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Characteristics and influencing
factors of metal distribution in
different wetlands of the Liaohe
Delta, Northeastern China
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Zhikang Wang1, Ningning Song2 and Junbao Yu1*

1Key Laboratory of Ecological Restoration and Conservation of Coastal Wetlands in Universities of
Shandong (Ludong University), The Institute for Advanced Study of Coastal Ecology, Ludong
University, Yantai, China, 2School of Ecology, Resources and Environment, Dezhou University,
Dezhou, China
Metal distribution in different wetlands under the complex influence of natural

and anthropogenic activities in the Liaohe Delta was analyzed to better protect

and manage delta areas. Ninety-six soil samples were collected from six

wetland types, and the levels, depth distributions, risk, and influencing factors

of metals (i.e., As, Cd, Cr, Ni, Cu, Pb, Zn, Mn, Al, and Fe) were analyzed. The

results showed that the concentrations of As, Cd, Cr, Ni, Zn, and Al in more than

70% of the soil samples were higher than the background value of Liaoning

Province. The concentration of As decreased with distance from the estuary,

while that of Cr was higher downstream of Liaohe. The spatial distributions of

Cd, Ni, Cu, Pb, and Zn were similar. The concentrations of most metals in the

topsoil were higher than those in the subsoil. According to the Nemerow

pollution index, higher pollution was observed in the area far away from the

Liaohe River and Bohai Sea for the topsoil layer, while for the subsoil layers,

higher pollution was observed in the area near the Liaohe estuary. The

correlation analysis showed that the wetland type was clearly correlated with

Cd, Cu, Al, and S. The concentrations of Cd, Pb, Zn, C, N, P, and S and the

electrical conductivity obviously decreased with soil depth, while the

concentration of Mn was positively correlated with soil depth. Mn was

negatively correlated with total organic carbon (TOC), total nitrogen (TN),

and total phosphorus (TP), whereas Cd, Pb, and Zn showed positive

correlation with TOC, TN, and total sulfur (TS). The general linear model

indicated that wetland type had a significant effect on As, Cd, Ni, Cu, Pb, Zn,

Al, and Fe (p< 0.01), while depth had a significant effect on Cd, Cr, and Pb

(p< 0.01). The findings of this work will contribute to pollution control and

ecosystem health conservation of the Liaohe Delta.
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Introduction

With rapid industrialization and intensified anthropogenic

activities, high metal concentrations have frequently been

detected in the delta area (Mandour et al., 2021; Yu et al.,

2022), a fluvial plain formed by deposited sediment originating

from the river. For example, the soil in the Nile Delta is polluted

by vanadium (V), chromium (Cr), nickel (Ni), cobalt (Co), and

cadmium (Cd), with a temporal increase in 1995–2015

(Mandour et al., 2021). Yin et al. (2021) found that the

concentrations of lead (Pb), Cd, mercury (Hg), and arsenic

(As) in the Pearl River Delta were at a high level. Zhao et al.

(2019) analyzed 217 surface sediment samples collected across

14 typical delta areas in China and illustrated that the

concentrations of Cd, Cr, copper (Cu), Pb, and zinc (Zn)

ranged from 0 to 0.51, from 0.82 to 146.77, from 0.25 to

133.23, from 1.02 to 176.42, and from 1.92 to 208.12 mg/kg,

respectively. Among the 14 typical delta areas, 11 were exposed

to moderate ecological risk in the soil with potential adverse

biotic effects. Metals are hazardous to humans and ecosystems

due to their toxicity, persistence, and transitivity (Xu et al.,

2020). Metals in delta areas threaten the ecological environment

of both the ocean and land because delta is the result of the

interaction of ocean and land (Mandour et al., 2021). Therefore,

investigating the spatial distribution of metals and identifying

their influencing factors are imperative to the ecological

environment of delta areas.

The spatial distribution of metals generally has obvious spatial

heterogeneity in estuary delta areas (Delavar and Safari, 2016),

which could help define high-risk areas and to explore the

influencing factors of metals (Wu et al., 2020; Zeng et al., 2022).

Yu et al. (2022) explored the spatial distribution of metals in 106

surface soil samples from the Yellow River Delta and clarified that

pH and salinity are important influencing factors. Three hotspots

of metal accumulation in the top 20 cm soil were observed in the

spatial distributions of heavy metals in the Yellow River Delta, and

the trend in 40–50 cm soil was in accordance with the variations

in hydrological conditions (Zhao et al., 2021). Nguyen et al. (2022)

drew a spatial distribution map of the presence of As in the Red

River Delta. This spatial distribution figure showed that the coastal

area appeared as a hotpot of As, with saltwater intrusion as the

main influencing factor.

The concentrations and spatial contribution of metals in

delta soils are influenced by various factors, including soil

properties, wetland types, hydrological condition, and

anthropogenic activities, among others (Zhong et al., 2020; Xu

et al., 2021; Mei et al., 2022). For example, a high correlation

between total organic carbon (TOC) and metals was observed in

soil given that TOC acts as the main contributor to exchanged or

dissolved metals in the sediment (Zhang et al., 2022). Moreover,

an increase in salinity has been shown to be associated with a

declining trend of As and other metal concentrations (Bai et al.,
Frontiers in Marine Science 02
2019). Li et al. (2016) reported that the presence of wetland

plants increased the redox potential and redistributed metals in

the rhizosphere, with variations observed across different plants.

In the delta area, wetland types are mainly determined by

hydrological conditions such as tidal inundation, precipitation

runoff, groundwater flow, evapotranspiration, artificial inflow,

and drainage (White and Madsen, 2016). For example, Suaeda

salsa wetland and mudflat were mainly influenced by tidal

inundation. Thus, the hydrological conditions have a powerful

effect on the concentrations and distributions of metals.

The Liaohe Delta is the second largest permanent Phragmites

australis in the world (Yan et al., 2018). Owing to different

hydrological conditions and human activities, various wetland

types have formed in the Liaohe Delta, with different marshes

including P. australis, S. salsa, mudflat, paddy field, etc.

Additionally, the third largest oilfield in China, the Liao River

oilfield, is located in the delta. Tian et al. (2017) clarified that

multiple human activities occupied large areas of various wetlands.

The total area of coastal wetlands in the Liaohe Delta has decreased

by 14.8% in 1986–2018, with 45.7% of mudflats eroded (Cong,

2021). Approximately 22.1% of S. salsa marshes decreased in

2012–2018, while P. australis marsh areas increased (Cong, 2021).

Knowledge of the metal distribution and influencing factors

directly affects how delta areas are protected and managed

(Wang et al., 2022). However, only a few studies have focused

on metal distributions in different wetlands under the complex

influences of natural and anthropogenic activities in the Liaohe

Delta. The effect and the extent of wetland type, depth, electrical

conductivity (EC), and nutrient elements on the metal

concentration in soil also require extensive investigation.

Therefore, in this study, six types of wetlands were selected to

study the characteristics and influencing factors of metal

distribution. Our aims were: 1) to clarify the spatial

distribution of metals; 2) to reveal the correlations among

metals, wetland types, and soil properties; and 3) to assess the

metal pollution at different soil depths.
Materials and methods

Soil sampling and determination

The Liaohe Delta, adjacent to the Bohai Sea, is located in

Liaoning Province, northeastern China. The Liaohe Delta has a

warm, semi-humid continental climate with four distinct

seasons. The temperature ranges from −20.4°C to 36.4°C, with

an annual temperature of 8.3°C. The annual precipitation is

611.6 mm, and annual evaporation is 1,705 mm. The water

supply mainly comes from precipitation, runoff, and periodic

tide. The preponderant vegetation in the Liaohe Delta are P.

australis and S. salsa. Saline–alkaline soil areas account for the

majority of the soil in the Liaohe Delta.
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The following six types of wetlands were selected as the

sampling sites: natural P. australis marsh (NP, n = 6); P.

australis marsh in oilfield (PO, n = 6); degraded P. australis

marsh, where water was drained and P. australis grew poorly

(DP, n = 5); S. salsamarsh (SS, n = 2); mudflat (MF, n = 3); and

rice paddy (RP, n = 2) (Figure 1). In April 2018, soil cores were

randomly collected at depths of 0–40 cm and broke four soil

layers at 10-cm intervals at each site. Subsequently, all soil

samples were sealed in polyethylene bags and brought to the

laboratory. The soil samples were air dried at room

temperature and sieved through a 2-mm sieve to remove

extraneous matter, such as leaves and large stones. The dried

soil was then ground into particles with diameters of<200 mm
and stored at 4°C before analysis.

Soil EC was measured in the supernatant of 1:5 (w/v)

soil–water mixtures using a pH meter (PHBJ-260, INESA,

Shanghai, China). TOC was detected using a dichromate

oxidation–colorimetric method (Zhao et al., 2020). The

Kjeldahl nitrogen method was used to determine the total

nitrogen (TN). Soil was digested with perchloric acid–
Frontiers in Marine Science 03
sulfuric acid, and then total phosphorus (TP) was detected

u s i n g a s e gm e n t e d fl ow a n a l y z e r ( S FA , AMS

Alliance, France).

The soil samples were digested using a mixture of

hydrofluoric–nitric–perchloric acid according to the

national standard method for China (GB, 1995). The

concentrations of manganese (Mn), aluminum (Al), iron

(Fe), and total sulfur (TS) in the digestion solution were

determined with inductively coupled plasma atomic

emission spectroscopy (ICP-AES; ICPS-7500, Agilent

Technologies, Tokyo, Japan). The concentrations of As, Cd,

Cr, Ni, Cu, Pb, and Zn were determined with inductively

coupled plasma mass spectrometry (ICP-MS; NexION 350D,

Perkin-Elmer, Shelton, CT, America). Duplicate samples

were measured for data quality assurance. The recovery

rate was obtained by adding geochemical reference

materials (e.g., GSS23), one every 10 samples, and was

calculated as the ratio of the determined value and the

reference value of the reference material. The recovery rate

was within the permissible range.
FIGURE 1

Sampling sites in the Liaohe Delta.
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Pollution index calculation

The Nemerow pollution index (NPI) was employed to assess

the degree of metal pollution in soil, which was calculated using

Eq. (1) and Eq. (2) for each sampling site (Yang et al., 2011;

Kowalska et al., 2016).

Px =
Cx

Sx
(1)

NPI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
x,max+P2x,mean

2

r
(2)

where Px is the single pollution index of metal x; Cx is the

concentration of metal x; Sx is the background value of the study

area, which refers to the background value of Liaoning Province

(BL; China National Environmental Monitoring Center, 1990);

Px,max is the maximum pollution index of metal x; and Px,mean is

the average pollution index of metal x. Five contamination

categories were recognized according to the value of the NPI:

non-pollution (NIPI ≤ 0.7), warning line of pollution

(0.7< NIPI ≤ 1), low-level pollution (1< NIPI ≤ 2), moderate-

level pollution (2< NIPI ≤ 3), and high-level pollution (NIPI > 3)

(Memoli et al., 2019).
Data analysis

Descriptive statistical analyses were performed using

Microsoft Excel 2010, IBM SPSS Statistics 22, and Origin

2017. ArcGIS 10.0 (Esri, Redlands, CA, USA) was used for

spatial calculations and for drawing maps. Interpolated figures
Frontiers in Marine Science 04
were graphed based on the kriging method through ArcGIS 10.0.

Correlation analysis was performed to evaluate the degree of

correlation between metals, nutrient elements, and wetland

types. Considering that the wetland type is a non-numerical

variable, Spearman’s correlation analysis was chosen for this

study. The freely available “R” statistical software package (R

Core Team; https://www.r-project.org/) was employed to

conduct correlation analysis.

To display the degree of differences in the spatial distribution

of metals, the coefficient of variability (CV) was introduced to

analyze the dispersion degree of the data. Normally, if the CV is

higher than 0.3, the spatial distribution of the metals is

considered to be very different. The general linear model

(GLM) was used to determine the main effect of wetland type

and depth and the interactive effect on the concentrations of

metals and nutrients.
Results

Contents of metals and nutrients in the
Liaohe Delta wetland soils

The concentrations of metals showed a large range from

0.04 mg/kg (Cd in site G, DP) to 1,529 mg/kg (Mn in site W,

RP) owing to the various levels of enrichment in the natural

environment and the different emission intensities from human

activities (Table 1). With the exception of Cu, the mean

concentrations of the metals were higher than the BL (China

National Environmental Monitoring Center, 1990). The

concentrations of As, Cd, Cr, Ni, Zn, and Al in more than 70%
TABLE 1 Summary of the element contents and electrical conductivity (EC) in Liaohe Delta.

Min Max Mean SD CV Skewness BL

As (mg/kg) 6.39 17.58 10.63 2.18 0.20 0.34 8.80

Cd (mg/kg) 0.04 0.78 0.23 0.17 0.76 1.52 0.11

Cr (mg/kg) 29.68 186.90 70.18 23.91 0.34 2.70 57.90

Ni (mg/kg) 12.20 69.29 32.28 7.03 0.22 1.08 25.60

Cu (mg/kg) 3.11 25.12 18.01 4.02 0.22 −0.90 19.80

Pb (mg/kg) 12.59 39.96 22.77 4.54 0.20 1.00 21.40

Zn (mg/kg) 19.42 240.80 77.57 31.56 0.41 3.74 63.50

Mn (mg/kg) 286.57 1,529.50 616.02 189.06 0.31 1.20 564.00

Al (%) 5.36 8.67 6.91 0.86 0.12 −0.01 6.09

Fe (%) 1.12 4.41 3.23 0.66 0.20 −0.54 2.88

TOC (g/kg) 1.61 167.83 19.63 24.04 1.22 3.57 –

TN (g/kg) 0.16 4.45 0.67 0.67 1.00 3.42 –

TP (g/kg) 0.02 0.09 0.05 0.01 0.26 0.40 –

TS (g/kg) 0.38 6.15 1.06 1.00 0.95 2.96 –

EC (ms/cm) 111.60 5,512.00 1,510.04 1,071.29 0.71 1.78 –
frontiers
BL is the background value for Liaoning Province (China National Environmental Monitoring Center, 1990). Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of
variability; TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; TS, total sulfur; EC, electrical conductivity.
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of the soil samples were higher than the BL, indicating that

anthropogenic activities had a direct effect on their concentrations.

The concentration ranges of TOC, TN, TP, and TS were

1.61–167.83, 0.16–4.45, 0.02–0.09, and 0.38–6.15 g/kg,

respectively. The EC values ranged from 111.60 to 5,512.00 ms/
cm, with a mean value of 1,510.04 ms/cm.

In this study, the CVs for Cd, Cr, Zn, and Mn were 0.76,

0.34, 0.41, 0.31, respectively, which showed obvious

discrepancies for the different sites. Compared to metals,

nutrient elements showed greater differences within sites, with

higher CVs of 1.22 (TOC), 1.00 (TN), 0.95 (TS), and 0.26 (TP).
Spatial distribution of metals in
wetland soils

As shown in Figure 2 (interpolated figures), the

concentration of As decreased with distance from the estuary;

that is, the shorter the distance from the estuary, the higher the

As concentration. These results demonstrated a relationship

between As and the intrusion of seawater. Higher Cr mainly

occurred downstream of Liaohe. The spatial distributions of Cd,

Ni, Cu, Pb, and Zn were similar, with lower concentrations in the

soil along Liaohe. The concentration of Zn at site W (rice paddy)

was higher than those in other areas. The spatial distribution

trend of Mn, Al, and Fe was consistent, indicating common

sources and influencing factors. The higher concentrations

mainly occurred in the north and south parts of the study area.
Profile distributions of metals in
wetland soils

The mean concentrations of the metals were significantly

different with soil depth in the wetlands (Figure 3). Higher As

concentrations occurred in the SS and MF, while lower

concentrations occurred in RP. Significant differences were

also observed between the topsoil (0–10 cm) and subsoil (20–

40 cm) layers for Cd in the NP, PO, and DP. For the RP, the

concentrations of Cd were higher in the 0-30 cm layers (0.29,

0.31, and 0.45 mg/kg) than those in the 30-40 cm layer (0.11 mg/

kg). However, the values for Cd were lower in the topsoil in the

MF compared with those in the other soil layers. The mean

concentration of Cr was higher in 0–10 and 20–30 cm soil and

was lower in 10–20 and 30–40 cm soil in the SS, MF, and RP.

The mean concentration of Cr in the NP increased with depth.

In the 0–30 cm soil, the concentration of Cr increased with depth

for PO and DP. The mean concentration of Cu was highest in

the RP (21.02, 20.87, 21.38, and 21.13 mg/kg for 0–40 cm, all

greater than the BL) in the study area, followed by the PO, NP,

DP, MF, and SS. The distribution of Ni in the six wetland types

was consistent with that of Cu. The mean concentrations of Pb

and Zn in the topsoil of the NP, PO, and DP were higher than
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those in the subsoil. However, for the RP, Zn was much higher in

0–30 cm soil, suggesting an influence of agricultural activity. Mn

was lower in the topsoil in the NP, PO, DP, which confirmed

that it was easily lost with water (Huang et al., 2017). As shown

in Figure 3, there were significant distinctions between the six

wetland types for Al and Fe. Higher levels of Al and Fe occurred

in the NP, PO, and RP.
Ecological risk of metals in the Liaohe
Delta wetlands

The NPI values of approximately 96% of the samples were

higher than 1, indicating metal pollution in the Liaohe Delta

wetland soils (Figure 4). For 0–10 cm soil, the NPI values for all

samples were higher than 1, indicating that metal pollution

existed in the study area. Ten sites (approximately 42% of all

sites) had an NPI >3, and seven sites had moderate-level

pollution (2< NIPI ≤ 3). The highest NPI value was

determined at site G, with an NPI of 5.20, showing the highest

pollution level. In 10–20 cm samples, the NPI values of 96% of

the sites were higher than 1, showing different metal pollution

levels. The highest NPI value was calculated at site P, with an

NPI of 3.78, showing the highest pollution level in 10–20 cm soil.

The NPI values of all 20–30 cm samples were higher than 1.

Additionally, 21 sites (approximately 88% of all sites) had an

NPI >1 in 30–40 cm samples. It was notable that the NPI values

of site P for all four depths were all higher than 3, showing a high

level of metal pollution. Generally, the distribution of the NPI

values showed obvious differences among the soil layers, with the

higher values in the areas further away from the Liaohe River

and Bohai Sea for the topsoil layer and higher values in the areas

near the Liaohe estuary for the subsoil layers.
Relationship between metals and
soil properties

According to the correlation analysis (Figure 5), there was a

clear relationship between wetland type and Cd, Cu, Al, and S.

The values of Cd, Pb, Zn, C, N, P, S, and EC decreased with soil

depth. The concentration of Mn was positively correlated with

soil depth (p< 0.01), and those of Cr, Ni, Cu, Pb, Zn, Mn, Al, and

Fe were significantly positively correlated with each other. The

concentration of As was positively correlated with Mn and EC,

but was negatively correlated with TP. Mn was negatively

correlated with TOC, TN, and TP, while Cd, Pb, and Zn were

positively correlated with TOC, TN, and TS. EC demonstrated a

positive correlation with As and Cd and a significant negative

correlation with Cr, Ni, Cu, Al, and Fe (p< 0.01). Additionally,

TOC, TN, TP, and TS were closely linked to each other.

The GLM was further applied to examine the effects of

wetland type and depth on the metal concentration. The results
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FIGURE 2

Spatial distribution of metals in the surface soil of Liaohe Delta.
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FIGURE 3

Metal distributions in different depths under the six wetland types for Liaohe Delta. Bars indicate the standard deviation.
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are shown in Table 2. Wetland type had a significant effect on As,

Cd, Ni, Cu, Pb, Zn, Al, and Fe (p< 0.01), while depth had a

significant effect on Cd, Cr, and Pb (p< 0.01). A significant

influence (p< 0.01) was also found between Cd and the

interaction effect of wetland type and depth.
Discussion

Effect of wetland type on the
concentrations of metals in soil

Wetland type exerted a profound influence on the metal

concentration mainly due to their unique condition of

hydrological conditions, soil properties, plant growth, and

human activity, among others. In this study, the concentration

of As was higher in the SS and MF, where the EC and the salinity

were high. Bai et al. (2016) observed that the concentrations of

As increased with increasing distance from the river bank, with

higher As concentrations observed in salt marshes in the Yellow

River Delta. A significantly positive correlation was observed

between As and EC, Na+, K+, Cl−, and SO2-
4 in the Yellow River

Estuary (Zhao et al., 2021). One possible explanation for this was

that the seawater affected by tide provided a constant source of

As and sulfur (S) for the soil in the SS and MF. The abundance of

S from seawater can actually lead to As immobilization through

the precipitation of As–S phases (thiolation) or the adsorption of
Frontiers in Marine Science 08
As onto the FeS surface of Fe minerals (e.g., pyrite) in soil (Yan

et al., 2022). Furthermore, the concentration of As was shown to

be lower in the RP and the P. australis wetland, largely due to the

lower salinity being able to enhance the plant uptake of metals in

freshwater wetlands (Fritioff et al., 2005; Bai et al., 2016). As

shown by Nguyen et al. (2022), rice is an As-accumulating plant

species that can inadvertently assimilate As when it takes up

phosphorus and silicon. In contrast to other food crops, the

uptake of As in rice has been found to be substantially higher

because of the prevalence of highly mobile and toxic arsenite [As

(III)] under paddy soil conditions (Hussain et al., 2021).

The mean concentration of Zn in the RP ranged from

155.75 to 165.33 mg/kg for the 0-30 cm soil layers, which was

more than twice that of the BL of Zn in Liaoning Province

(China National Environmental Monitoring Center, 1990).

These concentrations were higher than the hazardous

concentrations affecting 5% of the species in alkaline

calcareous soils (155 mg/kg) and lower than that for

alkaline soils in China (217 mg/kg) (Zhao et al., 2022).

Agricultural activities may be the main reason for the

accumulation of Zn (Karstens et al., 2016). Zinc deficiency

in rice would cause a range of symptoms including leaf

bronzing, stunted growth, reduced yield, and, often, high

mortality (Weiss et al., 2021), which has been a limiting

factor for rice production on millions of hectares of arable

land (Pilbeam, 2015). During the rice growing process, Zn

fertilizer is commonly applied to generate a higher yield,
FIGURE 4

Nemerow pollution index for the Liaohe Delta under different depths.
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especially in saline–alkali areas (Impa et al., 2013). Ali et al.

(2014) conducted field experiments by adding Zn at different

levels (0, 8, 10, 12, and 14 kg/ha) and clarified that 14 Zn/ha−1

produced the maximum rice yield. However, most of the Zn

applied as fertilizer was adsorbed in soil and only a small

proportion was recovered by rice crops during the growth

period due to the high clay concentrations and high pH in

alkaline soils (Ali et al., 2014). Additionally, Cu and Ni are

essential for rice growth, but can be toxic to rice at high

concentrations (Karstens et al . , 2016). Agricultural

production and fertilizer were identified as the major causes

of the highest Cu and Ni concentrations occurring in the RP.

Under the RP, NP, and PO, the concentrations of Al and Fe

were much higher than those in other wetlands. Previous studies

have shown that the roots of P. australis and paddy would

transfer oxygen via aerenchyma for root respiration in anaerobic

soils. The loss of oxygen in roots could stimulate Fe(II)

oxidization and the deposition of a reddish Fe plaque that

coats the root surface (Khan et al., 2016). Fe plaques can

inhibit the Al absorbed by plants (Chen et al., 2006), which
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could explain why the concentrations of Al and Fe were much

higher in the RP, NP, and PO.

The concentrations of Ni, Cu, Pb, and Zn were lower in the

SS of this study. This is likely because S. salsa could enrich metals

and was suitable for the phytoremediation of Ni, Cu, and Pb

(Song and Sun, 2014).
Effect of depth on the metal
concentration in soil

The metals showed different tendencies with soil depth.

Generally, the metal concentrations in the topsoil are higher than

those in the subsoil (Bai et al., 2019). As shown by the NPI values,

the risk from topsoil was much higher than that from subsoil.

Moreover, the concentrations of Cd, Pb, and Zn decreased with

buried depth in this study area, according to the results of the

correlation analysis. As discussed by Liu et al. (2022), the

concentrations of Cd and Pb decreased with depth. Additionally,

Pb easily migrates into the deep soil (Liu et al., 2022). Consistently,
FIGURE 5

Spearman’s correlation analysis between metals and soil characteristics. WT, wetland type; D, depth. Red denotes a positive interaction and blue
represents negative interaction. Lighter color indicates weaker correlation. *Correlation is significant at the 0.05 level (two-tailed). **Correlation
is significant at the 0.01 level (two-tailed).
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the horizon distribution trend of metals can be used to reveal their

sources. A high metal concentration in the topsoil indicates that

there exist new metal inputs, such as atmospheric deposition and

agricultural activities (Zhang et al., 2012; Wu et al., 2022). However,

the concentration of Mn was negatively correlated with depth in the

Liaohe Delta. Additionally, there were obvious discrepancies among

the four depths for Cd (p< 0.01), Cr (p< 0.01), Pb (p< 0.01), and

Zn (p< 0.05).

As mentioned above, the EC, TOC, TN, TP, and TS were

significantly negatively correlated with depth, in that the EC and

nutrient elements decreased with increasing depth. In line with this,

soil properties, such as EC and nutrient element, play a crucial role

in the distribution of metals (Bai et al., 2019; Xu et al., 2021). Indeed,

Liu et al. (2022) reported that the concentrations of As, Cr, and Hg

increased with increasing soil depth, whereas those of Cd, Cu, and

Pb decreased with increasing depth.
Effect of EC and nutrient elements

Previous studies have provided proof that EC is significantly

correlated with metals in both soils (Zhong et al., 2020) and plant

tissues (Yuan et al., 2021). Higher EC values usually accompany a

higher ionic strength and a higher metal release capacity

(Friedman, 2005). In the estuary region, the metals were easily

desorbed from the soil to the water due to the higher EC, which

may explain why Cr, Ni, Cu, Al, and Fe were significantly

negatively correlated with EC in this study. Bai et al. (2019)

reported higher metal levels observed at sites with lower EC

values, whereas lower metal levels were observed at sites with

higher EC values. The positive correlation of As and Cd with EC

might have resulted from these two metals being easily deposited

in the soil as sulfide (Du Laing et al., 2008; Yan et al., 2022).

Moreover, Bai et al. (2016) reported that, in the Yellow River

Delta, As and Cr were significantly positively correlated with soil

salinity, which was proportional to EC.
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Nutrient elements, mainly TOC, TN, TP, and TS, play a

dominant role in the metal concentration in soil (Xu et al., 2021)

and represent important factors for the mobility and the binding

of metals (Sundaramanickam et al., 2016). Du Laing et al. (2008)

reported that metals accumulate according to the soil element

characteristics in intertidal marshes, while Xu et al. (2021)

elucidated that low soil nutrient elements result in the lowest

soil metal concentration. In this research, the concentrations of

TOC, TN, TP, and TS were significantly and positively

correlated with each other in the Liaohe Delta, except for TP

and TS, demonstrating that the nutrient element in this study

exhibited consistency in either source or characteristics.

In this study, TOC and TN were positively correlated with Cd,

Pb, and Zn, which is in agreement with the results of previous

studies (Liu et al., 2016; Islam et al., 2022; Mei et al., 2022). This

could be explained by the fact that TOC, which is associated with

wetland plants, may decrease the mobility of metals through

exchange, chelation, and complexation (Marıá-Cervantes et al.,

2010). Under the influence of TN, the adsorption of TOC onto

metals would be enhanced, but its desorption frommetals would be

reduced (Li, 2019). Generally, TN is composed of organic (proteins,

amino acids, etc.) and inorganic (mainly NO−
3–N and NH+

4–N)

nitrogen. On the one hand, organic nitrogen could transform

metals from a dissolved fraction to an organically bound fraction,

thus increasing metal accumulation in soils. On the other hand,

inorganic nitrogen could improve the transfer of soil metals and

reduce the sorption ofmetals by soil particles through increasing the

metal solubility in soil (Xu et al., 2021), resulting in a lower

accumulation of Mn in the Liaohe Delta.

No significant correlations were observed between TP andmost

of the metals in this study. In previous wetland studies, the close

correlation between TP and metals was the result of the application

of phosphate fertilizer in agricultural activities (Karstens et al.,

2016). In the Liaohe Delta, the concentration of TP was highest

in the RP. However, among the 24 sampling sites, only two were
TABLE 2 Difference test results of the general linear model (GLM).

Wetland type Depth Wetland type × depth

F-value p-value F-value p-value F-value p-value

As 7.942 0.000 0.540 0.657 0.561 0.895

Cd 3.620 0.006 8.082 0.000 2.596 0.004

Cr 1.258 0.291 7.433 0.000 1.449 0.149

Ni 12.159 0.000 0.938 0.427 0.691 0.785

Cu 7.561 0.000 0.078 0.972 0.344 0.988

Pb 2.901 0.019 5.065 0.003 1.598 0.096

Zn 12.824 0.000 3.189 0.029 0.942 0.523

Mn 2.034 0.084 2.244 0.091 1.010 0.455

Al 10.116 0.000 0.369 0.776 0.947 0.519

Fe 7.709 0.000 0.400 0.754 0.466 0.950
fro
p< 0.05 (significant at the 0.05 level; p< 0.01 (significant at the 0.01 level).
The P value, which was lower than 0.05, was shown in bold.
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RPs. Considering the reduction in agricultural area and the external

input of phosphorous, the correlation between TP and the metals in

this study was weak.

In delta areas, S plays a vital role in the concentrations of

metals (Du Laing et al., 2008; Nguyen et al., 2022). Metals easily

settle as metal sulfide, especially with frequent flooding and drying

(Yan et al., 2021). The abundance of S (TS, 0.38–6.15 g/kg) in the

coastal area provided favorable conditions for metal accumulation

in the soil, which explains the positive correlation between TS and

Cd, Ni, Cu, Pb, and Zn in the Liaohe Delta.
Conclusions

In the Liaohe Delta, pollution with As, Cd, Cr, Ni, Zn, and Al

was observed in more than 70% of the soil samples, with obvious

discrepancies across sites for Cd, Cr, Zn, and Mn. The periodic tide

and the abundance of S in seawater led to the deposition of As in the

SS and MF through the precipitation of As–S phases (thiolation) or

the adsorption of As onto the FeS surface of Fe minerals.

Agricultural production and fertilizer application in the RP were

the main causes of the high Zn, Cu, and Ni accumulation in soil. The

concentrations of Al and Fe were much higher in the RP, NP, and

PO. The concentrations of Cr, Ni, Cu, Al, and Fe were significantly

negatively correlated with EC. TOC and TN were positively

correlated with Cd, Pb, and Zn. TS was positively correlated with

Cd, Ni, Cu, Pb, and Zn in the Liaohe Delta, largely due to metals

easily settling as metal sulfide under the influence of frequent

flooding and drying. As shown by the NPI values, the risk from

topsoil was much higher than that from subsoil, withmetal pollution

present in approximately 96% of the topsoil samples.
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