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A B S T R A C T

Land salinization is a global environmental problem, and how to manage saline soils and promote healthy eco-
systems has become a major challenge. China-Singapore Tianjin Eco-City is located in coastal land reclamation
areas, so salinization is severe in this region. In this study, geostatistical methods, the ordinary kriging method,
and principal component analysis were used. Vertical sampling was performed over three layers (0–20 cm, 20–40
cm, and 40–60 cm) at 184 locations within the study area to produce a total of 542 soil samples. It was found that
areas with soluble salt contents greater than 3000 mg/kg account for over 90% of the study area, and high soluble
salt content in surface layer soils is the dominant factor in soil salinization. Naþ, Cl�, and SO4

2- are the primary
control factors that determine the coefficient of variation of the soils’ soluble salt content. Total salinity and Naþ,
Cl�, SO4

2-, Kþ, and Mg2þ reflect on the salinization of the soils, while effective phosphorus, available potassium,
and soil organic carbon reflect on the state of soil nutrition. Based on our results, we proposed site-specific and
scientific soil remediation and greening measures.
1. Introduction

Soil salinization is an environmental hazard caused by natural factors
or human activities, and more than 831 million hm2 of soil is threatened
by salinization worldwide (Dehaan and Taylor, 2002; Li et al., 2014,
2018). Studies have shown that by 2050, more than 50% of the world's
cropland could be saline, most of it in arid and semi-arid regions (Flowers
and Flowers, 2005; Wang et al., 2008). Soil salinization is a land
degradation process that leads to excessive accumulation of soluble salts
in the soil (Hassani et al., 2021). Soluble salts from natural processes
come mainly from rainfall, aeolian processes, weathering of parent rocks
or transport of saline sediments by streams or shallow groundwater
(Rengasamy, 2006; Daliakopoulos et al., 2016). However, human activ-
ities also lead to soil salinization from time to time. Examples include
irrigation with water containing too much salt, groundwater rise due to
rm 3 December 2022; Accepted
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improper water management, seawater intrusion into coastal aquifers,
and overuse of chemical fertilizers (Pannell and Ewing, 2006; Daliako-
poulos et al., 2016). Due to various factors, soil salinization is expanding
continuously around the world (Schofield and Kirkby, 2003). To this
date, only limited progress has been made in the control of secondary
salinization and the remediation of naturally saline soils.

Soil salinization has led to a global expansion of saline-alkali soils.
Saline-alkali soils is an umbrella term for soils that are affected by saline
and alkaline components within the soil body (this includes saline soils,
alkali soils and other soils that display varying degrees of salinization and
alkalinization) (Bai et al., 2018; Ju et al., 2018). Salinization generally
refers to the accumulation of neutral or near-neutral salts like NaCl,
CaCl2, Na2SO4 andMgSO4 in the surface layer and soil body, which cause
the soil to exhibit neutral or alkaline reactions (Herbert et al., 2015;
Kaushal et al., 2018a, 2018b; Li et al., 2018). Alkalinization refers to the
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entry of a certain amount of exchangeable sodium (Naþ) into the soil
(Wang et al., 2009). This leads to high exchangeable sodium contents in
soil colloids, high alkalinity in the soil solution, and degradation of the
soils’ physicochemical properties (Ouimet et al., 2008). Most studies
around the world about the formative mechanisms of saline-alkali soils
have focused on the patterns of water and salt transport in soils (Heng
et al., 2018; Xu et al., 2019; Yuan et al., 2019). The control of water
evaporation from soil based on the characteristics of water and salt
transport could effectively reduce the accumulation of salts on soil sur-
faces, thus helping to remediate saline-alkali soils (Wang et al., 2017).
Soil physicochemical properties show great spatial variability, indicating
that soil management can take into account the spatial heterogeneity of
saline soil types (Wang et al., 2020).

Almost 100 cities in China are located in areas that contain saline-
alkali soils, and almost 33.3 million hm2 of agricultural land (for
4.88% of all arable land in China) has been abandoned or become less
productive due to soil salinization (Xie et al., 2019). The Huang-Huai-Hai
Plain is an important grain producing area in China, but soil salinity has
been an environmental problem in this region since the 1980s, and the
Chinese government has made great efforts to improve the soil envi-
ronment (Zhang et al., 2020). And the Huang-Huai-Hai Plain includes
one of China's important urban agglomerations, the
Beijing-Tianjin-Hebei region. It is an important economic growth pole in
China with active economic activities. To relieve the pressure of land
shortage, large areas of land have been reclaimed around Bohai Bay (Zhu
et al., 2019). Tianjin Binhai New Area is an important area of land
reclamation in the region, and one study found that 34.44% of it had
already started to be exploited in 2015 (Chu et al., 2019).

Coastal areas are not only the most naturally active, ecosystem-rich
and resource-rich areas on the earth's surface, but also the most
densely populated and economically developed areas for human activ-
ities (Jiang et al., 2021). Driven by the growing demand for land re-
sources, more and more reclamation activities are taking place in coastal
areas around the world, and human activities have become one of the
major drivers of shoreline change (Rosenberger et al., 2008). Although
land reclamation has brought great benefits to society, it has also brought
serious environmental problems (Chen et al., 2017). China's coastal
wetlands are under tremendous pressure and face great potential risks
(Tian et al., 2016). Satisfactory management of coastal land reclamation
is a challenge for the Chinese government (He et al., 2012). As
China-Singapore Tianjin Eco-City is located in a marine regression zone
and reclaimed lands, its soils and groundwater naturally contain high
levels of salt, and secondary salinization is severe in this region (Caprotti,
2014). In this work, we elucidated the physiochemical properties of
saline-alkali soils in Tianjin Eco-City and its spatial distribution by
determining the geochemical background values of soils in this region.
Furthermore, a detailed analysis was carried out on the salinization
properties of these soils. The results of this study provide a theoretical
basis that will inform decisions about soil salinity management, greening
efforts, and similar development/use of soils in reclaimed areas.

2. Materials and methods

2.1. Study area

China-Singapore Tianjin Eco-City is located in the Coastal Leisure &
Tourism Zone of Binhai district in Tianjin City. Its distance to the
coastline is less than 1 km, and its total area is approximately 30 km2. The
study area has a temperate continental monsoon climate and also exhibits
some of the features of oceanic climates. The average annual rainfall in
this area is 602.9 mm. The weather is usually dry and windy in spring,
very wet and humid in summer, and dry and cold in winter. The study
area has a flat and low-lying terrain formed by marine sedimentation.
The groundwater in this area is usually located around 90 cm below the
surface. It is brackish, and has pH values greater than 8.5. Its minerali-
zation is generally greater than 10 g/L. The shallow ground layers are
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composed of artificial fill, littoral strata, interbedded terrestrial-marine
strata and lacustrine strata, and these layers form coastal saline soils
through rainwater percolation and microbial actions. The salt contents of
the soils’ surface layers are very high (Yee et al., 2012; Caprotti, 2014;
Flynn et al., 2016; Zhan et al., 2018; Liu et al., 2019). It aims at ecological
restoration and protection, building a symbiotic ecosystem of natural and
artificial environment, and realizing the harmonious coexistence of man
and nature. However, soil salinization has become a major problem
plaguing this region.

2.2. Method

2.2.1. Sample acquisition and analysis
The study area was divided into four zones: the northwestern (NW),

eastern (E), southern (S), and western (W) sampling areas, according to
background surveys on the study area’s topography, soils, and vegeta-
tion. 184 sampling points were set up in these areas, with three sampling
strata along the vertical direction (0–20 cm, the “surface layer”, 20–40
cm, the “middle layer”, and 40–60 cm, the “deep layer”); a total of 542
samples were collected. The natural landscapes of the sampling points
are consistent with the requirements of studies about the background
values of soil environments: we selected locations with distinct soil-type
characteristics, flat and stable terrain, and healthy vegetation. The
sampling points were selected in strata that show well-developed soil
profiles, distinct stratification, and an absence of intrusive bodies. Sam-
pling points were not set up in locations with subordinate landscape
features like foothills and swamps, or areas that are severely affected by
human activities like residential areas, fields, or dung pits. Three to four
sub-samples were collected in locations that show large variations in
their surrounding soils and vegetation. After these samples were mixed
evenly, they were quartered into approximately 500 g samples and stored
in ziplock bags to form representative samples.

Analytical measurements were performed on the soil samples by
applying national/industry standard methods (Kennedy and Papendick,
1995). According to the literature and relevant national standards for soil
environment in China, the 13 physicochemical soil indices were
measured, including HCO3

- , CO3
2-, Ca2þ, Mg2þ, Kþ, Naþ, Cl� and SO4

2-

contents, soil organic carbon (SOC), effective phosphorus, available po-
tassium, pH, and soluble salt content (Wang et al., 2019). All samples
were dried in the shade, grinded, and screened prior to laboratory
testing. More specifically, the measurement of soil HCO3

- and CO3
2- con-

tents was performed by double indicator titration; the volumetric method
was employed to determine soil Ca2þ andMg2þ contents; soil Kþ and Naþ

contents were assessed by flame photometry; soil Cl� content was
determined by titration with silver nitrate; soil SO4

2- was calculated by the
volumetric method. SOC was measured by the volumetric potassium
dichromate method. Effective phosphorus was determined by the sodium
bicarbonate method. Available potassium was measured by the ammo-
nium acetate – flame photometry method. Soil pH was assessed by the
potentiometric method. Finally, the total soluble salt content of the soils
was determined by the gravimetric method.

2.2.2. Quality validation for the number of sampling points
Samples are randomly sampled individuals from some larger body,

and differences are always present between these individuals. These
samples and the overall body therefore have a “kinship” that allows the
sample to represent the overall body, albeit with some differences; the
smaller this difference, the more representative a sample. To achieve a
high level of representativeness in the acquired samples, all subjective
factors must be avoided. This is so that all of the individuals that make up
the overall body are equally likely to be selected as samples. In other
words, the individuals that make up the samples must be randomly
selected from the overall body.

Eq. (1) gives the number of samples based on the coefficient of
variation (Cv) and relative standard deviation (m) (Calzada and Scariano,
2013; Tran et al., 2019):
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N¼ t2Cv2

m2 (1)
� �

In this equation, N is the number of samples; t is the t-value that
corresponds to a selected level of confidence with a certain degree of
freedom; Cv is the coefficient of variation (in units of %); m is the
acceptable relative standard deviation (in units of %), which is usually
30% in soil environment monitoring studies.

Since the value of t satisfies a t-distribution, the t-distribution prob-
ability, p, of a certain t-value can be calculated using the TDIST function
Darabi-Golestan and Hezarkhani (2019):

TDIST ðt; df ; tailsÞ (2)

In this equation, t is the numerical value whose distribution is being
calculated, and it is obtained from the experimental data using Eq. (1). df
(degrees_freedom) is an integer that represents the degrees of freedom; in
the t-distribution of a single variable, df ¼ N – 1. Tails is the number of
tails (one-tailed or two-tailed) of the returned distribution function; if
tails ¼ 1, the TDIST function returns a one-tailed distribution, and if tails
¼ 2, the TDIST function returns a two-tailed distribution.

2.2.3. Method for spatial interpolation
As the spatial distribution of soil salinity is highly complex, it is

imperative to optimize the configuration of soil sampling points to
improve sampling efficiency and accuracy (Zou et al., 2013). However, it
is often impossible to meet the requirements for analyzing a continuous
soil surface in some areas of study, using only a limited number of soil
sampling points. Therefore, the selection of a method for spatial simula-
tion and prediction is a necessary step for predicting the spatial distri-
bution of soil properties in an unknown area. In geostatistics, kriging has
been shown to be a highly effective method for interpolating the spatial
differentiation of soil properties and predicting soil distribution patterns.
Kriging is amethod based on variogram theory that returns the Best Linear
Unbiased Prediction (BLUP) of intermediate values and comprehensively
accounts for the spatial trends, correlations and randomness of regional
variables (Kleijnen, 2009, 2017; Echard et al., 2013). In this study, spatial
interpolation was performed using ordinary kriging with a spherical
variogram model, which has a spatial resolution of 16 m.

2.2.4. Principal component analysis
It is possible for many variables to simultaneously correlate with a

single observable feature. This makes it difficult to find representative
variables that are mutually independent, thus hindering further research
on the subject. Principal component analysis (PCA) was used to address
this issue. PCA enables the identification of the characteristic factors that
are responsible for soil salinization in the study area, and the conversion
of multiple correlated variables into mutually independent combined
variables, while preserving most of the information contained by the data
(Bro and Smilde, 2014; Jolliffe and Cadima, 2016). These combined
variables (principal components) may then be used as indices to assess
the salinity of the study area. The averages, standard deviations and Cv
values of the soils’ physicochemical indices were analysed using the SPSS
17.0 program to extract the principal components of the soils’ saliniza-
tion properties.

3. Results

3.1. Validation of sampling point quality

Total soluble salt content is the primary control factor for soil quality
in the study area. The Cv values of the total soluble salt contents in the
0–20 cm, 20–40 cm and 40–60 cm layers in each region were substituted
into Eq. (1) to derive their t-values, which were then compared to the t-
95% and t-90% values obtained from look-up tables. The TDIST function
was then used to calculate p-values to evaluate the statistical significance
of the data (Table 1).
3

In Table 1, it is shown that the t-values of the total salt contents of all
zones and strata (except for Zone E) are greater or much greater than t-
95%; the t-value of the surface layer in Zone E is slightly lower than t-
95% but still much greater than t-90%. Except for the surface layer of
Zone E, the p-values calculated from the t-values and degrees of freedom
are either significant or extremely significant. Hence, it may be
concluded that the total soluble salt content data in each zone and stra-
tum reliably represent all information in their corresponding zones and
strata, within the 95% confidence interval.

3.2. Spatial differentiation of the soil physicochemical properties

3.2.1. Soluble salt content
Soil salinization is severe throughout Tianjin Eco-City, and soil sali-

nization is present in varying degrees throughout the depth of its soil
profiles (Figure 1). Saline soil (soils with soluble salt contents greater
than 6000 mg/kg) are widely distributed in each zone, and the area
covered by saline soils accounts for more than 50% of the total area at
each depth (51.1% in the surface layer (Figure 1a), 50.5% in the middle
layer (Figure 1b), 68.1% in the deep layer (Figure 1c)). The north-eastern
section of Zone NW only exhibits a light level of soil salinization (soluble
salt contents between 1000 mg/kg and 2000 mg/kg), and these lightly
salinized soils account for less than 7.5% of the study area.

Due to the effects of soil depth, soluble salt content increases with soil
depth in Zone S and Zone W. In Zone E, the spatial differentiation in
soluble salt contents decreases with increasing soil depth, causing the
distribution of salt content to gradually become more uniform at deeper
levels. In Zone NW, the distribution of soluble salt content across this
region is not significantly affected by soil depth. It is thus shown that the
change in soluble salt content with soil depth varies from one zone to
another. This could be caused by local hydrogeological and topograph-
ical conditions and human activities.

3.2.2. Soil pH
Most of Tianjin Eco-City is covered by alkaline soils (Figure 2).

Alkaline soils (pH > 8.5) are mainly found in Zone NW, the southern and
northern parts of Zone E, Zone S and the central and northern parts of
Zone W. The area covered by alkaline soils accounts for 16.7% of the
surface layer (Figure 2a), 21.7% of the middle layer (Figure 2b) and
15.0% of the deep layer (Figure 2c).

The effects of soil depth on the distribution of soil pH are as follows:
as soil depth increases, the distribution of alkaline soils shifts northwards
in Zone E, southwards in Zone W, and gradually expands in Zone NW.

3.2.3. Naþ and Kþ contents
The soils of Tianjin Eco-City generally contain high Naþ and Kþ

contents (Figure 3). The regions with high Kþ and Naþ contents (Naþ and
Kþ contents greater than 2000 mg/kg) are the northern part of Zone E,
the southern part of Zone S, and the central and southern parts of ZoneW.
Soils with high Kþ and Naþ contents account for 39.7%, 41.7% and
55.8% of the area of these regions in the surface, middle and deep layers,
respectively (Fig. 3a-c). The vegetation in these areas is therefore
significantly affected by salt stress. The soils with low Kþ and Naþ con-
tents (<1000mg/kg) are mainly located in the north-eastern part of Zone
NW, and the area covered by these soils’ accounts for no more than 13%
of the study area.

Naþ and Kþ content is affected to some extent by soil depth. In Zones
S andW, Naþ and Kþ content generally rise with increasing soil depth. In
Zone E, the spatial differentiation of Kþ and Naþ content decreases with
increasing soil depth. There is a region on the northern side of Zone E that
contains extremely high levels of Naþ and Kþ (>4000 mg/kg) in the
surface layer, but the Naþ and Kþ content gradually dissipate with
increasing soil depth. The effects of soil depth on the distribution of Naþ

and Kþ content in Zone NW is insignificant. The vertical and horizontal
distribution of the soils’ Naþ and Kþ contents are correlated to some
extent with their soluble salt content.



Table 1. Quality validation for the number of sampling points that were set up for total soluble salt content in each region.

Zone Layer Cv N df t-calculated t-95% CI on
Corresponding df

t-90% CI on
Corresponding df

p Sig.

NW Surface 1.37 70 69 1.832 1.671 1.296 0.036 *

Middle 0.98 70 69 2.561 1.671 1.296 0.006 **

Deep 0.88 70 69 2.852 1.671 1.296 0.003 **

W Surface 1.15 44 43 1.730 1.684 1.303 0.045 *

Middle 0.82 44 43 2.427 1.684 1.303 0.010 **

Deep 0.70 44 43 2.843 1.684 1.303 0.003 **

E Surface 1.18 43 42 1.667 1.684 1.303 0.051 .

Middle 0.72 43 42 2.732 1.684 1.303 0.005 **

Deep 0.70 43 42 2.810 1.684 1.303 0.004 **

S Surface 0.88 27 26 1.771 1.706 1.315 0.044 *

Middle 0.55 27 26 2.834 1.706 1.315 0.004 **

Deep 0.47 27 26 3.317 1.706 1.315 0.001 ***

Note: Sig. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05‘.’

Figure 1. Spatial distribution pattern of the soils’ soluble salt content (a) surface layer (b) middle layer (c) deep layer.

Figure 2. Spatial distribution pattern of the soils’ pH content (a) surface layer (b) middle layer (c) deep layer.
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3.2.4. Cl- content
The Cl� content in the soils of Tianjin Eco-City is generally quite high

(Figure 4). The areas with high levels of Cl� content (Cl� content greater
than 2000 mg/kg) are the southwestern part of Zone NW, Zone E, the
central and southern parts of Zone S, and ZoneW. These high Cl� content
areas cover over 60% of the land in these zones (70.0% of the surface
layer (Figure 4a), 67.2% of the middle layer (Figure 4b) and 80.3% of the
4

deep layer (Figure 4c)). The low Cl� content area (<1000 mg/kg) is
mainly located in the northeastern part of Zone NW, and the low Cl�

areas accounts for no more than 10% of the study area. The distribution
of Cl� content in the soils is strongly correlated with the distribution of
Naþ and Kþ.

In Zone S, there is a significant positive correlation between the soils’
Cl� content and soil depth. Cl� content and heterogeneity of Cl� content



Figure 3. Spatial distribution pattern of the soils’ Naþ and Kþ content (a) surface layer (b) middle layer (c) deep layer.

Figure 4. Spatial distribution pattern of the soils’ Cl� content (a) surface layer (b) middle layer (c) deep layer.
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decreased with increasing soil depth in Zone E; an area in the northern
part of this zone has extremely high Cl� content (>6000 mg/kg), which
gradually dissipates as soil depth increases. The distribution of Cl� con-
tent in Zone NW and Zone W does not vary significantly with soil depth.
In the southwestern part of Zone NW, Cl� content decreases slightly from
the surface layer to the middle layer.

3.2.5. Effective phosphorus content
The effective phosphorus contents of the soils in Tianjin Eco-City

largely vary between the “lower-middle” and “high” levels (10–40 mg/
Figure 5. Spatial distribution pattern of the soils’ effective phosph

5

kg) of the second Chinese soil census’s soil nutrient classification stan-
dard (Figure 5). The regions with high levels of effective phosphorus
(20–40 mg/kg) are mainly located in the northern, western and southern
parts of Zone NW, the northern part of Zone S, and Zone W. In these
regions, the area occupied by soils with high levels of effective phos-
phorus account for 82.4% of the surface layer (Figure 5a), 56.4% of the
middle layer (Figure 5b) and 43.7% of the deep layer (Figure 5c).

The vertical distribution of the soils’ effective phosphorus is a
manifestation of the tendency for soil nutrients to aggregate on the sur-
face. The horizontal area covered by high effective phosphorus soil
orus content (a) surface layer (b) middle layer (c) deep layer.
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gradually shrinks with increasing soil depth. In the southeastern part of
Zone NW, effective phosphorus is almost completely exhausted in the
soils’ middle and deep layers, even when the surface layer contains an
extremely large amount of effective phosphorus (>40 mg/kg).

3.2.6. Soil available potassium
The soils of Tianjin Eco-City contain extremely high levels of avail-

able potassium, and the available potassium content of these soils
generally fall in the “extremely high” level of the second national soil
census’s soil nutrient classification standard (>200 mg/kg) (Figure 6).

The vertical distribution of soil available potassium reflects on the
tendency of soil nutrients to aggregate on the surface. The area covered
by soils with high amounts of available potassium is smaller in themiddle
layer than in the surface layer (Fig. 6a,b). However, this area does not
change significantly between the middle and deep layers (Fig. 6b,c).

3.3. Principal component analysis of the soils’ salinization properties

PCA was performed on all of the measured indices of Zone NW’s
samples and two principal components were extracted from this process
(Figure 7a). The first principal component reflects 51.4% of all infor-
mation contained in the data. The total salinity, Naþ, Cl�, SO4

2-, Kþ, and
Mg2þ indices have very strong negative loadings on the first principal
component, whereas pH, CO3

2-, and HCO3
- have positive loadings on this

component. The first principal component may therefore be treated as a
combined index that reflects the overall state of soil salinization. The
second principal component accounts for 17.8% of all variances in the
data. The effective phosphorus, available potassium, and SOC indices
have negative loadings on the second principal component. The second
principal component may therefore be treated as a combined index that
reflects the state of soil nutrition. Ca2þ has a similar negative loading on
both principal components; this indicates that Ca2þ is a salinization
factor and a nutrient factor, and these loadings could be related to the
carbon cycle between calcium carbonate and organic carbon. The total
soluble salt content, Naþ, Cl�, and pH indices have varying levels of
positive loading on the second principal component. This is the exact
opposite of the effective phosphorus, available potassium, and SOC
indices, which are indices that generally reflect on soil fertility. There-
fore, total soluble salt content, Naþ, Cl�, and pH are the key control
factors that restrict vegetation growth and the accumulation of soil
fertility in Zone NW. The relative importance of these factors is as fol-
lows: Naþ > Cl� > total soluble salt content > pH.

Two principal components were obtained by performing PCA on all
of the measured indices of Zone W’s samples (Figure 7b). The first
principal component reflects 51.9% of all information in the data. The
total salinity, Naþ, Cl�, SO4

2-, Kþ, and Mg2þ indices have very strong
negative loadings on the first principal component, whereas the pH,
Figure 6. Spatial distribution pattern of the soils’ available potass
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CO3
2-, and HCO3

- indices have positive loadings on this component. The
first principal component is therefore a combined index that focuses on
the overall state of soil salinization. The second principal component
reflects 15.9% of all data variances, and the effective phosphorus,
available potassium, and SOC indices have negative loadings on this
component. The second principal component is therefore a combined
index that reflects the state of soil nutrition. Ca2þ has similar negative
loadings on both principal components, which indicates that it is both a
soil salinization factor and soil nutrient factor; this could be related to
the carbon cycle between calcium carbonate and organic carbon. The
total soluble salt content, Naþ, Cl�, and pH indices have different levels
of positive loading on the second principal component, which is the
exact opposite of the effective phosphorus, available potassium and
organic carbon indices. This indicates that total soluble salt content,
Naþ, Cl�, and pH are key controlling factors that limit vegetation
growth and the accumulation of soil fertility in Zone NW. The relative
importance of these factors is as follows: pH > CO3

2- > Naþ > Cl� > total
soluble salt content.

PCAwas performed on all of the measured indices of Zone E’s samples
and two principal components were extracted from this process
(Figure 7c). The first principal component reflects 58.4% of all infor-
mation in the data. The total salinity, Naþ, Cl�, SO4

2-, Kþ, Mg2þ, and Ca2þ

indices have very strong negative loadings on the first principal
component, whereas the pH, CO3

2-, and HCO3
- indices have positive

loadings on this component. Therefore, the first principal component is a
combined index reflecting the soil salinization’s overall state. The second
principal component accounts for 13.7% of all data variances, and the
effective phosphorus, available potassium, and organic carbon indices all
have negative loadings on this component. Therefore, the second prin-
cipal component is a combined index that measures the state of soil
nutrition. The main factors of soil salinization and soil nutrition are
orthogonally related to each other; in other words, the effective phos-
phorus, available potassium, and SOC soil nutrition indices are not
affected by the first principal component (the soil salinization principal
component).

Two principal components were extracted from the PCA on all of the
measured indices of Zone S’s samples (Figure 7d). The first principal
component reflects 55.9% of all information in the data. The total
salinity, Naþ, Cl�, SO4

2-, Kþ, Mg2þ, and Ca2þ indices have very strong
negative loadings on the first principal component, whereas the pH, CO3

2-,
and HCO3

- indices have positive loadings on this component. Therefore,
the first principal component is a combined index that reflects the overall
state of soil salinization. The second principal component accounts for
16.8% of all data variances, and the effective phosphorus, available po-
tassium, and SOC indices have negative loadings on this component.
Therefore, the second principal component is a combined index that
assesses the state of soil nutrition.
ium content (a) surface layer (b) middle layer (c) deep layer.



Figure 7. Principal component analysis on the soil salinization properties. (a) Zone NW; (b) Zone W; (c) Zone E; (d) Zone S.
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4. Discussion

4.1. Analysis of salinization and physicochemical soil properties

Soil salinization refers to the process where soluble salts in the soil
solution aggregate at the surface during drought conditions. This occurs
if the water table is shallower than the critical water table depth and the
groundwater has a high level of mineralization. Salinization level and salt
type are the main indicators of soil's salinization properties. The degree
of soil salinization generally reflects the degree of salt accumulation in
saline soils or salinized soils, and this index can also be used for soil
classification. The physicochemical properties, salt transport, and salt
accumulation characteristics of saline/salinized soil vary for each type of
salt. In addition, the degree of harm caused by soil salinization also varies
with salt type. Consequently, the measures for remediating and man-
aging soil salinization differ among different types of salt.

Statistical analysis was performed on the physicochemical soil pa-
rameters of Zones NW, W, E, and S of the study area to investigate the
characteristics factors that cause soil salinization in these zones. Based on
7

the characteristics of each zone, Zone NW has the largest number of
samples and Cv, while Zone S has the smallest Cv. In terms of the pH
index, Zone W has the largest proportion of high pH (pH > 8.5) samples
in the surface layer (43.2%), whereas Zone E has the largest proportion of
high pH samples in the middle and deep layers (both 50%). The pH
values of the samples in Zone S are relatively low. The main factors that
control the physicochemical properties of each layer in each zone are the
Naþ, Cl�, and SO4

2- contents. Cv gradually decreases from the surface
layer to the deep layer. However, the percentage of samples with pH >

8.5 does not change significantly from one layer to another.

4.2. Suggestions on preventing and managing soil salinization in coastal
land reclamation areas

Based on the spatial differentiation of physicochemical properties in
the saline-alkali soils of the study area and an analysis of their saliniza-
tion properties, a few viable and targeted proposals are suggested in the
following to prevent and manage soil salinization in coastal land recla-
mation areas.
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In regions where soil salinization is relatively minor (salt contents
lower than 3000 mg/kg), salts that are detrimental to plant growth like
Naþ and Kþ are not present in large quantities and vegetation survival
rates may reach 70%–80%. It is suggested that soil monitoring works
should be intensified in these areas. On this basis, organic fertilizers may
be added to increase the organic matter content of the soils. This will
promote the formation of soil aggregates, whichwill improve soil aeration
and permeability. Plant communities that help to remediate soil salini-
zation, maintain high levels of soil quality, and are aesthetically pleasing
should be established by planting common green plants that are orna-
mentally valuable, cheap, amenable to reproductive management, and
have fast-growing shallow roots, as well as certain glycophyte species.

The effects of salt stress on vegetation growth are significantly
adverse in regions with soil salt contents between 3000 mg/kg and 5000
mg/kg. In this case, soil engineering measures like subsurface drainage
systems, and salt barriers need to be taken in conjunction with other
measures (Wang et al., 2019). A subsurface drainage system that is suited
to the local geological and soil conditions can be used in combination
with salt isolating and leaching techniques (e.g., salt barriers and
anti-permeation barriers), rain harvesting systems and water-saving/soil
salinity-controlling irrigation techniques (Xie et al., 2010; Wang et al.,
2011). It is suggested that species that are able to tolerate low levels of
salt content and form large amounts of organic matter to reduce cell
water potential should be planted, according to the local salinization and
alkalinization of the coastal region. This will form a greenbelt that is
effective in remediating saline-alkali soils ().

In regions with soil salt contents between 5000 mg/kg and 10000
mg/kg, the vegetation survival rate is less than 50%. In these regions,
engineering measures for the remediation of saline-alkali soils should be
implemented and the monitoring of water-soil salinization should be
intensified. On this basis, salinity remediating plant communities that
can tolerate high salt concentrations should be established. For example,
plant communities that consist of a suitable number of highly salt
tolerant halophytes.

In regions with extremely severe soil salinization (soil salt contents
greater than 10000mg/kg), the effects of salt stress on vegetation growth
are very significant. In these regions, engineering measures for the
remediation of saline-alkali soil should be implemented, and the moni-
toring of soil and water salinization should be intensified. On this basis,
suitable chemical measures should be implemented according to field
conditions (Sadiq et al., 2007). For example, chemical remediates could
be used to change the composition of cations adsorbed by soil aggregates.
This would promote the formation of aggregate structures, improve soil
structures, and delay the return of soil salinization. The most effective
way to ensure the survival and sustainability of the plant communities is
to grow salt-tolerant halophytes.

5. Conclusions

China-Singapore Tianjin Eco-City is located in the coastal land
reclamation area, with high salinity content. However, as the key area of
human development activities, it is particularly important to find out the
physiochemical properties and spatial distribution of saline-alkali soils,
analyze their formation mechanism, and further take measures of pro-
tection and improvement.

13 soil salinity and nutrition indices of a total of 542 soil samples in
184 locations were evaluated in laboratory measurements. In China-
Singapore Tianjin Eco-City, areas with soluble salt contents greater
than 3000 mg/kg account for over 90% of the study area, and high sol-
uble salt content in surface layer soils is the dominant factor in soil
salinization. Naþ, Cl�, and SO4

2- contents are the primary control factors
that determine the coefficient of variation of the soils’ soluble salt con-
tent. Total salinity and Naþ, Cl�, SO4

2-, Kþ, and Mg2þ contents reflect on
the salinization of the soils, while effective phosphorus, available po-
tassium, and soil organic carbon (SOC) reflect on the state of soil
nutrition.
8

Despite the spatial differentiation of physicochemical properties and
salinization properties in the saline-alkali soils of China-Singapore
Tianjin Eco-City, some protective measures have been suggested. These
measures can provide a reference for soil remediation in coastal land
reclamation areas. Future soil restoration and management should
consider the heterogeneity of physicochemical properties of saline lands
and their spatial distribution. We suggest that different responses should
be adopted in different areas to facilitate the sustainability of soil
restoration and management. In the future, these protective measures
should be further validated in laboratory experiments to develop more
efficient protective measures.
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