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Abstract: Comprehension of the long-term effects of irrigation on basic soil characteristics and
quality is essential for sustainable land management and agricultural production, particularly in
arid regions where water availability is limited. This study aimed to investigate long-term irrigation
effects on soil quality, soil organic carbon (SOC), and nitrogen (N) stocks in the arid lands of Egypt.
Seventy soil samples were collected and analyzed to determine various soil properties. A soil quality
index (SQI), SOC, and N stocks were computed. ANOVA and PCA analyses were used to identify
significant differences between alluvial soils in the southwest part of the investigated area and
coastal marine soils in the northeast of the study area. The results demonstrated that most of the
studied soil parameters had significantly greater values in alluvial compared to coastal marine soils.
Long-term irrigation led to an 8.00% increase in SOC and 7.22% increase in N stocks compared to
coastal marine soils production. Furthermore, a 39.53% increase was found in the SQI upon long-
term irrigation practice. These results suggest that shifting from rain-fed in coastal marine areas to
irrigated production systems in alluvial fields can improve soil quality, SOC, and N stocks. Therefore,
further studies are required to investigate the impact of additional factors, such as irrigation method
and salinity status of sub-surface soil layers, to enhance agricultural productivity and sustainable
land use.

Keywords: alluvial soils; coastal marine region; SQI; soil organic carbon; total nitrogen

1. Introduction

The soil system is a vital component of the Earth’s biosphere. Its ability to store, recycle,
and regulate nutrients is crucial for the functioning of ecosystems and the sustainability of
planet life [1].

The productivity of soils in the drylands of Egypt can vary depending on various
factors such as soil type, climate, and management practices. Generally, dryland soils
in Egypt tend to have low organic matter (OM) content and are often sandy or loamy,
which can affect their fertility and water-holding capacity [2]. In the Nile Valley and Delta,
where irrigation is possible, the soils are generally more fertile and productive due to
the availability of water and nutrients. These areas are known for their high agricultural
productivity, with crops such as cotton, rice, and vegetables being cultivated [3].
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A soil quality index is a tool used to assess and quantify the overall health and pro-
ductivity of soil in agricultural or environmental systems. It provides a comprehensive
evaluation of various soil properties and factors that influence soil function and perfor-
mance, and the soil quality in the drylands of Egypt can vary depending on the specific
region and its geological characteristics. Generally, the drylands in Egypt are characterized
by arid and semi-arid conditions, which pose challenges for agriculture and soil fertility [4].
The most common soil types found in the drylands of Egypt include sandy soils, loamy
sands, and sandy loams. These soils tend to have low OM content and are often deficient
in nutrients, making them less fertile for traditional agriculture. Additionally, the arid
climate and limited rainfall in the drylands can lead to soil erosion and salinization, further
degrading the soil quality [5].

Long-term irrigation practices can have both positive and negative effects on soil qual-
ity. On the positive side, irrigation can enhance crop productivity and yield by providing
adequate water supply, especially in arid or semi-arid regions [6]. Long-term irrigation
practices can have significant effects on basic soil characteristics and irrigation can enhance
soil moisture content, leading to increased soil water-holding capacity. This can be benefi-
cial in areas with limited rainfall or arid climates. Additionally, irrigation can improve soil
fertility by providing necessary water for nutrient uptake by plants [7].

Continuous cultivation practices have led to soil erosion and a decline in soil fertility.
The constant tilling and planting of crops without proper soil conservation measures have
accelerated erosion, resulting in the loss of valuable topsoil. This loss of topsoil reduces the
availability of essential nutrients for plant growth, ultimately impacting crop productivity.

To maintain long-term agricultural productivity, it is crucial to implement sustainable
farming practices that minimize soil erosion and preserve soil fertility [8]. The range
of the total nitrogen pool (TNP) in the north Nile Delta region of Egypt, from 0.3 to
7.6 Mg/ha, suggests variability in the nitrogen content of the soil. Total nitrogen is an
important indicator of soil fertility and plays a crucial role in supporting plant growth
and productivity. Higher levels of total nitrogen generally indicate a higher capacity of
the soil to provide essential nutrients for crops, and the soil organic carbon pool (SOC)
in the same region, ranging from 0.3 to 76.4 Mg/ha, indicates significant variability in
the organic carbon content of the soil. However, agricultural practices, including the use
of fertilizers and the type of crops grown, can influence the nitrogen and organic carbon
levels in the soil [9]. Studies on global and specific areas have shown that the adoption of
irrigation agriculture can lead to changes in soil physicochemical properties. Some of the
common changes observed include alterations in soil moisture content, increased salinity,
changes in soil pH, and modifications in nutrient availability [10]. Wang et al. found
that irrigation can have a positive impact on SOC content by increasing inputs from crop
residues, resulting in a 35% annual increment compared to rain-fed production systems, and
the irrigated plots generally had higher SOC storage compared to the rain-fed plots, with
an average difference of 6% [11]. However, the carbon sequestration efficiency was higher
in the rain-fed condition (28%) compared to the irrigated condition (19%). Specifically, the
threshold SOC contents for obtaining the highest crop yield were 10.0 g kg ! for the winter
wheat-summer maize system and 8.8 g kg ! for the winter wheat-summer fallow system.
Additionally, the relationship between relative yield (crop productivity) and SOC content
indicated that higher SOC levels were required to support high crop productivity in the
irrigated system compared to the rain-fed system [12].

The Nile Delta region in Egypt is known for its fertile and populated delta. However,
studies on soil carbon and nitrogen pools and their importance in climate change are
not a focus in Egypt [9]. Some of the Nile Delta soils are salt-affected, leading to lower
levels of carbon and nitrogen compared to non-saline soils. This is due to a decline in net
primary production caused by adverse edaphic factors that limit plant growth, such as
high concentrations of sodium, magnesium, chloride, and sulfate ions. Excessive salts can
lead to toxicity and elemental imbalance, as well as adverse soil physical conditions and
waterlogging, all of which inhibit plant growth [13]. Indeed, some studies suggest that
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irrigation can lead to improved soil quality and increased SOC and nitrogen stocks due to
increased nutrient availability and enhanced microbial activity [14]. However, other studies
have found negative effects such as increased salinity, waterlogging, and leaching [15].

Finally, the main objectives of this study are to assess the impact of irrigated agri-
culture on selected soil physicochemical properties and to assess the impact of irrigation
agriculture on soil organic carbon stock, total nitrogen stock, and soil quality using different
statistical analyses.

2. Materials and Methods
2.1. Description of the Study Area

Damietta Governorate is located in the eastern north part of the Nile Delta region
of Egypt. It is bounded by longitudes 32°4'11"-31°28'7" E, and latitudes 31°32'36.77"—
31°9’27.09” N, as shown in Figure 1.
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Figure 1. Location map of the study area.

Damietta Governorate has a Mediterranean climate, characterized by a dry summer
season with mild, dry winters. Climatic elements were obtained according to (National
Centre for Environmental Information (NOAA), 2023 report; https://www.ncei.noaa.gov/
access/monitoring /monthly-report/global /202213, accessed on 21 November 2023), as
presented in Table 1.

Table 1. Meteorological data from Damietta Governorate.

Average Temperature °C . Relative . .
Month Max Min Mean Re;;nr;f‘all Humidity Eﬁgﬁgtal; ! wﬂ?nilt)s(;ed
°C °C °C Yo

January 17.9 10.1 14.9 62.0 67.3 2.4 5.2
February 18.1 10.2 154 32.0 64.9 2.6 6.0
March 19.8 12.0 17.1 194 64.1 3.0 6.1
April 21.0 14.4 20.0 5.8 63.0 3.5 6.2
May 26.1 17.3 229 2.0 63.4 4.0 5.8
June 28.8 20.7 27.0 0.1 64.0 4.2 5.9
July 30.3 23.0 27.7 0.0 66.6 4.0 5.7
August 30.6 23.3 28.0 0.0 66.8 3.7 5.3
September 29.3 21.8 26.7 3.8 64.8 3.6 5.0
October 27.1 194 24.2 8.4 65.3 3.3 47
November 23.2 15.7 20.3 29.2 66.7 2.9 5.0
December 194 11.7 16.5 53.9 69.2 2.4 5.0
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In terms of temperature, the annual winter temperatures in Damietta Governorate
can fall to around 6.4 °C in February, while rising to approximately 33.8 °C in August.
The mean annual temperature is around 20 °C. Precipitation in Damietta Governorate
is generally low, with an annual average not exceeding 5 mm. Due to its proximity to
the Mediterranean Sea, humidity in the region is generally high, with the maximum
values occurring during the summer months, reaching up to 76.4%. Significantly higher
evaporation than precipitation rates are observed from January to August in Damietta
Governorate. The maximum evaporation occurs in June, with a value of 7.8 mm/day.
Wind patterns in Damietta Governorate are generally bimodal. Most incoming winds blow
from the northwest direction during summer, spring, and autumn, while the other wind
direction is from the southwest during winter. According to the UNESCO classification of
arid lands, Damietta Governorate falls within the arid zone. The aridity index, which is the
annual precipitation divided by the annual evapotranspiration (P/ET), is 1.23 mm/day
for Damietta Governorate. The current land use/land cover in the investigated area is
represented by natural vegetation, cultivated areas, urban areas, roads, and barren land,
and most of the northern coastal areas of the study area are covered by sand dunes (beach
area) and urbans. The main land use in the Damietta Governorate area is cultivated areas
that are divided into some field crops (wheat, maize alfalfa, and rice), orchards (citrus and
banana), and vegetables, which represent the largest areas, including cabbage, tomato,
and onion.

2.2. Physiographical Units of Damietta Governorate

Physiographical units were identified throughout Landsat 8 satellite imagery (Path 176,
Row 38, date acquired, 4 March 2023) with an image resolution of 30 m, digital elevation
model (DEM) interpreting methods, and field study that affords the reality of ground
observation, which are considered advanced techniques. Satellite image interpretation
and field study indicated that the study area represent three main landform units and two
reference terms as follows: (1) alluvial plain (which is divided into two mapping units,
i.e., recent alluvial plain and old alluvial plain); (2) flood plain; (3) fluvio-marine plain;
(4) fish farms, and (5) lake, that were, respectively, inputted into the ArcGIS 10.1 software
for mapping (Figure 2). The total areas of these physiographical units are shown in Table 2.
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Figure 2. Physiographical map of the investigated area.
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Table 2. Physiographical units of Damietta Governorate.

Units Area km—2
Flood plain 117.19
Fluvio-marine plain 83.47
Old alluvial plain 60.89
Recent alluvial plain 508.36
Fish farms 65.86
Lake 10.02
Total 845.79

2.3. Soil Sampling and Analyses

Seventy composite and intact soil samples were gathered from various land uses at a
soil depth of 0 to 130 cm in 2023 for the purpose of analyzing soil characteristics, specifically
to measure soil bulk density (BD) using a core sampler, as listed in Table 3.

Table 3. Soil characteristics examined and the techniques used for analyses.

Soil Parameters Methods References
Soil texture Hydrometer method (Bouyoucos 1962) [16]
Cation exchange capacity (CEC) (cmolc kgfl) Ammonium acetate method
Electric conductivity (EC dSm~1) EC meter [17]
pH Electronic pH meter
Organic carbon (OC %) Walkley—Black methods [18]
Total nitrogen (TN %) Kjeldahl digestion method (1983) [19]
Bulk density (Mg m~3) Using a core sampler [20]
Phosphorus (P mg kg ') Olsen-P methods (1954) [21]
Sodium (Na) and potassium (K cmolc kgfl) Flame photometry [22]
Calcium (Ca) and magnesium (Mg cmolc kgfl) Atomic absorption spectrometer (AAS) [23]

2.3.1. Soil Structural Stability Index (SSI)

Soil structural stability index (SSI) is a metric utilized to evaluate the durability and
adaptability of soil composition, determined by factors such as soil organic carbon content
(SOC) and the proportions of clay and silt. The SSI was determined according to the
following Equation (1) [24].

1.72450C (%)

551 = clay(%) + silt(%) x 100 @

2.3.2. Total Porosity (TP)

Total porosity (TP) refers to the amount of pore space within a soil and is primarily in-
fluenced by the structure of the soil. The TP index was calculated according to bulk density
(ob, Mg m~3) and particle density (ps, 2.65 Mg m ) using the following Equation (2) [25].

TP (%) = ( - pb) x 100% (2)
0s
2.3.3. SOC and TN Stocks

For each reference soil profile, representative SOC and TN stocks (Mg ha~!) were
derived from proxy functions with soil texture as most relevant input parameter, thus
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allowing the estimation of SOC and TN stocks in the first 35 cm of the soil profile. SOC
and TN stocks were calculated using the model developed and proposed by [26], using a
volume fraction of coarse fragments > 2 mm (5i), as in the following Equation (3).

m2

SOC (TN) = concentration (%) x pb <1\r;[1§) x soil depth (m) x 10, 000<ha> x (1 — Si) 3)

2.3.4. Sodium Adsorption Ratio (SAR)

The sodium adsorption ratio (SAR) is a value representing the relative number of
sodium ions to the combined number of calcium and magnesium ions in the soil using the
following Equation (4), as suggested by [25]. SAR is important in supporting agricultural
crop production, as high SAR values in clay and loam soils will reduce soil permeability,
thereby concentrating salts near the surface and inhibiting plant growth.

+
SAR = __No 4)
(Cu+++Mg++
2

2.3.5. Exchangeable Sodium Percentage (ESP)
Exchangeable sodium percentage (ESP) is the relative number of sodium ions present
on the soil surface. ESP can be estimated by the following empirical Formula (5):

Exchangeable Na
CEC

ESP = x 100% (5)

2.3.6. Percentage Base Saturation (PBS)

Percentage base saturation (PBS) is determined by dividing the total exchangeable
bases (Ca, Mg, K, and Na) by the CEC of the soil and multiplying by 100%. PBS can be
estimated by the following Formula (6):

Basic Cations o
PBS—T XlOO/O (6)

2.3.7. Estimation of Soil Quality Index (SQI)

In this study, a statistical model was used to predict the soil quality index (SQI),
which is a tool used to assess and quantify the overall health and productivity of soil
in agricultural or environmental systems. It provides a comprehensive evaluation of
various soil properties and factors that influence soil function and performance. The
development of a soil quality index typically involves the selection and integration of
multiple indicators that reflect different aspects of soil health and productivity. The model
utilized principal component analysis (PCA) as a method to reduce the dataset and select
the most relevant soil parameters for calculating the SQI. PCA is a commonly employed
technique to pinpoint the primary variables that have the greatest impact on the overall
variation within a dataset. Through the application of PCA, the scientists could pinpoint
and include the most significant soil indicators in the SQI calculation [27].

PCA was used to identify soil attributes with high loading factors, enabling the
classification of soil characteristics into principal components (PCs). This categorization
facilitated the development of a minimal dataset (MDS) by minimizing redundancy in the
model and reducing indicator load. During the selection process for the complete dataset,
only soil physicochemical indicators that displayed notable distinctions were selected. In
essence, only those indicators demonstrating significant variations or differences across
samples or treatments were considered for analyses from the total samples or treatments of
measured soil properties [28].



Soil Syst. 2024, 8, 52

7 of 20

In principal component analysis, the principal components (PCs) with eigenvalues
exceeding 1 are generally regarded as the most crucial components that explain the majority
of the variability present in the data [29].

In PCA, Pearson’s correlation analysis is frequently employed to assess indicator
redundancy when multiple indicators are retained within each principal component. Fol-
lowing the completion of PCA and the identification of important PCs, it is possible that
several indicators may exhibit strong loadings on the same PC. This suggests a high level of
correlation between these indicators, indicating potential redundancy in capturing the un-
derlying data variability. By calculating correlation coefficients between pairs of indicators,
high correlations (values near +1 or —1) signify significant redundancy [30].

The process for selecting indicators with assigned scores based on their implications
for soil quality in the MDS involved several steps [27]. Initially, the correlation coefficient
between pairs of highly loaded indicators was evaluated, and if it was below 0.7, both
indicators were retained for the MDS. However, if the correlation coefficient exceeded 0.7,
the indicator with the highest weighted load was chosen for inclusion in the MDS, while
the other indicator was excluded. Subsequently, scoring functions were applied to the
selected indicators based on their soil quality implications. For indicators where higher
values signify better soil quality (such as soil organic carbon, nitrogen, and phosphorus),
higher scores were assigned to higher values. Conversely, for indicators where lower values
indicate improved soil quality (e.g., EC and soil bulk density), higher scores were assigned
to lower values. Additionally, for indicators with an optimal soil quality range (e.g., soil
pH), higher scores were allocated to values within the optimal range, while lower scores
were assigned to values outside that range.

In order to assess soil quality, the ten chosen soil quality indicators were converted
into index values on a scale of 0 or 1. These index values reflect the relative significance or
contribution of each indicator to the overall soil quality. To determine the soil quality index
(SQI) score, the index values of the selected indicators were aggregated by summing up all
the individual index values (Table 4). In the PCA analysis, weight-age values were allocated
to each principal component (PC) by dividing the variance explained by each PC by the
total maximum variation across all PCs. This approach guaranteed that the weight-age
values were proportionate to the extent to which each PC contributed to elucidating the
overall variability within the dataset. By computing the ratio of the variance explained
by each PC to the maximum total variation, weight-age values were derived for each PC,
signifying their respective significance in the PCA analysis. Thereafter, soil quality index
was computed using Equation (7) [30].

SQI = Y (Soil quality indicators)"/" 7)

where 7 is the number of selected soil quality indicators.

Before proceeding with statistical analyses to evaluate soil quality differences among
various groups or treatments, the gathered soil data underwent a normality check to
ascertain if they adhere to a normal distribution. Upon confirming the normality of the data,
SPSS software (version 20.0) was employed to perform an analysis of variance (ANOVA) to
ascertain the presence of significant disparities in soil quality across distinct categories. In
this instance, ANOVA was utilized to examine the discrepancies in soil quality between
different types of land use, specifically contrasting irrigated (alluvial fields) and rain-fed
land (marine fields) [31].

An independent ¢-test was conducted to assess whether there were notable variances
between the averages of the soil parameters from two distinct land use types [32]. To assess
the significance of the differences between means, the least significant difference (LSD)
method was used, based on pairwise comparisons between means to determine if the
observed differences were at a statistically significant level (5%) [33].
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Table 4. Soil quality index and its associated soil property threshold values [34].
Soil
Soil Variables .
(Indicators) Property Soil Property Threshold SQ Index
Level
<3.00 High levels of acidity in the soil can present significant obstacles for
' plant growth
In highly acidic conditions where the pH is extremely low, only a select few
3.01 to 4.00 . . . 0
plant species are able to thrive and tolerate such environments
In moderately acidic soil, the growth of plants that are sensitive to acidity
4.01 to 5.50 can be impacted, especially depending on the concentrations of extractable
aluminum (Al) and other metals present
5.51 to 6.80 Slightly acidic soil is often optimal for the growth of many plant species,
' ' especially those that are more tolerant to slightly acidic conditions
Soil pH 6.81 to 7.20 Soil that is near neutral pH is generally ideal for the growth of many plant
’ ’ species, except for those that specifically thrive in acidic conditions
Slightly alkaline soil is suitable for the growth of many plant species,
721 to 7.50 although those that prefer acidic conditions may not thrive. In slightly 1
’ ’ alkaline soil, there may be potential deficiencies of available phosphorus (P)
and certain metals such as zinc (Zn)
Plants adapted to moderately alkaline soil pH ranges prefer this
7.51 to 8.50 environment. However, there may still be potential deficiencies of available
phosphorus (P) and certain metals in moderately alkaline soil
Plants adapted to strongly alkaline soil pH ranges thrive in this environment.
>8.50 However, in strongly alkaline soil, there may be potential issues with boron 0
(B) toxicity and other oxyanion toxicities that can affect plant growth
<4.00 Normal
4.00 to 8.00 Slightly saline 1
Soil EC (dSm™1) 8.00 to 16.00 Moderately saline
16.00 to 40.00 Strongly saline 0
>40.00 Very strongly saline
High organic carbon levels in soil provide excellent benefits for plant growth
>5.00 .
and soil health 1
Soil i b
o (();g‘g)l c((;:)r on 1.00 to 5.00 Moderate—adequate levels
<1.00 Low organic carbon levels in soil could indicate a potential loss of organic 0
’ carbon due to erosion or other processes
>0.50 High—excellent reserve of nitrogen
Total Nitrogen 1
(TN) (%) 0.10 to 0.50 Moderate—adequate levels
<0.10 Low—could indicate loss of organic N 0
53000 High levels of available phosphorus (P) in slightly acidic-to-alkaline soils can
Phosphorus ’ provide an excellent reserve for plant growth 1
(P) Mgkg™h 10.00 to 30.00 Moderate—adequate levels for plant growth
<10.00 Low—P deficiencies likely 0
Exchangeable >15.00 High-sodic soil with associated problems 0
Sodium -
Percentage (ESP) (%) <15.00 Adpverse effects unlikely 1
Sodium Adsorption >13.00 High—sodic soil with associated problems 0
Ratio (SAR) <13.00 Adverse effects unlikely 1
Bulk Density >1.50 Possible adverse effects 0
(BD) (Mg m—3) <1.50 Adverse effects unlikely 1
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Table 4. Cont.
Soil
Soil Variables .
(Indicators) PIE)eI:Ieerlty Soil Property Threshold SQ Index
<40.00 Low soil fertility 0
Percentage Base - -
Saturation (PBS) (%) 40.00 to 60.00 Moderate soil fertility 1
>60.00 High—fertile soil
<25.00 Low—high leaching of basic cations 0
Cation .Exchange Moderate levels of basic cations in soil could indicate that there are adequate
Capacity (CEIC) 25.00 to 40.00 levels of essential nutrients such as calcium, magnesium, potassium, and
(cmolc kg™) sodium available for plant uptake 1
>40.00 High—excellent reserve of basic cations
Low levels of basic cations in soil can indicate a high risk of soil structural
<9% degradation. Basic cations play a key role in maintaining soil stability and 0
Soil Structural structure by promoting aggregation and reducing soil erosion
Stability Index High levels of soil organic carbon (OC) can indicate that there is sufficient
(SST) (%) 299, organic matter present in the soil to help maintain soil structural stability. 1

Organic matter plays a crucial role in promoting soil aggregation, improving
water infiltration and retention, and enhancing overall soil structure

3. Results and Discussion
3.1. Irrigation System and Soil Type Impact on Soil Physical Characteristics

The irrigated alluvial fields in the study area did not show any significant difference in
microporosity decreases and bulk density (BD) compared to the coastal marine fields. The
soil bulk density in the alluvial fields ranged from 1.12 to 1.43 Mg m~3, while in the marine
fields it ranged from 1.14 to 1.56 Mg m~3 (Table 5 and Figure 3a). It appears that long-term
irrigation practice in the study area resulted in a 3.45% reduction in soil bulk density
compared to the corresponding soils from marine fields. Similarly, there was a 13.74%
reduction in soil bulk density reported in irrigated alluvial fields compared to marine fields
in semi-arid Mediterranean soil conditions [35]. This suggests that irrigation may have a
positive impact on soil structure and porosity in these fields [36]. The observed differences
in soil bulk density between the irrigated alluvial fields and marine fields can be attributed
to several factors, such as continuous application of organic fertilizer sources, which can
improve soil structure and increase soil OM content, crop residues, crop rotations, and
the availability of soil moisture in the irrigated alluvial fields [37]. According to Denef
et al. [38], long-term irrigation and fertilization practices can lead to an increase in soil
carbon (C) concentrations (which is primarily composed of carbon, plays a crucial role in
maintaining soil physical properties, and helps to improve soil structure, porosity, and
water-holding capacity). Increased soil carbon concentrations resulting from irrigation and
fertilization practices can enhance the formation and stability of soil aggregates, reducing
soil compaction and improving soil porosity.

The increase in total porosity (TP) of 8.78% in alluvial fields compared to marine
areas can be attributed to the higher root biomass production from crops that have been
cultivated for many years according to a relatively higher soil OM content and lower soil
bulk density [39], as shown in Figure 3b. The higher bulk density observed in Marine
farming (1.56 g cm~3) compared to the corresponding alluvial field (1.43 g cm~3) indicates
that the soil in marine areas has a higher mass per unit volume based on some factors such
as compaction from heavy machinery or the natural characteristics of marine sediments.
Therefore, the differences in bulk density and porosity between marine farming and alluvial
fields emphasize the importance of soil management practices that promote soil structure,
OM content, and root biomass production to improve soil health and overall agricultural
productivity [40].
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Table 5. Comparison of soil physical characteristics between alluvial and coastal marine soils.

Soil Characteristics

Soil Type

Mean

p-Value

Alluvial

1.305 (+0.133)

BD (Mg m~3)

Coastal Marine

1.350 (£0.181)

0.174

TP (%)

Alluvial

43.490 (£9.390)

Coastal Marine

39.980 (£10.025)

0.168

SSI (%)

Alluvial

1.910 (£0.516)

Coastal Marine

1.540 (£0.384)

0.0422

+, standard deviation; 2

marine fields.

indicates a statistically significant difference between the alluvial and coastal
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Figure 3. Bulk density (BD) (a), total porosity (b), and soil structural stability index (SSI) (c) distribu-
tion in the study area.
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The results from Table 5 emphasize the positive impact of long-term irrigation practices
on the soil structural stability index (SSI). The SSI showed a significant increase of 24.01%
in soils that underwent long-term irrigation compared to those under rain production
systems, specifically in the coastal marine region (Figure 3c). This increase in SSI suggests
that irrigation practices play a crucial role in enhancing the stability of soil aggregates in
alluvial fields through improved moisture distribution, reduced compaction, and enhanced
root development facilitated by irrigation [41]. Conversely, the lower SSI value observed in
alluvial soils can be indicative of inadequate replenishment, continuous nutrient removal,
and loss of OM from the soil. These factors contribute to increased erosion rates, which
can have detrimental effects on soil health and agricultural productivity [42]. Soils with
good physical quality and stable structures are essential for sustainable agriculture as
they provide a favorable environment for plant growth, nutrient availability, and water
infiltration. By improving soil structural stability, irrigation practices can contribute to
long-term soil health and productivity [43].

3.2. Irrigation System and Soil Type Impact on Soil Chemical Characteristics

The comparison between irrigated alluvial fields and adjacent rain-fed coastal marine
soils, as shown in Table 6 and Figure 4a—c, reveals that the irrigated alluvial fields have
significantly higher levels of soil organic carbon (SOC), total nitrogen (TN), and potassium
(K). Long-term irrigation has resulted in a 5.8% increase in SOC and a 35.71% increase
in TN. This indicates that the practice of irrigation has improved the retention of crop
residues in the soil, leading to higher organic carbon and nitrogen contents [44], and/or
a leaching of the most hydrophilic components of SOC, promoting SOC hydrophobicity
and stability [45], as is the case for rice-paddy soils [46]. Furthermore, the potassium
(K) content in the irrigated alluvial soils was 52.63% higher compared to the rain-fed
coastal marine soils. This difference can be attributed to the additional inputs, such as
animal manure and compost, that are supplied to the soils of irrigated fields [47]. These
additional inputs contribute to the higher potassium content in the irrigated alluvial soils.
The significantly lower carbon-to-nitrogen ratio (C:N) observed in irrigated alluvial soils
(10.07) compared to rain-fed coastal marine soils (12.80) indicates that the irrigated soils
have a higher nitrogen content relative to their carbon content; see Figure 4d. This lower
C:N ratio is directly related to the increased soil organic matter and soil moisture contents
in irrigated alluvial fields [48]. The higher soil organic matter content in irrigated alluvial
soils provides a greater pool of carbon for decomposition. Additionally, the presence of
adequate soil moisture in these irrigated fields creates favorable conditions for the optimum
decomposition of soil organic matter, leading to a higher rate of nitrogen mineralization. As
a result, the nitrogen content is relatively higher compared to the carbon content, resulting
in a lower C:N ratio [49]. Additionally, the leaching of the hydrophilic labile components of
soil organic matter and the accumulation of hydrophobic components, such as heterocyclic
nitrogen compounds [45], may also result in a decrease in the C:N ratio. The long-term
irrigation practice in the study area has resulted in an 8.48% increase in soil pH compared
to rain-fed coastal marine soils. The pH of the soils increased from 7.34 to 8.02 upon
adopting irrigation, as shown in Figure 4e. This increase in pH can be attributed to the
increased application of soil organic matter [50]. However, it is important to note that the
soils in the study area are categorized as moderately alkaline and this means that the pH of
these soils is already relatively high. However, there is a possibility of phosphorus (P) and
metal deficiencies in these soils due to the alkaline conditions. It is essential to consider
the potential limitations of these alkaline soils, such as reduced availability of certain
nutrients like phosphorus, as well as potential metal deficiencies [51]. Proper nutrient
management strategies and soil amendments may be necessary to address these issues and
ensure optimal plant growth and productivity in the study area [52]. In irrigated alluvial
soils, the electrical conductivity (EC) was found to be significantly higher, with a 52.63%
increase compared to adjacent rain-fed coastal marine soils, as shown in Figure 4f. This
increase in EC can be attributed to the long-term irrigation practices in the area. Several
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factors contribute to the higher EC in irrigated soils, such as irrigation water quality that
can contain dissolved salts, which can accumulate in the soil over time, leading to an
increase in EC. Additionally, the furrow irrigation method used in the area can help reduce
surface salt accumulation, as it allows for better drainage and leaching of salts from the
root zone. Furthermore, heavy rainfall during the rainy season can also contribute to the
timely leaching of salts from the root zone, further increasing the EC in irrigated soils [53].

Table 6. Comparison of soil chemical characteristics between alluvial and coastal marine soils.

Soil Characteristics Soil Type Mean p-Value
Alluvial 1.20 (£0.059)

SOC (%) 0.0001 2
Coastal Marine 1.13 (£0.161)
Alluvial 0.14 (£0.069)

TN (%) 0.0001 2
Coastal Marine 0.09 (£0.032)
Alluvial 13.68 (£3.152)

P (mg kg~1) 0.029 2
Coastal Marine 6.48 (£2.339)
Alluvial 10.07 (£2.175)

C:N 0.0352
Coastal Marine 12.80 (+£3.083)
Alluvial 8.02 (£0.287)

pH 0.0001 2
Coastal Marine 7.34 (+0.189)
Alluvial 0.76 (+0.282)

EC (dSm™1) 0.0001 2
Coastal Marine 0.36 (+0.270)

4+, standard deviation; @

marine fields.

indicates a statistically significant difference between the alluvial and coastal

The long-term irrigation in the study area has resulted in significant increases in
several soil parameters compared to rain-fed coastal marine soils, as shown in Table 7 and
Figure 5a—d. One of the notable changes is the increase in cation exchange capacity (CEC)
by 8.22%. This increase can be attributed to the addition of organic materials and improved
cation mobility in the soil due to irrigation practices. These findings are consistent with the
results reported by Diacono and Montemurro (2015) [54].
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Figure 4. Soil chemical characteristics distribution in the study area: SOC (a); TN (b); P (c); C:N ratio
(d); pH (e); and EC (f).

The adoption of long-term irrigation in the study area has led to significant changes in
several soil parameters. The exchangeable sodium percentage (ESP) increased by 49.6%,
the sodium absorption ratio (SAR) increased by 55.6%, and the percentage base saturation
(PBS) increased by 10.10% due to irrigation practices. The substantial increase in SAR from
0.08 to 0.18 and ESP from 0.63 to 1.25% highlights the impact of long-term irrigation on
these parameters. The overall increase in PBS from 51.97% to 57.81% indicates an improved
soil fertility status in the irrigated alluvial fields. This shift from moderate fertility in the
rain-fed coastal marine soils to high soil fertility in the irrigated alluvial fields suggests that
irrigation has positively influenced soil fertility levels. These changes reflect the influence
of irrigation on soil chemistry and fertility, emphasizing the importance of sustainable
irrigation practices in enhancing soil productivity and agricultural yields in the study
area [55].
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Table 7. Comparison of some basic soil parameters between alluvial and coastal marine soils.

Soil Characteristics Mean

Soil Type

p-Value

Alluvial

36.99 (£2.951)

CEC (cmol. kg™1)

Coastal Marine

33.95 (£3.146)

0.192

ESP (%)

Alluvial

1.25 (££0.519)

Coastal Marine

0.63 (£0.257)

0.0001 2

Alluvial

0.18 (£0.120)

SAR

Coastal Marine

0.08 (£0.025)

0.0001 2

Alluvial

57.81 (£12.95)

PBS (%)

Coastal Marine

51.97 (£5.779)

0.0001 2

4, standard deviation; @
marine fields.

indicates a statistically significant difference between the alluvial and coastal
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The CEC calculations classify both land uses as moderate, signifying sufficient levels
of basic cations in the soils. The rise in CEC values can be attributed to practices such
as increased animal manure application, retention of crop residues, and enhanced soil
moisture content in irrigated areas. This increase in CEC enhances the availability of soil
exchangeable cations, as mentioned in a previous study [56]. These results underscore
the beneficial impacts of prolonged irrigation on soil characteristics, indicating enhanced
soil fertility and nutrient availability in the irrigated alluvial fields when compared to the
rain-fed coastal marine soils.

3.3. Irrigation System and Soil Type Impact on Soil Organic Carbon Stock, Nitrogen Stock, and
Soil Quality

The mean soil organic carbon stock and nitrogen stock were higher on irrigated
alluvial soils compared to coastal marine fields, as presented in Table 8 and Figure 6a,b.
The irrigated alluvial soils had a carbon stock of 30.48 Mg C ha~! and a nitrogen stock of
2.91 Mg N ha~!, while the coastal marine fields had a carbon stock of 28.04 Mg C ha—! and
a nitrogen stock of 2.7 Mg N ha~!. This indicates that long-term irrigation increased the
SOC and N stocks by approximately 8% and 7.22%, respectively. Coastal wetlands play
a crucial role in carbon sequestration, as they have the ability to store large amounts of
carbon in their soils. However, converting these wetlands into farmlands or other land
use types can have negative impacts on carbon sequestration and lead to increased carbon
emissions [57].

Table 8. Comparison of soil organic carbon stock, nitrogen stock, and soil quality between alluvial
and coastal marine soils.

Parameters Soil Type Mean p-Value
1 Alluvial 30.48 (£5.084)

SOC stock (Mg Cha™") 0.0001 2
Coastal Marine 28.04 (+4.936)
1 Alluvial 291 (£1.271)

N stock Mg N ha™") 0.0001 @
Coastal Marine 2.70 (£1.039)

Alluvial 0.86 (£0.290

Soil quality index (SQD) v ( ) 0.0001 2

Coastal Marine 0.52 (£0.127)

+, standard deviation; 2

marine fields.

indicates a statistically significant difference between the alluvial and coastal

The comparison between irrigated alluvial soils and coastal marine soils shows that
alluvial soils had a higher soil quality index (0.86) compared to coastal marine soils (0.52),
which represents a 39.53% increase, as shown in Table 8 and Figure 6¢. The increased use
of crop rotation, specifically between grains and vegetables, can contribute to improved
soil quality. Crop rotation helps to break pest and disease cycles, enhance nutrient cycling,
and improve soil structure. By diversifying the types of crops grown on irrigated soils,
the soil is exposed to a wider range of root systems and organic matter inputs, leading to
increased soil organic matter availability and improved soil quality [58]. Irrigation provides
additional moisture to the soil, which can have a positive impact on soil quality. Adequate
moisture content in the soil promotes better nutrient uptake by plants, enhances microbial
activity, and improves soil structure. The availability of water through irrigation allows
for more consistent and controlled soil moisture levels, which can support healthier plant
growth and contribute to increased soil organic matter [59]. The increased soil organic
matter availability on irrigated soils is likely a result of the combined effects of crop rotation
and improved moisture content. Organic matter is a key component of soil fertility and
plays a crucial role in enhancing soil structure, water-holding capacity, nutrient availability,
and overall soil quality [60].
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Figure 6. Soil organic carbon stock (a), nitrogen stock (b), and soil quality index (c) distribution in the
study area.

4. Conclusions and Recommendations

This study involved a comparison of soil physical and chemical characteristics, as well
as soil quality indices, between fields that have been under long-term irrigation (alluvial
soils) and soils that have been managed under rain-fed production systems (coastal marine
fields). Comprehension of the long-term effects of irrigation practices on soil quality
and basic soil characteristics is crucial for sustainable land management and agricultural
production, especially in arid and semi-arid regions where water is scarce. The results
showed that most soil parameters were significantly higher in alluvial soils compared to
coastal marine soils. Long-term irrigation resulted in an 8% increase in SOC stocks and a
7.22% increase in N stocks compared to coastal marine soils. Additionally, the soil quality
index (SQI) increased by 39.53% with long-term irrigation. These findings suggest that
shifting from rain-fed agriculture in coastal marine areas to irrigated production systems in
alluvial fields can improve soil quality, SOC, and N stocks. Further research is necessary to
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explore the effects of additional factors, including irrigation methods and soil salinity, on
agricultural productivity and the sustainability of land use. Understanding how different
irrigation methods and varying levels of soil salinity impact crop yields and overall soil
quality will contribute to more efficient and sustainable agricultural practices.

In the scenario of long-irrigated soil that may become oversaturated due to precipita-
tion, there are potential concerns regarding nutrient management, particularly for nitrogen
(N) and phosphorus (P). When fertilizer application increases N and P concentrations in
the soil, regular irrigation and additional precipitation can lead to nutrient leaching.

Excessive irrigation and precipitation can cause nutrients, including N and P, to move
beyond the root zone of plants, leading to leaching into groundwater or surface water
bodies. This can result in nutrient losses, environmental pollution, and potential harm to
aquatic ecosystems due to eutrophication.

If the amount of fertilizer applied is not specified and there is a possibility of excess
application, the risk of nutrient leaching and environmental impacts would be higher. It is
crucial to practice precise nutrient management, considering the specific nutrient needs of
crops, soil conditions, and environmental factors to minimize nutrient losses and ensure
sustainable agricultural practices.

To address this concern, it is recommended to conduct soil testing to determine the
nutrient status of the soil and apply fertilizers based on crop requirements. Implementing
best management practices, such as using slow-release fertilizers, optimizing irrigation
practices, and monitoring nutrient levels in the soil can help to prevent nutrient leaching
and mitigate potential environmental risks associated with excess nutrient application in
oversaturated soils.
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