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Abstract

We used the “space for time substitution” method to test the effects of reclamation history on evolution
processes of soil properties and heavy metal concentrations. A total of 129 surface soil samples were
collected in a reclamation zone of the Liaohe River Delta, which was divided into three reclaimed zones
(1930s, 1960s, and 1990s), marsh, and intertidal flats. Soil metals (Fe, Mn, Cd, Cr, Cu, Ni, Pb, and Zn), soil
particle size, pH, salinity, soil organic carbon (SOC), nitrate nitrogen (NO,-N), and available phosphorus
(AP) were analyzed. Results obtained from correlation analysis and factor analysis showed that there
were significant positive correlations (p<0.01) between the fine particle fractions (clay and silt) and metal
concentrations. Using ANOVA, we found that soil erosion and leaching desalination had significant effects
on the distributions of soil properties and heavy metal contents in short-term reclamation (1990s zone),
and that sustained human activities have played an important role in long-term reclamation (1960s zone).
Results of the enrichment factor (EF) and inverse distance weighting (IDW) indicated that Cd pollution
had reached high pollution levels, followed by Cr pollution. Taking necessary measures is significant for
sustainable utilization and management of coastal resources.
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Introduction

Wetlands provide essential ecosystem services to
people and the environment, including flood protection,
water supply and purification, food productivity, erosion
control, wave attenuation, shoreline stabilization, wildlife
habitat, climate regulation, and amenity [1]. However,
with the development of the economy and population
growth, the contradiction between land supply and human
demand is becoming increasingly acute. The reclamation
of coastal wetlands has become a popular way to meet the
increasing demand of new land for living and development
[2]. In the past, many coastal countries around the world
have obtained new land through reclamation [3-4]. China
has now become the largest country that reclaims land
from the sea, and the area of coastal wetlands has shrunk
by 51.2% since 1949 [5]. Reclamation has been found
to change shoreline evolution and wetland hydrology,
deteriorate soil and water quality, alter vegetation
succession, benthic animal and microbial communities and
fisheries, and impair ecosystem functioning and services
[6]. Therefore, this study on the effects of reclamation on
wetland ecosystems is of great importance for effective
management and sustainable development of coastal
resources.

Soil is not only the material on which land organisms
live; it also plays important roles in material cycles and
energy exchange in terrestrial ecosystems. Large numbers
of coastal wetlands around the world have been converted
into reclaimed land in recent decades because of rapid
economic development in coastal areas. Numerous
studies of reclamation-induced changes in soil function
have therefore been conducted. Portnoy and Giblin [7]
and Sun et al. [8] found that soil bulk density tended to
increase, while soil moisture, electrical conductivity,
and particle size tended to decrease during reclamation.
Li et al. [9] have suggested that soil nutrient distribution
was significantly affected by land-use intensity after land
had been reclaimed, with relatively high soil salinity in
aquaculture ponds and high soil organic matter (SOM),
available phosphorous (AP), and nitrate nitrogen (NO, -N)
contents in agricultural fields. Soil organic carbon (SOC)
plays important roles in the global carbon cycle, and small
changes in SOC contents can strongly affect atmospheric
CO, concentrations, leading to climate change [10]. Bai
et al. [11] discovered that converting wetland to cropland
and long-term reclamation projects significantly decrease
the SOC contents of the top 50 cm in soil. Wetlands are
important carbon pools and important sinks for heavy
metals (through a range of physicochemical processes).
It is difficult to remediate saline soil polluted with heavy
metals because the heavy metals are very mobile. Activities
on reclaimed land (e.g., agriculture, industry, and urban
expansion) affect soil properties and promote the release
of heavy metals, increasing heavy metal concentrations
in water bodies and organisms [12]. Sources of heavy
metals have been identified and the effects of land use on
heavy metal behaviors in reclaimed soils have previously

been studied. Li et al. [13] revealed that different land-
use structures and industry types affected heavy metal
concentrations in soils. They found significantly higher
As, Cu, Hg, Pb, and Zn concentrations in industrial areas
than the background concentrations, and moderate As and
Hg pollution in forested land. Some studies have been
focused on heavy metals in wetland and agricultural soils,
including heavy metal enrichment, spatial distributions,
and the potential hazards posed to public health [14-15].
At present, heavy metal pollution has yet to be controlled
effectively, especially in developing countries, and the
attention of policymakers is desperately needed.

Little historical data for soil is available, but the space-
for-time substitution method has been used to determine
spatial and temporal variabilities in the evolution of soil
function after reclamation [16]. Reclamation history is
often used as a representative indicator when using this
method, and is an important factor regarding the effects
of land reclamation on soil property evolution and heavy
metal accumulation [15]. There may be uncertainties
when determining land use history and management
practices, but in previous studies these uncertainties were
found not to fundamentally change the direction of the soil
changes [17]. Reclamation history data for coastal areas in
castern and southern China have recently been gathered,
but it has not been surveyed in northeastern China. The
Liaohe River Delta, in Liaoning Province, China, is
adjacent to the northern part of Liaodong Bay in the Bohai
Sea, with a total area of about 5,000 km?. The Delta is
formed by sediment deposited by the Daliaohe, Dalinghe,
Xiaolinghe, and Liaohe (or Shuangtaizihe) rivers. The
second largest permanent reed (Phragmites australis)
marsh in the world is around the delta, which was
designated the Shuangtaihekou National Nature Reserve
in 1986 and, by the Ramsar Convention, a Wetland of
International Importance in 2005. Panjin is the largest
city in the Liaohe River Delta, and Dawa County in
Panjin City is the main reclaimed area. The reclamation
history was determined from historical records, remote
sensing images, and information provided by local
inhabitants. Dawa County Annals and the Panjin Water
Conservancy Annals indicated that the study area has
had three periods of reclamation: massive reclamation
before 1949, all-round development and reclamation
of state-owned land after 1949, and comprehensive
large-scale development since the 1990s. A number of
studies of soil function evolution in the study area have
been performed [18-20], but the effects of reclamation
history on soil function evolution processes are yet to be
investigated.

This study was undertaken in Dawa County with
the aim of exploring the effects of reclamation history
on biogeochemical changes in soils. Specifically, the
objectives of this study were 1) to reveal how recla-
mation history affects soil property evolution and heavy
metal concentrations and 2) to delineate the levels of soil
heavy metal pollution posed by reclamation in the study
area.
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Material and Methods
Study Site

We investigated an area (121°31'-122°10'E, 40°39’
-41°12'N) of about 1,249 km? located in southwest
Dawa County, including intertidal flats, permanent reed
marsh (i.e., Shuangtaihekou National Nature Reserve)
and reclaimed zones (Fig. 1). The region experiences
a semi-humid temperate monsoon climate, where the
annual average temperature is 8.3-8.4°C, annual average
precipitation is 611.6 mm, and annual evaporation is
between 1,390 and 1,705 mm [21]. In this study, the
area was divided into three different zones according
to reclamation history (they were reclaimed during the
1930s, 1960s, and 1990s, respectively). Soil sampling
sites were selected from each zone.

Sample Collection and Preparation

As physicochemical properties and heavy metal
elements of the surface soil are more sensitive to
anthropogenic activities than that of the deeper layers
[22], 129 samples in the top 20 cm of soil — including
33 samples from the 1930s zone, 27 samples from
the 1960s zone, 33 samples from the 1990s zone, 30
samples from the reed marshes, and six samples from the
intertidal flats — were collected from the study area
during October 2014, after the paddy rice fields had been
drained and reaped (Fig. 1). In each reclamation zone, the
location of sampling sites was determined at random, with
special consideration for different land use, vegetation,
and soil types to ensure even coverage of the whole
study area. The position of each sample site was identified
with a portable GPS receiver to an accuracy of 3-5 m. In
order to obtain a representative soil sample at each site,
three sub-samples 50-100 m apart were collected and then
mixed fully to form a composite sample. All soil samples
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Fig. 1. Location of the study area and distribution of sampling
points.

were packed in polyethylene bags and returned to the
laboratory.

Sample Chemical Analysis

These soil samples (average weight of 1 kg) transported
to the laboratory were air-dried under normal temperature
for three weeks. After air drying naturally, all samples
were sieved through a 2-mm nylon sieve to remove the
roots and coarse debris. Portions of the soil samples were
then ground with a pestle and mortar until all particles
passed through a 0.149-mm nylon sieve. Fourteen indices
were selected to represent soil quality and the average
conditions of heavy metal concentrations. Soil pH was
analyzed in soil slurry with a pH meter at a 1:2.5 (g g)
soil-to-water suspension. Soil particle size distribution
was obtained using a laboratory’s laser particle size
analyzer (Microtrac S3500). Soil salinity was determined
directly during the field survey using a salt-water sensor
(SDI-12/RS485, Australia). Soil organic carbon (SOC),
nitrate nitrogen (NO,-N), and available phosphorus (AP)
are important indicators of the soil nutrient content. SOC
was measured by a TOC analyzer (HT1300, Analytikjena,
Germany) after removing soil carbonates with 1 M HCI.
Soil AP was analyzed using the photoelectric colorimetry
method, while the NO,-N was extracted using the
deoxidization photoelectric colorimetry method.

For analysis of total concentrations of soil metals,
including iron (Fe), manganese (Mn), Pb, Cu, Cd, Zn, Cr
and Ni, soil samples (0.149 mm) were digested using an
HNO,-HF-HCIO, mixture in Teflon tubes at 160°C for 6 h
and then measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (HITACHI P-4010,
Japan). Parallel analysis and standard reference materials
(GBW-07401, Chinese Academy of Measurement
Sciences) were used to assess quality assurance and
control. The obtained recovery rates for the standards were
between 95.12 % and 104.47 %. The analytical results
met the standard requirements of Technical Specification
for Soil Environmental Monitoring HJ/T 166-2004
(National Environmental Protection Administration of
China 2004).

Statistical Analysis and Enrichment Factor

Descriptive statistics were used to calculate the
statistical parameters of soil properties and metals to
evaluate the data distribution. The Kolmogorov-Smirnov
(K-S) test was used to examine the normality of the
probability distributions of soil variables. When these
variables were not passing the normality test at the 0.05
significance level, they were normalized by logarithmic
transformation or Box-Cox transformation. Pearson’s
correlation analysis and factor analysis were carried out
to investigate the relationships between the soil properties
and selected heavy metals. The soil properties and total
metal concentrations from different zones were compared
using multivariate analysis of variance (ANOVA),
followed by post hoc least significant difference test
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(p<0.05). All statistical analyses were processed with
SPSS 13.0 (SPSS Inc., USA). Data transformation was
performed using MiniTab 17.0.

The EF (enrichment factor) is often used to evaluate
enrichment status of soil heavy metals and was calculated
by the following formula [23]:

Cy 7 4n
Cl'cf Al’ef (1)

EF =

...where C and A4 are the measured and background
values of a given heavy metal (unit: mg kg™'), respectively,
and C . and 4_, are the measured and background values
of the reference metal (unit: mg kg'), respectively. To
identify the potential spatial distribution of soil heavy
metal pollution, the inverse distance weighting (IDW)
was used for interpolation and for producing maps with
ArcGIS software for desktop (ver. 10.1, ESRI). The
process of the interpolation was performed as described in
this reference [24]. Figures were drawn by OriginPro 8.0
and ArcGIS 10.1.

Results and Discussion
Descriptive Statistics

Descriptive statistics for the soil properties and heavy
metal concentrations are shown in Table 1. The Fe and
Mn concentrations were high (>100 mg kg™'), and the
mean Cr and Zn concentrations were relatively high, at
154.95 and 102.21 mg kg, respectively. The heavy

metal concentrations and the soil properties apart from
pH varied widely in different samples. The pH values
varied in a range from 6.65 to 8.80, indicating the soil
samples were weakly acidic to weakly alkaline. The
salinity was 0.01-0.62 ms m"', and the SOC, NO,-N, and
AP contents (representing soil fertility) were 0.05-2.88%,
0.25-10.72 mg kg, and 0.72-26.46 mg kg™, respectively.
The coefficients of variation (CV) for the heavy metal
elements varied in a range of 12.63-58.23%. Among them,
Cd, Cr, Cu, Mn, and Pb had relatively high CVs (>30%),
suggesting that their distributions might be influenced by
human activities. Fe, Ni, and Zn had lower CVs (<30%),
indicating they were distributed in the study area more
evenly. Salinity, NO,-N content, and AP contents had
high CVs at 97.33%, 94.68%, and 74.80%, respectively,
indicating that they varied widely in the study area and
implying that human activities have affected them. For the
soil fractions, statistical results indicated that the major
soil texture was from silt loam to sandy loam in the study
area (Table 1).

Correlation Analysis of Soil Physicochemical
Properties and Metals

The Pearson correlation matrix shown in Table 2
was used to identify correlations between the metal
concentrations and soil properties. The six anthropogenic
heavy metal (Cd, Cr, Cu, Ni, Pb, and Zn) concentrations
significantly positively correlated (p<0.01) with each
other. The Cu concentration strongly correlated with the
Ni and Zn concentrations (the correlation coefficients
were 0.52 and 0.71, respectively), and the Cr-Ni, Cr-Zn,

Table 1. Descriptive statistics for soil properties and heavy metal concentrations in topsoil.

Variable Minimum Median Maximum Mean S.D. C.V. (%)
Cu (mg kg™) 4.55 15.65 31.67 17.23 6.05 35.10
Cr (mg kg™") 50.65 153.43 275.79 154.95 52.16 33.66
Cd (mg kg™) 0.26 1.63 3.46 1.41 0.82 58.23
Ni (mg kg™) 20.87 39.33 59.34 40.71 9.13 22.44
Zn (mg kg™) 53.40 99.59 149.50 102.21 19.44 19.02
Pb (mg kg™) 2.95 11.26 19.57 11.97 3.66 30.54
Mn (mg kg™!) 25.78 96.42 211.90 100.46 30.94 30.80
Fe (g kg") 0.63 0.93 118 0.93 0.12 12.63
Salinity (ms m™) 0.01 0.11 0.62 0.15 0.14 97.33
pH 6.65 7.95 8.80 7.89 0.48 6.07
SOC (%) 0.05 0.84 2.88 0.93 0.48 51.81
NO, -N (mg kg'') 0.25 1.56 10.72 2.35 2.23 94.68
AP (mg kg) 0.72 5.61 26.46 7.23 5.41 74.80
Clay (%) 1.04 2.83 6.02 3.04 1.04 34.09
Silt (%) 9.59 37.19 66.58 37.63 10.46 27.81
Sand (%) 25.60 59.07 89.25 58.72 11.63 19.81
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and Ni-Zn correlation coefficients were 0.71, 0.52, and
0.57, respectively, suggesting that these metals could
have similar anthropogenic origins. The Pb concentration
correlated (p<0.01) with the Cu, Ni, and Zn concentrations,
but weakly correlated with the Cd and Cr concentrations,
implying that Cd, Cr, and Pb probably had different
sources. Turer et al. [25] has reported that atmospheric
deposition is an important source of Pb-to-soil and
sediment. As the major components of rock-forming,
the Fe and Mn concentrations significantly positively
correlated (p<0.01), but the Fe concentrations more
significantly correlated (»<0.01) with the concentrations
of the other heavy metals than with the Mn concentration.

In all measured soil properties, some typical
correlations could be identified based on the correlation
matrix analysis. As shown in Table 2, soil pH significantly
positively correlated with salinity (p<0.01) and negatively
correlated with SOC content (p<0.01). In previous studies,
soil salinity and pH were found to strongly affect soil
structure and SOM decomposition [26-27]. In this study,
therefore, although the correlation between soil salinity and
SOC was not significant, a weak negative correlation could
be observed between them. Variations in SOC content will
affect crop productivity and soil fertility and also regional
and global carbon cycles [28]. It was obviously observed
that SOC had significantly positive correlation with clay
and silt particles and negative correlation (p<0.01) with
sand content. This result kept in line with Li et al. [29]
and Baritz et al. [30], who reported that the positive
effect between SOC and clay and silt content were due
to the stabilization of SOM by fine particles and physical
protection of SOC from oxidation by the relatively smaller
spaces in soils. Moreover, a significant correlation was

Table 3. Rotation sums of squared loadings for soil properties
and heavy metals (Factor analysis).

Raw data

Percent of Variance

Component | Total Cumulative (%)

(%)
1 3.14 19.61 19.61
2 2.96 18.53 38.14
3 1.99 12.43 50.57
4 1.78 11.12 61.69

Fe-normalization data

Percent of Variance

Component | Total Cumulative (%)

(%)
1 2.90 19.31 19.31
2 2.63 17.51 36.82
3 1.86 12.43 49.25
4 1.63 10.87 60.12

Extraction method: principal component analysis
Rotation method: varimax with Kaiser normalization.
Marked loadings are >0.60

observed between SOC and NO, -N, which might imply
that soil organic matter was also likely one of the main
sources of soil N supply [31].

It has been found that SOM, pH, salinity, and
soil texture directly and indirectly affect heavy metal
mobilities and solubilities in soil [15, 24]. As shown
in Table 2, apart from Cr (p<0.01) and Ni (p<0.05), no
other metals showed significant correlation with salinity.
Although the correlations between pH and heavy metals
(except Cu and Pb) were not significant, we found that pH
had a weak reverse impact on heavy metal concentrations
and were in agreement with Li et al. [13] and Zhang et al.
[32], who reported that the low-pH soil could facilitate the
migration and availability of heavy metals. No significant
correlations were observed between NO, -N, AP, and
metals. The Cd, Cr, Cu, Ni, and Zn (but not the Pb)
concentrations significantly positively correlated (p<0.01)
with the SOC, clay, and silt contents, and significantly
negatively correlated (p<0.01) with the sand content.
These findings were supported by previous research and
suggested that SOM and finer particle-size fractions (clay
and silt) could act as major sinks for heavy metals due
to their strong absorption capacity and increased surface
areas [33-34]. In general, the correlation coefficients
shown in Table 2 indicated that the particle fractions
affected the heavy metal concentrations more than did the
other soil properties.

Factor Analysis

Normalization with reference elements can remove
the metal concentration variance caused by natural
processes and allow anthropogenic effects to be described
quantitatively [35]. Iron is widely used as a reference
metal because it is naturally abundant and is mainly
supplied through rock and soil weathering [24,36]. The
Fe concentration had a low coefficient of variation and
significantly positively correlated with the concentrations
of the other metals (Tables 1 and 2), suggesting that Fe
could be used to normalize the data and correct for the
influence of the soil particle size. Factor analysis was
performed on the raw data and Fe-normalized data to
further identify relationships between the parameters and
the heavy metal sources (Table 3 and Fig 2).

Four factors, accounting for 61.69% of the total
variance, were extracted from the raw data (Table 3). The
rotated component matrix indicated that the first factor,
called F1, accounted for 19.61% of the total variance and
was positively and strongly related to the Cr, Cu, Ni, and
Zn concentrations, soil particle size fractions, and SOC
content, confirming the correlation matrix analysis results.
The second factor included salinity, pH and NO, -N, with
loadings >0.60 (Fig. 2a ). The Fe and Mn were in F3, with
a factor loading >0.7 (Fig. 2a,), suggesting Fe and Mn
mainly had common sources. This result was in agreement
with Zhou et al. [37] and Mico et al. [38], who stated that
the variability of Fe and Mn was controlled by soil parent
materials in the reclaimed wetlands of estuaries. The fourth
factor accounted for 11.12% of the total variance and
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Fig. 2. Scatter plots of rotated component matrix for soil properties and heavy metals (a: Raw data, b: Fe-normalization).

was strongly related to the Cd, Pb and AP content (with
loadings of 0.64, 0.78, and 0.64, respectively). Similarly,
four factors, explaining 60.12% of the total variance, were
also extracted from the Fe-normalized data (Table 3). The
first factor included grain-size variables (loadings >0.80)
and the second factor included the Fe-normalized Cr, Cu,
Ni, and Zn concentrations (loadings >0.60) (Fig. 2b ). This
indicated that soil particle size affected the Fe-normalized
heavy metal concentrations little and that normalization
was necessary. The coefficients were different, but the
third and fourth factors extracted from the Fe-normalized
data matched the second and fourth factors extracted from
the raw data (Fig. 2b,).

Factor analysis gave information on three aspects of
the relationships between the heavy metal concentrations
and soil properties. The soil fractions can significantly
affect the soil properties and heavy metal distribution. The
finer soil particle-size display higher metal concentrations
because of increased surface areas, higher clay-silt
mineral and organic matter contents, and the presence
of Fe-Mn oxides and sulphides [39]. The reverse effects
of salinity on NO, -N (with the loading >0.70) indicated
that high soil salinity may result in decreasing N
mineralization [40]. However, Mladenoff [41] indicated
that N mineralization increased as the pH increased in
acidic soil, which was the opposite of what we found. This
could have been because the relationship between pH and
N mineralization involves relatively complex processes

in weakly alkaline soils under anaerobic conditions [42].
The factor analysis results showed that Cr, Cu, Ni, and
Zn could have common sources related to anthropogenic
activities, particularly industrial activities [43]. The strong
relationships between the Cd, Pb and AP content indicated
that persistent fertilizer application in the study area may
have increased the Cd, Pb, and P concentrations in soil
[44]. Shan et al. [45] found that agrochemicals applied to
agricultural land are the main anthropogenic sources of Cd
and Pb.

Variance Analysis for Soil Properties
in Different Zones

As indicated in Fig. 3, the box plots for soil fractions,
pH, salinity, SOC, NO, -N, and AP contents in different
zones of the study area showed different variation trends
and significant differences. Soil particle size distribution
is one of the most important physical attributes of soils.
Although there were no significant differences (p>0.05)
with reclaimed history increasing, there was a decreasing
trend for clay/silt and an increasing trend for sand from
the latest intertidal flats to the 1930s. Our results were
consistent with previous studies and revealed that soil
erosion occurred, and preferentially detaching and
transporting clay and silt after long-term reclamation
[31, 46]. In addition, reclamation might result in a higher
percentage of macro-aggregate of coastal reclaimed
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represent significant differences (p<0.05).

soils, especially for old zone 1930s that was closer to
the residential zone. Previous studies have presented
soil quality as possibly being improved by increasing
vegetation coverage to prevent soil erosion and decrease
the loss of fine particles, especially in the rainy seasons
after the crops are harvested [47]. For soil pH, the median
value displayed a slightly declining trend from 8.47 to 7.60
with the increase of reclamation time, but the ANOVA
showed a significant difference from the intertidal flats to
the 1930s soils (p<0.05).

Generally, soil pH values of > 7 indicated that
weakly alkaline conditions at most sampling profiles
that were supported by He et al. [48], who suggested that
the primary soils were considerably influenced by the
coastal deposits and marine water. However, a study in
Hangzhou Bay [49] reported soil pH of 6.3 after 700 years
of reclamation, implying that future soil acidification
is possible for the study area if chemical fertilizers are
overused. As expected, soil salinities decreased by 94.0%
from the intertidal flats to the early reclamation period, and
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subsequently dropped slowly in the 1930s. The difference
between the coastal wetlands and the reclaimed zones was
significant (»p<0.05), while no pronounced difference was
observed for the three reclamation areas. The rapid decline
in soil salinity was attributed to the effective leaching of
exchangeable ions caused by dewatering after reclamation
[50].

SOC, NO, -N, and AP contents are important indices
for assessing soil nutrients. It was notable that SOC
initially decreased during the early period of reclamation
but then recovered to stable levels close to that of wetlands
within 55 years, and the difference between the intertidal
flats and the 1960s was significant (p<0.05). The temporal
pattern of SOC was similar as shown by Cui et al. [31].
In the study area, large amounts of SOC were stored in
soil covered by Phragmites australis, which might have
been caused by the large inputs from higher plants,
human activities (i.e., oil exploration), irrigation of paper
wastewater, and also as consequence of the slow turnover

rates of organic material under anaerobic conditions [51-
52]. However, the SOC in surface soil was subject to rapid
decomposition once exposed to air, suggesting that the
outputs induced by mineralization were much larger than
the inputs. Bai et al. [11] found that, on a regional basis,
SOC loss through reclamation can be counteracted by
accumulation in ditch marshes. Therefore, building some
ditch in reclaimed wetlands can facilitate the retention
of SOC loss posed by reclamation. For nitrate nitrogen
and available P, the contents showed an initial increase,
followed by a decrease over time, with 55 years being the
turning point. Similar results were also reported in coastal
reclaimed soils of Eastern China [8]. Overall, fertilizer
application may also cause the soil nutrient contents
to increase obviously, especially in the first 25 years of
reclamation, while the tendency is to remain unchanged or
even decrease after the 85 years in our study. Zhang and
He [53] reported that the observed changes of soil nutrient
over time were mainly attributed to the combined effect of
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pedogenetic processes and management factors. However,
it is worth mentioning that it is necessary to investigate
and monitor N and P in soils, especially in the estuaries of
a semi-closed sea, because eutrophication occurs easily in
these areas through the loss of soil N and P via drainage
systems and soil erosion [54].

Fe-Normalized Heavy Metal Concentrations
in Different Zones

Elevated heavy metal concentrations in soil and water
have been found in many coastal areas around the world
because of rapid development (of agriculture, industry,
and transport infrastructure) on reclaimed land [55].
Heavy metal concentrations have been found to increase
over time in reclaimed areas used for agriculture [15, 56],
but not all of the heavy metals followed this trend in our
study area. The Fe-normalized heavy metal concentrations
and significant differences among them in different
reclamation zones are shown in Fig. 4. For Cd, Cr, and
Cu, there was a decreasing trend in the early period of
reclamation (zone 1990s) and an increasing trend after 85
years of reclamation (the 1960s and 1930s zones). This
result was inconsistent with a recent study conducted by
Bai et al. [15], where the median values of normalized
Cr in the 1990s zone were significantly lower than those
in coastal wetlands, 1960s, and 1930s (p<0.05), but no
significant difference was found among them. The same
trend was also identified for normalized Cu and Cd, but
the only significant difference for normalized Cu between
the 1960s and the 1990s, and no significant difference
was detected in those zones, which might be because of
the disturbance of some outliers. It was observed that the
value of normalized Ni tended to decline with the increase
of reclamation ages, and significant differences (p<0.05)
were found between wetlands and reclamation zones
(1960s and 1930s). The same result was also reported
in the Chongming Dongtan of the Yangtze River
Estuary [14]. For Zn and Pb, it was clear that the values
were in increasing trends from the early years of
reclamation to the 1960s, while the contents of Zn
and Pb significantly decreased in the 1930s (p<0.05).
A recent study conducted by Wei et al. [57] revealed
that the contents of Cd, Zn, and Pb were implicated
with phosphorus fertilizer application. This conclusion
proved the factor analysis in the study, and the ANOVA
analysis for soil properties also indicated that the 1930s
had the lower content of AP than other zones. This might
be one of the reasons why the concentrations of Zn and
Pb significantly decreased in the 1930s. Additionally, Du
and Li et al. [58] showed that leaching irrigation promoted
the movement of heavy metals from the surface soils to
the deeper soils with reclaimed development, and the
maximum reduction ratio was heavy metal Pb followed
by Zn. Consequently, in spite of the effects of recla-
mation on soil properties and heavy metals of topsoil
being conspicuous, further studies on soil properties and
heavy metals from different soil layers will need to be
performed.

In the 1990s zone, the concentrations of six Fe-
normalized heavy metals were lower than those of natural
wetlands, which suggested that the early reclamation
significantly affected their distributions. In the study
area, there were huge areas of saline soil caused by water
evaporation in the latest reclaimed land. The majority
of these were used for aquaculture and then abandoned.
Phragmites australis grew widely on abandoned land and
effectively improved soil quality by enriching nutrient
materials, such as SOM. A large number of studies have
reported that SOM has a strong capacity for binding
metallic contaminants [59-60]. However, leaching and
soil erosion related to agricultural cultivation can cause
rapid desalinization, and most heavy metals accumulated
in wetland soils will be lost after reclamation [61].
These processes can disrupt soil structure under natural
conditions and increase the O, and CO, fluxes from the soil,
ultimately resulting in organic matter and soluble metals
being released [62]. Our results were consistent with the
results just summarized. In the 1960s zone, metals other
than Ni have been increasing since the 1990s, suggesting
that these metals were being enriched in the older
reclamation zone. Taking into consideration the fact that
leaching processes had finished in the young reclamation
zone, agricultural activities could be the main cause for
the increasing Cd, Cr, Cu, Pb, and Zn concentrations in the
old reclamation zone.

Since the founding of the People's Republic, large
sums of water conservancy projects and farmland capital
construction have been energetically carried out, and some
state farms such as Qingshui Farm and Xinxing Farm have
been established in the study area. It has been reported that
higher rate of pesticides and fertilizers was the main source
giving rise to the heavy metal enrichment in reclaimed
soils [63]. Nevertheless, some studies on the reclamation
history effect on concentrations of anthropogenic metals
indicated that these metals transform slowly over time due
to having their highest bioavailability [64], which might be
one of the principal factors for distribution characteristics
of heavy metals except for Ni, Zn, and Pb in the 1930s.

Assessing Heavy Metal Pollution and
its Implications for Environmental Management

Heave metal pollution is an inorganic chemical hazard.
With the rapid development of China’s economy in the
past 30 years, the environmental risk posed by heavy
metal pollution has become increasingly significant [13].
In this study, the levels of soil heavy metal pollution
were calculated using EF (Fig. 5) and inverse distance-
weighted (IDW) interpolation was applied to show spatial
distribution of pollution levels in different zones (Fig. 6).
Previous studies often used Fe, Al, and Mn as reference
metals to assess pollution levels [32]. As shown in Table
1, the CV value of iron was relatively low, indicating
that anthropogenic activities had less impact on soil Fe
concentrations, and thus Fe was used as the reference
metal in this study. In addition, the corresponding
background values for Cd, Cr, Cu, Fe, Ni, Pb, and Zn
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were 0.11, 57.9, 19.8, 2400, 25.6, 21.4, and 54.2 (unit:
mg kg'), respectively [65]. According to Liaghati et
al. [66], heavy metal pollution can be divided into five
levels: low (EF<2), moderate (2<EF<S5), considerable
(5<EF<20), high (20<EF<40), and very high (EF>40).

As shown in Figs 4 and 5, the mean EF values of Cu,
Ni, and Pb were 2.3, 4.2, and 1.5, respectively, which
indicates that the pollution levels for these heavy metals
were relatively low and moderate. Among them, most EFs
of Pb were less than 2, revealing that Pb contamination was
not very severe in this study area and might be correlated
with phasing out leaded gasoline by Chinese government,
but in some hotspots closed to human settlement, the EF
values of Pb were more than 2, and Pb contamination
reached levels of moderate pollution. Previous studies
have suggested that Pb poisoning for human beings can
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High : 87
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Fig. 6. The spatial distribution of heavy metal pollution in different zones.
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cause hematological, gastrointestinal, and neurological
dysfunctions [67]. A similar spatial distribution pattern was
also found for Ni, with moderate or considerable pollution
levels in natural wetlands and low pollution levels in the
1930s zone. The present study obtained similar findings
posed by Ma et al. [14]. According to previous reports,
the heavy metal pollution especially for Ni and Pb in soils
might be caused by oilfield exploitation [68]. That could
explain the basically similar patterns for the two metals
due to the development of Liaohe Oilfield in the study area.
However, it was worth noticing that the EF of Cd ranged
between 29.8 and 38.4 in most areas of the study region,
indicating high pollution level (20<EF<40). This finding
was in agreement with the result observed by Yang et al.
[69], who reported Cd was the main pollutant in Liaodong
Bay, adjoining this study area. Cadmium is considered
one of the most mobile and strongest toxic heavy metals
in the environment, and excess cadmium ions not only
constrain plant growth, but also threaten human health
through the food chain [70]. The spatial distribution of
Cd showed that the hotspots were mostly located in the
old reclamation zone and near the river mouths (of the
Daling , Shuangtaizi, and Daliao), suggesting that riverine
inputs caused by reclamation might be the most important
source of Cd pollution, and that the pollution level had
posed a serious environmental hazard. It is recommended
that the local government pay enough attention to dealing
with this serious issue. Cd was the most abundant
pollutant in this study area and, furthermore, the EF of
Cr (except for in the 1990s zone) was also relatively high,
reaching considerable pollution levels. Moreover, for Zn
contamination, apart from the old reclamation zone, the
EFs of Zn in the young reclamation zones (1960s and
1930s) and natural wetlands were closer to or more than
5, suggesting that the Zn pollution level could also not be
neglected. Previous studies have reported that chemical
fertilizer, plastic film, and wastewater discharge from
the industrial zone and rural-residential zone are major
sources of Cu, Cr, and Zn pollution [71].

Generally, wetland ecosystems had higher pollution
levels than did the other areas for all of the metals. In
addition to the influence of deposition background, the
anoxic condition might be the main environmental factor
resulting in the heavy metal adsorption in wetlands.
Because the wetland was generally near the river mouths, it
has become an accumulative pool that gathers heavy metal
pollutants resulting from petroleum hydrocarbons and
upstream inputs of the Liaohe River, which may induce
the wetlands an important secondary pollution source.
Heavy metals in wetland soils may accumulate to toxic
levels and have the potential to pose an environmental
risk [72], which influences the sustainable development
of wetland reclamation. Therefore, it is necessary for local
governments to take measures to control heavy metal
pollution, such as increasing ecological lands, developing
ecological agriculture (e.g., rice-crab culture) and
constructing natural reserves in key sites. Additionally,
artificial ditches are a remarkable feature in the landscape
of this study area, where reclamation always promotes

the release of heavy metals from combination patterns in
soils to aggregate to ditch and riparian wetlands. Wei et al.
[57] has shown that ditch wetland serving as a temporary
sink of heavy metals was found to pose the lowest
dispersion risk of heavy metals. Periodic ditch dredging
could effectively decrease the pollution input into the
river and thereby reducing the threat to the regional
water environment. These findings, observed by previous
studies, are important implications for the environmental
management of the study area. Although reclamation
history is an important factor related to the changes of soil
properties and heavy metal concentrations, admittedly
these changes were also significantly influenced by land
use intensity. Thus in order to better understand the impact
of reclamation on soil function evolution processes, the
effects of land use intensity on soil properties and heavy
metal behaviors are required in future studies.

Conclusions

This study discusses the distributions of soil
properties and heavy metal concentrations and associated
environmental pollution levels in different zones. Results
obtained from correlation analysis and factor analysis
showed that soil particle size was a principal factor
controlling the distribution of heavy metal concentrations.
Using ANOVA, it was found that reclamation history
could well reflect the evolution processes of soil properties
and heavy metal concentrations. Soil erosion and leaching
desalination had significant effects on the distributions of
fine particle fractions, pH, salinity, SOC, and heavy metal
contents in the early period of reclamation (1990s zone).
With the time of land reclamation (1960s zone), persistent
fertilizer application and enhanced human activities (such
as papermaking, oil exploration, and urban expansion)
had greatly increased the concentrations of soil nutrients
and heavy metals. However, after 55 years of reclamation
(1930s zone), the contents of soil properties and heavy
metals basically remained unchanged or even decreased
because they had their highest bioavailability and were
influenced by the management factors. Due to the rapid
development of the coastal economy in Liaohe River Delta,
the environmental risk posed by heavy metal pollution has
become increasingly significant. The enrichment factor
(EF) and the inverse distance weighting (IDW) were used
to show the distribution of soil heavy metal pollution.

Results showed that Cd pollution had reached high
pollution levels, and the hotspots were mostly located
in the old reclamation zone and near the river mouths.
Taking measures to control heavy metal pollution, such
as increasing ecological lands, developing ecological
agriculture (e.g., rice-crab culture), constructing natural
reserves in key sites, and periodic ditch dredging could
effectively decrease pollution and thereby reduce the
threat to the regional environment. For 2010 to 2020, the
State Council of China has approved more than 200 km?
of coastal wetlands to be reclaimed in Liaoning Province,
and the study area will be viewed as one of the key areas for



Effects of Land Reclamation...

1821

development. Severe environmental problems may occur
in the study area. Therefore, researching the effects of land
reclamation on soil environment evolution can provide
valuable information for the sustainable development and
management of the coastal zone.
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