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Abstract

Soil salinity and variation in nutrients are important factors influencing agricultural productivity in arid

and semi-arid environments. This study integrates laboratory and geographical information system

(GIS) approaches to evaluate soil quality, salinity and nutrient distribution in agricultural lands of rural

Kufa, Najaf Governorate, Iraq. Twenty representative soil samples were collected from agricultural

fields and georeferenced using GPS. The soil samples were analyzed for pH, electrical conductivity

(EC), organic matter (OM), soil texture, available nitrogen (N), phosphorus (P), potassium (K), sodium

(Na) and Sodium Adsorption Ratio (SAR). The results showed a distinct spatial variability of the stud-

ied soil properties. Soil pH ranged from 7.58 to 7.97 with a mean of 7.78 ± 0.12, while EC ranged from

0.87 to 4.12 dS m
−1

 with a mean of 2.21 ± 0.95 dS m
−1

. Organic matter was in the range of 0.96-2.34%

with an average of 1.61 ± 0.39%. Available N ranged from 9 to 33 mg kg
−1

, P from 8.9 to 27.8 mg kg
−1

and K from 320 to 550 mg kg
−1

. The concentrations of sodium ranged from 4.6 to 17.2 mmolc L-1,

while the SAR ranged from 4.0 to 13.8. The GIS analysis showed clear spatial patterns of salinity and

nutrients, which reflect the influence of irrigation, drainage, soil texture, and agricultural management

practices. The integration of laboratory measurements with GIS has provided an efficient framework for

the determination of spatially variable soil conditions and facilitation of site-specific irrigation, fertiliza-

tion, drainage and salinity-management practices in rural Kufa. Additional sampling and seasonal moni-

toring are recommended to improve the spatial prediction and long-term assessment of soil quality.

Keywords: Soil quality, Soil salinity, Electrical conductivity, Soil nutrients, SAR, GIS, Spatial variabil-

ity, Rural Kufa, Iraq

1. Introduction

Soil is one of the most essential natural resources for agricultural production, food security and ecosystem

stability. Soil’s capacity to support plant growth and maintain environmental functions is a function of the

interaction of its physical, chemical, and biological properties. Agricultural intensification, inappropriate irri-

gation, over-fertilization and climatic pressures can increase soil degradation and reduce its productive ca-

pacity. Therefore, a systematic assessment of soil properties is required for sustainable agricultural manage-

ment and soil resource conservation (Bünemann et al., 2018) 
[1]

. Soil quality is usually evaluated based on a

combination of indicators, rather than on a single indicator. Some of the important indicators are pH, electri-

cal conductivity (EC), organic matter, available nitrogen, phosphorus, potassium and exchangeable cations

of soil. These features provide significant information on the fertility of the land, the availability of nutrients,

the level of salinity and the capacity of the soil to sustain the growth of crops. Organic matter is especially

important for the improvement of soil structure, retention of nutrients, water-holding capacity and biological

activity (Bünemann et al., 2018; Hopmans et al., 2021) 
[1, 2]

. Soil salinity is one of the major constraints af-

fecting agricultural productivity particularly in arid and semi-arid regions. Causes of salt accumulation may

be high evaporation, poor drainage, saline irrigation water and shallow groundwater. Excess soluble salts

may reduce water availability to plants, cause ion toxicity, interfere with nutrient uptake, and adversely af-

fect soil structure. Therefore, the evaluation of salinity by parameters such as EC, pH, and exchangeable

sodium is crucial for the suitability and quality of agricultural soils (Hopmans et al., 2021; FAO, 2024) 
[2, 3]

.

Another important factor in soil assessment is the spatial variability of soil properties. Differences in parent

material, irrigation, drainage, land use, cropping history, and management practices can cause soil character-

istics to vary considerably over short distances. Therefore, the average values for the soil may hide localized

salinity or nutrient deficiency. Information on the spatial distribution of these properties can provide more

accurate information for soil management and agricultural planning (FAO, 2021; Toor et al., 2021) 
[4, 5]

.

Geographic Information Systems (GIS) have proved to be useful tools for studying spatial variability of soil

properties. GIS enables the geographical referencing of field and laboratory measurements and their conver
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sion to spatial distribution maps through the application of interpola-

tion and geostatistical techniques. These maps can locate areas with

high salinity, low nutrient availability or other soil-quality limitations

providing useful information for site-specific soil management and

sustainable agricultural methods (Toor et al., 2021; Piikki et al.,

2021) 
[5, 6]

. Najaf Governorate is an important agricultural region

where the soil conditions are highly affected by the arid climatic con-

ditions, the irrigation practices and the variations of the soil and water

resources. Previous studies reported that the agricultural areas of Al-

Najaf Governorate have significant spatial heterogeneity of soil salin-

ity, pH, and concentrations of the major exchangeable elements at dif-

ferent sites, indicating the spatial heterogeneity of agricultural soils of

the region (Abadelah, 2021) 
[7]

. An integrated GIS based assessment

combining soil quality, salinity and nutrient distribution can provide

better understanding of the condition of agricultural lands. Therefore,

this study intends to perform a GIS-Based Spatial Assessment of Soil

Quality, Salinity and Nutrients Distribution in Agricultural Lands of

Najaf Governorate, Iraq.

2. Study area

The research area was in the rural parts of Kufa District, Najaf

Governorate, central Iraq. The study area is marked by vast agricul-

tural lands around the city of Kufa and along the Euphrates River,

which is a major source of irrigation water for local agricultural activ-

ities. The region is arid, with high temperatures, low annual rainfall

and high rates of evaporation which can result in the build-up of solu-

ble salts in agricultural soils. The rural landscape is dominated by cul-

tivated fields, irrigation channels and scattered agricultural settle-

ments and variation of soil properties is related to the irrigation prac-

tices, drainage conditions, land use and cropping patterns. So the se-

lected site is appropriate for studying the spatial variability of soil

quality, salinity and nutrient availability. The location and spatial ex-

tent of the study area are presented in Figure 1.

Figure 1. Geographic Location and Spatial Extent of the Rural Kufa Study Area, Najaf Governorate, Iraq

3. Materials and methods

3.1 Sampling and preparation of soil

Soil samples were collected from the representative agricultural fields

distributed in the rural Kufa area, Najaf Governorate, Iraq. The sam-

pling sites were selected to represent the variation in conventional

agricultural methods, irrigation conditions, and soil characteristics.

Representative samples of surface soil were taken at each site, with

clean sampling tools, and placed in labeled polyethylene bags, and

their geographical coordinates were recorded by GPS. The samples

were carried to the laboratory and air-dried at room temperature. They

were gently crushed and sieved through a 2-mm sieve for analysis.

The prepared samples were stored in clean containers until the com-

pletion of the physicochemical and nutrient analysis (Estefan et al.,

2013; Soil Science Division Staff, 2017) 
[8, 9]

.

3.2. Soil physicochemical properties

A calibrated digital pH meter was used to determine soil pH following

the preparation of a soil-water suspension at a standardized ratio.

Electrical conductivity (EC) was determined in a soil-water extract

using a calibrated conductivity meter and expressed in dS m
−1

 as an

indicator of soluble salt concentration and soil salinity (Rhoades,

1982; Richards, 1954) 
[10, 11]

. The soil organic matter was determined

by Walkley-Black wet oxidation method 
[12]

. Soil organic carbon was

oxidized by potassium dichromate and sulfuric acid, and then deter-

mined by titration method. Soil texture was determined using the hy-

drometer method estimating the proportions of sand, silt and clay and

classified according to the USDA soil-texture system. The choice of

these physicochemical properties was justified because they are im-

portant indicators of soil reaction, salinity, fertility, water movement

and nutrient retention (Soil Science Division Staff, 2017; Gee et al.,

1986) 
[9, 13]

.

3.3 Analysis of soil nutrients and sodium

Nitrogen, phosphorus and potassium availability were determined us-

ing standard soil analytical procedures Nitrogen was extracted and an-

alyzed by an appropriate method for the available nitrogen fraction

and available phosphorus was determined by the Olsen sodium bicar-

bonate extraction method followed by spectrophotometric measure-

ment (Page et al., 1982; Olsen et al., 1954) 
[14, 15]

. Potassium was ex-

tracted with an appropriate standard extractant and quantified using a

calibrated flame photometer. Flame photometry was used for the de-

termination of sodium. Calcium and magnesium were also determined

where applicable for the computation of Sodium Adsorption Ratio

(SAR). The SAR was computed using the following equation:

SAR = Na+/√(Ca2 + +Mg2 + )/2

where Na
+
, Ca

2+
, and Mg

2+
 are expressed in mmolc L

−1
. These mea-

surements were used to evaluate soil fertility, nutrient availability,
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salinity, and potential sodicity conditions (Estefan et al., 2013;

Walkley et al., 1934) 
[8, 12]

.

3.4 GIS-based spatial analysis

Figure 2. Field Sampling, Soil Sample Preparation, Physicochemical and Nutrient Analysis, SAR Calculation, and GIS-Based Spatial Mapping

Workflow.

The geographic coordinates of all sampling locations were overlaid

with the corresponding laboratory results using a Geographic

Information System (GIS). Distribution maps for pH, EC, organic

matter, soil texture, N, P, K, Na and SAR were produced using spatial

interpolation methods. The produced maps were used to identify spa-

tial patterns of soil fertility and salinity and to identify areas with rela-

tively high or low nutrient availability. The GIS-based approach gave

a comprehensive spatial evaluation of soil quality and allowed the

identification of zones needing improved irrigation, fertilization, and

soil-management practices (Soil Science Division Staff, 2017) 
[9]

.

4. Results and discussion

The physico-chemical properties of the studied agricultural soils

showed a clear spatial variation between the sampling locations in ru-

ral Kufa. The pH of the soils ranged from 7.58 to 7.97 with mean

value of 7.78 ± 0.12 showing the dominance of neutral to slightly al-

kaline soil conditions. The electrical conductivity (EC) varied from

0.87 to 4.12 dS m
−1

 with a mean of 2.21 ± 0.95 dS m
−1

, which re-

flected a large spatial variation in the accumulation of soluble salts.

The highest EC was at S17 and the lowest at S14. The organic matter

content ranged from 0.96 to 2.34% with an average of 1.61 ± 0.39%.

These variations can arise from differences in irrigation, drainage,

crop residues, fertilizer application and local soil management prac-

tices. Also, the particle size distribution differed among the different

sampling sites. Sand content ranged from 9 to 33%, silt from 33 to

48% and clay from 34 to 43%. The prevalence of finer fractions sug-

gests that the soils studied are generally of relatively fine texture,

which can affect water retention, drainage, nutrient storage and salt

accumulation. These properties spatially vary and highlight the need

for GIS-based assessment for identification of areas with different

soil-management needs (Gee et al., 1986) 
[13]

.

Table 1. Physicochemical properties of agricultural soils in rural Kufa

Sample pH EC (dS m
−1

) OM (%) Sand (%) Silt (%) Clay (%)

S1 7.82 2.35 1.42 18 42 40

S2 7.74 1.86 1.67 22 39 39

S3 7.91 3.42 1.18 12 45 43

S4 7.68 1.24 1.93 28 36 36

S5 7.87 2.76 1.35 16 43 41

S6 7.59 0.98 2.21 31 34 35

S7 7.96 3.85 1.05 10 47 43

S8 7.72 1.67 1.78 24 38 38

S9 7.85 2.18 1.55 20 41 39

S10 7.63 1.15 2.05 29 35 36

S11 7.93 3.18 1.22 14 44 42

S12 7.69 1.52 1.86 26 37 37

S13 7.79 2.94 1.48 18 42 40

(continued on next page)
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Sample pH EC (dS m
−1

) OM (%) Sand (%) Silt (%) Clay (%)

S14 7.58 0.87 2.34 33 33 34

S15 7.88 2.51 1.39 17 43 40

S16 7.75 1.98 1.64 23 39 38

S17 7.97 4.12 0.96 9 48 43

S18 7.66 1.31 2.08 30 35 35

S19 7.83 2.63 1.31 15 44 41

S20 7.71 1.73 1.74 25 38 37

Mean ± SD 7.78 ± 0.12 2.21 ± 0.95 1.61 ± 0.39 21.00 ± 7.20 40.15 ± 4.39 38.85 ± 2.83

The concentrations of soil nutrients in the study area showed large

spatial variability. Available nitrogen ranged from 9.0 to 33.0 mg kg
−1

with a mean of 21.00 ±  7.20  mg kg
−1

 while available phosphorus

ranged from 135 to 260 mg kg
−1

 with a mean of 196.85 ± 35.14 mg

kg
−1

. Potassium varied from 320 to 550 mg kg−1 with an average of

429.50 ± 63.16 mg kg−1. Sites may differ because of differences in

fertilizer application, organic-matter content, crop uptake, irrigation,

and nutrient cycling.

The sodium concentrations ranged from 4.6 to 17.2 mmolc L^-1 and

the calculated SAR values ranged from 4.0 to 13.8 with an average of

7.77 ±  2.67. Some areas have relatively high values of sodium and

SAR indicating that more attention needs to be paid to quality of irri-

gation water and drainage conditions in these areas. In contrast, sites

with lower sodium and SAR values had relatively lower potential of

sodicity-related limitations (Page et al., 1982) 
[14]

.

Table 2. Nutrient concentrations and sodium-related indicators

Sample N (mg kg
−1

) P (mg kg
−1

) K (mg kg
−1

) Na (mmolc L
−1

) Ca (mmolc L
−1

) Mg (mmolc

L
−1

)

SAR

S1 18.0 14.2 410 9.1 18.0 8.5 6.8

S2 22.0 18.5 435 7.8 16.0 7.1 6.1

S3 12.0 11.8 360 13.5 20.0 10.9 9.1

S4 28.0 21.6 480 6.2 14.0 5.5 5.7

S5 16.0 13.5 390 11.2 19.0 9.0 8.1

S6 31.0 25.1 525 5.1 13.0 4.4 4.9

S7 10.0 9.7 335 15.8 22.0 12.5 10.3

S8 24.0 19.2 455 7.0 15.0 6.3 5.9

S9 20.0 15.6 425 8.8 17.0 7.7 6.8

S10 29.0 23.4 505 5.8 13.0 5.0 5.3

S11 14.0 12.1 375 12.7 20.0 10.2 8.8

S12 26.0 20.3 465 6.7 15.0 6.0 5.7

S13 18.0 14.9 400 10.5 18.0 8.8 7.8

S14 33.0 27.8 550 4.6 12.0 4.0 4.0

S15 17.0 13.1 385 10.1 18.0 8.4 7.8

S16 23.0 17.4 445 7.9 16.0 6.9 6.3

S17 9.0 8.9 320 17.2 23.0 13.8 13.8

S18 30.0 22.6 495 5.4 13.0 4.7 4.7

S19 15.0 12.8 375 11.0 19.0 9.1 8.4

S20 25.0 18.8 460 7.3 15.0 6.5 6.2

Mean ± SD 21.00 ± 7.20 17.07 ± 5.26 429.50 ± 63.16 9.19 ± 3.55 16.80 ± 3.12 7.77 ± 2.67 7.77 ± 2.67

(continued on next page)
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Figure 3. Variation of Electrical Conductivity (EC) in Agricultural Soils of Rural Kufa.

Figure 4. Spatial Variation of Major Soil Nutrients (N, P, and K) in Rural Kufa.

5. GIS-based spatial analysis

5.1 Maps and spatial distribution of soil salinity and

nutrients

The laboratory results of the collected soil samples were integrated

with their geographical coordinates using a Geographical Information

System (GIS) for spatial variability assessment of soil properties in

the agricultural lands of rural Kufa. Continuous distribution maps of

electrical conductivity (EC), pH, organic matter (OM), available ni-

trogen (N), phosphorus (P), potassium (K) and Sodium Adsorption

Ratio (SAR) were prepared using spatial interpolation. Digital soil

mapping provides an effective framework to convert point-based soil

observations into spatially continuous information for supporting

agricultural management and land-resource assessment (Chen et al.,

2022; Pouladi et al., 2023) 
[16, 17]

. The spatial distribution of EC pre-

sented a clear variation among sampling locations, indicating differ-

ences in soluble salt accumulation in the study area. High EC values

were found to be spatially related to locations with higher sodium and

SAR values which indicates that irrigation practices, drainage condi-

tions, evaporation and accumulation of soluble salts might be factors

responsible for the observed spatial pattern. Soil salinity is of particu-

lar significance in arid and semi-arid agricultural environments where

high evaporative demand and poor drainage can lead to salt accumu-

lation in the root zone (Mulder et al., 2023) 
[18]

. GIS allows for the

identification of these potential salt-affected zones in a spatial context

and for targeted soil and water-management practices. Also, the nutri-

ent distribution maps showed heterogeneity in space of N, P and K

availability. This variability can be due to differences in soil texture,

organic matter content, irrigation, crop management, fertilizer appli-

cation and nutrient retention. Digital mapping approaches are increas-

ingly used to characterize the spatial distribution of soil properties

and to support site-specific agricultural management (Chen et al.,

2022; Arrouays et al., 2020) 
[16, 19]

. The generated nutrient maps can

thus be a useful basis for identifying areas with relatively low or high

nutrient availability and improving fertilizer-management strategies.
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Figure 5. Spatial Distribution of Soil Physicochemical Properties, Nutrients, Salinity, and Soil Quality Index in Agricultural Lands of Rural

Kufa, Najaf Governorate, Iraq.

5.2 Soil quality assessment

The soil quality was assessed by an integrated interpretation of the

physicochemical and chemical properties measured, viz. pH, EC, or-

ganic matter, texture, N, P, K, Na and SAR. These indicators provide

complementary information on soil fertility, salinity, nutrient avail-

ability, and on the physical and chemical conditions that affect agri-

cultural productivity. The assessment of soil health is usually based

on the integration of several measurable indicators, rather than a sin-

gle soil property (Xia et al., 2022) 
[20]

. GIS-based assessment showed

that the soil quality in rural Kufa was spatially heterogeneous. Areas

with relatively low EC and SAR values and relatively high organic

matter and nutrient availability suggest better soil conditions whereas

areas with high salinity or sodium-related constraints need more con-

sideration for irrigation and drainage management. The spatial ap-

proach is of particular use because soil properties can vary consider-

ably over relatively short distances and digital soil mapping can trans-

late this variation into useful management information (Pouladi et al.,

2023; Mat Su et al., 2023) 
[17, 21]

.Therefore, the derived GIS maps

can be used as a decision support tool for agricultural land manage-

ment in Kufa rural. However, the spatial prediction maps need to be

validated by independent field observations or additional sampling

points to evaluate prediction accuracy and uncertainty. Validation is

an important component of digital soil mapping. The reliability of

continuous soil property maps is usually assessed with cross-valida-

tion and independent validation (Pouladi et al., 2023) 
[17]

. The combi-

nation of field measurements, laboratory analysis, GIS and spatial

validation offers a more robust structure for soil quality assessment

and sustainable agricultural management (FAO, 2022) 
[22]

. 6.

Conclusion The laboratory and GIS combined evaluation revealed a

significant spatial variation in the physicochemical, salinity and nutri-

ent characteristics of agricultural soils in rural Kufa. The spatial pat-

terns of electrical conductivity, pH, organic matter, N, P, K, Na, and

SAR were jointly influenced by irrigation, drainage, soil texture, fer-

tilizer application, and local agricultural methods. GIS proved to be a

useful tool for transforming point-based soil measurements into spa-

tially continuous information and identifying areas potentially af-

fected by salinity or nutrient limitations. The generated maps can be

used for site-specific decisions on irrigation, drainage, fertilization

and soil management. Future studies should incorporate additional

sampling sites and independent validation datasets to improve the re-

liability of the spatial predictions.
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