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Abstract: Soil salt-water dynamics in the Yangtze River Estuary (YRE) is complex and soil salinity is
an obstacle to regional agricultural production and the ecological environment in the YRE. Runoff
into the sea is reduced during the impoundment period as the result of the water-storing process
of the Three Gorges Reservoir (TGR) in the upper reaches of the Yangtze River, which causes
serious seawater intrusion. Soil salinity is a problem due to shallow and saline groundwater under
serious seawater intrusion in the YRE. In this research, we focused on the temporal variation and
spatial distribution characteristics of soil salinity in the YRE using geostatistics combined with
proximally sensed information obtained by an electromagnetic induction (EM) survey method in
typical years under the impoundment of the TGR. The EM survey with proximal sensing method
was applied to perform soil salinity survey in field in the Yangtze River Estuary, allowing quick
determination and quantitative assessment of spatial and temporal variation of soil salinity from
2006 to 2017. We developed regional soil salinity survey and mapping by coupling limited laboratory
data with proximal sensed data obtained from EM. We interpreted the soil electrical conductivity by
constructing a linear model between the apparent electrical conductivity data measured by an EM
38 device and the soil electrical conductivity (EC) of soil samples measured in laboratory. Then, soil
electrical conductivity was converted to soil salt content (soil salinity g kg−1) through established
linear regression model based on the laboratory data of soil salinity and soil EC. Semivariograms of
regional soil salinity in the survey years were fitted and ordinary kriging interpolation was applied
in interpolation and mapping of regional soil salinity. The cross-validation results showed that the
prediction results were acceptable. The soil salinity distribution under different survey years was
presented and the area of salt affected soil was calculated using geostatistics method. The results of
spatial distribution of soil salinity showed that soil salinity near the riverbanks and coastlines was
higher than that of inland. The spatial distribution of groundwater depth and salinity revealed that
shallow groundwater and high groundwater salinity influenced the spatial distribution characteristics
of soil salinity. Under long-term impoundment of the Three Gorges Reservoir, the variation of soil
salinity in different hydrological years was analyzed. Results showed that the area affected by soil
salinity gradually increased in different hydrological year types under the impoundment of the TGR.

Keywords: soil salinity; spatiotemporal distribution; electromagnetic induction; Yangtze River
Estuary; electrical conductivity; proximal sensing

1. Introduction

Soil salinization is widespread in the world and it is one of the major obstacles
to agricultural production [1] and the ecological environment [2–7]; it affects an area
accounting for approximately 6% of the total global land [8]. Saline soil is mostly distributed
in China, India, Pakistan, Australia and the United States. Saline soil area in China accounts
for 10% of the area of global saline soil [9]. Secondary salinization occurs because of the
movement of salts from the subsoil into the surface soil. Salt can be brought to the surface
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soil by capillary water movement under conditions of a rising water table, whereas salt
accumulates in the root zone as a result of evaporation and evapotranspiration [10]. Soil salt
accumulation affects plant growth through the change in physical, chemical and biological
processes [11–15]. Salt affects the growth of crops and impedes production and land may
be abandoned in severe circumstances as the result of salinization. With the growth of
the world population, available land for agriculture will increase in demand, in order to
satisfy human requirement in the future. Soil salinization is a problem worthy of attention,
which could restrict agricultural production and plant growth and distribution of the
ecosystem [16].

Most research with regard to soil salinity focused on semi-arid and arid areas [17]
where irrigation has been developed for agriculture and secondary salinization occurs
frequently [18–21]. However, there were relatively few cases that studied similar processes
in coastal lands near the estuary. In coastal areas, the surface water and groundwater,
groundwater depth and salinity of soil vary greatly as the result of the variation of seawater
level, runoff into the sea and seawater intrusion [22,23]. Several research results showed
that estuary area has become more fragile as a result of environmental factors: sea level
rise, saltwater intrusion, surface water level rise, changes in upstream river discharges and
erosion of coastal embankment contractions [24,25]. Salinized soil is widely distributed in
coastal areas in China, as the result of high groundwater salinity and a shallow water table,
which might be the consequences of serious seawater intrusion and tidal activity [26].

The Yangtze River Estuary (YRE) is characterized as a fragile and sensitive ecosystem
resulting from seawater intrusion, poor salt and water excretion and low topography [27,28].
Soil salinity is a common problem in Yangtze River Estuary. This is mainly due to the
existence of shallow, saline groundwater table and soil parent material, whereas it has
also been influenced by the seawater level rise and the distribution of inflow into the
sea as the result of large water conservancy projects [29]. Runoff is an essential factor
affecting seawater intrusion [30]. The regional environmental conditions, such as shallow
groundwater, high-salinity groundwater and changing runoff into the sea, all have certain
effects on the salt accumulation and salinized soil area. Meanwhile, more serious seawater
intrusion occurs in the northern branch of the Yangtze River because of less runoff com-
pared with that in the southern branch [31]. The water storage process of the Three Gorges
Reservoir affects the runoff into the sea, thus intensifying the saltwater intrusion into the
estuary, especially in dry years and dry seasons [32,33]. The monthly average river level
in the estuary fell 20 cm in recent years and the saline water intrusion intensified soil and
groundwater salinity were aggravated in dry years after the Three Gorges Project [34]. The
probable impact factors of soil salinity were analyzed [35] and selected to predict the soil
salinity in Qidong, in the northern branch of the YRE.

Most previous studies on the spatial-temporal changes in soil salinity concentrated
on the salt-affected soils in limited locations and small fields [36]. Traditional sampling
of soil salinity was carried out using the electrical conductivity (EC) of 1:5 soil–water
diluted extract (dS m−1) as a characterization for soil salinity. However, traditional survey
methods are time-consuming and labor-consuming and cannot be applied in large-scale
research [37]. On the other hand, on a regional scale, it cannot afford the information
related to the spatial characteristics of soil salinity. Methods for soil salinity investigation
have been revolutionarily changed by the application of electromagnetic induction (EM)
equipment [38]. Soil apparent electrical conductivity (ECa, mS m−1) can be conveniently
obtained proximally and to certain depths without plugging the EM sensors into the
soil [39]. This method can be used in regional surveys to map soil salinity after data
calibrations [40,41]. However, EM survey with proximal sensing method was often applied
in arid areas and the EC conversions was based on one parameter acquired by EM induction
with relatively lower prediction accuracy and could not be generalized in similar climate
condition owing to large difference of soil moisture condition [42,43].

Geostatistical methods were widely utilized in pedology, hydrology, ecology, geology
and meteorology in recent years. Geostatistical analysis methods, such as the kriging
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interpolation method, have been applied to soil science research to predict soil properties at
unsampled sites [44,45]. Applying geostatistical method to the prediction of soil properties,
studied spatial characteristics of soil salinity were studied using electromagnetic induction
(EM), which substantially reduced the soil sample numbers [46]. Spatial distribution of
apparent electrical conductivity was studied to evaluate the source of soil salinization
in an irrigated cotton field using a mobile electromagnetic sensing system [47]. Several
geostatistical methods were compared to determine the optimal prediction method during
research into the spatial similarity of EM38 data of different sample quantities [48]. An
integrated risk assessment method was developed for determining the spatial-temporal
soil salinity using a combination of the combination of remote sensing and geographic
information system [49].

However, spatial distribution of soil salinity at the field or regional scale in the Yangtze
River Estuary and the temporal variation of the salt-affected land have rarely been studied.
The sea-level rise and variation of seasonal runoff from the upper reaches of large dams
will lead to more serious seawater intrusion. Regional agricultural productivity and
the ecological system will be affected as a result of the alteration of salt-water balance.
Considering the importance of studying the spatial distribution and temporal variation
of soil salinity in the YRE, soil salinity surveys were carried out using electromagnetic
induction for several years in the estuary (flowchart of the study was shown in Figure 1). In
this paper, regional soil apparent conductivity data was obtained by the EM measurement
in survey years and was converted to soil salt content (soil salinity g kg−1) using the
classical statistical method: an interpretation equation describing the relationship between
soil electrical conductivity (EC) and soil apparent conductivity was constructed on the
basis of EM induction measurements and soil EC was transformed into soil salinity based
on the established statistical model. Accordingly, regional soil salinity was predicted using
geostatistics method. Finally, spatial characteristics of regional soil salinity were studied
and temporal variation of regional soil salinity was analyzed.

Figure 1. Flowchart of the work.

2. Materials and Methods
2.1. Study Area

As shown in Figure 2, the study area was located in Qidong county (31◦41′–32◦06′,
121◦25′–121◦54′), Jiangsu Province, which is near the Yangtze River and the crossing of
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East China and Yellow Seas. This region belongs to the northern branch of the YRE. The
east and south sides of the study area are surrounded by the sea and the Yangtze River,
respectively.

Figure 2. Locations of the study area.

The flow diversion ratio of the northern branch is lower than 5% [31], which could
result in a high risk of saline water intrusion and soil salinization. The study area has been
influenced by seawater intrusion for years as it located in the YRE. As a result of seawater
intrusion, the risk of soil salinization is extremely high. The Three Gorges Reservoir is
located in the upper reaches of the Yangtze River and after the TGR was put into opera-
tion, the seasonal distribution of downstream flows changed. In particular, the process of
reservoir impoundment in autumn reduced the downstream flow and led to the intensi-
fication of seawater intrusion, thereby increasing the risk of soil salinization. The study
area is located in a mid-latitude region and belongs to the northern subtropical climate
zone. The average annual rainfall in the area is 1031.1 mm and it is unevenly distributed
throughout the year. The average annual evaporation is 1364 mm, which is 29.2% higher
than the precipitation. Salinity problems have arisen due to the combined effect of the
hydrological environment and meteorological environment. Under this background, the
northern branch of the estuary was selected as the survey region in this paper.

2.2. Soil Sampling Method and Laboratory Analysis

In the Yangtze River Estuary, salt accumulation may occur in the surface layer from
October to December as the result of high evaporation and low precipitation. In order to
study the spatiotemporal evolution characteristics of regional soil salinity in the estuary,
regional soil salinity survey was carried out in autumn during the typical impoundment
years of the Three Gorges Reservoir. A grid sampling survey was carried out with increased
density toward the river and the sea (Figure 3). Within 5 km of the river and sea, the grid
density was 1 km, whereas in other inland areas, the grid density was 2 km. Further
adjustments were made according to the actual environmental situation.
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Figure 3. Survey region and distribution of soil sampling points (The black dots represented the 
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Figure 9. Spatial distributions of groundwater depth and salinity in the Yangtze River Estuary in 
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Figure 3. Survey region and distribution of soil sampling points (The black dots represented the
sampling points).

A proximally sensed EM instrument was used in regional survey. EM sensor (EM38-
MK2) was used to collect data of soil apparent electrical conductivity (ECa). At every
sampling site, ECa was recorded in horizontal and vertical mode at both 1 m and 0.5 m
using proximally sensed instrument of the Electromagnetic induction (EM38-MK2) and
global positioning system (GPS) information was collected at each sampling point. Soil
temperature at each sample point was measured concurrently. Some of the survey points
were sampled using traditional drilling method to calibrate the relationship established
between soil electrical conductivity and soil apparent conductivity measured using EM38-
MK2. The salinity of the selected soil samples covered the range of salinity from lower
values to higher values in order to establish the calibration equation more reasonably. The
selected soil samples were obtained using soil drilling at depths of 0–20 cm, 20–40 cm,
40–60 cm, 60–80 cm and 80–100 cm. A total of 35 calibration sites were chosen among the
grid sampling points.

Drilled soil samples were naturally air-dried, crushed and sieved (2 mm) before labora-
tory analysis. Soil EC was measured using conductivity meter. The soil soluble salt content
was determined using the ion summation method. Conventional soil analysis methods
described by Lu (1999) were applied in the laboratory analysis of sodium, potassium,
calcium, magnesium, chlorine, sulphate, carbonate and bicarbonate [50].

2.3. EM Measurement Method

EM38-MK2 was used in the measurements of soil apparent conductivity in the hori-
zontal and vertical mode based on proximal sensing principle. The free conductive medium
makes the soil as a conductor based on the EM measurement principle, whereby an in-
duced eddy current is formed under the action of a magnetic field. After the secondary
electromagnetic field intensity signal generated by the induced eddy current is intercepted
by the receiving coil at the first end, it is amplified and forms an output voltage, which
is proportional to the apparent conductivity; consequently, the apparent conductivity is
converted and the conductivity reading is output by the instrument.

The soil temperature influences the apparent electrical conductivity by affecting
the ionic activity in the solution. A previous study showed that every 1 ◦C increase in
temperature would result in ECa increasing by 1.9% [51]. If the soil temperature difference
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in the study area exceeds 10 ◦C, the apparent conductivity needs to be adjusted to the
reference temperature of 25 ◦C for comparative analysis [52].

ft = 0.4470 + 1.4034 ∗ e(
−t

26.815 ) (1)

where ft was the temperature calibration factor, which was the parameter calibrated to
25 ◦C and T was the measured soil temperature. The ECa values of horizontal and vertical
mode were corrected by temperature.

2.4. Statistical Analyses
2.4.1. Classical Statistical Analysis

Classical statistical analyses such as descriptive statistical results were performed
using the SPSS 13.0 statistic software package (SPSS Inc., Chicago, IL, USA). Multiple
linear regression models in 3.1.1 were established using the proximal sensed data of EM
instrument in the SPSS 13.0.

Based on the regression model, soil apparent conductivity was converted into the
soil conductivity measured in laboratory. Linear regression model between soil salinity
and soil electrical conductivity was constructed. Through the above methods, soil salinity
could be interpreted by ECa using the established regression models.

The predicted value of interpreted regional soil salinity using the kriging interpolation
method was calibrated by the measured value and the prediction accuracy is evaluated by
ME (mean error), ASE (average standard error) and RMSE (root mean square error) and
the calculation formulas were listed as follows.

ME =
1
n

n

∑
i=1

[Z∗(xi)− Z(xi)] (2)

ASE =

√√√√ 1
n

n

∑
i=1

[
Z(xi)−

(
n

∑
i=1

Z(xi)

)
/n

]2

(3)

RMSE =

√
1
n

n

∑
i=1

[Z∗(xi)− Z(xi)]
2 (4)

Z*(xi) and Z(xi) represented the observed and predicted value of the soil salinity at the
interpolation points; n is the number of sample points.

2.4.2. Geostatistical Analysis Method

A geostatistics method was chosen to define the variance structure of soil salinity,
which included semivariograms calculation, kringing interpolation, mapping and calcu-
lation of estimated results of soil salinity in the topsoil. Semivariograms are frequently
used in the analysis of spatial distribution and variability of the spatial properties. Here,
they were used to quantify the spatial variation of the regional variable and the ordinary
kriging method was applied for prediction. Semivariogram and spatial structure analyses
for variables was carried out by Geostatistical software (GS+ 7.0, Gamma Design Software).
The ordinary kriging method is considered as one of the most basic kriging methods. It
allows estimating the properties of locations without sampling. Therefore, it was applied
to conduct an interpolation of the spatial scatter points attributes. The spatial distribution
of soil salinity was plotted and the area of soil salinity classification was calculated using
the ArcMap 10.2 GIS produced by the Environmental Systems Research Institute.

Semi-variance is defined as half of the predicted square difference between sample
values at a given distance. The estimated semi-variance at lag h is calculated as follows:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[z(xi)− z(xi + h)]

2

(5)
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where z is the regionalized variable and z(xi) and z(xi + h) are measured sample values at xi
and xi+h points, respectively. N is the number of pairs separated by distances h (lag space).

All the semi-variograms in the survey years were analyzed to determine the spatial
variance of soil salinization and the parameters for the semivariance model were presented
in Section 3.3.

3. Result and Discussion
3.1. Modeling Soil Salt Content and Calibration with Measured Value in Field
3.1.1. Soil Electrical Conductivity Interpreted by ECa Measurements

According to relevant study, there was a significant correlation between soil salin-
ity and proximal sensed ECa (obtained from EM 38). In our study, the soil electrical
conductivity was predicted using the soil apparent electrical conductivity after tempera-
ture calibration. The soil electrical conductivity was selected as the dependent variable,
whereas ECa measurements (specifically, EM1h, EM1v, EM0.5h and EM0.5v,) determined
using EM38-MK2 were selected as the independent variables. EM1h, EM1v, EM0.5h and
EM0.5v represented the measured values at 1 m horizontal mode, 1 m vertical mode, 0.5 m
Horizontal mode and 0.5 m Vertical mode, respectively. In this paper, a regression analysis
between soil electrical conductivity and calibrated ECa was performed in SPSS software,
as described below.

In order to predict soil salinity with higher accuracy, two regression models were
established between soil EC and soil apparent conductivity, in order to analyze the soil
electrical conductivity at different depths of 35 sample points in autumn 2010. In Table 1, a,
b, c and d, represented the parameters of the linear regression equation. The coefficient of
determination in the Enter regression model was higher than that in stepwise regression
model. Therefore, the Enter regression model was chosen to predict the soil electrical
conductivity from data in vertical and horizontal modes of EM38 measurements.

Table 1. Multiple linear regression models between soil electrical conductivity and EM data.

Depth (cm) Regression Model
EC1:5 = a × EM1v + b × EM1h + c × EM0.5v + d × EM0.5h + e

a b c d e R2

0~20 Stepwise regression model 0 0 0 0.006 −0.108 0.787
0~20 Enter regression model −0.0084 0.0122 0.0016 0.0009 −0.0184 0.841

3.1.2. Validation of Soil Electrical Conductivity Interpreted from ECa Measurements

The regression model described in Section 3.1.1 could be used to calculate soil EC
using ECa measurement values in areas without drill sampling points. Before applying the
regression model, a verification of the model was done using the measured data in October
2011 and 2012. Soil electrical conductivity was calculated according to the regression model
and then compared with the measured data. Values obtained in October 2011 and 2012
were presented in Figures 4 and 5. The results showed that the soil electrical conductivity
of the surface layer, as measured in laboratory, was highly consistent with the predicted
value after conversion using apparent conductivity. The determination coefficient was
more than 0.90. Results showed that the equation model could be used in the prediction of
soil electrical conductivity when using EM38-MK2. Thus, sampling time and cost can be
saved using the EM38-MK2 survey method with high measurement accuracy.

3.1.3. Soil Salt Content Interpreted by ECa Measurements

Electrical conductivity can be regarded as a crude indicator of soil salinity, since it is
related to the sum of all ionized solutes or total dissolved salt content. A total of 175 soil
samples were collected from 35 soil profiles in autumn 2011. The electrical conductivity
and total soluble salt in soil were analyzed in the laboratory. An equation describing
the relationship between soil electrical conductivity and total soluble salt in soil was con-
structed (Figure 6). According to the experimental data, there was a significant correlation
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between total soluble salt content (soil salinity, g kg−1) and soil EC. As such, soil electrical
conductivity interpreted from ECa measurements could be converted to soil salt content
with high precision.

Figure 4. Comparison of predicted and measured value in October 2011.

Figure 5. Comparison of predicted and measured value in October 2012.

Figure 6. Correlation between the soil electrical conductivity and soil salt content.

3.2. Classical Statistical Analysis of Regional Soil Salinity

The soil salt content at every sampling site was calculated from the soil electrical
conductivity measured in the laboratory using equation established in Section 3.1.3. We
carried out regional surveys of soil salinity in October to December from 2006 to 2017 and
several years were selected in order to study the spatial and temporal variability of soil
salinity in the YRE.

The descriptive statistical characteristics of soil salinity at the 0–20 cm layer of all
sample sites in different sampling years were shown in Table 2. Taking 2011 as an example,
the soil salinity in 2011 ranged from 0.183 to 13.11 g kg−1. The coefficient of variation (CV)
is an important parameter to evaluate the spatial variation of soil properties [53]. Values
of <0.10, 0.10–1.0 and >1.0 indicated weak, moderate and strong variability, respectively.
The high CV values in 2011 indicated a strong degree of variability of soil salinity, whereas
the remainder presented moderate variability. The soil salt content in 2011 showed strong
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variability, with the remainder showing moderate variability. Therefore, soil salinity is the
major issue that should be addressed due to its great variability.

Table 2. Descriptive statistical results of soil salt content in different sample year (g kg−1).

Statistics 2006 2008 2011 2012 2013 2014 2015 2016 2017

Mean 0.62 0.87 0.89 1.15 1.33 1.02 1.20 0.92 1.12
Std. Error of Mean 0.02 0.08 0.10 0.06 0.08 0.05 0.08 0.04 0.05

Std. Deviation 0.11 0.74 1.74 0.82 1.12 0.62 1.07 0.52 0.70
Coefficient of variation (CV, %) 17.7 85.1 195.5 71.3 84.2 60.8 89.2 56.5 62.5

Variance 5.06 0.55 6.61 0.66 1.26 0.39 1.15 0.27 0.48
Skewness 0.12 5.36 0.19 2.42 3.55 2.87 5.22 3.62 2.52

Std. Error of Skewness 30.67 0.26 53.18 0.19 0.18 0.19 0.18 0.19 0.19
Kurtosis 0.24 30.21 0.37 6.30 17.44 9.85 40.08 19.38 6.90

Std. Error of Kurtosis 0.62 0.52 12.93 0.38 0.36 0.37 0.36 0.38 0.37
Range 3.05 5.14 0.18 4.60 8.89 3.85 10.47 4.28 3.82

Minimum 0.32 0.58 0.89 0.47 0.51 0.48 0.52 0.41 0.54
Maximum 3.37 5.72 13.11 5.08 9.40 4.33 11.00 4.69 4.36

3.3. Semivariogram Analysis

Semivariogram γ(h) is the most important element of spatial variance, as it explains
the spatial autocorrelation of the spatial properties. Multiple models were applied in the
selection of a semi-variogram to study the influence of random factors on regional soil
salinity. A semivariance model with optimal fitting parameters forms an important basis
of accurate spatial prediction. In this paper, the semi-variogram model of soil salinity
was constructed using GS+ software (Figure 7). The semivariogram of soil salinity at
20 cm depth for each survey year performed well with high determination coefficients
and the residual sum of squares were within the acceptable range. The structure variance
parameters, such as the nugget variance, nugget effect (C0) and the sill, were listed in
Table 3. As shown in Table 3, the C0 values in different survey years varied as the result of
different hydrological years.

Figure 7. Semi-variograms of soil salinity at 20 depths in typical years. (a) Semi-variogram of
soil salinity 2006; (b) Semi-variogram of soil salinity 2012; (c) Semi-variogram of soil salinity 2013;
(d) Semi-variogram of soil salinity 2017.
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Table 3. Parameters of Semi-variogram models for soils salinity in survey years.

Time Model Type C0 Sill Range Nugget-Sill (%) R2 RSS ME ASE RMSE

2006 Spherical 0.035 0.069 25,480 50.7 0.982 2.68 × 10−5 0.001 0.240 0.343
2008 Exponential 0.002 0.086 10,350 198.4 0.846 1.10 × 10−3 0.038 0.355 0.423
2010 Gussian 0.193 0.549 31,211 35.2 0.954 5.98 × 10−3 0.031 0.391 0.546
2011 Exponential 0.150 0.251 21,880 59.8 0.861 3.56 × 10−3 0.068 0.897 1.023
2012 Exponential 0.079 0.140 20,120 56.4 0.845 1.75 × 10−3 0.034 0.314 0.576
2013 Exponential 0.169 0.248 21,455 68.2 0.835 2.26 × 10−3 0.031 0.410 0.845
2014 Exponential 0.053 0.106 12,600 49.5 0.909 2.38 × 10−4 0.022 0.247 0.446
2015 Spherical 0.104 0.150 23,692 69.1 0.527 5.09 × 10−3 0.035 0.393 0.776
2016 Spherical 0.050 0.118 6870 42.4 0.406 5.36 × 10−3 0.001 0.240 0.343
2017 Exponential 0.064 0.130 16,770 49.6 0.736 1.03 × 10−3 0.021 0.331 0.513

The nugget effect (C0) represents the spatial heterogeneity of random variance. The
sill represents structure variance, which indicates the maximum variation of soil salinity.
The nugget–sill ratio, usually called the nugget effect, represented the characteristics of
spatial heterogeneity. A larger value denotes that more spatial heterogeneity is caused
by random factors. The ratios 0.25 and 0.75 represented the two thresholds for system
spatial correlation, whereby values of <25%, 25–75% and >75% indicate strong, moderate
and weak spatial autocorrelation, respectively [54,55]. As shown in Table 3, the C0 values
in each survey year were small, indicating that the variability of soil salinity was caused
by random factors, whereas the inherent variability was weak on the scale of this study.
According to the range and classification of the nugget-sill ratio, the soil salinity in 2008
indicated weak spatial autocorrelation, whereas the remaining survey years indicated
moderate spatial autocorrelation, suggesting that the spatial variability of soil salinity was
due to the comprehensive effects of structural factors (such as climate, parent material,
topography and soil type.) and random factors (such as cultivation, soil improvement and
fertilization). The mean error (ME) was close to zero, and average standard error (ASE)
was close the root mean square error (RMSE), which showed that data cross-validation
results were acceptable.

3.4. Spatial Distribution of Soil Salinity

The Datong hydrological station (30.767◦ north (N), 117.617◦ east (E)), located 1221 km
downstream of the TGR and 624 km upstream of the estuary areas of the East China Sea, is
the last hydrologic station in the lower reaches of the Yangtze River [56]. It represents the
hydrological conditions of the Yangtze River Estuary and describing the flow into the sea.
In this paper, the hydrological year type was divided according to the discharge data of
Datong station as low flow years, median flow years and high flow years [57].

Soils were classified into non-salinized (<1.0 g kg−1), mildly salinized (1.0–2.0 g kg−1),
moderately salinized (2.0–4.0 g kg−1), severely salinized (4.0–6.0 g kg−1) and saline
(>6.0 g kg−1) soil according to classification of soil salt content in the coastal area [10].
In this paper, according to the focus of the research, soils were classified into non-salinized
soil (<1.0 g kg−1) and salt-affected soil or salinized soil (>1.0 g kg−1).

The ordinary kriging interpolation method was applied to predict the spatial variabil-
ity of soil salinity and the spatial distribution of soil salinity in typical years was mapped
in Figure 8. As shown in Figure 8, the spatial distribution of different survey years showed
the same characteristic. As the distance from the ocean and Yangtze River decreased, the
soil salt content gradually increased. Non-salinized soil was mainly distributed in the
northwestern part of the survey area, whereas moderately and severely salinized soil was
mainly concentrated near the coastal and riverside zones.

The spatial distribution of soil salinity was closely related to the groundwater environ-
ment. Groundwater depth and salinity were investigated and the results were presented
in Figure 9. The Survey results showed that groundwater salinity near the estuary was
higher than that inland, whereas the groundwater depth was shallower than that inland.
Shallow groundwater and high groundwater salinity influenced the spatial distribution of
soil salinity.
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Figure 8. Spatial distributions of soil salinity in typical hydrological years. (a) Spatial distributions of soil salinity in 2006;
(b) Spatial distributions of soil salinity in 2012; (c) Spatial distributions of soil salinity in 2013; (d) Spatial distributions of
soil salinity in 2017.
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distributions of groundwater salinity; (b) Spatial distributions of groundwater depth.

The primary stage of impoundment of the Three Gorges Reservoir occurred from 2003
to 2006. In 2008, the impounding height started its 175 m trial impoundment plan. The year
2006 was selected as the background value and the survey years were grouped according
to the hydrological year type. For soil salinity in different hydrological year types, the
areas of both salinized and non-salinized soil were calculated (Table 4). The result showed
that regardless of the hydrological year, the area of salt-affected soil increased (Figure 10).
Areas of soil with salinity > 1.0 g kg−1 decreased because the flow exceeded 32,000 m3 s−1.
However, the areas of soil with salinity > 1.0 g kg−1 in 2016 were larger than those with
similar flow in 2012. Areas of salt-affected soil presented a trend of continuous growth
under the hydrological year types. In conclusion the area affected by soil salinity gradually
increased in different hydrological year types under the impoundment of the TGR.
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Table 4. Area of different salinity grades in different survey years.

Hydrological Types Survey Year
Area of Different Salinity Grades (km2) Annual Average Flow at

Datong Station (m3 s−1)<1.0 g kg−1 >1.0 g kg−1

Background value 2006 418.0 23.7 21,937.7

low flow year
2011 401.7 40.0 21,091.2
2013 321.6 120.0 24,996.2

median flow year

2008 398.2 43.4 26,159.9
2014 366.8 74.8 28,253.1
2015 356.9 84.8 28,614.6
2017 340.4 101.2 29,161.7

high flow year
2010 412.0 29.6 32,218.3
2012 354.3 87.4 31,497.1
2016 389.2 52.5 32,614.0

Figure 10. Area of salt affected soil variation.

4. Discussion

Soil salinity is an important factor affecting plant growth, determining the plant’s
spatial distribution. The study area of this paper was typical, because of complex salt-
water environment. It is different from arid area where water was limited and secondary
salinization occurred frequently owing to irrigation. In estuary areas, the background
values of soil salinity are higher than that of inland and other environmental factors such
as the salinity of surface water and groundwater influences the variation of soil salinity
and its spatial distribution. The distribution of soil salinity is an indicator of the ecological
environment and understanding of the spatial distribution and temporal variation of soil
salinity is important in terms of environmental and agricultural aspects in estuary areas.
In this study, soil salinity was investigated by ECa measurement by the way of proximal
induction EM38 and the change in soil salinity on a temporal and spatial scale was studied
using geostatistical methods on the basis of the soil salinity survey across several years.
In this paper, the proximal sensed data of ECa measured by EM was converted to soil
salt content through established statistical models with high accuracy. Consequently,
the soil salinity was easily and conveniently acquired through the proximal sensed data
obtained from EM instrument. The result was consistent with that of Li et al. [21]. In our
research, soil salinity was interpreted through constructing simple linear model using the
four parameters of EM induction with satisfactory prediction results verified by measured
data. The simple method can be applied in the region around the estuarine or coastal area
with similar soil conditions (similar water condition, soil salinity condition and soil clay
content) [58], in order to obtain the basic information of surface soil salinity quickly. ECa
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data could also be obtained from EM38 and other proximal sensed instrument such as
EM31, in order to get deeper and more accurate information of soil salinity [21,59].

The descriptive statistics of soil salt salinity in different survey years showed that
soil salinization was a problem in the YRE. Soil salinity displayed moderate and strong
variability in the survey years. Soil salinity varied greatly from year to year and the
maximum soil salinity reached the standard of severe salinization. From the year 2008,
the average value of soil salinity was basically near 1.0 g kg−1 or exceeded 1.0 g kg−1,
which could be classified as salinized soil. Semivariogram analysis showed that soil
salinity in almost every survey year displayed moderate spatial autocorrelation, indicating
that the spatial variability of soil salinity was mainly caused by the combined effects of
structural factors (such as climate, parent material, topography and soil type) and random
factors (such as cultivation, soil improvement and fertilization.). This could be due to the
survey area being large, thus presenting several differences in climate, soil parent material,
topography, saltwater intrusion and some other influent factors [22].

The spatial distribution of soil salinity in the estuary might be attributed to the
distances to the sea [60,61] and the riverbank of the Yangtze River, as well as the topography,
groundwater salinity and level, soil parent material, etc. Area with high soil salinity is
generally close to the sea and this was consistent with high groundwater level and salinity.
The result of Zhang et al. in the YRE showed that parent material and high groundwater
salinity affected the variation of soil salinity, which indicated that soil salinity was not
easy to discharge from soil due to high groundwater table salinity [59]. Hydrological
year type was selected as the basis of comparison in this paper and salinized soil area
was found to be expanding. Area of soil with a salinity > 1.0 g kg−1 increased during
low-flow years, median-flow years and high-flow years. This research result revealed that,
on the premise of similar hydrological year, the area of salinized soil in the survey region
gradually increased under the combined effect of long-term water-storage condition of
the TGR and climate change, which has great guiding significance for local agricultural
and ecological environment. Runoff into the sea was one of the most important factors
affecting seawater intrusion. Regional soil salinity was mainly influenced by seawater
intrusion. Large dams in the upper reaches reduced river flow in specific periods, which
could aggravate the seawater intrusion [27,29]. This might be one of the reasons for the
increased range of salinized soil. From the result in the paper and in relevant study, the
region is with high risk of soil salinization and the temporal and spatial dynamics of soil
salinity should be concerned for a long time [35].

5. Conclusions

This research investigated the spatial distribution and temporal variation of regional
soil salinity under the impoundment of the TGD in the YRE. In the paper, electro-magnetic
induction (EM38) was applied to perform a field-scale soil salinity survey in the YRE and
enabling a quick determination and quantitative assessment of the spatial and temporal
variation of soil salinity on a regional scale from 2006 to 2017. Soil salinity was estimated
from the apparent electrical conductivity of soil (ECa) using multiple linear regression
models established on the basis of the EM 38 data. The modeled soil electrical conductivity
was verified using the measured data and the result was acceptable. Semivariogram
models were established and discussed and results showed that soil salinity in most survey
years indicated moderate spatial autocorrelation. The spatial distribution of all survey
years showed the same characteristics, whereby the soil salt content gradually increased
as the distance from the ocean and the river decreased. Non-salinized soil was mainly
distributed in the northwestern part of the survey area and moderately and regions with
severely salinized soil were mainly concentrated near the coastal and riverside zones. The
spatial distribution of soil salinity was visualized in the form of a quantitative classification
and the area of salt-affected soil was calculated. Under long-term impoundment of the
Three Gorges Reservoir, areas of salt-affected were calculated in different hydrological year
types and the areas of salt-affected soil presented an increasing trend in the group of low-,
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median- and high-flow years in autumn. The interaction between the soil salinity and the
groundwater and surface water should be further studied in this area, in order to better
understand the source of the soil salinity and its variation.
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