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Abstract: China’s Yellow River Delta represents a typical area with moist semi-humid soil salinization, and its sali-
nization has seriously affected the sustainable use of local resources. The use of remote sensing technology to
understand changes in the spatial and temporal patterns of salinization is key to combating regional land degrada-
tion. In this study, a feature space model was constructed for remote sensing and monitoring land salinization using
Landsat 8 OIL multi-spectral images. The feature parameters were paired to construct a feature space model; a
total of eight feature space models were obtained. An accuracy analysis was conducted by combining salt-loving
vegetation data with measured data, and the model demonstrating the highest accuracy was selected to develop
salinization inversion maps for 2015 and 2020. The results showed that: (1) The total salinization area of the Yellow
River Delta displayed a slight upward trend, increasing from 4244 km? in 2015 to 4629 km? in 2020. However, the
area’s salting degree reduced substantially, and the areas of saline soil and severe salinization were reduced in
size; (2) The areas with reduced salinization severity were mainly concentrated in areas surrounding cities, and
primarily comprised wetlands and some regions around the Bohai Sea; (3) Numerous factors such as the imple-
mentation of the “Bohai Granary” cultivation engagement plan, increase in human activities to greening local resi-
dential living environments, and seawater intrusion caused by the reduction of sediment contents have impacted
the distribution of salinization areas in the Yellow River Delta; (4) The characteristic space method of salinization
monitoring has better applicability and can be promoted in humid-sub humid regions.
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2016). Soil salinization typically occurs in areas where the
groundwater level is high and the water contains high levels
of soluble salts. The areas impacted by soil salinization in

1 Introduction

Land degradation poses a serious threat to terrestrial eco-
systems. In the “Transforming our World: The 2030 Agenda
for Sustainable Development” promulgated by the United
Nations in 2016 (Guo, 2018), the SDG 15.3.1 goal is to halt

China are estimated to have expanded up to 3.6x10° km?
and are primarily concentrated in Xinjiang, Gansu, and the

the expansion of areas impacted by land degradation. Soil
salinization, a form of land degradation, is caused by a rise
in groundwater levels and surface water evaporation (Niu,
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Yellow River Delta (Bian et al., 2020). The Yellow River
Delta represents a typical humid-semi-humid salinization
area with a high groundwater level and has serious problems
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associated with mineralization and salinization. In recent
years, seawater intrusion has exacerbated the problems
caused by salinization in the Yellow River Delta to the point
of severely restricting the development of local agriculture
(Zhou et al., 2017; Ke et al., 2021; Zhang et al., 2021).
Recently, domestic and foreign scholars have conducted
extensive research on the use of imaging to remotely sense
and monitor soil salinization changes via two major ap-
proaches. One includes determining the degree of saliniza-
tion through semi-automatic methods such as supervised
classification, while the other involves monitoring saliniza-
tion by the construction of an inversion model. The former
approach combines the threshold values of the Normalized

Difference Vegetation Index (NDVI) and Salinity Index (SI).

Xv et al. (2003) combined the NDVI and supervision classi-
fication to monitor the distribution of soil salinization in the
Qingtongxia Irrigation Area. He et al. (2006) used the deci-
sion tree classification method to set each node classifier,
and the results validated the extraction of information on
saline land in Xinjiang. Huang et al. (2021) used the
gray-level co-occurrence matrix method to extract se-
cond-order moment, contrast, entropy, correlation, and other
texture feature information of remote sensing images. This
information was then combined with NDVI, SI, and other
spectral feature information through pre-set classification
rules to realize the salt contents of the Yellow River Delta
Kenli District’s soil. Feng et al. (2019) used the method of
combining supervision classification and visual interpreta-
tion to extract salinization information from Xinjiang Weiku
Oasis. Furthermore, Han (2018) used supervised classifica-
tion combined with decision tree methods to systematically
study the dynamic change process of soil salinization in the
Manas River Basin in the past 27 years. Unfortunately, the
semi-automatic method combined with supervised classifi-
cation cannot fully realize the automatic detection of salini-
zation. Errors in supervised classification can interfere with
the image classification accuracy in the verification result.
In the second method of monitoring salinization, that is,
by the construction of an inversion model, the representative
model is the back-propagation (BP) neural network model.
Fan et al. (2015) previously compared the BP neural net-
work inversion model with a mathematical statistics model,
showing that the accuracy of the BP neural network model
is superior to that of the traditional multiple regression
model. Moreover, the inversion model is more suitable for
the inversion mapping of soil salinization in high-salinity
areas and has strong prospects for practical applications
(Zhang et al., 2013). However, the BP network neural model
is complicated to operate and has specific requirements for
remote sensing images. Furthermore, this model cannot be
applied in a wide range of applications. Lu et al. (2011) an-

alyzed the driving force of soil salinization in the Weigan
River Basin of Xinjiang. The research showed that soil sali-
nization is a combination of natural factors and human fac-
tors. Natural factors are the soil-formation conditions. Hu-
man factors are caused by human activities. Yao et al. (2015)
analyzed the driving forces of oasis salinization in the arid
areas of northwest China. His research showed that over the
past 50 years, the main driving forces of oasis salinization in
Yutian were human factors.

The feature space method is considered to be a simple,
desirable, and effective remote sensing automatic detection
method for salinization (Zhang, 2016). It is widely used for
detecting the spatial distribution of salinization in arid and
semi-arid areas. Dong et al. (2019) established a remote
sensing monitoring model for soil salinization using data
from Pan and Multispectral Sensor (PMS), Operational
Land Imager (OLI), and Thematic Mapper (TM). They
combined these data with the vegetation growth and SI to
invert the salinization of Shouguang City. Based on the
Landsat multispectral image, Rocha et al. (2017) used the
principal component analysis method to prove that the two
bands of SWIR-1 and SWIR-2 are more sensitive to the
detection of soil salinization. Feng et al. (2018) proposed
the Albedo-MSAVI feature space concept based on the
Landsat 8 OLI multispectral image and built the salinization
vegetation monitoring index (SDI) model. Du et al. (2018)
proposed an improved salinization index (MSI) in the pom-
egranate-Dunhuang region of Gansu Province. They applied
it to the model construction of feature space and got the
improved MSDI model. Lu et al. (2020) applied improved
soil to regulate minimum Soil Adjusted Vegetation Index
(MSAV]) in Hetao irrigation area of Inner Mongolia. They
built an improved salinization Monitoring Index (MSDI)
model based on MSAVI, which is more accurate. Bian et al.
(2020) used the Kenli District of Dongying City as a re-
search area to propose a high-precision Sl-albedo model
based on Landsat images.

In recent years, the central government has carried out
extensive work to solve the problems existing in the Yellow
River basin. It has built the “four beams and eight pillars™”
for the protection and treatment of the Yellow River, recti-
fied ecological and environmental problems, promoted eco-
logical protection and restoration, improved the governance
system, and made new progress in high-quality development.
The policy of “Bohai Granary” was promoted to improve
local salinization problems in the Yellow River Delta region.
The Yellow River Delta is a typical humid sub humid area
with serious salinization issues. The applicability of the
two-dimensional (2D) feature space in this area is still lacking

(O The “four beams and eight pillars” theory is a reform thinking and methodology put forward by the CPC Central Committee of China.

@ “Bohai Granary” is an agricultural science and technology demonstration project to meet the major demand of national food security and to solve the

problem that salinized land around Bohai Sea restricts food production.
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in systematic exploration. Existing feature space explora-
tions of humid sub humid regions are restricted to local re-
gions and specific periods and cannot be broadly applied.
Against the backdrop of these challenges, the Yellow River
Delta region has been used to model the linear and nonlinear
feature space. The related linear or nonlinear features are
constructed according to the data distribution state of each
characteristic parameter. These models were combined with
measured data, including the salt-loving vegetation map, to
determine the most accurate feature space model. This study
serves as a preliminary exploration of the feature space
method’s applicability in determining the spatial distribution
of salinization in humid sub humid regions.

2 Materials
2.1 Study area

The Yellow River Delta is located in the northeast part of
Dongying City, Shandong Province, close to the Bohai Sea.
The region is an alluvial plain that has been formed by the
deposition of sediment in the Bohai Depression at the mouth
of the Yellow River. The research area for this study com-
prised of the modern Yellow River Delta, including Kenli
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Fig. 1 Study area

The field observation data used for accuracy verification
included data measured from 36 sample points in 2015 and
40 sample points in 2020. The sample point data included
longitude, latitude, electrical conductivity (EC), salt content,
and pH. The latitude and longitude of the sample points
were measured by GPS-RTK in real-time, and the position-
ing was accurate to the centimeter level. The EC, salt con-
tent, pH value, and other indices of the sample points were
measured and analyzed by the professional soil analysis
laboratory of Yucheng Station of the Chinese Academy of
Sciences.

38°N

118°E

District, Hekou District, Gudao Town, and other areas in
Dongying City between 118°08'02"E—119°18'02"E, 37°21’
26"N-38°09'14"N. This region has four distinct seasons
with cool winters and hot summers. The salinization of the
Yellow River Delta is relatively severe and is affected by the
anti-salt phenomenon of groundwater which is not condu-
cive for the growth of vegetation. The main halophytes that
grow in this region are Tamarix, Suaeda, and Phragmites
australis.

2.2 Data sources and pre-processing

Landsat 8 OLI multispectral remote sensing images with a
spatial resolution of 30 m were selected as a data source.
The remote sensing images dated April 15, 2015, and April
23, 2020 were selected for feature space inversion of salini-
zation due to the lack of vegetation growth in the Yellow
River Delta in April. Surface salinity increases in spring.
The salt from underground rises to the surface, forming a
salt crust on top of the soil. This increases the surface re-
flectivity. ENVIS5.3 software was used to pre-process the
selected remote sensing images, including image radio-
metric calibration (Radiometric calibration) and atmospher-
ic correction (FLASSH atmospheric correction).

119°E

The Yellow River Delta
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3 Method
3.1 Principles of feature space

According to the characteristics of each index paired com-
bination, this experiment can be divided into two categories:
linear feature space and nonlinear feature space. The fol-
lowing examples illustrate the principles of the linear fea-
ture space and nonlinear feature space.

3.1.1 Linear feature space

Studies have shown that the surface albedo and salinity in-
dex are positively correlated with the degree of salinization.
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Albedo is positively correlated with the salinity index
(Fig. 2a). A represents the point with the highest surface
albedo and the lowest salt index, B represents the point with
the lowest surface albedo and the lowest salt index, C rep-
resents the point with the lowest surface albedo and the
highest salt index, and D represents the point with the high-
est surface albedo and the highest salt index. All salinization
grades are included within the ABCD range and show dif-
ferent distributions depending on the selected model. Based
on this, a model could be used to invert the salinization dis-
tribution and establish a linear feature space.

3.1.2 Nonlinear feature space

Relevant studies have demonstrated a significant positive
correlation between the salinity index and salinization de-
gree. Due to the growth of salt-loving vegetation, the Vege-
tation Coverage Index value and the degree of salinization
show a non-linear relationship. As shown in Fig. 2b, A rep-
resents the highest salinity index which occurred with a
moderate vegetation index; B represents the lowest point of
the salinity index and the lowest point of vegetation cover-
age; C represents the lowest point of the salinity index and
the highest point of vegetation coverage. All salinization
grades were covered within the ABC range and displayed
different distributions according to the selected model.
Based on this, a nonlinear space could be constructed.

(@
4 High A
A

Albedo

> High

NDVI

Fig. 2 Principle of linear feature space (a) and nonlinear
feature space (b)

3.2 Selection of inversion parameters

In this study, the following indices were used for soil sali-
nization: Surface albedo (Albedo), Normalized Vegetation
Index (NDVI), Salinity Index (SI), and Minimum Soil Ad-
justed Vegetation Index (MSAVI).
3.2.1 Surface albedo
Albedo refers to the ability of objects on the earth’s surface
to reflect solar radiation. The spectral characteristics are
different, thus the A/bedo index varies substantially. As the
level of salinization changes, the texture of the ground
changes, and the reflectivity of the ground surface varies.
Therefore, Albedo is a useful indicator for measuring the
level of salinization. Its formula is as follows:

Albedo =0.356B +0.13R +0.373NIR + 0.0855R1

+0.072SR2-0.0018 (1)

where B, R, NIR, SR1, and SR2 correspond to the reflectance
values of Landsat 8 OLI’s multispectral images in blue, red,
near-infrared, short-infrared 1, and short-infrared 2 bands,
respectively.
3.2.2 Salt Index and Derivative Index
The ST reflects the spectral reflectivity of the salt crust on
the soil surface. The SI plays an important role in measuring
the degree of soil salinization. S/1 attempts to integrate the
green band into the salt index to explore its effect on salini-
zation, while SI2 aims to use different band combination
formula to explore the sensitivity of different combination
formula to salinization. The formula is as follows:

SI =BxR )
where B and R correspond to the reflectance values of
Landsat 8 OLI’s multispectral images in blue and red bands,

respectively.
SI1=~GxR 3)

where G and R correspond to the reflectance values of
Landsat 8 OLI’s multispectral images in green and red
bands, respectively.

SI2 =G + R 4)
where G and R correspond to the reflectance values of
Landsat 8 OLI’s multispectral images in green and red
bands, respectively.

3.2.3 Normalized Vegetation Index

NDVI, another useful indicator for measuring soil saliniza-
tion, reflects vegetation coverage. Different levels of salini-
zation and different vegetation on the ground cause devia-
tions in the NDVI values. Its formula is as follows:

NDVI = (NIR—-R)/(NIR+R) ()
where NIR and R correspond to the reflectance values of
Landsat 8 OLI’s multispectral images in near-infrared and
red bands, respectively.

3.2.4 Soil Adjustment Vegetation Index
MSAVI is a kind of vegetation index. Compared with other
vegetation indexes, MSAVI eliminates the impact of bare
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soil on vegetation and can more accurately reflect the vege-
tation coverage in salinized areas. The formula is as follows:

MSAVI = 2NIR +1-J2NIR +1> +8(NIR-R))/2  (6)

where NIR and R correspond to the reflectance values of
Landsat 8 OLI’s multispectral images in near-infrared and
red bands, respectively.

3.3 Parameter normalization

To calculate the normalized index, the maximum and mini-
mum values of Albedo, NDVI, MSAVI, SI, SI1, and SI2 were
calculated, and each value was entered into the following
formula:

Albedo — Albedo,,

A= x100%
Albedo,_ .. — Albedo @)

where A4 represents the normalized Albedo value, Albedo;,
represents the minimum value of Albedo, and Albedo,,,x
represents the maximum value of Albedo.
_ NDVI-NDVI
~ NDVI,, —NDVI,;,
where N represents the normalized NDVI value, NDVI;,
represents the minimum value of ANDVI, and NDVI,,, rep-
resents the maximum value of NDVI.
_ MSAVI - MSAVL;, ©
MSAVI . — MSAVI
where M represents the normalized MSAVI value, MSAVI i,
represents the minimum value of MSAVI, and MSAVI,.
represents the maximum value of MSAVI.

[ —SI_.
S:wxloo%
ST —SI

max

max min

«100% ®)

x100%

(10)
where S represents the normalized S7 value, S, represents

the minimum value of S7, and S1,,,, represents the maximum

value of SI.

Albedo-SI (AS)
0.35

030 F @ %
0.25 - %
= 020+ e
0.15 - )
0.10 [ =0.6479x+0.1445
0.05 [ R=0.672
0 1 1 1 1
0.05 0.10  0.15 020 025
Albedo
Albedo-SI2 (AS2)
0.30
025 (© %
020 | o g
S 015 )
s 0.10 L ot
: $=0.536x+0.104
0.05 - R=0.622
0 1 1 1 1
0.05 0.10 0.15 020 025
Albedo

Fig. 3 Linear space AS (a), AS1 (b), AS2 (c) and MN (d).

SI1-SI1,;,
SIt_. —SI1
where S1 represents the normalized SI1 value, SI1,,,repre-

sents the minimum value of S71, and S71,,,, represents the
maximum value of S71.

SI2-SI2, ..
12, —SI2

max

(11)

S1= x100%

max min

52= x100% (12)
min

where S2 represents the normalized SI2 value, SI2,,, repre-
sents the minimum value of SI2, and SI2,,,, represents the

maximum value of SI2.
4 Results and analysis
4.1 Building the feature space

To obtain a specific inversion model of the feature space, a
total of 520 uniformly distributed points from the study area
were selected. The Albedo, NDVI, MSAVI, SI, SI1, and SI2
index were extracted from the pixel where each point was
located.
4.1.1 Linear model construction
SPSS software was used for statistical analysis, and the lin-
ear relationship between the relevant feature vectors was
obtained. Through learning the linear classification model of
desertification, the linear classification model of salinization
was obtained, and its formula is as follows:
SS=KxX,-X, (13)

where SS refers to the salinization level, K is the negative
reciprocal of the fitted straight line in the feature space, X] is
one of the feature indices, and X, is the remaining related
feature indices excluding X;. Four linear feature spaces are
constructed, as shown in Fig. 3.

As shown in Fig. 3a, the Albedo-SI model is referred to
as AS, where K is the negative derivative of slope, X; is Al-
bedo, X, is SI. Its formula is as follows:

AS =—-1.54x Albedo — ST
Albedo-SI1 (AS1)

(14)

0.30
0.25 -
0.20 -
@ 015}
0.10 =0.5827x+0.1057
0.05 - R*=0.6356
0 L 1 L L
005 010 015 020 025
Albedo
MSAVI-NDVI (MN)
0.7
0.6 - ()
0.5t
S04+
2 o3t
02t y=0.4162x+0.2322
0.1Ff R=0.9696
0 1 1 1 1
020 040 060 080 1
MSAVI
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As shown in Fig. 3b, the Albedo-SI1 model is referred to
as AS1, where K is the negative derivative of slope, X is
Albedo, X, is SI1. Its formula is as follows:

AS1=-1.76x Albedo — SI1 (15)

As shown in Fig. 3c, the Albedo-SI2 model is referred to
as AS2, where K is the negative derivative of slope in the
figure, X is Albedo, X, is SI2. Its formula is as follows:

AS2 =-1.86x Albedo — SI2 (16)

As shown in Fig. 3d, the MSAVI-NDVI model is referred
to as MN, where K is the negative derivative of slope in the
figure, X, is MSAVI, X, is NDVI. Its formula is as follows:

MN = -2.4x MSAVI — NDVI a7
4.1.2 Non-linear model construction
The extraction results of each index were imported into
ENVI 5.3, and a 2D scatter plot was used to obtain the dis-
tribution characteristics of the correlation relationship be-
tween the feature vectors of each pixel in the study area.

In the Albedo-NDVI feature space model, a 2D scatter
plot was created with the vegetation coverage shown on the
x-axis and the surface albedo plotted on the y-axis. As
shown in Fig.4a, the surface albedo and vegetation coverage
exhibited a significant non-linear relationship. The point (0,
1) in the NDVI and Albedo coordinate system was used as a

reference point. Points most proximate to this reference
NDVI-Albedo (NANM)

| @ X
03] B
s ]
2 02
<
0.1
045 050 055 060 065
NDVI
NDVI-SI (NSNM)
0.5
0.4
= 037 .
wn
021 .3
0.1 2
0 : : : . :
040 045 050 055 060 0.65
NDVI

point possess the highest salinization levels. On this basis,
the NDVI-Albedo nonlinear model was constructed and
named NANM (NDVI-Albedo nonlinear model). Its formu-
la is as follows:

NANM =\|NDVI* + (Albedo 1)’ (18)
As shown in Fig. 4b, in the MANM feature space model,
Albedo and MSAVI show a significant nonlinear relationship.
The point (0.7, 0.5) in MSAVI and Albedo coordinate system
was taken as the reference point. The closer the distance to
the reference point, the higher the salinization level was. On
this basis, the MSAVI-Albedo nonlinear model is con-
structed and named MANM (MSAVI-Albedo nonlinear
model), and its formula is as follows:

MANM = \|(MSAVI —0.7) + (Albedo —0.5)* (19)
As shown in Fig. 4c, in the NSNM characteristic space
model, NDVI and SI present a significant nonlinear rela-
tionship. The point (1, 0) in the NDVI and SI coordinate
system is taken as the reference point. The closer the dis-
tance to the reference point, the higher the salinization grade
is. Named as NSNM (NDVI-SI nonlinear Model), and its
formula is as follows:

NSNM = \J(NDVI —1)? + SI12
MSAVI-Albedo (MANM)

(20)

] (b

Albedo

MSAVI-SI (MSNM)

1@
0.54

0.4 4
0.34

0.2 4

0.1 E

0 T T T T T T
03 04 05 06 07 08 09

MSAVI

Fig. 4 Non-linear space NANM (a), MANM (b), NSNM (c) and MSNM (d).
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As shown in Fig. 4d, in the MSNM characteristic space
model, there is a significant nonlinear relationship between
MSAVT and SI. The point (1, 1) in the MSAVI and SI coordi-
nate systems is taken as the reference point. The closer the
distance to the reference point, the higher the salinization
level. On this basis, the MSAVI-SI nonlinear model is con-
structed and named MSNM (MSAVI-SI Nonlinear Model),
and its formula is as follows:

MSNM = \J(MSAVI ~1)? +(SI -1)? Q1)

4.2 Inversion distribution of salinity

The linear and nonlinear models were used for image inver-
sion to obtain the salinization inversion map of the Yellow
River Delta area. The Jenk Natural Break Point classifica-
tion method was used. This classification method is divided
into five categories: saline soil, severe salinization, moder-

ate salinization, mild salinization, and non-salinization. The
classification intervals are as follows:

Based on the most accurate NSNM feature space model,
an inversion map of the lower Yellow River and adjacent
coastal areas in 2020 was obtained, as shown in Fig. 5a. It
has an accuracy of 67.5%. The 2020 inversion map revealed
that the selected study area was dominated by moderate
salinization. Mild salinization and non-salinized soils were
mainly distributed near the Yellow River and the southwest-
ern region. Severe salinization and saline soils were mainly
distributed in the coastal areas. In 2020, 76.25% of the total
study area was salinized. Within the salinized areas, 2874
km® (47.36%) was moderately salinized, 764 km? (12.58%)
was lightly salinized, 673 km® (11.09%) was heavily sali-
nized, and 317 km® (5.22%) of the total area was comprised
of saline soil.

Moderate salinization Severe salinization Saline soil

Table 1 Classification of salinization grades
Degree of salinization Non salinization Mild salinization
AS <0.56 0.56<<A45<0.65
AS1 <0.59 0.59<<4S51<0.67
AS2 <0.59 0.59<<4852<0.66
MN <0.1 0.1<MN<0.17
NANM <0.85 0.85<<NANM<0.89
MANM <0.60 0.60<MANM<0.68
NSNM <0.84 0.84<<NSNM<:0.88
MSNM <0.79 0.79<MSNM<0.83

0.65<45<0.74 0.74<A45<0.83 >0.83
0.67<AS1<0.74 0.74<<A451<0.80 >0.80
0.66<<452<0.73 0.73<<452<0.80 >0.80
0.17<MN<0.24 0.24<MN<0.31 >0.31
0.89<NANM<0.94 0.94<<NANM<0.97 >0.97
0.68<<MANM<0.74 0.74<<MANM<0.78 >0.78
0.88<<NSNM<:0.89 0.89<<NSNM<0.91 >0.91
0.83<MSNM<0.86 0.86<<MSNM<0.89 >0.89

(a) 2015

Legend :
Non salinization
Mild salinization
Moderate salinization

I Severe salinization

B Saline soil

B Water

Fig. 5 Distribution of salinization in 2015 (a) and 2020 (b)

The spatial distribution of salinization in the lower Yel-
low River and adjacent coastal areas in 2015 was deter-
mined using the same method and is shown in Fig. 5b. It has
an accuracy of 75%. As shown in the Fig. 5b, the study area
was dominated by severe salinization in 2015. Saline soil
and severe salinization areas were mainly distributed in the
northeastern portions of the study area. Moderate and mild

(b) 2020

Legend
Non salinization
Mild salinization
Moderate salinization 0

mm Severe salinization

B Saline soil

B Water

salinization areas were mainly distributed near the Yellow
River and southwestern region; non-salinization areas were
scattered around the Yellow River. In 2015, 70% of the total
study area was salinized. Within the salinized areas, 2088
km” (34.4%) was heavily salinized, 1295 km* (21.3%) was
moderately salinized, 403 km” (6.7%) was lightly salinized,
and 456 km” (7.6%) of the total area was comprised of sa-
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line soil.

A comparison of data between the years 2015 to 2020
revealed that saline soil decreased by 2.38%, and heavily
salinized areas decreased by 23.31%. This implies that the
salinization level decreased in the study area. It was also
noted that moderate salinization areas increased by 26.06%,
and lightly salinized areas increased by 4.39%. This was
because some saline soil areas and heavily salinization areas
became moderate or lightly salinized areas. Thus, it shows
that the degree of salinization has generally decreased.

4.3 Accuracy verification

According to China’s soil salinization grading standards and
Lu Rukun’s 2000 “Soil Agricultural Chemistry Analysis and
Methods” (Lu, 2000), the degree of soil salinization in hu-
mid sub humid, arid-semi-arid areas is divided into the fol-
lowing five categories: non-saline soil (soil salinity <1.0);
mildly salinized soil (1.0<<soil salinity<<2.0); moderately
salinized soil (2.0<<soil salinity<<4.0); severe saline soil
(4.0=<:soil salinity<<6.0); saline soil (soil salinity>6.0). The
field measurement sample data were salinized and classified
according to these standards. A quantitative analysis was
performed using the feature space model inversion to de-
termine the salinization degree of measurement point loca-
tions.

Table 2 Accuracy analysis of each model

Model Correct classification ~ Misclassification  Accuracy (%)
AS 17 23 425
AS1 15 25 37.5
AS2 17 23 42.5
MN 23 17 57.5
NANM 16 24 40
MANM 20 20 50
NSNM 27 13 67.5
MSNM 19 21 47.5

Based on these data, the 2020 NSNM nonlinear feature
space model demonstrated a higher accuracy of 67.5%. The
2015 data were also tested following this method; the Albe-
do-SI model demonstrated the strongest applicability to the
2015 data, with an accuracy of 75%. The Jenk Natural
Break Point classification method was adopted after remote
sensing image inversion. However, in the study of saliniza-
tion, the Jenk Natural Break Point classification method has
certain instability, which leads to a decrease in accuracy.
The accuracy of the classification results is however more
reliable in comparison with similar products. This study has
been compared with the distribution halophilic plants. The
results show that the spatial distribution of the classification
results is reasonable in this region. The results of quantita-
tive inversion show that the overall decrease of salinization
is consistent with reality. These spatiotemporal perceptions

can provide data and methodological support for land deg-
radation control and sustainable development in this region.

5 Discussion
5.1 Applicability of the feature space method

In comparison to the semi-automated remote sensing moni-
toring method combined with supervised classification and
the more complex neural network method, the 2D feature
space method is a simpler, more desirable, and more effec-
tive remote automatic detection method for salinization
(Zhang, 2016). The main problem is the effective applica-
tion of remote detection technology in geoscience. The con-
struction of a simple, fast, effective, and widely applicable
soil salinization monitoring method has become a major
challenge. Compared with the more complex network neural
models in the existing research pools and the semi-auomatic
detection methods that require part of the labor, the 2D fea-
ture space method can be considered advantageous because
of its simplicity, convenience, and complete automation.

This study uses salt-loving vegetation to analyze the ap-
plicability of the feature space method. As shown in Fig. 4,
when compared with the map of salt-loving vegetation near
the lower Yellow River in 2015, the areas of arable land in
the north-eastern part of the Yellow River Delta had ex-
panded while the areas of salt-loving vegetation had shrunk
by 2020. From this information, combined with analysis of
the spatial salinization distribution map in 2015 and 2020, it
can be seen that: 1) The overall salinization area within the
study area is on the rise; expanded areas were primarily
comprised of areas with wetlands and coastal bodies of wa-
ter. 2) Most of the salinization reduction areas are distribut-
ed in urban areas and areas with increased rice cultivation,
such as Gudao Town, Hekou District, Dongying City, Kenli
District, and Zhengda Science and Technology Ecological
Park. The salinization area aggravates mostly for wetlands
and parts of coastal areas.

5.2 Analysis of the causes of reduced salinization

The causal agents of salinization changes in the Yellow
River Delta can be divided into the following three catego-
ries: 1) Improvements in the activities of residents. The im-
provement of residential areas, such as in the cases of
planting crops like cotton and apple trees on a small-scale,
adopting cow manure composting in crop rotations, and
completing greening renovations in urban areas can have
positive effects on remediating local salinization (Xiao,
2018; Liu et al., 2020). 2) Since undertaking the “Bohai
Granary” technology demonstration project, Dongying City
has established and perfected saline-alkali land development
processes as well as medium- and low-yield field transfor-
mation technology systems, which focus on altering salt
levels and increasing the volume of agricultural land. Based
on official government records, Dongying City has essen-
tially matched the output level of medium-yield fields by
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Fig. 6 Distribution map of salt-loving vegetation in 2015 (a) and 2020 (b)

transforming 80 km” of alkali wasteland. Furthermore, the
city has transformed approximately 200 km® of medium-
and low-yield fields into medium- and high-yield fields.
This has effectively increased the overall yield of the city’s
existing rice planting area (Ma et al., 2020). Rice is often
used for improving saline-alkali land. As a crop with mod-
erate sensitivity to salt, it increases land-use efficiency.
Planting rice in saline-alkali land causes the soil’s surface
salt to sink via irrigation. Moreover, paddy rotations fol-
lowing three years of continuous planting can lead to im-
proved soil structure. Furthermore, the root systems of rice
crops secrete organic acids which absorb salt from the soil
environment. This, in effect, loosens the soil structure,
which improves the soil’s water storage capacity and aids in
preventing secondary salinization (Leng et al., 2020). 3) In
recent years, the water and sediment contents of the Yellow
River have decreased. The water levels at the mouth of the
Yellow River have decreased. However, the seawater level
has remained high; this has led to seawater intrusion and an
increase in salinized areas in the lower reaches of the Yel-
low River and other areas with high water content, such as
wetlands and coastal areas (Chen and Fu, 2021).

5.3 Suggestions for salinization treatment

The results of this experiment support several recommenda-
tions for salinization prevention and treatment in the Yellow
River Delta. 1) Continued execution of the “Bohai Granary”
plan is recommended. The current rice acreage should be
maintained with considerations for expansion. Rice cultiva-
tion can be extended to the mild salinization areas near the
Yellow River basin and southwest of the study area. Human
activities, including economic improvements, expansion of
urban land, increased land reclamation rates, and other fac-
tors have positive corrective effects on reducing the volume
of salinized land (Xiao, 2018). Therefore, it is recommended
that activities such as the reclamation of small-scale farm-
land centered on human settlements and the positive trans-
formation of the living environment are incentivized and

further promoted. 2) According to our analysis, seawater
intrusion is a key driver in the expansion of salinized areas
and a reduction of freshwater wetlands in the Yellow River
Delta. The leading cause of seawater intrusion in the Yellow
River Delta is the decrease in sand content; this ultimately
destroys the sand filling and increases the area’s seawater
erosion rate. Accordingly, we recommend that the Yellow
River Delta’s sand contents be increased and that research
and management efforts towards reversing seawater flow
are prioritized. 3) Owing to developments derived from big
data, additional data and platforms have become increas-
ingly available such that rapid automatic data processing
methods have become commonplace. Based on available
data, utilizing the feature space model for remote sensing
and monitoring salinization areas supports the implementa-
tion of a shared data platform to allow for swift automatic
detection of salinization changes. This will enable further
research on the method’s efficacy and promote real-world
geoscience applications.

6 Conclusions

To address the challenges posed by soil salinization moni-
toring in the Yellow River Delta, a feature space method
was studied using Landsat 8 OLI imagery combined with
field sampling salinity data. We studied the linear and non-
linear relationships between seven indices. They are the
Surface albedo, Soil Adjusted Vegetation Index (MSAVI),
Salinity Index (SI), Salinity Index I (SI1), Salinity Index II
(SI12), Vegetation Coverage Index (NDVI), and Soil Adjust-
ed Vegetation Index (MSAVI). Through data analysis, a
corresponding feature space model was constructed. The
models demonstrating enhanced accuracy based on quanti-
tative analysis and the salt-loving vegetation accuracy veri-
fication method were selected to obtain the salinization in-
version maps for 2015 and 2020. The study’s results re-
vealed that although the overa

1l land volume of salinized areas in the Yellow River Delta
increased from 2015 to 2020, the mild salinization areas
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expanded while the areas of severe and moderate saliniza-
tion shrunk, and the total area’s average salinization level
showed a downward trend. A review of relevant literature
indicates that the increase in areas impacted by salinization
may be attributed to the effects of seawater intrusion, while
the decrease in salinization level may be attributed to the
planting of salt-tolerant plants such as rice or land transfor-
mation by residents. This study demonstrated the feature
space model’s efficacy in monitoring salinization areas. The
data broadly supports future applications of this method to
monitor other humid and semi-humid salinized areas.
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