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Abstract: The issues of limited water availability and excessive fertilizer utilization, both of which
negatively impact soil health and crop productivity, are key focal points in the pursuit of sustainable
agricultural progress. Given these crucial obstacles, it is crucial to utilize accurate methods of
irrigation and fertilization in order to improve the condition of the soil and promote the progress of
sustainable farming. The objective of this research is to determine the optimal indicators for creating
a minimal data set (MDS) that can assess the influence of organic fertilizers on the quality of pakchoi
soil in varying irrigation water sources. Principal component analysis and norm values were utilized
to create the MDS, and its accuracy was confirmed by examining coefficients of Nash efficiency
and relative deviation. The results of our study showed that there was not much difference in soil
bulk density (BD), but there was moderate variation in soil water content (SWC), soil salt content
(SSC), alkali-hydrolyzed nitrogen (AN), available phosphorus (AP), available potassium (AK), and
organic matter (OM). The selected MDS indicators included BD, AN, and OM. The soil quality index
(SQI) achieved a high R2 value of 0.952, indicating a strong correlation. Furthermore, the nonlinear
evaluation model showed a high level of effectiveness and efficiency, with Ef and Er values of 0.899
and 0.046, respectively. The effectiveness of this model in evaluating soil quality under different
irrigation water conditions is evident. Notably, treatments involving magnetized–ionized brackish
water (average SQI = 0.524) and the application of 20 kg/ha organic fertilizer (average SQI = 0.719)
demonstrate the capacity to enhance soil quality. The present study presents a pragmatic, productive,
and economical quantitative evaluation approach that can be used for worldwide vegetable farming
with the utilization of clean water, saline water, magnetized–ionized saline water, and organic manure.
Thus, we encourage vegetable growers to consider adopting both magnetized–ionized brackish water
and organic fertilizers, and the utilization of the nonlinear soil quality index evaluation model is
recommended as it offers a sensitive and effective approach to assessing soil quality across various
irrigation and organic fertilizer schemes.

Keywords: water resources; organic fertilizer; soil quality; minimum data set

1. Introduction

Soil is an invaluable resource as it plays a crucial part in the formation and historical
importance of terrestrial life [1]. The health and development of animals and plants are
sustained by its vital function in supplying nutrients and water, and promoting plant
growth and productivity [2].

The fertility of soil is intricately linked to food security, the welfare of individuals, and
the sustainable advancement of the ecological ecosystem. It encompasses the comprehen-
sive capabilities of soil, including its capacity to maintain productive potential, preserve
environmental integrity, and enhance the health of plants and animals. As a delicate gauge,
it reveals alterations in soil conditions and the implementation of management techniques.
A thorough evaluation requires taking into account physical, chemical, and biological
attributes [2,3]. Soil environments are complex and diverse due to the heterogeneity and
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variability of soil properties across different regions and land use practices. Balancing
the need for comprehensive evaluation without being overly time-consuming or labor-
intensive poses a challenge in soil quality assessment [4–6]. Furthermore, the presence of
pesticides and fertilizers complicates the evaluation process. The versatility, simplicity, and
alignment with soil management practices have made the soil quality index (SQI) popular
in addressing these challenges [1]. Consequently, the SQI has been successfully employed
in soil quality assessment at various scales and locations. Over the past few years, there has
been significant research conducted, both nationally and globally, to extensively investigate
the evaluation of soil quality using diverse approaches. The methods used to calculate
the SQI [7,8] involve the application of techniques such as principal component analysis
(PCA) in conjunction with norm values to determine a minimum data set (MDS). The
MDS method fulfills the objective of choosing indicators and tracking modifications in soil
quality caused by changes in land utilization, farming methods, fertilization techniques,
and planting arrangements. This approach not only enhances evaluation efficiency but also
minimizes subjective biases. Numerous studies have illustrated the effectiveness of the
MDS approach in soil quality assessments [9–11].

Global water scarcity presents a significant challenge to sustainable development,
stemming from the mismatch between natural water resources and demand. This challenge
is exacerbated by global warming and population growth, with potential implications for
social conflicts. Unfortunately, only 2.5 percent of the world’s water resources are fresh,
while the remaining 97.5 percent is seawater [12]. The scarcity of fresh water is projected to
affect 180 million people by 2025, leading to a global water shortage crisis [13,14]. Tradi-
tional irrigation methods, coupled with fertilizer usage, have resulted in water resource
wastage, soil salinization, reduced land fertility, and environmental pollution. In particular,
brackish water, which is a poor water source used for irrigating farmland, presents the
potential danger of causing soil salinization, leading to a decline in both soil quality and
land utilization rates. Scholars conduct thorough investigations with the goal of enhancing
the effectiveness of utilizing water resources in agriculture and mitigating soil salinization.
Among the various water treatment methods, using magnetized and ionized treatments for
irrigation water has shown promising outcomes. Magnetized and ionized water enhances
its physicochemical properties, reducing surface tension and viscosity while improving
density, wettability, conductivity, pH, osmotic pressure, dissolved oxygen content, salt
solution capacity, and the solid particle deposition ratio [15–18]. These properties effectively
enhance soil structure and properties, improve irrigation water utilization efficiency, and
can be applied to agricultural production, promoting crop growth, and increasing yield.

Moreover, employing organic fertilizer provides numerous benefits for the manage-
ment of both soil and crops. On the one hand, organic fertilizer enhances soil properties
and fosters crop growth. This is accomplished by enhancing the content of organic matter
in the soil, decreasing the ratio of micro-aggregates and promoting the creation of big-
ger aggregates [19]. At the same time, it reduces the environmental hazards linked to
nitrate nitrogen, decomposes insoluble compounds of phosphorus and potassium in the
ground, restrains the leaching loss of nitrogen, phosphorus, and potassium, and enhances
the uptake of vital nutrient elements. Consequently, it leads to improved agricultural
product yields and quality [20,21]. Conversely, organic fertilizer has a crucial function in
controlling plant growth and advancement, strengthening plant immunity to diseases and
pests, improving the nutrient environment of the plant’s roots, increasing the variety of
crop yield, and improving the efficiency of fertilizer utilization [22,23].

The accurate assessment of soil quality is vital for understanding soil conditions,
designing effective cropping systems, and implementing efficient agricultural management
practices. Despite these advances, there is still a research gap in evaluating soil quality
under irrigation and the application of organic fertilizers in response to challenges such as
water scarcity and soil quality degradation caused by agricultural irrigation and chemical
fertilizer application. Hence, the primary goals of this study are to examine the variations
and associations of soil parameters under different irrigation water sources and the simulta-
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neous use of organic fertilizer, and to establish an MDS model for different irrigation water
sources and organic fertilizer applications, creating reliable and precise tools for evaluating
the SQI.

2. Materials and Methods
2.1. Experimental Site and Description

Figure 1 shows that the research took place at the Bazhou Irrigation Experiment Station,
located in Korla City, Xinjiang, China (N 41◦45′20.24′′, E 86◦8′51.16′′, 901 m). The area
is situated in a typical warm temperate zone known for its continental arid climate. The
study was conducted from May to June in the years 2022 and 2023, considering the unique
weather conditions of the region. The location where the study was conducted enjoys a
period without frost for a total of 175 to 200 days and receives an annual amount of 2173 to
3059 h of sunshine. Table 1 displays the initial physical and chemical characteristics of the
soil before the experiment began, aiming to offer a thorough comprehension of the soil.
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Table 1. Initial physical and chemical properties of soil.

Depth
(cm)

Bulk Density
(g/cm3)

Mechanical
Composition (%)

Alkali-Hydrolyzed
Nitrogen
(mg/kg)

Available
Phosphorus

(mg/kg)

Available
Potassium

(mg/kg)

Organic
Matter
(g/kg)Clay Silt Sand

0–20 1.45 5.3 52.5 42.2 24.34 41.37 240 8.10
20–40 1.37 3.3 32.9 63.8 13.83 8.79 144 5.10

2.2. Experimental Design and Field Management

Pakchoi without heading formation was selected for the study, which is known for
its fast growth, short cycle, and rich nutritional content in all four seasons. The experi-
ment involved using approximately 450 m3/ha of traditional irrigation, which was de-
termined based on the pakchoi’s annual water requirement in the region. We utilized a
bio-organic fertilizer that was soluble in water, comprising of organic substances (≥40%),
N + P2O5 + K2O (≥5%), amino acid (≥10%), and fulvic acid (≥5%). The live bacterial count
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was 525 million/g, with Bacillus amyloliquefaciens at 420 million/g, Bacillus subtilis at
100 million/g, and Bacillus mucilaginosus at 4.7 million/g. The pH level was 5.5, while the
total lead content was 5.2 mg/kg and the total chromium content was 2.7 mg/kg. During
the growth period, the organic fertilizer was applied in conjunction with water for a total
of eight irrigations. During the entire growth phase of pakchoi, we regularly watered and
fertilized every five days as part of this research. The trials employed a flood irrigation
method and comprised five different levels of organic fertilizer application rates (0, 20, 40,
60, and 80 kg/ha) along with three sources of irrigation water (fresh water, F; brackish
water, B; and magnetized–ionized brackish water, MIB). As a consequence, the treatments
were designated as F0, F1, F2, F3, and F4; B0, B1, B2, B3, and B4; and MIB0, MIB1, MIB2,
MIB3, and MIB4.

The seeds were sown on May 7th and 5th in 2022 and 2023, respectively. The harvest
dates in 2022 and 2023 were June 30th and 28th, respectively. For the cultivation of
pakchoi, we utilized the conventional sowing technique in this research. The seeds were
planted directly in the field where the primary experiment took place. Before planting, the
recommended amount of compound fertilizer (tert.-ammonium, N-P2O5-K2O, 19%-19%-
19%) at a rate of 300 kg/ha was applied following local customs, and no extra fertilizer was
utilized throughout the trial. A high-grade, thickened, waterproof sheet, measuring 2 m in
depth, enclosed every experimental plot. The plot for applying fertilizer was maintained
for a duration of 2 years and replicated 3 times using a randomized block design. The
size of the experimental plot was 3 m2, and the pakchoi plants were spaced approximately
20 cm apart, with rows approximately 40 cm apart. The planting density was approximately
2.5 × 105 plants per hectare. Local practices were followed for field management, including
activities such as removing weeds and controlling pests and diseases.

2.3. Soil Sampling and Laboratory Analysis

Once all experimental plots were set up, three soil samples were randomly and
repeatedly gathered from the 20–40 cm soil layer (0.4 m × 0.4 m) of each plot one week
before the pakchoi reached the end of its growth period. The soil samples that were
gathered were allowed to dry in the open air and then passed through a soil screen three
times to evaluate their physical and chemical characteristics. Soil bulk density (BD, g/cm3)
was determined using the ring knife method.

The soil samples were first measured in the laboratory and then dried in a fan-assisted
oven at a temperature of 105 ◦C for a duration of 12 h. Subsequently, the desiccated spec-
imens were weighed again in order to ascertain the gravimetric moisture content of the
soil. The volumetric soil water content (SWC, cm3/cm3) was calculated by multiplying
the gravimetric water content with the bulk density. To evaluate the electrical conduc-
tivity of the soil, a DDS-307 conductivity meter was used to measure the EC1:5 of a 1:5
soil water extract at a temperature of 25 ◦C. The soil salt content (SSC, g/kg) was calcu-
lated using the obtained EC1:5 values for each soil sample, utilizing a linear relationship
(SSC = 3.946 × EC1:5, R2 = 0.995, n = 30). The alkali diffusion method was used to deter-
mine the content of alkali-hydrolyzed nitrogen (AN, mg/kg), the molybdenum-antimony
resistance colorimetric method was used to determine the content of available phosphorus
(AP, mg/kg), flame photometry was used to determine the content of available potassium
(AK, mg/kg), and the potassium dichromate volumetric method was used to determine
the content of organic matter (OM, g/kg) [24].

2.4. SQI Evaluation Method

The determination of the SQI was a three-step process:
(1) PCA was used to select the MDS that best represented soil function and process

indicators.
(2) The performance of the MDS was scored using both linear and nonlinear functions.
(3) The weighted simple addition method was used to integrate the index scores into

the SQI.
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We utilized PCA to categorize the indicators, choosing solely the components with
eigenvalues greater than or equal to 1. Indicators that had loadings greater than or equal
to 0.5 within the same component were consolidated. Indices with loadings of less than
0.5 were assigned to the group with the highest load value. After classifying the data,
a standard value was calculated for every assessment criterion. A greater norm value
signifies a larger composite load for the index across all principal components, indicating a
higher ability to represent comprehensive information. The formula below can be used to
determine the norm value [25–27]:

Nik =

√√√√ k

∑
i=1

U2
ikλk (1)

The comprehensive loading of indicator i in all components with eigenvalues greater
than or equal to 1 is represented by Nik, while Uik represents the loading of indicator i in
component k, and λk represents the eigenvalue of component k.

For this research, we utilized a linear scoring assessment model to transform every
indicator into a dimension value that fell between 0 and 1. Both “more is better” and “less
is better” were used for this purpose. The equations used are as follows:

Sl =
X− Xmin

Xmax − Xmin
(2)

Sl = 1− X− Xmin

Xmax − Xmin
(3)

where Sl represents the soil index score that ranges from 0 to 1. X represents the measured
value of the index, Xmin represents the minimum value, and Xmax represents the maximum
value. Equation (2) is used for indices where higher values are better, while Equation (3) is
used for indices where lower values are better [28].

Using a nonlinear scoring evaluation model, the soil parameters’ measured values
were converted into scores ranging from 0 to 1. This model was computed through the
following formula:

Snl =
a

1 + (X/Xmean)
b (4)

In the scoring evaluation model, the soil index score (Snl) was calculated using the
formula provided. The score had a range of 0 to 1, with a maximum score of 1. The soil
index (X) was compared to its average value (Xmean), and the parameter ‘b’ represented
the slope rate of the equation. Indicators categorized as ‘more is better’ were assigned a
value of −2.5, whereas indicators categorized as ‘less is better’ were assigned a value of 2.5.
These values were determined based on previous studies [29,30].

SQI =
n

∑
i=1

WiSi (5)

The weighting factor (Wi) derived from factor analysis was applied to calculate the SQI
by combining the linear or nonlinear scores (SQIL or SQINL), as indicated in the equation.
The use of weighting factors was optional, as it allowed for the examination of the relative
importance of scored values for each indicator. This step helped to consider the varying
significance of different soil properties in determining the overall soil quality.

To assess the accuracy of the MDS, the Nash–Sutcliffe efficiency coefficient (Ef) and
the relative deviation coefficient (Er) were employed, following the methodology outlined
by Nash and Lin [31,32]. The formulas for these calculations are as follows:



Water 2023, 15, 3618 6 of 16

E f = 1− ∑ (It − Im)
2

∑ (It − It)
2 (6)

Er =
∑ It −∑ Im

∑ It
(7)

The It and It value and mean value of the SQI were determined using the total data
set (TDS). The Im value was determined by calculating it using the MDS. E f values close
to 1 indicated a high accuracy of the calculated result based on the MDS, while Er values
close to 0 indicated a small deviation of the SQI.

2.5. Data Processing Method

Data processing and plotting were performed using Microsoft Office Excel (2016,
Microsoft Corporation, Seattle, WA, USA), SPSS 25.0 (2017, IBM, Crop. Armonk, NY, USA)
and Origin, correspondingly. The model was established and solved using MATLAB (2014,
MathWorks Inc., Natick, MA, USA) programming. Soil indexes were tested for the effects of
various irrigation and fertilization methods using one-way analysis of variance (ANOVA).

3. Results
3.1. Statistical Characteristics of Soil Property Indexes

According to the statistical properties of the evaluation indicators for soil quality
(Table 2), the mean values for BD, SWC, SSC, AN, AP, AK, and OM were 1.365 g/cm3,
0.120 cm3/cm3, 4.614 g/kg, 5.759 g/kg, 18.332 mg/kg, 10.455 mg/kg, and 270.733 mg/kg,
respectively. The soil was categorized as mildly saline soil, with a generally limited amount
of nutrients. The coefficient of variation for BD was 0.008, indicating a relatively low level of
variation and limited differentiation (Cv < 0.1), which could be attributed to the uniform soil
type. The other soil indicators exhibited moderate variation (0.1 < Cv < 1). External factors
such as extended farming, watering, fertilizing, and other outside influences can partially
counterbalance the effects of inherent factors like soil origin and weather conditions on soil
characteristics. As a result, there is typically a moderate level of variation in the majority
of the indicators. AK had the largest variation coefficient at 0.829, while SWC, SSC, OM,
AN, and AP had variation coefficients of 0.284, 0.408, 0.202, 0.260, and 0.777, respectively,
which were associated with the level of irrigation and fertilization in the study area. A test
was performed to assess the normal distribution of all indexes, revealing that BD and OM
closely resembled a normal distribution (p > 0.05 for K-S test).

Table 2. Statistical analysis results of the characteristic soil property indexes. Different letters indicate
significance at p < 0.05.

Soil Index Max Min Mean SD Cv Skewness Kurtosis K-S

BD (g/cm3) 1.385 a 1.345 c 1.365 b 0.011 0.008 −0.116 −0.663 0.998
SWC (cm3/cm3) 0.213 a 0.064 b 0.120 ab 0.034 0.284 1.191 2.657 0.565

SSC (g/kg) 8.622 a 2.357 a 4.614 a 1.883 0.408 1.074 0.120 0.309
AN (mg/kg) 24.898 a 9.406 c 18.332 b 4.765 0.260 −0.237 −1.292 0.720
AP (mg/kg) 30.085 a 2.834 b 10.455 ab 8.125 0.777 1.522 1.694 0.503
AK (mg/kg) 786.000 a 98.000 a 270.733 a 224.342 0.829 1.500 0.793 0.072
OM (g/kg) 7.276 a 3.374 b 5.759 a 1.163 0.202 −0.240 −0.863 0.863

3.2. Establishment and Accuracy Verification of MDS Indexes

The evaluation indicators chosen for this study to assess soil quality and form a
TDS included BD, SWC, SSC, AN, AP, AK, and OM. In order to decrease the quantity of
indicators and tackle data duplication caused by intercorrelation among the evaluation
indicators, a PCA was conducted on the seven indicators. The Kaiser–Meyer–Olkin (KMO)
test was performed on the evaluation indicator data, resulting in a test value of 0.605. A
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higher KMO score suggests a more robust correlation between the indicators and a higher
level of suitability for principal component and factor analysis. Based on the KMO value,
it can be inferred that the data is appropriate for PCA. Three principal components were
identified, with eigenvalues greater than or equal to 1, and they accounted for a cumulative
contribution rate of 88.713% (Table 3).

Table 3. Load matrix and norm values of evaluation indicators.

Soil Index
PCA Norm

Value

Weight

1 2 3 TDS MDS

BD (g/cm3) −0.081 −0.184 0.970 0.416 0.063 0.302
SWC (cm3/cm3) 0.846 −0.192 −0.102 2.310 0.122

SSC (g/kg) 0.866 −0.293 −0.089 2.200 0.113
AN (mg/kg) 0.565 0.731 0.167 3.398 0.231 0.326
AP (mg/kg) 0.057 0.932 −0.105 1.819 0.133
AK (mg/kg) 0.871 −0.426 −0.056 2.003 0.098
OM (g/kg) 0.854 0.358 0.236 3.722 0.240 0.372

Principal component
eigenvalue 3.282 1.870 1.058 – – –

Contribution rate (%) 46.886 26.715 15.112 – – –
Accumulating

contribution rate (%) 43.826 73.293 88.713 – – –

Based on the PCA findings, the first group comprises SSC, SWC, AK, and OM, while
AN and AP are part of the second group, and BD represents the third group (Figure 2). It
was observed that SWC, SSC, OM, and AK exhibited strong correlations (Figure 3), with
OM showing the highest norm value among them. Therefore, OM was selected as part of
the MDS. AN and AP were placed in the second category due to their notable correlation,
and subsequently, AN was selected for inclusion in the MDS. The MDS directly selected BD
as the sole indicator in the third group. Consequently, the MDS comprised three indicators:
BD, AN, and OM.

In general, the TDS encompasses the comprehensive and extensive coverage of indi-
cators. Validating the MDS assessment index system is an essential stage in evaluating
soil quality. The rational selection of indicators for the MDS has a direct impact on the
precision of soil quality assessment. PCA was employed to evaluate the common factor
variance of each indicator in the TDS, enabling the calculation of weights assigned to
individual indicators. Following that, the assessment index was utilized to carry out the
soil quality analysis.

The calculation findings show that the SQI values acquired via the linear MDS evalua-
tion method (SQIL-MDS) varied between 0.13 and 0.83, averaging at 0.567 with a moderate
degree of variation (Cv = 0.377). Conversely, the range of SQI values acquired through the
nonlinear MDS assessment technique (SQINL-MDS) was between 0.280 and 0.610, with
an average of 0.490 and a variation coefficient of 0.190, suggesting a moderate degree of
variability. Significantly, the SQIL-MDS method displayed a broader range and coefficient
of variation in comparison to the SQINL-MDS approach.

The diagram in Figure 4 clearly shows a strong positive relationship between the TDS
and MDS when utilizing both the SQIL (Figure 4A) and SQINL (Figure 4B) assessment
techniques. The obtained R2 values were 0.924 and 0.952, respectively, indicating that
the MDS indicators are appropriate substitutes for the TDS indicators in assessing soil
quality. Moreover, it was noted that the fitting outcome attained using the SQINL technique
surpassed that of the SQIL approach. Moreover, the Ef values for the SQI derived from the
TDS and MDS, as assessed by the SQIL and SQINL evaluation techniques, were 0.636 and
0.899, correspondingly. The values of Er were 0.154 and 0.046, respectively. The findings
suggest that the MDS and SQINL methods are effective in accurately assessing soil quality
when organic fertilizer is used with various irrigation water sources. Hence, the MDS is
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deemed appropriate for substituting the TDS in assessing the soil condition when organic
fertilizer is utilized with various irrigation water sources.
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3.3. Evaluation of SQI for Irrigation and Fertilization

This study determined that SWC, OM, AN, AP, and AK were found to be suitable for
the “more is better” type of equation. The enhancement of soil moisture and nutrient levels
resulted in a notable reduction in soil erosion and a boost in soil productivity, consequently
enhancing soil quality. However, BD and SSC were found to be suitable for the “less is
better” type of equation. Increasing BD and SSC can negatively affect soil permeability
and crop root penetration. Enhancing soil permeability by reducing BD and SSC leads to
improved crop growth, increased soil productivity, and a higher crop yield.

As shown in Figure 4, the average SQI (SQIa) for different irrigation water sources
based on TDS and MDS follows the pattern: SQIa-MIB > SQIa-F > SQIa-B (Figure 5A). Specif-
ically, under fresh water irrigation, the ranking is SQINL-MDS > SQIL-MDS > SQIL-TDS >
SQINL-TDS. Under brackish water irrigation, the ranking is SQINL-MDS > SQINL-TDS >
SQIL-TDS > SQIL-MDS. The order of ranking under the irrigation of magnetized–ionized
brackish water is SQIL-MDS > SQIL-TDS > SQINL-MDS > SQINL-TDS. The MDS linear
model yields a maximum SQI of 0.558 when the irrigation water is magnetized–ionized
brackish water. The SQI follows a pattern of different levels of organic fertilizer application
based on the TDS and MDS, with SQIa-20 kg/ha being greater than SQIa-80 kg/ha, which
is greater than SQIa-40 kg/ha, followed by SQIa-60 kg/ha, and finally SQIa-0 kg/ha (re-
fer to Figure 5B). The MDS linear model yields a maximum SQI of 0.936 when applying
20 kg/ha of organic fertilizer.

Furthermore, when combining SQI with cabbage yield, a noteworthy trend emerged
in the SQI, indicating an initial increase followed by a subsequent decline as cabbage yield
increased (Figure 6). This suggests that soil quality improvement can positively influence
yield within a specific range. However, when striving for significantly higher yields, there
is a risk of compromising soil quality due to intensive production methods.
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4. Discussion
4.1. Soil Quality Evaluation Methods

Soil plays a pivotal role in various functions, encompassing agricultural production,
environmental regulation, and buffering capacities. Soil quality is a comprehensive measure
of its ability to sustain crop productivity, uphold environmental health, and support the
well-being of plant and animal life within an ecosystem [33,34]. When it comes to crop
yield, soil quality translates into soil productivity, indicating the soil’s capacity to support
crop growth without causing harm to the environment or leading to land degradation.
From an ecosystem standpoint, soil quality is characterized by its “capacity associated
with specific soil functions”, encompassing its ability to maintain and enhance water
and air quality, support plant and animal production, and safeguard human and habitat
health [33]. To quantitatively assess soil quality, numerous methods have been proposed
by researchers globally, including the Nemerow comprehensive index method [35], the
grey correlation analysis method [36], TOPSIS [37], and the SQI method [1,28,38]. Among
these, the SQI method offers distinct advantages as it considers the combined influence
of the measured values, weights, and interactions of evaluation indicators on the overall
assessment results [8].
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Because of the natural variation in space and time of soil characteristics and the
expensive nature of gathering data, the MDS method has become widely accepted for
assessing soil quality [39,40]. Various methods have been employed to construct the MDS,
including PCA, canonical correspondence analysis, cluster analysis, and step-up regression
analysis [10,41,42]. Larson [43] first suggested the idea of utilizing the MDS to observe
alterations in soil quality caused by agricultural management techniques. According to
Jin [10] and Lima [44], creating a soil quality assessment MDS that includes important
soil functions like water infiltration, storage and availability, nutrient storage, availability
and recycling, and continuous biological activity showed comparable patterns to the TDS,
offering valuable insights for land management. The effectiveness of the MDS-based SQI in
replacing the TDS is shown by our research. The fitting accuracy of both the MDS and TDS
was remarkably high. Specifically, the R2 coefficients for the linear and nonlinear scoring
assessment models were 0.924 and 0.952, whereas the Ef coefficients were 0.636 and 0.899,
and the Er coefficients were 0.154 and 0.046, respectively. These results underscore the
MDS-based SQINL capacity to provide a precise assessment of soil quality under varying
conditions of irrigation and organic fertilizer application (Figure 4). To enhance soil quality
in agricultural production, it is crucial to highlight the impacts of tillage techniques and
nutrient utilization by considering the three MDS screening assessment criteria alongside
real-life farming practices. This aligns with the findings of Mei [8], who also demonstrated
the efficacy of the MDS in replacing the TDS for evaluating soil quality in black topsoil.

4.2. Effects of Irrigation and Fertilization on Soil Quality

Soil serves as a fundamental resource for achieving sustainable economic and social
development. The well-being of both animals and humans in nature is intricately linked
to soil quality and the establishment of an ecological civilization. Soil water contains a
diverse range of inorganic and organic substances, and water quality plays a crucial role in
shaping the physical, chemical, and biological properties of soil. In the realm of agricultural
production, practices such as irrigation, fertilization, pesticide application, and mulching
significantly impact soil quality. It is essential to implement these activities judiciously to
minimize any potential adverse effects on soil health. Specific irrigation methods, such
as continuous flooding, can result in lower surface soil density, increased overall soil
porosity (including capillary porosity), improved soil structure, and a better ability to retain
water [45]. Conversely, the reduced irrigation of the surface soil increases its bulk density,
decreases the total porosity and capillary porosity, weakens the water-holding capacity,
reduces the field water-holding capacity, and causes a deterioration in the soil’s physical
and chemical characteristics, which hampers water retention according to reference [46].
Peng [47] analyzed the leaching of nitrogen and phosphorus in the paddy fields of the
Taihu Lake Basin under flood irrigation and controlled irrigation and found that controlled
irrigation reduced nitrogen and phosphorus leaching compared to flood irrigation. Despite
the significant contribution of irrigation to increased food production, the pursuit of high
yields in some regions, coupled with the continuous irrigation of groundwater, led to
ecological and soil-related issues. This imbalance between food production and the regional
water resource carrying capacity resulted in challenges within the soil ecosystem [48].

It is now crucial to reduce irrigation water consumption and explore new water sources.
Brackish water resources are considered one such alternative, and their exploitation and
utilization hold great significance for ensuring sustainable agricultural development [49].
Several studies have demonstrated that brackish water irrigation can alleviate agricultural
drought and increase crop yield to some extent [50,51]. This study reveals that, under
brackish water irrigation, the SQI is 0.412, whereas under fresh water irrigation, the SQI is
0.506. The difference occurs because when brackish water is used for irrigation in addition
to fresh water, it introduces soluble salt ions into the soil. Furthermore, as the salinity of
irrigation water increases, there is an initial increase in soil infiltration capacity followed
by a subsequent decrease [52,53]. Consequently, soil quality is diminished, leading to
various impacts on soil physical and chemical properties as well as crop growth and devel-
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opment [49]. Additionally, brackish water irrigation has been associated with increased
greenhouse gas emissions, particularly N2O [54], contributing to the deterioration of soil
physical and chemical properties [55], and ultimately resulting in a decline in the quality
of cultivated land. Current research on magnetized and ionized treatment technology
for irrigation water indicates that magnetized and ionized water irrigation can accelerate
soil water infiltration, increase the water retention capacity of the upper soil, facilitate the
downward migration of upper soil salt, enhance salt leaching efficiency, and improve the
growth environment for soil and crops [56–58]. When comparing brackish water irriga-
tion to magnetized–ionized brackish water irrigation, we noticed that the SQI, which was
determined by considering both the MDS and TDS, achieved a value of 0.524. This find-
ing strongly suggests that magnetized–ionized brackish water irrigation holds significant
promise for enhancing soil quality.

The excessive utilization of chemical fertilizers can have adverse repercussions on
soil structure, leading to issues like soil compaction, nutrient imbalances, and environ-
mental contamination [59,60]. Multiple studies have consistently verified that extended
dependence on chemical fertilizers can lead to the exhaustion of nutrients, the deterioration
of soil quality, disturbances in the cycling of soil nutrients, and a diminished ability to
store carbon in the soil, ultimately affecting the productivity of crops [61,62]. For instance,
Reardon [63] demonstrated that continued nitrogen fertilizer application could diminish
soil quality, influence the soil microbial community, and disrupt soil nutrient cycling. In
contrast, organic fertilizer presents several advantages, including its comprehensive nu-
trient content and long-lasting fertilization effects. Using organic fertilizer has numerous
advantages, such as augmenting soil enzyme function, enhancing soil quality, improving
crop excellence, increasing water and nutrient retention in the soil, and fostering the growth
of beneficial microorganisms [64]. The enhancement of soil quality is greatly influenced by
the rise in populations of soil microorganisms and nutrient levels, which is of the utmost
importance [65]. Multiple research studies consistently affirm the notion that the utilization
of organic fertilizer stimulates the transformation of soil nutrients and enhances the accessi-
bility of nutrients within the soil [66–68]. In turn, this leads to a tangible improvement in
soil quality. During the two-year study period, we documented variations in soil quality
resulting from diverse irrigation and fertilization practices. The initial findings suggest
that the greatest SQI values were noted with the utilization of organic fertilizer at a rate of
20 kg/ha, succeeded by 80 kg/ha, 40 kg/ha, and 60 kg/ha. Conversely, the SQI was mea-
sured at 0.283 in instances where no organic fertilizer was applied. Furthermore, within the
context of the MDS, we observed that the maximum SQIL was achieved when the organic
fertilizer application rate was 20 kg/ha, reaching 0.936. Conversely, the minimum SQIL
based on the MDS was recorded at 0.184 when no organic fertilizer was applied. The results
emphasize the significance of continuous monitoring and offer valuable observations on
the temporal variations in soil quality under the specified circumstances.

In summary, one of the central goals in soil quality research is the enhancement and
sustainable maintenance of soil productivity. The established correlation between the
soil quality index and pakchoi yield serves as compelling evidence for the importance
and scientific rigor of soil quality assessment (Figure 6). The prudent use of magnetized–
ionized brackish water resources and the integrated application of organic fertilizer present
significant advantages. These advantages encompass the mitigation of water resource
scarcity, the enhancement of water and fertilizer utilization efficiency, and the improvement
of soil quality. Consequently, it is of paramount importance to discern the optimal irrigation
and fertilization system, taking into account regional farmland irrigation practices, soil
conditions, cultivated crops, and appropriate fertilization rates, all of which collectively
contribute to the effective enhancement of soil quality. Embracing such tailored approaches
not only fosters sustainable agricultural practices but also concurrently elevates soil health
and productivity.
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5. Conclusions

This study showed that different levels of irrigation and fertilization have significant
impacts on soil quality. The application of the MDS approach enabled the identification of
BD, AN, and OM as key indicators for assessing soil quality. The evaluation method based
on the SQI, particularly the nonlinear scoring evaluation model (SQINL), demonstrated
superior performance in distinguishing the effects of irrigation and fertilization on soil
quality. The high coefficient of determination (R2) values of 0.924 and 0.952 for SQI-MDS
and SQI-TDS, respectively, underscored their robust predictive capabilities. The significant
differences in Ef values (0.636, 0.899) and Er values (0.154, 0.046) between the linear and
nonlinear scoring evaluation models further confirmed the accuracy and reliability of the
MDS method in assessing soil quality. The magnetized–ionized brackish water irrigation
treatment demonstrated the highest SQI value, while the lowest value was recorded under
the brackish water irrigation treatment. Among the organic fertilizer gradients, the 20 kg/ha
treatment yielded the highest SQI value, whereas the lowest SQI was observed under the
0 kg/ha treatment. Hence, using magnetized–ionized brackish water and organic fertilizer
reasonably is a sustainable solution that combines high vegetable yields with the long-term
maintenance of soil quality. Nevertheless, some limitations remained in this study. Notably,
the absence of biological indicators among the preselected metrics rendered the indicator
system incomplete, warranting enhancement. The subsequent phase of this research will
focus on investigating optimal land resource allocation across varying soil quality grades
through the integration of ecological environmental characteristics and land use statuses.
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