 
soil [26]. The existing soil databases are not thorough or precise enough to promote dependable utilization of soil data, 
within the spatial data infrastructure [32]. Their current capabilities only permit the storage of sparse and intermittently 
accessible data from conventional soil surveys. The constraint in spatial database development is the expense and time 
required, particularly for field surveys and soil sampling in remote case studies [33]. To overcome this challenge existing 
spatial soil information systems should enhance their functionalities beyond storing and utilizing soil maps. They should 
also be capable of generating more detailed soil maps [34].

Knowledge of landform is crucial in numerous soil-related disciplines, such as environmental vulnerability and impact 
assessment, regional planning, natural hazard and disaster monitoring, and soil erosion and salinity forecasting [35–37]. 
In numerous applications, such as global warming planning and soil remediation, landform mapping is essential [38–42]. 
A quantitative approach to delineate and assess landform is a promising method for understanding and controlling land-
scape evolution [43–45]. To map landform patterns, conventional field survey, or terrestrial mapping, was a direct method 
that created maps at various scales using data with varying degrees of precision. Although it was a labor-intensive, costly, 
and time-consuming technique for extensively mapping swaths, it was effective [46]. Instead, mapping landform using 
satellite technology was time-, cost-, and space-efficient. Previously, satellite data had a lower spatial resolution than 
maps created using ground surveys [47].

DSM stands for the development and quantification of soil information systems. It involves using models that utilize 
soil observations and data from environmental factors to understand the variations, in soil types and properties, over 
space and time. This approach aims to improve soil management and utilization [48]. DSM generally depicts landscape 
continuity because models that are quantitatively correlate soil characteristics to the geographic distribution of soil-
forming variables capture underlying soil variability [25, 26]. The DSM allows users to locate a domain with similar soil 
attributes and fertility status. Moreover, it provides access to domain-specific soil property data [49].

Several ancillary data sources, such as DEMs and remote sensing (RS) data, can be used for DSM to measure the spatial 
variation of landscape and soil properties. These data sources provide information at different spatial and/or temporal levels 
[50]. The DEM is one of the valuable sources of spatial data that offers valuable insights into the morphometric variations of 
land surfaces. In addition, DEM enables quantitative measurements of terrain surfaces by assigning terrain attributes such as 
elevation, slope, plain, and curvature profiles, some of which can be obtained directly from DEMs and others can be derived 
[51, 52]. Because of their role, in the formation of soil and the increasing availability of DEMs, at different spatial resolutions 
these characteristics can be employed to describe the spatial diversity of specific landscape processes [53] and are frequently 
used as supplementary variables in predicting/representing soil classes/properties [54–56]. DEM spatial resolutions can range 
from less than one meter for light detection and ranging (LiDAR) data to approximately one kilometer for datasets that cover 
the entire globe [57, 58]. Over time numerous authors have explored the effects of using multiscale resolutions in analysis, 
for environmental modeling. This exploration has been particularly influenced by the introduction of DEMs, in resolutions 
[58–61]. The connection, between the environment and the processes that shape soil formation is influenced by factors, at 
different scales. It highlights the significance of using terrain analysis across scales to accurately predict soil classifications 
[58, 62–65]. However, the use of this method, which incorporates multiple scales of DEMs for soil class prediction, is still 
limited in DSM research [61, 66, 67]. Numerous authors have demonstrated that DSM techniques incorporating multi-scale 
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DEMs improve soil class prediction precision [58, 65, 68]. However, these methodologies have limitations When it comes to 
the quantity of scales they can handle or their maximum scale capacity, their computational efficiency, and/or their ability 
to account for only a subset of terrain characteristics [48, 69].

Geostatistical methods are recognized as a powerful and suitable tool for assessing spatial variability and estimating the 
inconsistency of landscape and soil properties [70–74]. Geostatistical approaches are based on the concept that nearby 
objects will be more similar to one another than distant ones. Various geostatistical methods, by modeling the spatial cor-
relation with minimum variance, techniques such as ordinary kriging (OK) and IDW interpolation have been used to forecast 
the spatial variability of soil parameters [75]. Geostatistical techniques combine nearby observations in a linear fashion to 
predict the unobserved position [76]. By highlighting the geographic connections between forecasted and sampled places, 
estimation based on spatial geostatistical approaches makes parameter value prediction for unsampled areas easier and 
more cost-effective [72, 73, 77].

Due to the widespread accessibility of GIS tools and DSM methodologies, moving between scales has become easier. 
For example, geospatial data previously limited by scale may be combined or separated. Currently, it is feasible to create (i) 
primary surveys with a significantly larger scale range and (ii) derivative or second-generation resource maps from a primary 
spatial database with a significantly larger scale range than the first survey. The ability to alter scales should be compatible 
with primary data that permits such scale changes. Obtaining the optimal set of field observations is frequently impossible 
or prohibitively expensive. Therefore, it is essential to carefully select representative observation sites and extrapolate from 
them to inaccessible areas. Developing soil-landscape models that integrate recurrent geographic correlations can signifi-
cantly enhance observational efficacy. Choosing an appropriate scale is part of the process of creating a model. As indicated 
previously, scale determines what can and cannot be displayed. Robust soil-landscape models are subjected to incremental 
modifications and refinements in order to represent the growth in knowledge and information during the course of the 
survey.

A given location may contain a broad area or landscape scale, a deltaic plain (landform) scale, and a tableland position or 
Pedon (microfeature) scale. The perspectives and objectives of the survey determine the appropriateness of each scale. Each 
scale is usable, but each expresses information differently and has distinct limitations. As a physiographic unit, for instance, 
a series of alluvial and aeolian landscape models can be formed and implemented along the wadi plains’ border. The land-
scape contains structurally eroded slopes and alluvial plains. Fluvial processes (and, to a lesser extent, erosional processes) 
are the most prevalent geomorphic processes with a regional scope. The same region exhibits eroded, structural table land 
at a finer landform scale than landscape (alluvial plain). Erosion and fluvial processes are the most frequent geomorphic 
processes, and they are both limited to a localized area. The region contains distinct subsets of landforms at the microfeature 
scale. Hillslope erosion and deposition (also known as slope wash processes) and fluvial alteration (also known as alluvial 
deposition processes), which are generally limited, are the most frequent and pervasive geomorphic processes. Different 
scales produce various results. The first step in creating realistic landscape models is to predict and represent interactions 
between landscapes, geomorphic processes, and soils using expert knowledge and experience. The original model must 
be rigorously assessed (ground-truthed) and changed as necessary to appropriately reflect observed soil and landscape 
linkages, regardless of its format.

This investigation’s goal is to use four different freely accessible DEMs with varying spatial resolutions, including ALOS at 
30 and 12.5 m and SRTM at 30 and 90 m. The purpose is to generate a comprehensive DSM for El-Beheira Province. The main 
aim of this study is to estimate and map the spatial variability of digital soil physio-chemical attributes through a comprehen-
sive understanding of landforms. The ultimate goal is to develop and implement highly effective site-specific management 
plans based on the information obtained from this investigation. By achieving these objectives, this research will make a 
contribution to the field of soil mapping and management. The outcomes of this study will have the potential to boost crop 
productivity and nutrient management techniques in the region, benefiting farmers, extension workers, and scientists alike.

2 � Materials and methods

2.1 � Description of the study area

El-Beheira Province (Fig. 1) has a total area of around 11,529 km2 and is situated west of the Nile Delta. It extends from 
the Mediterranean coast to the northern part of the Western Desert, rising above sea level from north to south. In some 
northern regions, the ground surface elevation is lower than the sea level. Tablelands and alluvial plains are two sig-
nificant units that make up the study area’s geomorphology [78]. In the south of the area, Tablelands is almost entirely 
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composed of sandy limestone. It is characterized by landforms: ridges, depressions, and plains. in the north, there are 
young and old alluvial plains, whose composition alternates with layers of clay and a thin strip of silt [79]. The tablelands 
are covered with sandy deposits in the north, while gravelly deposits predominate in the south. The plain slope is toward 
the north and northeast and varies in elevation between 20 and 60 m.

Wadi El-Natroun station’s historical climatological data (2004–2021) revealed a mean annual temperature of 21.2 °C 
and mean monthly temperatures ranging from 13.7 °C in January to 27.8 °C in August, with the highest and lowest tem-
peratures, respectively, for the past ten years being 34.5 °C in July and 7.8 °C in January (Fig. 2). The mean daily maximum 
temperature shows the highest temperature on an average day for each month. The mean daily minimum also displays 
the average daily minimum temperature. Hot days and cold nights indicate the average hottest and coldest nights of 
each month during the past 30 years. In May, the average relative humidity was 52%, but in November and December, 
it was 70%. The relative humidity drops to its lowest level (about 30%) at around 2 p.m. The wind blows 11 km/h in 
December and January and 20 km/h in May and June. winds that come from the north, northwest, and northeast are 
typically prevalent. Based on the climatic data, the area is distinguished by Torric and Thermic for soil moisture and soil 
temperature regimes respectively.

Four land use land cover types have been distinguished in the study area: agricultural land, urban areas, deserts, and 
aquatic land. Using the visual interpretation of satellite images over the past twenty years, Desert areas are certainly 
shrinking. However, there was a huge increase in the agricultural, urban, and aquatic areas.

2.2 � Field survey, sampling, and laboratory analyses

The selection of soil profiles has been conducted to accurately represent the units extracted from the DEM. In order to 
distribute soil sampling locations in a random manner over the study area, a total of 196 soil profiles (yielding a total of 
495 soil samples) were excavated across various landform units, with an average distance of separation ranging from 5 
to 10 km. During the survey activity, the sample points were traversed, and the latitudes, longitudes, and altitudes of the 
sampling field were recorded. After navigating and reaching the sampling spot, 1–5 sub-samples of surface soil were 
collected, taking into consideration the complexity of the topography and the heterogeneity of soil types. The selection 
of topsoil was based on its susceptibility to the influence of plants and soil management practices [25]. In addition, the 

Fig. 1   The research area is in the western Nile Delta in the province of El-Beheira. The Mediterranean Sea, the Nile River (Rashid Branch), the 
provinces of Alexandria and Matrouh, and the Giza Province form its northern, eastern, western, and southern borders, respectively. The 
study area is about 11,529 square kilometers. It has several lakes, most notably Lake Idku
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collection of soil samples was facilitated through the utilization of a soil auger, followed by the process of compositing 
soil samples. Soil samples were collected for annual crops at a depth ranging from 0 to 30 cm, whereas for perennial 
crops, samples were taken at a depth of 50 cm.

The soil samples were gathered, dried, sieved, and preserved in a polypropylene container in preparation for the 
determination of soil characteristics, as well as the analysis of physical and chemical attributes. The soil survey laboratory 
methods handbook [80] was used to conduct laboratory analyses on the saturation soil paste extract. These analyses 
included determining soil texture, calcium carbonate content CaCO3, salinity EC, sodicity pH, soluble cations and anions, 
organic matter content, and gypsum content. The soil samples were ground up and sieved through a 2 mm mesh and 
a 0.5 mm mesh sieve before being air dried at ambient temperature and utilized to analyze the mid-infrared diffused 
reflectance (MIR) spectrum. Using the Mehlich-3 multi-nutrient extraction method [81], soil samples were examined for 
a number of factors, including TN, P and S, exchangeable cations (Ca, Mg, Na, and K), soil micronutrients (Fe, Cu, Mn, Zn, 
and B), and cation exchange capacity (CEC). The concentration of the extracted components was determined using an 
inductively coupled plasma (ICP) spectrometer. The quantities of TN and CEC were also assessed through the application 
of MIR-diffused reflectance spectral analysis.

The soil’s physical and chemical properties are kept in a shape file format. Hence, the conversion of soil properties 
into raster format is accomplished through the use of IDW interpolation method in the ArcGIS Pro 3.0 software, as sug-
gested by [73].

2.3 � Remote sensing data and processing methodology.

This work used four distinct DEMs obtained from two separate sources with different levels of spatial resolution (Fig. 4). 
The first sources of DEMs are the 30 m SRTM DEM with a spatial resolution of 1 arc-second and the 90 m SRTM DEM with 
a spatial resolution of 3 arc-seconds. These datasets were obtained from the official website of the United States Geo-
logical Survey (USGS), specifically from the following URL: https://​earth​explo​rer.​usgs.​gov/. One other source of DEMs is 
a 30 m-ALOS and 12.5 m-ALOS DEM obtained from the website https://​search.​asf.​alaska.​edu/. This particular DEM has a 
spatial resolution of 30 m for low resolution and 12.5 m for high resolution, which is an upsampled 30 m product.

This research used four tiles of Sentinel-2 satellite imagery (T35RQP, T35RQQ, T36RTU, and T36RTV) to cover the study 
area. These images were acquired on February 15, 2021, and were obtained from the official website of the European 

Fig. 2   Average temperatures and precipitation of the study area (1991–2021); In the context of its suitability for agriculture of all kinds, the 
most important climatic factors in El-Beheira Province are heat, light, sunshine, rain, depressions, and winds. The extent of the severe impact 
of these elements on agricultural production in the study area is clear. As it comes at the forefront of the factors affecting the quality of pro-
duction and the quantity of the crop, and this effect is due to the great compatibility between the climatic conditions in the study area and 
the climatic conditions required for the cultivation and production of different crops

https://earthexplorer.usgs.gov/
https://search.asf.alaska.edu/
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Space Agency’s Copernicus Open Access Hub (https://​scihub.​coper​nicus.​eu/​dhus/#/​home). The images were already 
atmospherically and geometrically corrected. The process involved the combination of four images to create a mosaic, 
which was subsequently adjusted to align with the designated study region (Fig. 1).

2.4 � Landform modeling

The main landscape was delineated from the DEM in conjunction with the Sentinel_2 satellite imagery as well as the 
existing geology and soil maps of the region using the toolbox in ArcGIS Pro Version 3 software. This provides a better 
visualization of the terrain in the study area. Furthermore, it is necessary to create a three-dimensional representation 
of the study area’s landscape in order to visually depict the interrelationships between the soil and relief elements. This 
would involve generating maps of topographic variables such as slope and aspect using DEMs. The process of defining 
landform units for the DSM (Figs. 3 and 4) involved the use of both maps and the overlay function. Initially, a reconnais-
sance and semi-detailed survey were undertaken across the examined region in order to develop an understanding of 
the study area’s overarching soil patterns and distinctive landscape features. The verification of the primary mapping 
units was conducted by relying on the pre-field interpretation and the data acquired during the survey. Additionally, 
taking into account the preliminary analysis and the data collected during the reconnaissance survey, an extensive 
morphological description of soil profiles was conducted, focusing on variations within landform units.

3 � Results

3.1 � Landform

The landforms of the investigated areas (Fig. 5) were identified by combining DEM with satellite images and land survey-
ing. The obtained data illustrated that the studied area is divided into seven main landscape units, as shown in Fig. 5, 
which include several landform units.

Pedological resources studies revealed that the parent materials are of various natures, e.g., aeolian, marine, lacus-
trine, and alluvial deposits and limestone, etc., and located in varied geomorphological positions, e.g., plains, wadis, 
and tablelands, etc., in the area. From a root concept perspective, identifying soils and recognizing their characteristics 
must be crucial to ensure the long-term preservation of resources, especially for both field and horticultural crops. By 
concentrating on two key aspects, pedological and agronomical traits, it was possible to obtain evidence for the main 
crops’ soil qualities and characteristics.

In general, the area occupies a wider variety of soil types, and it is noteworthy that marginal land is already traditionally 
dedicated to cultivation. While alluvial soils offered deep fertile soils for field crops. In this region, chemical soil quali-
ties and efficient drainage are essential factors in determining soil quality. In the southern part, sand and gravel layers, 
quartzites, and remnants of petrocalcium horizons are factors in good drainage. The rooting depth and effective soil 
water storage capacity are both impacted by the amount of gravel present (often above 5–20%). Since this assures crop 
health and high-quality yields, it is generally known that it is crucial to regulate water supply and drainage appropriately. 
Numerous soil characteristics, most notably water holding capacity, plant-accessible water, and hydraulic conductivity, 
have a considerable impact on the control of soil water. However, due to the dearth of organic matter in sandy soils, 
farmers typically adopt techniques to enhance soil health, such as the utilization of natural organic input resources, 
occasionally compost.

The outcomes show that the characteristics of the parent material and the current pedogenetic processes have an 
impact on soil order. According to soil taxonomy, they include Aridisols and Entisols, which correspond to the presence 
of calcic or gypsum and an excess of salts (saline and sodic). Soil properties in croplands are affected by fertilizer applica-
tion, nutrient leaching, soil erosion (slight water erosion in the marine and lacustrine deposits and wind erosion in the 
sandy soils in the south), and Continuation of agriculture. To prevent the deterioration of the farmed soils, these effects 
should be remedied by sufficient and prospective farming practices techniques. Decisions must take into account all of 
the chosen research factors.

https://scihub.copernicus.eu/dhus/#/home
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Landform delineations and mapping were confirmed using studies of soil samples, together with measurements and 
observations made in the field. This proved the possibility of matching the landform with the potential soil quality. This 
came out from the clear differences of soil properties among different LF units.

The results obtained from the soil sample analyses, along with field measurements and observations, were used to 
confirm delineations and mapping. This makes it possible to match a landform with potential soil quality. At the same 
time, a landform map survey supported by the study of several soil compositional parameters on different lithology 
formations represents a good cost–benefit approach to investigating the potential of soils.

3.2 � Soils

The different landform parameters related to soils in the region are the basis for understanding crop functions. The 
landform, texture, or CEC of any unit in the investigated area is a key component (Fig. 6) that can provide crops with 
insights about nutrients and water in the root zone. These features are demonstrated by the results of the examined soil 
profiles. In addition, the presence of different soil textures serves a crucial function in maintaining soil moisture, which 
is important during the growing period of crops and is also useful in relation to existing irrigation methods. However, 
the soils are not uniform in area and vary from the findings from the surface and subsurface layers and/or horizons.

On the horizons at the surface, a small pH fluctuation was seen, with values ranging from 6.4 to 8.4 and an average 
of 7.2. As a result, it is regarded as neutral to moderately basic on the majority of soils. There were no appreciable vari-
ations between horizons. The soil profiles’ ECs vary from 0.05 to 42 dS/m. This suggests that classes of "saline soil" exist. 
The percentage of organic stuff varies from 0.01 to 3.1%. For soil organic carbon, there were considerable variations 
among soil types. In heavy soils, high values were discovered, while in light soils, low values were discovered. The range 
of calcium carbonate is 0.04 to 17.21%. The soils growing on alluvial deposits contain very little. Because of leaching in 

Fig. 3   Flowchart of the methodology for DSM
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farmed calcareous soils, the CaCO3 content often rises in the lower horizon. In a relatively uniform pattern, clay, clay loam, 
and sandy clay loam were the main soil textural types. While loamy soils, which are thought to be the most favorable for 
agriculture, predominated in most site soil profiles, clay textural classes dominated the deltaic plain. Sandy and sandy 
loam soils were present in the region’s tableland zones in the south.

Soil characteristics (Fig. 4) are important for land use planning. El-Beheira Province has the highest concentration of 
crop compositions in Egypt. This study is an evaluation of the agronomic suitability for crop zone management in the 
continental Mediterranean environment through a mapping effort. Our study incorporates data from 196 soil profiles 
(495 soil samples), the majority of which were created on calcareous, sodic, and saline soils. AbdelRahman et al. [13] 
identified the tremendous pedo-diversity in this area, including the Entisols and Aridisols. Pedological analyses show 
that agricultural and sustainable crop production in this region is ideal. Landform helps plan campaigns to improve the 
image of the region as well as the most efficient use of land. The multiplicity of variables affecting growth, development, 
crop quality, and yields makes it important to evaluate the potential of natural land units on the basis of landform. Soils 
differ in this way in a distinctive way for each landform. Accordingly, the capabilities of supplying crops with water and 
minerals vary for each landform unit.

It was found that cultivated land in the Nile delta of the investigated area, with deep soils and good drainage, pro-
motes crops with good root development and favorable growth conditions. whereas yield’s composition and quality are 
characterized by the effect of soil’s physio-chemical limits. In the north of the investigated units, Compacted or shallow 
soils in lacustrine and marine deposits may prohibit roots from obtaining oxygen, water, and nutrients, which restricts 
root growth. Therefore, it is recommended to use delta plain soil, which is characterized by deep soil and good water 

Fig. 4   DEM along with the discrete presentation (A, B, C, and D for 30 m-ALOS DEM, 12.5 m-ALOS DEM, 30 m-SRTM DEM, and 90 m-SRTM 
DEM, respectively); representation of the bare ground topographic surface of the Earth. DEMs are created from a variety of sources
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storage capacity, for grains and field crops to avoid exposure to water stress in the summer. In contrast, tableland areas 
are preferable for horticulture crops. Since the relationship between soil and crop behavior and yield production is so 
complex, it is typically impossible to compare a soil map with a potential crop quality map. Therefore, there is a need to 
determine the soil and its properties to ensure their basic properties.

Frequently, traditional agricultural practices in the region were established on inadequate land, conserving more 
fertile soil for growing grains and other food crops. As a result, the lands of the region occupy a wide range of soil types, 
so there are various types of crops suitable for the climate of the region. Lands are highly susceptible to soil degradation, 
which can result in decreased soil fertility and quality, decreased water intrusion and storage, poor ground and surface 
water quality, and hazards related to reducing and adapting to climate change. Furthermore, 30 landform units with 
great potential for cultivation were proposed. Therefore, this map can be used as a tool with the different types of units 
in the near future for selecting optimum situations for growing high-quality crops. Additionally, contribute to better crop 
area management and thus have significant administrative consequences for decision-makers.

3.3 � Primary nutrients (N, P, and K)

TN values vary between 0.01 to 0.53%, with a mean + SD of 0.21 ± 0.05%. It showed moderate variability (Table 1). The 
spatial analysis revealed that 53, 32.4, 23, and 2.6% of the area exhibited very low (< 0.1%), low (0.1–0.15%), optimum 
(0.15–0.30%), and high (0.30–0.50%) TN. Data regarding available P revealed low to moderate variability, stretching 
between 0.27 and 25.17 mgkg−1 with a mean + SD value of 3.45 ± 3.56 mgkg−1. Spatially, 91.7 percent of the total area 
was very low, and the remaining 8.3 percent was low. The exchangeable K varies from 0.57 to 3.75 cmol(+)kg−1, with an 
average value of 0.89 ± 0.37 cmol(+)kg−1 (Table 1). The DSM demonstrated that 47, 39, 3, and 11% of the total area had 
low (0.2–0.5 cmol(+)kg−1), optimum (0.5–1.5 cmol(+)kg−1), high (1.5–2.3 cmol(+)kg−1), and very high (> 2.31 cmol(+)kg−1) 
levels of soil K (Table 1).

Soils are almost neutral, with pH values varying between 6.40 and 8.43. According to measurements of soil salinity, EC 
ranges from 0.05 to 42 dS/m, which is low to moderate in some subsurface layers and high in others. Organic matter is 

Fig. 5   Landforms are associated with landscape; they are features of the surface terrain that are shaped and created by a natural process, 
such as tectonic plate movement and erosion. Natural landscapes are made up of a variety of landforms. Often, landforms are not unique to 
a single landscape
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present in concentrations between 0.01 and 3.1%, while the CaCO3 level ranges from 0.04 to 17.22% (Table 2). The soils 
are varied, from calcareous to saline to alkaline, with ESP ranging from 1.00 to 30.3%. The soils also vary from poor fertile 
to very high fertile soils, with CEC values of 0.02 to 53.6 cmol(+)kg−1.

3.4 � Secondary nutrients (Ca, Mg and S)

Exchangeable Ca ranged from 2.87 to 16.30 cmol(+)kg−1 with a mean value of 6.35 ± 1.21 cmol(+)kg−1. DSM based on the 
rating of [83] indicated that 21, 73, and 6% of the total area had low (2–5 cmol(+)kg−1), medium (5–10 cmol(+)kg−1), and high 
(10–20 cmol(+)kg−1) exchangeable Ca, respectively. Meanwhile, soil exchangeable Mg varied between low (0.9 cmol(+)kg−1) 
and high (11 cmol(+)kg−1) with a mean value of 2.44 ± 0.57 cmol(+)kg−1. In terms of area coverage, about 19, 77, and 4% of 
the area were low (0.5–1.5 cmol(+)kg−1), medium (1.5–3.3 cmol(+)kg−1), and high (3.3–8.3 cmol(+)kg−1) in Mg contents, as 
rated by [84]. Furthermore, the mean S content (mgkg−1) was 7.38 ± 1.25, where it ranges from very low (3.67 mgkg−1) to low 
(18.20 mgkg−1). It was also found to be moderately variable (Table 1) as a result of external and inherent factors. The CEC of 

Fig. 6   Some soil characteristics—the most important properties of soils—are presented in the map. It means the composition of soils and 
their effects on cultivation: A calcium carbonate (CaCO3); B cation exchange capacity (CEC); C soil salinity (ECe); D exchangeable sodium per-
cent (ESP); E soil organic matter (SOM); and F soil reaction (pH)
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the soils investigated was between 2.36 cmol(+)kg−1 (low) and 53.67 cmol(+)kg−1 (high), with a mean value of 19.20 ± 3.66 
cmol(+)kg−1 (Table 1). Based on [84], about 47% of the total area was found to have medium (15–25 cmol(+)kg−1) CEC.

3.5 � Soil micronutrients

The concentrations of soil micronutrients were spatially variable (Table 1). Mn had a low variability (CV of 24%), whereas B, 
Cu, Fe, and Zn had a high variability (CV of 19% to 37%) (Table 1). B (0.03–1.79, 0.49); Cu (0.09–4.37, 0.47); Fe (16.23–99.11, 
54.74); Mn (27.19–134.94, 78.87); and Zn (1.23–23.69, 7.27) were the range and mean concentrations (mgkg−1). The results of 
the geographical analysis revealed that 47, 49, and 4% of the study area had very low (0.5 mgkg−1), low (0.5–0.8 mgkg−1), and 
optimum (0.8–2.0 mgkg−1) B levels, respectively. Cu content was less than 0.9 mgkg−1 on 93 percent of the overall area, which 
is the Egyptian soil limit. Fe, Mn, and Zn contents in the entire area were over the essential levels of 80, 25, and 1.5 mgkg−1, 
respectively. As a result of the computerized soil map, it was discovered that Fe, Mn, and Zn were not limiting elements.

Table 1   Descriptive statistics 
of soil nutrients

1 Coefficient of variation. < 15 = low variation, 15–35 = moderate variation, > 35 = high variation [82]

Soil properties Unit Min Max Mean SD CV 1

Ca cmol(+)kg−1 2.87 16.30 6.35 1.21 19.06
Mg cmol(+)kg−1 0.90 11.00 2.44 0.57 23.36
K cmol(+)kg−1 0.57 3.75 0.98 0.37 37.76
TN % 0.01 0.53 0.21 0.05 23.81
P mgkg−1 0.27 25.17 3.45 3.56 103.19
S mgkg−1 3.67 18.20 7.38 1.25 16.94
Cu mgkg−1 0.09 4.37 0.47 0.21 44.68
Fe mgkg−1 16.23 99.11 54.74 23.73 43.35
Mn mgkg−1 27.19 134.94 78.87 25.43 32.24
Zn mgkg−1 1.23 23.69 7.27 5.43 74.69
B mgkg−1 0.03 1.79 0.49 0.23 46.94
CEC cmol(+)kg−1 11.18 45.13 20.97 2.44 11.64
OM % 0.01 3.1 1.4 0.05 3.57

Table 2   Descriptive statistics 
of Soil characteristics of the 
Study area

1 Coefficient of variation. < 15 = low variation, 15–35 = moderate variation, > 35 = high variation
2 Skewness: <|± 0.5|= normal distribution (symmetrical), ± 0.5–1.0 = moderately (positively or negatively) 
skewed of character, and >|± 1| highly (positively or negatively) skewed of character [82]

Statistics Soil characteristics

pH EC
(dSm−1)

OM
(%)

ESP CEC
(cmol(+)kg−1)

CaCO3
(%)

Count 495 495 495 495 495 495
Min 6.4 0.05 0.01 1.0 0.02 0.04
Max 8.4 42 3.1 30.8 53.6 17.2
Mean 7.2 4.4 0.5 8.9 9.2 3.5
Stdev 0.6 6.9 0.5 4.8 14.2 2.9
CV 8.8 155.6 110.2 53.5 154.1 81.7
Skewness 0.5 4.5 1.9 1.0 1.8 1.6
Kurtosis -1.5 20.0 3.2 1.9 1.6 3.1
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4 � Discussion

4.1 � The study and mapping of soil characteristics based on landforms in the fields

It is clear from Fig. 6 that all types of DEMs are scalable in all kinds of land inventory methods. Figures 3 and 5 indicated 
the importance of DEM with a spatial resolution of 30m in the intensive and detailed survey. Therefore, we recommend 
using DEM types as in the flowchart of Fig. 6. DEM 30 showed its ability to distribute in the field on the map and pre-
dicted the performance of different landform units under various management techniques, i.e., crop yield under other 
management practices. DEM 30 outperformed all DEMs in terms of defining and describing the various soil types, as 
well as describing the thickness and features of the surface and subsurface layers within each class and the outcomes 
of laboratory analyses (Fig. 7).

Total N in soil is made up of inorganic and organic nitrogen, with the latter having a higher share. Plants, on the other 
hand, utilize the inorganic portion of N. This means that the optimal TN cannot be considered a guarantee regarding plant 
productivity. The low level of TN could be attributed to reduced soil OC content, insufficient and unbalanced fertilizer 
use, intensive cropping systems, and N losses through leaching [85, 86]. Similarly, nutrient mining and low OM applica-
tion, which were frequent in the research area, could have contributed to the decreased TN level. High fluctuations in P 
concentration may have caused differences in soil management. Limited levels of P application, uptake through plentiful 
crop harvest, low return of crop residues, and soil erosion could all contribute to P deficiency in soils [24, 85]. Furthermore, 
fixation may harm P availability in soils [24]. Therefore, in order to restore insufficient levels of phosphorus in the soil 
and ensure excellent crop productivity, the application of phosphorus in the form of inorganic fertilizers, manure, crop 
residues, and lime must be taken into account.

Except in south areas that indicated a K deficit, the soil exchangeable K content alone seemed to satisfy the K need. On 
the other hand, gaining knowledge of the soil’s basic cation saturation values is critical for better agronomic interpretation 
and preventing nutrient imbalances. As the amount of Ca and Mg in soils increases, exchangeable K absorption decreases, 
and a K deficiency develops. The potential of Mg-induced K deficit on a substantial section of the territory was reported 
in light of this hypothesis. This could be influenced by soil characteristics. Different sources have briefly described simi-
lar situations in Egypt [87]. Wheat has shown a positive response to K fertilizer treatment on soils suspected of having 
Mg-induced K deficiency [88, 89]. As a result, a K fertilizer application is required. The basic cations in the exchange site 
were in the following order: Ca > Mg > K. The high percentage of soil clay particles (inorganic colloids) can be linked 
to the medium-to-high amount of exchangeable Ca. According to [90], between 11 and 64% of the total soil samples 
(n = 789) had high (40–50%) and extremely high (> 50%) clay content, respectively. As a result, the ability of soils to hold 
exchangeable Ca increases as the fraction of soil colloids increases [91]. A greater level of leaching and a lower soil pH 
could be linked to the low exchangeable Ca content. As a result, in insufficient areas, the use of calcium fertilizers should 

Fig. 7   Mapping of soil characteristics in the fields; the process of defining natural soil bodies, classifying and grouping the delineated soils 
into map units, and obtaining information on soil characteristics in order to understand and show soil spatial distribution on a map
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be explored. Although exchangeable Mg hasn’t been a nutrient that has restricted crop production, its average status 
demonstrates that Mg can be a recurring issue. Meanwhile, poor soil OM, lack of application of S-containing fertilizer, and 
crop loss of S may all contribute to the low S concentration [85, 92, 93]. Furthermore, using N and P-containing fertilizers 
may result in a scarcity of nutrients such as S [94]. The use of S-containing fertilizers is suggested as a solution to these 
shortages. Furthermore, OM application and crop residue management should be coordinated.

CEC ranged from low to high, with the majority falling into the moderate category (Table 1). It was discovered under 
a moderate variable, which might be attributable to external and internal influences. In areas with low soil OM concen-
tration, both the type and amount of clay minerals may control the CEC [24]. A medium level of CEC could have resulted 
from the moderate to high percentage of clay particles.

Nutrient mining by crops, non-use of B and Cu-containing fertilizers, decreased soil OC, and low organic fertilizer 
application could all contribute to the low levels of B and Cu in the soil [85, 92]. [95] claims that soils with low OM con-
centrations are more likely to be deficient in B than soils with high OM content. Fe-rich parent materials and significant 
Fe dissociation in soils may be responsible for the optimal soil Fe content of the research area. Similarly, [96] discovered 
that increased Fe content could be related to parent materials. Furthermore, Fe deficiency in low pH soils is extremely 
rare [97], since it is known to dissolve in reducing and low pH environments. Because Mn bioavailability is regulated by 
pH and redox conditions, the soil’s low pH character is the most likely cause of the high Mn content.

4.2 � Site‑specific soil management practices

There are widespread shortages in N, P, K, S, B, and Cu. Soil management measures such as conservation tillage, crop 
residue management and incorporation, and soil conservation practices are recommended to maintain and enhance 
soil carbon. Nutrient deficits would be corrected as well. Chemical fertilizer comprising N, P, S, B, and Cu is also advised. 
K fertilizer is recommended in locations where Mg-induced K shortages exist. Lime can also be used to address calcium 
and magnesium deficits. Meanwhile, crop and variety-specific nutrient delivery rates will be investigated further. Under 
current agricultural practices, landform is considered the main aspect of unit management [98–101].

5 � Conclusion

Landform analysis helped us figure out how morphological, physical, and chemical soil properties in different units are 
related. Where the location of the landforms had an impact on some of these soil properties. Also, the differences in 
properties reflect the conditions of the terrain. The pedogenic features are tied to the relevance between the soil com-
position and landform units. The majority of the examined soil profiles come from clayey and sandy components with 
various compositions and soil depths. Some profiles’ high CaCO3 content was linked to their calcareous parent materials.

The presence of soil spatial variability was demonstrated using descriptive and geospatial variability analysis. The 
influence of intrinsic qualities and insufficient soil management measures could explain the variation. The DSM divided 
the land into multiple management zones, removing the need for blanket soil nutrient interventions. The soil-limiting 
nutrients were identified as N, P, K, S, B, and Cu, albeit with varying degrees of regional variability. Based on the DSM 
provided, farmers can be instructed to cultivate crops using site-specific nutrient applications. Nonetheless, we advo-
cated for nutrition rate calibration.

The study’s findings give an overall summary of soil properties and types in the Nile Delta and the adjacent sandy soil 
cultivation area. Cropping systems are generally established where soil features, such as drainage, texture, soil depth, 
etc., are optimum for yield production. In general, the soils in this area are neutral to slightly alkaline, with moderate 
carbonate contents, while EC is low to high; most of these soils have a sandy, sandy loam, sandy clay loam, or loamy clay 
texture, with medium to high clay contents, but the OM contents are low. Based on the findings, soil conditions seem 
to be optimal and sustainable for agricultural production when managed and cropped appropriately. The evaluations 
offered here might be very helpful in determining the sustainability of the land and could be crucial in determining how 
irrigation systems should be included in future plans for agricultural management.

Sustainable crop production in underdeveloped nations faces a significant challenge in making the best use of lim-
ited resources. Accurate land assessment systems that apply the principle of differentiated management of soil fertility 
and agricultural production based on landform units have great potential for active use. However, for various reasons, 
it is not always possible to achieve a sustainable effect from them. The degree of limitation of soil attributes varies, and 
in order to mitigate their negative effects on crop productivity, ad hoc management measures will be necessary. It is 
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evident that farm management decisions for sustainable crop production benefit more from the kind and degree of 
reduction of climatic, soil, and landscape attributes in the various map units since they are readily updated and applied.

The study of soils and their interactions with other components of the ecosystem provides the prerequisite knowledge 
to minimize degradation types and hazards. This contributes to the selection of appropriate soil conservation operations 
in accordance with the environmental systems of the region.

Acknowledgements  The authors are gratitude National Authority for Remote Sensing and Space Sciences for the support.

Author contributions  MAEA and M.M.M. wrote the main manuscript text and prepared figures all figures. All authors reviewed the manuscript. 
Conceptualization, MAEA; Data curation, MAEA; M.M.M.; Methodology, MAEA; M.M.M.; Resources, MAEA; MMM; Supervision, MAEA; MMM; 
Validation, MAEA; MMM; Visualization, MAEA; Writing—original draft, MAEA; MMM; Writing—review and editing, MAEA; MMM; All authors 
have read and agreed to the published version of the manuscript.

Funding  This research has not been funded.

Data availability  The data used to support the findings of this study are available from the corresponding author upon request.

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The author declares that there is no competing interest.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Liakos L, Panagos P. Challenges in the geo-processing of big soil spatial data. Land. 2022;11(12):2287.
	 2.	 Dobos E, Carré F, Hengl T, Reuter HI, Tóth G. Digital Soil Mapping as a support to production of functional maps. EUR 22123 EN, 68 pp. 

Office for Official Publications of the European Communities, Luxemburg; 2006.
	 3.	 Grunwald S, Thompson JA, Boettinger JL. Digital soil mapping and modeling at continental scales: finding solutions for global issues. 

Soil Sci Soc Am J. 2011;75(4):1201–13.
	 4.	 Söderström M, Sohlenius G, Rodhe L, Piikki K. Adaptation of regional digital soil mapping for precision agriculture. Precision Agric. 

2016;17(5):588–607.
	 5.	 Malone B, Stockmann U, Glover M, McLachlan G, Engelhardt S, Tuomi S. Digital soil survey and mapping underpinning inherent and 

dynamic soil attribute condition assessments. Soil Security. 2022;6: 100048.
	 6.	 AbdelRahman MA, Shalaby A, Mohamed ES. Comparison of two soil quality indices using two methods based on geographic informa-

tion system. Egypt J Rem Sens Space Sci. 2019;22(2):127–36.
	 7.	 AbdelRahman MAE, Engel B, Eid SMM, Aboelsoud HM. A new index to assess soil sustainability based on Temporal Changes of Soil 

Measurements Using Geomatics–An example from El-Sharkia. Egypt All Earth. 2022;34(1):147–66.
	 8.	 AbdelRahman MA, Tahoun S. GIS model-builder based on comprehensive geostatistical approach to assess soil quality. Rem Sens Appl. 

2019;13:204–14.
	 9.	 AbdelRahman MA, Arafat SM. An approach of agricultural courses for soil conservation based on crop soil suitability using geomatics. 

Earth Syst Environ. 2020;4(1):273–85.
	 10.	 AbdelRahman MA, Shalaby A, Aboelsoud MH, Moghanm FS. GIS spatial model based for determining actual land degradation status in 

Kafr El-Sheikh Governorate, North Nile Delta. Modeling Earth Syst Environ. 2018;4(1):359–72.
	 11.	 Saleh AM, Elsharkawy MM, AbdelRahman MA, Arafat SM. Evaluation of soil quality in arid western fringes of the Nile Delta for sustainable 

agriculture. Appl Environ Soil Sci. 2021;2021(34):8.
	 12.	 Abdellatif MA, El Baroudy AA, Arshad M, Mahmoud EK, Saleh AM, Moghanm FS, Shaltout KH, Eid EM, Shokr MS. A GIS-based approach 

for the quantitative assessment of soil quality and sustainable agriculture. Sustainability. 2021;13(23):13438.
	 13.	 AbdelRahman MA, Metwaly MM, Afifi AA, D’Antonio P, Scopa A. Assessment of soil fertility status under soil degradation rate using 

geomatics in West Nile Delta. Land. 2022;11(8):1256. https://​doi.​org/​10.​3390/​land1​10812​56.
	 14.	 Ball BC, Hargreaves PR, Watson CA. A framework of connections between soil and people can help improve sustainability of the food 

system and soil functions. Ambio. 2018;47(3):269–83.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/land11081256


Vol.:(0123456789)

Discover Sustainability            (2023) 4:47  | https://doi.org/10.1007/s43621-023-00162-6	 Research

1 3

	 15.	 Shah F, Wu W. Soil and crop management strategies to ensure higher crop productivity within sustainable environments. Sustain-
ability. 2019;11(5):1485.

	 16.	 Abiye W. Soil and water conservation nexus agricultural productivity in Ethiopia. Adv Agric. 2022;67:9.
	 17.	 Antwi M, Duker AA, Fosu M, Abaidoo RC. Geospatial approach to study the spatial distribution of major soil nutrients in the Northern 

region of Ghana. Cogent Geosci. 2016;2(1):1201906.
	 18.	 Asei R, Abaidoo RC, Opoku A, Adjei-Nsiah S, Antwi-Agyei P. Use of Limiting Nutrients for Reclamation of Non-responsive Soils in 

Northern Ghana. Front Soil Sci. 2021;4:89.
	 19.	 Yeboah SO, Amponsah IK, Kaba JS, Abunyewa AA. Variability of soil physicochemical properties under different land use types in 

the Guinea savanna zone of northern Ghana. Cogent Food Agric. 2022;8(1):2105906.
	 20.	 Raimi A, Adeleke R, Roopnarain A. Soil fertility challenges and Biofertiliser as a viable alternative for increasing smallholder farmer 

crop productivity in sub-Saharan Africa. Cogent Food Agric. 2017;3(1):1400933.
	 21.	 Aleminew A, Alemayehu M. Soil fertility depletion and its management options under crop production perspectives in Ethiopia: A 

review. Agric Rev. 2020;41(2):91–105.
	 22.	 Mngongo M, Munishi LK, Blake W, Comber S, Hutchinson TH, Ndakidemi PA. Soil fertility and land sustainability in Usangu Basin-

Tanzania. Heliyon. 2021;7(8): e07745.
	 23.	 Belal ABAE. Precision farming in the small farmland in the eastern Nile Delta Egypt using remote sensing and GIS (Doctoral disserta-

tion. Freiburg (Breisgau): Univ., Diss; 2006. p. 2006.
	 24.	 Iticha B, Takele C. Digital soil mapping for site-specific management of soils. Geoderma. 2019;351:85–91.
	 25.	 Tiruneh GA, Alemayehu TY, Meshesha DT, Vogelmann ES, Reichert JM, Haregeweyn N. Spatial variability of soil chemical properties 

under different land-uses in Northwest Ethiopia. PLoS ONE. 2021;16(6): e0253156.
	 26.	 Fuentes B, Ashworth AJ, Ngunjiri M, Owens P. Mapping soil properties to advance the state of spatial soil information for greater 

food security on US Tribal Lands. In: Frontiers in Soil Science, 2021. p. 5.
	 27.	 White PJ, Crawford JW, Díaz Álvarez MC, García MR. Soil management for sustainable agriculture. Appl Environ Soil Sci. 2012;2012:9.
	 28.	 Ahamadou B, Huang Q. Impacts of agricultural management practices on soil quality. In: Molecular Environmental Soil Science. 

2013. pp. 429–480. Springer, Dordrecht.
	 29.	 Guan F, Xia M, Tang X, Fan S. Spatial variability of soil nitrogen, phosphorus and potassium contents in Moso bamboo forests in 

Yong’an City, China. CATENA. 2017;150:161–72.
	 30.	 Ghimire D, Baral BR, Panday D. Assessment of spatial variability of soil chemical properties under small-holder farmers’ field: a case 

study from Kavrepalanchowk District of Nepal. Curr Agric Res J. 2018;6(3):337.
	 31.	 Vasu D, Tiwary P, Chandran P, Singh SK. Soil quality for sustainable agriculture. In: Nutrient dynamics for sustainable crop production; 

2020. pp. 41–66. Springer, Singapore.
	 32.	 de la Rosa D, Mayol F, Moreno F, Cabrera F, Díaz-Pereira E, Antoine J. A multilingual soil profile database (SDBm Plus) as an essential 

part of land resources information systems. Environ Model Softw. 2002;17(8):721–30.
	 33.	 Bill R, Blankenbach J, Breunig M, Haunert JH, Heipke C, Herle S, Maas HG, Mayer H, Meng L, Rottensteiner F, Schiewe J. Geo-

spatial Information Research: State of the Art, Case Studies and Future Perspectives. J Photogrammetry Rem Sens Geoinf Sci. 
2022;90(4):349–89.

	 34.	 Forkuor G, Hounkpatin OK, Welp G, Thiel M. High resolution mapping of soil properties using remote sensing variables in south-western 
Burkina Faso: a comparison of machine learning and multiple linear regression models. PLoS ONE. 2017;12(1): e0170478.

	 35.	 Rodrigo-Comino J, López-Vicente M, Kumar V, Rodríguez-Seijo A, Valkó O, Rojas C, Pourghasemi HR, Salvati L, Bakr N, Vaudour E, Brevik 
EC. Soil science challenges in a new era: a transdisciplinary overview of relevant topics. Air Soil Water Res. 2020;13:1178622120977491.

	 36.	 Munpa P, Kittipongvises S, Phetrak A, Sirichokchatchawan W, Taneepanichskul N, Lohwacharin J, Polprasert C. Climatic and hydro-
logical factors affecting the assessment of flood hazards and resilience using modified UNDRR Indicators: Ayutthaya. Thailand Water. 
2022;14(10):1603.

	 37.	 Bartkowski B, Schepanski K, Bredenbeck S, Müller B. Wind erosion in European agricultural landscapes: More than physics. People Nature. 
2023;5(1):34–44.

	 38.	 Alcántara-Ayala I. Geomorphology, natural hazards, vulnerability and prevention of natural disasters in developing countries. Geomor-
phology. 2002;47(2–4):107–24.

	 39.	 Owen KK, Wong DW. An approach to differentiate informal settlements using spectral, texture, geomorphology and road accessibility 
metrics. Appl Geogr. 2013;38:107–18.

	 40.	 Seddon N, Chausson A, Berry P, Girardin CA, Smith A, Turner B. Understanding the value and limits of nature-based solutions to climate 
change and other global challenges. Philos Trans R Soc B. 2020;375(1794):20190120.

	 41.	 Guerry AD, Silver J, Beagle J, Wyatt K, Arkema K, Lowe J, Hamel P, Griffin R, Wolny S, Plane E, Griswold M. Protection and restoration of 
coastal habitats yield multiple benefits for urban residents as sea levels rise. Urban Sustain. 2022;2(1):13.

	 42.	 Sha Z, Bai Y, Li R, Lan H, Zhang X, Li J, Liu X, Chang S, Xie Y. The global carbon sink potential of terrestrial vegetation can be increased 
substantially by optimal land management. Commun Earth Environ. 2022;3(1):8.

	 43.	 Castillo-Rodríguez M, López-Blanco J, Muñoz-Salinas E. A geomorphologic GIS-multivariate analysis approach to delineate environmental 
units, a case study of La Malinche volcano (central México). Appl Geogr. 2010;30(4):629–38.

	 44.	 Farina A. Principles and methods in landscape ecology, An Agenda for the Second Millennium, Third Edition, Springer; 2022.
	 45.	 Wu Z, Wang Y, Gan W, Zou Y, Dong W, Zhou S, Wang M. A survey of the landscape visibility analysis tools and technical improvements. 

Int J Environ Res Public Health. 2023;20(3):1788.
	 46.	 Flores E, Zortea M, Scharcanski J. Dictionaries of deep features for land-use scene classification of very high spatial resolution images. 

Pattern Recogn. 2019;89:32–44.
	 47.	 Vali A, Comai S, Matteucci M. Deep learning for land use and land cover classification based on hyperspectral and multispectral earth 

observation data: A review. Remote Sensing. 2020;12(15):2495.
	 48.	 Lagacherie P, McBratney AB. Digital soil mapping: an introductory perspective, chapter 1. In: Spatial soil information systems and spatial 

soil inference systems: perspectives for digital soil mapping. Amsterdam: Elsevier; 2006. p. 3–22.



Vol:.(1234567890)

Research	 Discover Sustainability            (2023) 4:47  | https://doi.org/10.1007/s43621-023-00162-6

1 3

	 49.	 Singh KN, Rathore A, Tripathi AK, Subba Rao A, Khan S. Soil fertility manning and its validation using spatial prediction techniques. J 
Indian Soc Agric Stat. 2010;64:359–65.

	 50.	 Hosseini SZ, Kappas M, Bodaghabadi MB, Chahouki MAZ, Khojasteh ER. Comparison of different geostatistical methods for soil mapping 
using remote sensing and environmental variables in Poshtkouh rangelands. Iran Polish J Environ Stud. 2014;23(3):737–51.

	 51.	 Oksanen J, Sarjakoski T. Error propagation of DEM-based surface derivatives. Comput Geosci. 2005;31(8):1015–27. https://​doi.​org/​10.​
1016/j.​cageo.​2005.​02.​014.

	 52.	 Mattivi P, Franci F, Lambertini A, Bitelli G. TWI computation: a comparison of different open source GISs. Open Geospatial Data, Software 
and Standards. 2019;4(1):1–12. https://​doi.​org/​10.​1186/​s40965-​019-​0066-y.

	 53.	 Moore ID, Gessler PE, Nielsen GAE, Peterson GA. Soil attribute prediction using terrain analysis. Soil Sci Soc Am J. 1993;57(2):443–52. 
https://​doi.​org/​10.​2136/​sssaj​1993.​572NPb.

	 54.	 Kempen B, Brus DJ, Stoorvogel JJ. Three-dimensional mapping of soil organic matter content using soil type–specific depth functions. 
Geoderma. 2011;162(1–2):107–23. https://​doi.​org/​10.​1016/j.​geode​rma.​2011.​01.​010.

	 55.	 Ballabio C, Fava F, Rosenmund A. A plant ecology approach to digital soil mapping, improving the prediction of soil organic carbon 
content in alpine grasslands. Geoderma. 2012;187:102–16. https://​doi.​org/​10.​1016/j.​geode​rma.​2012.​04.​002.

	 56.	 Samuel-Rosa A, Dalmolin RSD, Miguel P. Building predictive models of soil particle-size distribution. Revista Brasileira de Ciencia do Solo. 
2013;37:422–30. https://​doi.​org/​10.​1590/​S0100-​06832​01300​02000​13.

	 57.	 McBratney AB, Santos MM, Minasny B. On digital soil mapping. Geoderma. 2003;117(1–2):3–52. https://​doi.​org/​10.​1016/​S0016-​7061(03)​
00223-4.

	 58.	 Behrens T, Zhu AX, Schmidt K, Scholten T. Multi-scale digital terrain analysis and feature selection for digital soil mapping. Geoderma. 
2010;155(3–4):175–85. https://​doi.​org/​10.​1016/j.​geode​rma.​2009.​07.​010.

	 59.	 Smith MP, Zhu AX, Burt JE, Stiles C. The effects of DEM resolution and neighborhood size on digital soil survey. Geoderma. 2006;137(1–
2):58–69. https://​doi.​org/​10.​1016/j.​geode​rma.​2006.​07.​002.

	 60.	 Zhu AX, Mount NJ. Spatial scale and neighborhood size in spatial data processing for modeling the natural environment. Representing, 
modeling and visualizing the natural environment: Innovations in GIS. 2008;13:147–65. https://​doi.​org/​10.​3354/​meps1​1378.

	 61.	 Drăguţ L, Eisank C, Strasser T. Local variance for multi-scale analysis in geomorphometry. Geomorphology. 2011;130(3–4):162–72. https://​
doi.​org/​10.​1016/j.​geomo​rph.​2011.​03.​011.

	 62.	 Kerry R, Oliver MA. Soil geomorphology: Identifying relations between the scale of spatial variation and soil processes using the vari-
ogram. Geomorphology. 2011;130(1–2):40–54. https://​doi.​org/​10.​1016/j.​geomo​rph.​2010.​10.​002.

	 63.	 Viscarra Rossel RA. Fine-resolution multiscale mapping of clay minerals in Australian soils measured with near infrared spectra. J Geophys 
Res Earth Surface. 2011. https://​doi.​org/​10.​1029/​2011J​F0019​77.

	 64.	 Behrens T, Schmidt K, Ramirez-Lopez L, Gallant J, Zhu AX, Scholten T. Hyper-scale digital soil mapping and soil formation analysis. Geo-
derma. 2014;213:578–88. https://​doi.​org/​10.​1016/j.​geode​rma.​2013.​07.​031.

	 65.	 Miller BA, Koszinski S, Wehrhan M, Sommer M. Impact of multi-scale predictor selection for modeling soil properties. Geoderma. 
2015;239:97–106. https://​doi.​org/​10.​1016/j.​geode​rma.​2014.​09.​018.

	 66.	 Li X, Zhang Y, Jin X, He Q, Zhang X. Comparison of digital elevation models and relevant derived attributes. J Appl Remote Sens. 
2017;11(4): 046027. https://​doi.​org/​10.​1117/1.​JRS.​11.​04602​70460​27.

	 67.	 Behrens T, Schmidt K, MacMillan RA, Rossel RV. Multiscale contextual spatial modelling with the Gaussian scale space. Geoderma. 
2018;310:128–37. https://​doi.​org/​10.​1016/j.​geode​rma.​2017.​09.​015.

	 68.	 Sun XL, Wang HL, Zhao YG, Zhang C, Zhang GL. Digital soil mapping based on wavelet decomposed components of environmental 
covariates. Geoderma. 2017;303:118–32. https://​doi.​org/​10.​1016/j.​geode​rma.​2017.​05.​017.

	 69.	 Sena NC, Veloso GV, Fernandes-Filho EI, Francelino MR, Schaefer CEG. Analysis of terrain attributes in different spatial resolutions for 
digital soil mapping application in southeastern Brazil. Geoderma Reg. 2020;21: e00268.

	 70.	 Delbari M, Loiskandl W, Afrasiab P. Uncertainty assessment of soil organic carbon content spatial distribution using geostatistical sto-
chastic simulation. Soil Res. 2010;48(1):27–35.

	 71.	 Liu J, Yang H, Zhao M, Zhang XH. Spatial distribution patterns of benthic microbial communities along the Pearl Estuary. China Systemat 
Appl Microbiol. 2014;37(8):578–89.

	 72.	 Zhang H, Zhuang S, Qian H, Wang F, Ji H. Spatial variability of the topsoil organic carbon in the Moso bamboo forests of southern China 
in association with soil properties. PLoS ONE. 2015;10(3): e0119175.

	 73.	 AbdelRahman MA, Zakarya YM, Metwaly MM, Koubouris G. Deciphering soil spatial variability through geostatistics and interpolation 
techniques. Sustainability. 2021;13(1):194.

	 74.	 John K, Abraham II, Kebonye NM, Agyeman PC, Ayito EO, Kudjo AS. Soil organic carbon prediction with terrain derivatives using geo-
statistics and sequential Gaussian simulation. J Saudi Soc Agric Sci. 2021;20(6):379–89.

	 75.	 Webster R, Oliver MA. Geostatistics for environmental scientists. Wiley; 2007.
	 76.	 Mirzaee S, Ghorbani-Dashtaki S, Mohammadi J, Asadi H, Asadzadeh F. Spatial variability of soil organic matter using remote sensing 

data. CATENA. 2016;145:118–27.
	 77.	 Saito H, McKenna SA, Zimmerman DA, Coburn TC. Geostatistical interpolation of object counts collected from multiple strip transects: 

Ordinary kriging versus finite domain kriging. Stoch Env Res Risk Assess. 2005;19:71–85.
	 78.	 Khalil AA, Essa YH, Hassanein MK. Monitoring agricultural land degradation in Egypt using MODIS NDVI satellite images. Nat Sci. 

2014;12(8):15–21.
	 79.	 Conoco Geologic Map of Egypt. Egyptian General Authority for Petroleum (UNESCO Joint Map Project), 20 Sheets, Scale 1500 000, Cairo. 

1987.
	 80.	 USDA. "Soil Survey Laboratory Methods Manual" Soil Survey Investigation Report No. 42 Version 4.0. 2004.
	 81.	 Mehlich A. Mehlich 3 soil test extractant: A modification of Mehlich 2 extractant. Commun Soil Sci Plant Anal. 1984;15(12):1409–16.
	 82.	 Iliquín Trigoso D, Salas López R, Rojas Briceño NB, Silva López JO, Gómez Fernández D, Oliva M, Quiñones Huatangari L, Terrones Murga 

RE, Barboza Castillo E, Barrena Gurbillón MÁ. Land suitability analysis for potato crop in the Jucusbamba and Tincas Microwatersheds 
(Amazonas, NW Peru): AHP and RS–GIS approach. Agronomy. 2020;10(12):1898.

https://doi.org/10.1016/j.cageo.2005.02.014
https://doi.org/10.1016/j.cageo.2005.02.014
https://doi.org/10.1186/s40965-019-0066-y
https://doi.org/10.2136/sssaj1993.572NPb
https://doi.org/10.1016/j.geoderma.2011.01.010
https://doi.org/10.1016/j.geoderma.2012.04.002
https://doi.org/10.1590/S0100-06832013000200013
https://doi.org/10.1016/S0016-7061(03)00223-4
https://doi.org/10.1016/S0016-7061(03)00223-4
https://doi.org/10.1016/j.geoderma.2009.07.010
https://doi.org/10.1016/j.geoderma.2006.07.002
https://doi.org/10.3354/meps11378
https://doi.org/10.1016/j.geomorph.2011.03.011
https://doi.org/10.1016/j.geomorph.2011.03.011
https://doi.org/10.1016/j.geomorph.2010.10.002
https://doi.org/10.1029/2011JF001977
https://doi.org/10.1016/j.geoderma.2013.07.031
https://doi.org/10.1016/j.geoderma.2014.09.018
https://doi.org/10.1117/1.JRS.11.046027046027
https://doi.org/10.1016/j.geoderma.2017.09.015
https://doi.org/10.1016/j.geoderma.2017.05.017


Vol.:(0123456789)

Discover Sustainability            (2023) 4:47  | https://doi.org/10.1007/s43621-023-00162-6	 Research

1 3

	 83.	 Maria RM, Yost R. A Survey of soil fertility status of four agro ecological zones of Mozambique. Soil Sci. 2006;171(11):902–14.
	 84.	 Landon JR. Booker tropical soil manual: a handbook for soil survey and agricultural land evaluation in the tropics and subtropics. Rout-

ledge; 2014.
	 85.	 Laekemariam F, Kibret K, Mamo T, Karltun E, Gebrekidan H. Physiographic characteristics of agricultural lands and farmers’ soil fertility 

management practices in Wolaita zone. Southern Ethiopia Environ Syst Res. 2016;5(1):1–15.
	 86.	 Patil SS, Patil VC, Al-Gaadi KA. Spatial variability in fertility status of surface soils. World Appl Sci J. 2011;14(7):1020–4.
	 87.	 Eid ANM, Olatubara CO, Ewemoje TA, El-Hennawy MT, Farouk H. Spatial and seasonal assessment of physico-chemical characteristics of 

soil in Wadi El-Rayan lakes using GIS technique. SN Appl Sci. 2021;3(2):1–17.
	 88.	 Tesfaye T, Laekemariam F, Habte A. Response of bread wheat (Triticum aestivum L) to potassium (K) and blended NPS fertilizer rates in 

the nitisols of Southern Ethiopia. Appl Environ Soil Sci. 2021;34:9.
	 89.	 Abera M. Productivity and Nutrient Use Efficiency of Wheat As Affected By Phosphorus and Potassium Fertilizer Rates at Damot Sore 

Woreda, Southern Ethiopia. M.Sc. thesis. Submitted to Graduate School of Wolaita Sodo University, Ethiopia. 2019; p. 50.
	 90.	 Hazelton P, Murphy B. Interpreting soil test results: What do all the numbers mean? New York: CSIRO Publishing; 2007.
	 91.	 Loide V. About the effect of the contents and ratios of soil’s available calcium, potassium and magnesium in liming of acid soils. Agron 

Res. 2004;2(1):71–82.
	 92.	 Laekemariam F, Kibret K, Mamo T, Shiferaw H. Accounting spatial variability of soil properties and mapping fertilizer types using geo-

statistics in southern Ethiopia. Commun Soil Sci Plant Anal. 2018;49(1):124–37.
	 93.	 Laekemariam F, Kibret K, Mamo T, Gebrekidan H. Soil–plant nutrient status and their relations in maize-growing fields of Wolaita Zone, 

southern Ethiopia. Commun Soil Sci Plant Anal. 2016;47(11):1343–56.
	 94.	 Nourzadeh M, Mahdian MH, Malakouti MJ, Khavazi K. Investigation and prediction spatial variability in chemical properties of agricultural 

soil using geostatistics. Arch Agron Soil Sci. 2012;58(5):461–75.
	 95.	 Aref F. Concentration of zinc and boron in corn leaf as affected by zinc sulphate and boric acid fertilizers in a deficient soil. Life Sci J. 

2011;8(1):26–31.
	 96.	 Towett EK. Prediction of soil properties for agricultural and environmental applications from infrared and X-ray soil spectral properties. 

PhD Dissertation, at University of Hohenheim, Germany. 2013.
	 97.	 Oyinlola EY, Chude VO. Status of available micronutrients of the basement complex rock-derived alfisols in northern Nigeria savanna. 

Trop Subtrop Agroecosyst. 2010;12(2):229–37.
	 98.	 Tanto T, Laekemariam F. Impacts of soil and water conservation practices on soil property and wheat productivity in Southern Ethiopia. 

Environ Syst Res. 2019;8(1):1–9.
	 99.	 Tesfahunegn GB, Tamene L, Vlek PL. Catchment-scale spatial variability of soil properties and implications on site-specific soil manage-

ment in northern Ethiopia. Soil Tillage Res. 2011;117:124–39.
	100.	 Wysocki DA, Schoeneberger PJ, LaGarry HE. Geomorphology of soil landscapes. Handbook Soil Sci. 2000;1:315–21.
	101.	 Schaetzl RJ, Thompson ML. Soils: Genesis and geo-morphology. 2nd ed. Cambridge: Cambridge University Press; 2015.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Digital soil characteristics mapping for aiding site-specific management practices in the West Nile Delta, Egypt
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Description of the study area
	2.2 Field survey, sampling, and laboratory analyses
	2.3 Remote sensing data and processing methodology.
	2.4 Landform modeling

	3 Results
	3.1 Landform
	3.2 Soils
	3.3 Primary nutrients (N, P, and K)
	3.4 Secondary nutrients (Ca, Mg and S)
	3.5 Soil micronutrients

	4 Discussion
	4.1 The study and mapping of soil characteristics based on landforms in the fields
	4.2 Site-specific soil management practices

	5 Conclusion
	Acknowledgements 
	References


