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The soils from four typical natural wetlands, namely, Phragmites australis,
Tamarix chinensis, Suaeda salsa, and tidal flat, as well as reclaimed wetland,
were selected to evaluate the soil quality in the Yellow River Delta. Fourteen
soil physicochemical property indexes were employed to build a minimum data
set (MDS). Combined with vegetation type and soil depth, the soil quality index
(SQI) was conducted. A fuzzy logic model was applied for data normalization.
The contrast test was conducted to verify the accuracy of the MDS. The results
showed that the MDS consists of TOC, NO3 -N, soil salinity, TS, TP, Mg, C/N
and pH. The soil quality decreased from the inland to the coastline and from
reclaimed wetland to tidal flat with the change of vegetation type. The soil
quality of 0-10cm soil depth was better than that of 20-30cm soil depth.
The soil qualities of reclaimed land were significantly better than those of
natural wetlands at the same soil depth. Correlation analysis results showed
that agricultural reclamation has become an important factor of soil quality
change in the study area. Comparative results of two methods of MDS and
the total data set (TDS) testified that the method of MDS was credible and
accurate for soil quality assessment of the study area. Our results indicated
that wetland protection and agricultural reclamation in coastal areas should
keep a rational balance.

KEYWORDS

soil quality, coastal wetland, vegetation type, the Yellow River Delta, minimum data
set

Introduction

As a natural ecotone between the marine ecosystem and the terrestrial ecosystem,
the coastal wetland is a vulnerable ecosystem with various ecological functions (Yu et al.,
2016). As the dominant substrate in coastal wetland ecosystems, soil plays an important
role in plant growth and system stability (Zhang et al., 2013; Huang and Yuan, 2021).
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Soil quality, which is sensitive to the dynamic change of soil
condition and soil management, can be used as a comprehensive
index to evaluate soil function (Chaer et al., 2009; Adebo
et al., 2020; Raiesi and Beheshti, 2022). To assess the effects
of heavy metals on water and soil, the concept of soil quality
was first put forward in the 1970’s (Sultana et al., 1970; Peters,
1973). Since then, the connotation of soil quality has been
continuously enriched (Shokr et al., 2021). Currently, due to
the concept covering a range of synthetical aspects, a widely
accepted definition has not been established. According to the
existing standpoints, three main elements for soil quality include
the abilities of maintaining ecosystem productivity, sustaining
environmental quality, and promoting biotic health (Wander
et al,, 2002; Abdel-Fattah et al., 2021; Mazzon et al, 2021;
Rathore et al,, 2022). Soil quality assessment is a decision-
making method for quantitative reflection of soil quality by
selecting suitable evaluation indexes in a certain area (Chen
et al., 2021; Yuan et al., 2022).

The accuracy of soil quality assessment is decided by the
method and index selection (Armenise et al, 2013; Wang
et al, 2018). A number of methods, such as soil quality
index (SQI) (Granatstein and Bezdicek, 1992; Andrews et al.,
2002, 2003), dynamic soil quality models (Karlen et al., 2003;
Nyeck et al, 2018; Fathizad et al., 2020), soil quality cards
and test kits (Purakayastha et al, 2019; Kasno, 2021), soil
management assessment framework (Cherubin et al., 2017;
Jimenez et al., 2022), and fuzzy association rules (Burrough,
1989; Burrough et al., 1992; Wu et al., 2019), have been applied
to assess soil quality in various ecosystems of the cropland,
forest, grassland, and wetland, etc. SQI has been widely used
in numerous ecosystems due to its simplicity, flexibility, and
applicability (Andrews et al., 2002; Wang et al., 2018). The
SQI includes three essential steps: (1) selecting appropriate
indexes to establish datasets; (2) normalizing the index data;
and (3) combining index scores to produce the comprehensive
SQI (Chaer et al, 2009; Zhang et al, 2016; Wang et al,
2018). Normally, in order to make the assessment results
more comprehensive and accurate, a dataset needs to contain
abundant indexes, leading to a lot of redundant information
being contained in the total data set (TDS) (Wu et al., 2019;
Shao et al,, 2020). Therefore, the Minimum Data Set (MDS)
needs to be established (Raiesi, 2017; Jiang et al., 2020; Guo
et al., 2021). The MDS contains a series of representative
indexes which are screened from TDS. The MDS is considered
a set of sensitive and comprehensive methods to remove
redundancy with less information loss (Wang et al.,, 2018).
Several studies showed that the assessment-based MDS was
better than TDS in cropland, forest, grassland, and coastal areas
(Rahmanipour et al., 2014; Volchko et al., 2014; Wu et al.,
2019). The methods of multiple linear regression, factor analysis,
discriminant analysis, and scoring functions are employed for
index screening (Rezaei et al, 2006; Yao et al., 2013). Factor
analysis has been widely used in MDS as the method that can
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efficiently reduce redundant information (Raiesi, 2017; Shao
et al., 2020).

The Yellow River Delta wetland is one of the largest nascent
coastal wetland ecosystems in the world (Yu et al., 2016). Due
to the serious erosion of soil and water in the middle reaches of
the Yellow River, a mass of sediment is carried to the estuary
from the Loess Plateau. The typical coastal wetlands in deltas
along the Pacific Coast are formed by sediment accumulation
over years (Yu et al, 2015; Ji et al., 2022). Phragmites australis,
Tamarix chinensis, and Suaeda salsa are dominant vegetation
types in the natural wetland of the Yellow River Delta (Jiao et al.,
2014). The tidal flat is widely distributed with low vegetation
coverage. Most communities are dominated by one plant species
with few concomitant species. The natural wetlands with a
simple structure, such as Phragmites australis, Tamarix chinensis,
Suaeda salsa, and tidal flat, which is the main body of shrub
wetland, herbaceous wetland, salt marsh, and tidal flat wetland,
are formed (Jiao et al., 2014; Chi et al., 2020). Influenced by land-
sea-river interaction, all types of natural wetlands are distributed
with a zonal sequence from land to sea (Cao et al, 2015).
In addition, a large area of cropland which is reclaimed from
natural wetlands over years covers this region (Yu et al,, 2016).
Due to the biological characteristics of saline-alkali-tolerant,
Gossypium spp. has been widely planted and has become the
dominant crop type. The wetland reclamation could alter
vegetation type and soil physicochemical properties dramatically
(Jiao et al., 2019). Therefore, the spatial heterogeneity of soil
conditions in the Yellow River Delta wetland is influenced
by natural and human factors such as hydrological processes,
vegetation types, and land reclamation, which lead to a soil
quality with high complexity. At present, only a few references
related to the soil quality in the Yellow River Delta are found.
Zhang et al. (2016) evaluated the effects of flooding conditions
and seasonal variations on soil quality in natural wetlands in
five selected natural wetland types over three seasons (Zhang
et al., 2016). The results showed that soil salinity might be
a characteristic indicator of soil quality assessment in coastal
regions. Xia et al. (2019) studied the relationship between soil
quality and forest-grass composite patterns in this region using
the membership function method (Xia et al., 2019). Wu et al.
(2019) found that the soil quality was higher in inland areas
than in coastal areas by evaluating the soil quality of the crop
land (Wu et al, 2019). Employing the method of SQI, Zhao
et al. (2019) assessed the effects of freshwater inputs on soil
quality in natural wetlands (Zhao et al., 2019). Yang et al. (2021)
used principal component analysis to evaluate the effects of
different Tamarix chinensis-grass patterns on the soil quality of
coastal saline soil and found that certain community patterns
could significantly decrease the salt contents and increase
the available nutrient contents in the coastal saline-alkali soil
(Yang et al., 2021).

Several problems related to soil quality in the study region
still remain. Due to sampling sites and limited participating
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assessment indexes, the assessment results were insufficient
to reflect upon the distribution law and overall situation of
regional soil quality. There was no comparative study under a
unified assessment framework for the SQI of current studies
confined to natural wetlands or cropland. The impact of wetland
reclamation on soil quality in this region is not clear. Therefore,
the present study assessed the soil qualities under different
vegetation types of the natural wetland and reclaimed wetland
in the Yellow River Delta applying the MDS based on 14
soil property indexes. The purposes of the study were to (1)
reveal the spatial distribution characteristics of the soil quality
in the Yellow River Delta, (2) clarify the function of wetland
reclamation on soil quality change in a coastal wetland, and (3)
verify the suitability of an MDS on coastal wetland soil quality
assessment. The result could provide a scientific reference for
maintaining the ecological balance of wetland protection and
agricultural reclamation in coastal areas.

Materials and methods

Study area

The study was conducted in the Yellow River Delta (37° 34’
38°09'N, 118°31'-119°18'E) (Figure 1). The study area has a
warm-temperate and continental monsoon climate with distinct
seasons. The average annual temperature, precipitation, and
evaporation are 12.8°C, 537.3 mm, and 1,928.2 mm, respectively
(He and Cui, 2015). The precipitation mainly concentrates
in summer and autumn. The main water supplement is
atmospheric precipitation, river, and tidal water. Due to the
interactive effects of land-sea-river, the soil conditions are
complex and changeable. Affected by tidal action and soil
evapotranspiration, Phragmites australis wetland (Pa), Tamarix
chinensis wetland (Tc), Suaeda salsa wetland (Ss), and tidal flat
wetland (Td) showed a regular ribbon distribution from land to
sea along different degrees of soil salinity (Figure 1). Reclaimed
wetlands (Cp), mainly distributed in the interior region of
deltas which are far from the sea, are mostly reclaimed from
natural wetlands.

Sample collection and analysis

The Landsat Thematic Mapper (TM) of 2018 digital images
(spatial resolution of 30 x30 m) were used to interpret the land
use and land cover in the study area. The land use classification
map of the Yellow River Delta was produced after calibration by
the field investigation. According to the grid distribution point
method, the sampling points were set up in four selected natural
wetlands, of Phragmites australis wetland (Pa) (40 sites), Tamarix
chinensis wetland (Tc) (18 sites), Suaeda salsa wetland (Ss) (19
sites) and tidal flat wetland (Td) (21 sites), as well as reclaimed
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wetland (Cp) (20 sites), in mid-August 2019. A total of 118 soil
sampling sites were implemented with three parallel treatments
ateach site (Figure 1). Soil samples of 0-10, 10-20, and 20-30 cm
in depth were collected from bottom to top in soil profiles by a
core sampler. Three duplicate soil samples were collected and
mixed homogeneity in situ after removing plant residues, roots,
and debris. The samples were air dried after removing plant
debris and stones. The air-dried soil samples were sieved with
a 0.149-mm diameter nylon sieve after grinding using a mortar
to determine soil properties.

Soil total organic carbon (TOC) was determined by TOC
Analyzer (vario TOC cube, Elementar, Germany) after inorganic
carbon was eliminated using 1M HCI. Soil total nitrogen (TN)
and total phosphorus (TP) were determined by a continuous
flow analyzer (Futura A16786, Alliance, France) after digestion
and filtration. Soil total sulfur (TS) was measured using the
barium sulfate turbidimetric method. Soil total (TK), Na, and
Mg were determined by atomic absorption spectrometer (iCE
3300 AAS, Thermo, America) after digestion and filtration.
Soil NHI—N and NO; -N in supernatant liquor, which were
filtrated by a 0.45-pum membrane, were determined by a
continuous flow analyzer after extraction with 2M KCl from
sieved dry soil samples. Soil pH (water: soil = 2.5:1) and
electrical conductivity (EC) (water: soil = 5:1) were determined
by a pH meter (FE28-Standard, Mettler Toledo, Switzerland)
and an electrical conductivity meter (FE38, Mettler Toledo,
Switzerland), respectively. The stoichiometric ratios of C/N, C/P,
and N/P were calculated as the ratio of the amount of TOC to
TN, TN to TP, and TN to TP, respectively.

Assessment of soil quality index

To calculate the SQI which can represent the comprehensive
characteristics of soil quality, the Minimum Data Set (MDS)
was screened by the principal component analysis (PCA) of the
total data set (TDS). The MDS was screened following these
five steps. (1) The results of correlations between different soil
property indexes and coefficient of variation (CV) incorporated
determine the necessity to screen indexes from TDS. (2) The
PCA was used to screen indexes for MDS. Only the components
with eigenvalues >1 were retained. The soil property indexes
with loading >0.5 in each component were divided into one
group. (3) The vector norm value (Equation 1) was employed
to reflect the influence degree of internal factors (i.e., 14 soil
properties) on soil quality. A large norm value indicates that
the index has a large comprehensive load on all principal
components. (4) The improvement methods by Pulido et al.
(2017) and Wu et al. (2019) were referenced to select the external
factors. The soils under different vegetation types (i.e., Pa, Tc,
Ss, Td, and Cp) and soil depth (i.e., 0-10 cm, 10-20 cm, and 20—
30 cm) were selected as external factors in the study. Multivariate
analysis and normal linear transformation were used to reflect
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FIGURE 1
Map of study area and sample sites.

the influence degree of soil type and soil depth on soil quality.
The accumulated values of internal and external factors were
used to screen indexes of MDS. (5) The soil properties with
the highest accumulated value were screened for preliminary
indexes in each group. Soil properties within 90% of the highest
value were also selected. If the correlation value of any two
preliminary indexes were higher than 0.5 in one group, the
indicator with a higher value was screened for MDS (Zhang
et al,, 2016). The weighting of each index was the proportion of
its accumulated value to the sum of total values in MDS.

1)

where Ny is the comprehensive loading of soil property i in
the first k principal components with eigenvalues>1, \k is
the eigenvalue of PCk, and Uik is the variable loading of soil
property. Nik of the indexes within 10% of the highest norm
values was selected for the MDS.

The indexes of MDS were normalized by fuzzy set
methodology to determine the membership degree. Fuzzy
function with a bell-shaped curve was used to calculate
1989;
Burrough et al., 1992). The method produced contiguous value

the memberships of different indexes (Burrough,

distribution of membership value and rejected low information
during the analysis process, which was much better than linear
transformation for membership calculation (Yang et al., 2021).
Three steps were operated in this method. (1) The suitable
range of each index in MDS was selected. In order to make
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an analysis normalization, the 5-95% interval of the normal
distribution as the threshold value of each index was used in
this study. (2) The bell-shaped curve was employed as the fuzzy
logic membership function because the nutrient contents and
soil salinity were the predominant soil property indexes in the
study (Equation 2). (3) The fuzzy logic model was established
after the coefficients b and d of Equation 2 were calculated by
the suitable range of each index. If the index value is within the
suitable range, the membership value could be determined by
Equation 2. Otherwise, it could be chosen 0 or 1 based on the
effect of the index. Finally, the membership value and weighting
of each index were combined to generate the comprehensive
soil quality index (SQI) of each sample using Equation 3.

MFy = [1/(1+{(x; — b)/d}?)] )

where MF,; is the individual membership value for ith soil index
of x (0<MF,;<1), d is the width of the transition zone, which is
the difference between the index values where the membership
values range from 0.5 to 1, and b is the value of soil index at the
ideal point or standard index where the membership value is 1.

n
SQI= ) W; MFy
i=1

(©)

where SQI is the joint membership for all indexes within MDS of
x (i.e., the comprehensive soil quality index), Wi is the weighting
of ith soil index in MDS, MFy; is the individual membership
value for ith soil index of x, and 7 is the number of the index
in MDS.
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Data analysis

IBM SPSS 24.0 was used for data analysis. The data
satisfied the homogeneity of variance and normal distribution
assumptions by Shapiro-Wilk’s and Levene’s tests (p > 0.05).
The mean value, standard deviation (SD), and CV of each
soil property were calculated, respectively. The differences were
tested by a one-way analysis of variance (one-way ANOVA)
with LSD (p < 0.05) and linear mixed effects models (p <
0.05). Pearson correlation analysis was performed to reveal
the relationships among soil indexes. The significant effects of
vegetation type and soil depth on soil properties were assessed by
multifactor analysis of variance (multi-way-ANOVA). ArcGIS
10.8 was used to test normal distribution, reject abnormal
values, select interpolation method, analyze trend effect, and
map spatial distribution. All datasets were projected to WGS84-
based Transverse Mercator orthographic projection coordinate
system. Space interpolation analyses of SQI were conducted
by the Empirical Bayes Kriging method (EBK). The spatial
distribution of the rivers, salt pan, culture pond, residence
zone, industrial, and mining district were eliminated from
interpolation ultimately. Origin 9.8 software was used to draw.

Results

Statistical analysis of soil properties

The averaged contents of soil TOC, TN, TP, TS, TK,
Mg, NH -N, and NOj -N were 3.94, 0.36, 0.58, 0.86, 20.96,
13.54, 8.00, and 6.02 mgkg™! in study area, respectively
(Supplementary Table 1). The averaged values of C/N, C/P, and
N/P were 12.85, 17.29, and 1.37 by the substance amount.
In order to adequately analyze the soil quality of saline-alkali
soil, the soil Na, soil salinity (Sa), and pH were selected as
characteristic indexes in the study. The mean values of soil Na,
Sa, and pH in the study area were 16.97 g-kg™!, 5.82%o, and
8.33. The CV values of NOj -N (198.17%), NH/ -N (77.44%),
Sa (60.26%), TN (56.10%), TOC (56.46%), N/P (50.51%), and
C/P (51.90%) were higher than 50%, illustrating that these soil
indexes have strong spatial variability. Except for TK and pH, the
other indexes showed moderate or above moderate variability
(CV >10%).

MDS establishment and normalization

The considerably significant correlations (p < 0.01) were
observed among 68.13% of soil indexes in TDS by Pearson
analysis (Table 1). Therefore, the redundancy existing in TDS
and an MDS should be established.

The cumulative variance of the first five components reached
80.70% (Supplementary Table 2), indicating that the first five
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TABLE 1 Pearson analysis of soil properties.

N CN C/P N/P Sa pH

;_

NO

+
NH}-N

TOC TN TP TS TK Mg Na

Property

1.00

TOC

1.00

0.91**

N

0.40%* 1.00

0.39**

TP

0.12* 0.08 1.00

0.18**

TS

0.47** 0.29** 0.13* 1.00

0.39%*

TK
Mg

0.58** 0.37%* 0.24** 0.85** 1.00

0.54**

1.00

—0.68** —0.18** 0.01 —0.25%* —0.47**

—0.60**

Na

00

0.62** 0.70** 0.27** —0.02 0.40** 0.50** —0.69** 1.

TN

NH
NO

10.3389/fevo.2022.977899

1.00

0.16** 0.21** —0.26** 0.36**

0.35%* 0.30** —0.19**

0.22%*

-N

3

—0.13* —0.19** 1.00

0.13*

—0.04

—0.13*

0.09

0.02

0.25%* —0.13*

C/N
C/P

0.86** 0.19** 0.17** 0.36** 0.51** —0.59** 0.58** 0.16** 0.28** 1.00

0.97**

1.00
0.24** 1.00

1.00
—0.25%*
—0.12*

0.89**
—0.22**
—0.10

—0.15%*
0.03
0.05

0.29**
—0.26**
—0.11%

—0.28**
—0.16**

0.68**

—0.69**
0.22%*
—0.01

0.56**
—0.07
—0.23**

0.45**
—0.09
—0.31**

0.11*
0.39%*
0.10

0.21**
—0.05
0.01

0.97**
—0.24**
—0.13*

—0.21**

—0.11

0.88**
“and " denote the correlation is significant at the 0.05 and 0.01 level, respectively.

N/P
Sa

pH
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components could represent the principal characteristics of total
data. The communalities for soil properties showed that the first
five components could explain more than 90% of the variance of
TOC, TN, C/N, C/P, and N/P and more than 80% of TP, TK, and
Mg, which indicates that the most variances of soil properties
could be explained by principal components (Table 2).

Based on the screening regulations for MDS establishment
(The soil properties with loadings >0.5 in each component were
divided into one group. If the loading of one soil property >0.5
was observed in more than one component, that should be
divided into one group in which the correlation of soil properties
was relatively low), five groups were established (Table 2): TOC,
TN, TK, Na, NHI—N, C/P, and N/P were in group 1, TS, NO3_—
N, and Sa in group 2, Mg in group 3, C/N and pH in group 4,
and TP in group 5.

According to Equation 1, the norm value of each
index was calculated (Table2). The adjusted coefficients of
all soil properties with soil type (R(ZSt)) and soil depth
(R(ZS d)) were calculated by multivariate analysis. Then, the

norm value, R%St), and R(zS Q)

transformed by normal transformation. At last, the MDS

of each soil property were

was established using accumulated values and the Pearson
analysis results (Table 1). The six indexes including TOC, TS,
NO3 -N, Sa, Mg, C/N, pH, and TP were grouped in MDS
ultimately (Table 2).

Indexes related to soil nutrient elements (ie., TOC, TS,
NO3_ -N, Mg, C/N, and TP) were considered as “more is better”
so that the asymmetric left variant of the bell-shaped curve
was employed, while the Sa and pH were considered as “less is
better” due to the characteristics of barren saline-alkali soil in the
study area so that the asymmetric right variant was employed.
The coeflicients b and d were determined in Table 3. When the
index value is within the suitable range, the membership value
could be determined by Equation 2, and without the range, the
membership value could choose 0 or 1 based on the effect of
the index (Table 3). The membership values of each index were
calculated ultimately.

Weighting assessment and soil quality
calculation

The weighting of each index was the proportion of its
accumulated value to the sum of total values in MDS. The
weighting assessment results showed that TOC accounted for
the highest weight of 20.88% in the group of “more is better”
and that Sa accounted for the highest weight of 15.13% in the
group of “less is better” (Tables 2, 3).

According to Equation 3, the mean SQI values of the Yellow
River Delta under different vegetation types varied from 0.42
(Ss, 20-30cm) to 0.70 (Cp, 0-10cm) (Figure 2A). The mean
SQI values in natural wetlands followed the order of Pa (0.56)
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TABLE 2 The weighting of each soil index in MDS.

Group Norm s (sd) T(Norm) T(s T(sq) A-Value MDS W (%)

TDS

20.88

Yes

2.18

1.00

0.20

0.98

0.13

0.10

2.26

TOC
N
TP

No

2.03

0.70

0.32

1.00

0.09

0.16

2.31

10.25

No

0.81

0.04

0.05

0.72

0.01

0.03
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TABLE 3 The optimal ranges of MDS indexes.

Index Suitable range
TOC 1.35-9.03
TS 0.55-1.28
NO; -N 1.15-32.34
Sa 1.28-12.21
Mg 9.90-18.10
CIN 7.93-18.83
pH 7.67-9.06
TP 0.48-0.71

> Tc (0.52) > Ss (0.47) and Td (0.47). The SQI value of
reclaimed wetland (0.64) was considerably higher than that of
natural wetlands (p < 0.05). The SQI values in soil profiles
showed a decreasing trend with a soil depth increase. The
SQI value of 0-10cm soil layer of all the vegetation types
but Tc were significantly higher than those in 20-30cm soil
layer (p < 0.05).

The influence degree of each index for SQI changed
with vegetation type by the analysis of contribution rate
(Figures 2B,C). In the study area, the greatest positive
contribution of SQI was TOC, followed TS and NO3_ -N.
The contribution proportion of TOC was stable (about 20%)
among different vegetation types. The proportion of TS in
natural wetlands (11-22%) was more than the proportion
in the reclaimed wetlands (7%). The NO; -N proportion in
natural wetlands (13-15%) was lower than the proportion in
the reclaimed wetlands (20%). The contribution proportion
of TP, Mg, and C/N was relatively low, and there was little
difference among different vegetation types except for C/N. The
contribution proportion of C/N in natural wetlands was about
1.4-1.8 times that of reclaimed wetlands. The negative effect
was mainly mediated by Sa. The tendency of Sa contribution
followed Pa (20%) > Tc (12%) > Ss (9%) and Td (9%) in natural
wetlands, and the proportion of reclaimed wetlands (21%) was
higher than those of natural wetlands. The contribution of TOC
decreased with the increase of soil depth, while the changing
trend of Sa was the opposite.

The multi-way-ANOVA results showed that SQI was
significantly correlated with vegetation type (p < 0.05)
and soil depth (p < 0.05) (Supplementary Table 3). A
significantly positive correlation was observed between
SQI and soil nutrient elements in a 0-30-cm soil layer of
natural wetlands (p < 0.05) and reclaimed wetlands (p <
0.05, Table4). A significant negative correlation between
SQI with soil Sa and pH was observed in a 0-30-cm soil
layer of natural wetlands (p < 0.05), but this significant
correlation was not observed in the reclaimed wetlands
(p > 0.05).
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b d Effect

9.03 5.53 More is better
1.28 0.43 More is better
32.34 30.02 More is better
1.28 4.25 Less is better
18.10 4.89 More is better
18.83 6.22 More is better
7.67 0.61 Less is better
0.71 0.14 More is better

The spatial distribution of SQI

The SQI values of 0-10 cm and 10-20 cm soil layer increased
and distributed in a ribbon shape from coastline to inland, while
the spatial change gradient of SQI values in a 20-30-cm soil
layer was not obvious (Figures 3A-C). The linear fitting analysis
results of SQI and the logarithmic function of the distance
on vertical distance from the coastline in each sampling point
showed that SQI increased with the increase of distance to the
coastline (Figures 3A-C). The slope of fitting equation followed
the order of 0-10cm (0.07) > 10-20cm (0.06) > 20-30cm
(0.05), indicating the spatial heterogeneity of soil quality in
horizontal direction decreased with soil depth in 0-30 cm.

The highest SQI value of 0-30 cm soil layer is concentratedly
distributed in the central region of the delta where there was a
reclaimed area that is far away from the sea (Figure 4A). The
lowest SQI value is mainly distributed near the coastline of a Td
area. To be consistent with the vertical distance to the coastline,
the mean values of SQI in 0-30 cm followed: Cp > Pa > Tc > Ss
and Td (Figure 4B). The results indicated that the soil quality in
the study area decreased gradually from upper soil to lower soil
(0-30 cm), from inland to coastline, from reclaimed wetlands to
tidal flat.

The contrast test of SQlyps and SQlps

To test the accuracy of MDS for soil quality assessment in
the Yellow River Delta, we compared the SQI results of the MDS
(SQIpps) with the total data set (SQITps). There was a strong
linear relationship between SQIypg values and SQITpg values
under different vegetation types and soil depth (Figure 5). The
coefficient of determination (r2) of linear regression in Pa, Tc,
Ss, Td, and Cp were 0.83, 0.79, 0.81, 0.79, and 0.86, respectively.
The r? in 0-10 cm, 10-20 cm, and 20-30 cm were 0.81, 0.86, and
0.86, respectively. The results of the contrast test demonstrated
that the MDS with high accuracy and credibility was suitable for
assessing the soil quality of the Yellow River Delta.
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Discussion

The main influencing factors of soil quality spatial
distribution in the study area were soil nutrients and soil salinity
(Table 2), which was the comprehensive results of soil formation
process, vegetation type, and anthropological activities. The soil
parent material of the Yellow River Delta was originated from
the Loess Plateau (Yu et al., 2016; Ji et al., 2022). A large amount
of sediment was carried by the Yellow River and deposited
in the estuarine area, and the typical estuarine delta wetlands
were formed over years by the accumulation of sediment (Zhao
et al., 2003; Yu et al,, 2014). Along with the succession, tidal
flat, Suaeda salsa, Tamarix chinensis, and Phragmites australis
developed zonal with the distance from the sea (Figure 1).
And the soil qualities of natural wetlands were decided by soil
maturation degree (Liu et al,, 2010; Guo et al., 2018). Previous
studies showed that the soil nutrient elements such as carbon,
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nitrogen, phosphorus, and sulfur in the study area had obvious
spatial distribution differences (Lu et al., 2016), which were
affected by land cover and land formation age (Jiao et al., 2014;
Yu et al,, 2016). The regulation of SQI that increased with the
increase of the distance to the coastline (ordered Cp > Pa >
Tc > Ss and Td) was observed in the study (Figure 3). Yu and
Wang found that soil salinity decreased from east to west in the
study area, i.e., the farther away the coastline, the lower the soil
salinity (Yu et al., 2014; Wang et al., 2017). Our results of SQI
spatial distribution regulation in natural wetlands were opposite
to those of soil salinity because Sa was one of the significant
negative factors for SQI of natural wetlands (Table 4). Under the
influence of tidal action, the spatial distribution of soil salinity
showed a ribbon shape with different distance ranges to the
coastline (Yu et al., 2014; Wang et al., 2017). Referring to the
map of land use classification (Figure 1) in natural wetlands, Pa
is mainly located along the Yellow River or in the supratidal
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TABLE 4 Pearson relations of SQI with the soil indexes in MDS.

10.3389/fevo.2022.977899

SQI Soil depth TOC TP TS Mg NO3 -N C/N Sa pH
Natural wetland 0-10cm 0.77** 0.50** 0.27** 0.60** 0.43** 0.17 —0.56** —0.46**
10-20 cm 0.76** 0.51** 0.25* 0.68** 0.43** 0.47** —0.46** —0.30**
20-30cm 0.74** 0.16 0.18 0.71** 0.45** 0.28** —0.49** —0.31*
0-30cm 0.76** 0.42%* 0.29** 0.66** 0.47** 0.34** —0.47%* —0.28**
Reclaimed wetland 0-10cm 0.77%% 0.53%% 0.60%% 0.86%* 0.06 0.01 —0.05 —0.12
10-20 cm 0.89** 0.73** 0.86** 0.81** 0.35* 0.26 0.06 —0.08
20-30 cm 0.95** 0.20 0.85%* 0.78** 0.48* 0.48* —0.23 —0.39*
0-30cm 0.88** 0.54** 0.76** 0.75** 0.33* 0.31* 0.09 —0.13
“and ™ denote the significant correlation at p < 0.05 and p < 0.01, respectively.
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FIGURE 3
The spatial distribution of SQI in soil profiles of 0-10cm (A), 10-20cm (B) and 20—-30cm (C) in the Yellow River Delta.

zone, Tc is mainly distributed in the supratidal zone and was
submerged by seawater at high tide, Ss and Td are distributed
in the intertidal zone, where were submerged by seawater
periodically. Various plant communities occupied different
ecological niches according to their adaptability for soil salinity-
alkali property. The multi-way ANOVA result showed that the
values of SQI were significantly correlated with vegetation type
and soil depth (p < 0.05) (Supplementary Table 3). The abilities
of soil nutrients absorption, utilization, fixation, and return of
plants (Jiao et al., 2014) led to the SQI of 0-10cm soil layer
being significantly higher than 20-30 cm of soil layer (p < 0.05)
(Figures 2A, 3).
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The crucial factor that changed soil quality in the study
area was human reclamation activities, which led the SQI of
reclaimed wetlands to be significantly higher than those of
natural wetlands (Figure2) (p < 0.05). Similar results were
also found in the previous study (Zhang et al., 2015). Different
from most freshwater wetlands, the soil types in the study area
were mostly saline-alkali soil with low nutrients content and
poor original soil fertility (Verhoeven and Setter, 2010; Ouyang
et al, 2013; Xu et al, 2019). The soil salinity was reduced
greatly and quickly during cultivation under the measures of
drainage salinity and freshwater replenishment (Li et al., 2014;
Xiao et al,, 2022). Meanwhile, the agricultural process could
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help to loosen surface soil to alleviate the salt enrichment in
the topsoil layer (Cheng-Song et al, 2010). The soil TOC,
NO3 -N, and TP increased considerably because of a large
amount of fertilizer application in reclaimed wetlands under the
agricultural planting mode of high-input and high-yield (Jiao
et al,, 2019; Wang et al., 2021). Therefore, on the one hand,
the reclamation of coastal wetland changed the distribution
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characteristics of soil nutrients in the study area, which led
to the increase in soil fertility in the reclaimed wetland. On
the other hand, the process of reclamation could reduce soil
salinity and have an obvious improvement effect on saline-alkali
land. The above factors contributed to the significant difference
in the soil quality between natural wetlands and reclaimed
wetlands (p < 0.05). While high intensity fertilization may also
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lead to high soil nutrient residues and water eutrophication
and then lead to a series of ecological problems. This is also
an issue that needs further comprehensive consideration in
the future study. The anthropological activities in reclaimed
wetlands that resulted in the significantly negative correlation
between SQI with Sa and pH were not observed in reclaimed
wetlands, which was different with that in natural wetlands
(Table 4). These differences in SQI between reclaimed wetlands
and natural wetlands (Figure 4) indicated that agricultural
reclamation could alter natural influence and become an
important impact factor on soil quality in the coastal wetlands
to a great extent.

Moreover, to test the accuracy of MDS, SQItps and
SQIpps were compared in our study. The results showed
the coefficient of determination (r2) of linear regression in
Pa, Tc, Ss, Td, and Cp were 0.83, 0.79, 0.81, 0.79, and 0.86,
respectively (Figure 5A). Therefore, the method of MDS with
less data redundancy could replace SQIrpg for soil quality
evaluation in the study area because it could well-explain the soil
quality characteristics.

Conclusion

An MDS based on 14 soil property indexes and a
fuzzy logic model were employed to execute soil quality
assessment in the Yellow River Delta. The contrast test
of TDS and MDS was conducted to test the accuracy of
SQI results. The results showed that (1) the soil quality
of the Yellow River Delta decreased from the inland to
the coastline with the change of vegetation type and from
topsoil layer to subsoil layer in each soil type; (2) the soil
qualities of reclaimed wetlands were significantly higher than
those of natural wetlands, indicating that the agricultural
reclamation could greatly alter natural influence and become
an important factor of soil quality to a great extent; and
(3) the method of MDS with less data redundancy could
well-explain the soil quality characteristics of the Yellow
River Delta.
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